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Het verbeteren van ons inzicht in de genetische oorsprong van aangeboren 
hartafwijkingen door array CGH 

samenvatting 
Het chromosomenonderzoek vormt nog steeds een van de hoekstenen van het genetisch 

onderzoek bij kinderen met een aangeboren hartafwijking. In dit onderzoek worden de 

chromosomen in delende bloedcellen bekeken onder de microscoop. Op die manier wordt 

onderzocht of hele chromosomen of delen van chromosomen aanwezig zijn in te veel of te 

weinig kopijen. In deze studie hebben we onderzocht of chromosoomafwijkingen die niet 

zichtbaar zijn met de microscoop een frequente oorzaak voor aangeboren hartafwijkingen 

zijn. We hebben een nieuwe technologie geïntroduceerd (“array CGH”) die toelaat om een 

profiel van het kopijaantal op te stellen van alle chromosomen. We toonden aan dat deze 

technologie een betrouwbare detectie van chromosoomafwijkingen mogelijk maakt, en dit 

met een resolutie die veel beter is dan het klassieke chromosomenonderzoek. Het toepassen 

van deze array CGH techniek in patiënten met een syndromale hartafwijking verhoogt de 

kans om de onderliggende genetische oorzaak te identificeren sterk: in 20% van deze 

patiënten wordt een chromosoomafwijking gevonden die onzichtbaar was met de klassieke 

technieken. Bovendien wordt op deze manier het genetische defect zeer precies afgelijnd 

waardoor de patiënt een meer specifieke en gepersonaliseerde diagnose krijgt. Een diagnose 

is van zeer groot belang voor de verdere follow-up van patiënten en hun families, vermits dit 

toelaat patiënt en ouders accuraat voor te lichten wat betreft herhalingsrisico en de mentale 

en fysieke ontwikkeling die verwacht kan worden. In bepaalde gevallen kan ook de 

behandeling van de patiënten verbeterd worden: complicaties die frequent voorkomen bij 

bepaalde genetische aandoeningen kunnen verhinderd of behandeld worden voordat ze 

optreden (bijvoorbeeld gehoorsverlies of complicaties aan het hart). We tonen dat de 

toepassing van deze hoge-resolutie technologieën de identificatie mogelijk maakt van kleine 

deletie- of duplicatiemutaties in enkelvoudige genen (bijvoorbeeld in het FOXC1 of het ATRX 

gen). Deze verhoogde resolutie bemoeilijkt echter ook de interpretatie in verband met de 

oorzakelijkheid van de genetische afwijkingen die aangetroffen worden.  

Chromosoomafwijkingen in het DNA van syndromale CHD patiënten wijzen ons de 

chromosoomregio’s waar genen liggen die verantwoordelijk zijn voor de normale 

ontwikkeling van het hart. Soms weten we reeds welk gen in deze regio hartafwijkingen 

veroorzaakt. In andere gevallen was nog geen gen bekend en zijn alle genen die in deze regio 



 

gelegen zijn in theorie mogelijk verantwoordelijk voor de hartafwijking. Onze doelstelling 

was om uit deze verschillende kandidaatgenen het gen te identificeren dat verantwoordelijk 

is voor de hartafwijking. We hebben geraffineerde strategieën ontwikkeld om de beste 

kandidaatgenen te selecteren. Hierbij werd gebruik gemaakt van de vele grote 

gegevensbanken die recent publiekelijk beschikbaar zijn gesteld. De 24 beste 

kandidaatgenen (afkomstig uit in totaal 6 chromosoomregio’s) die via deze 

computeralgoritmes geïdentificeerd werden hebben we verder onderzocht. Ons 

uitgangspunt was dat het oorzakelijk gen voor een hartafwijking in het hart actief moet zijn 

tijdens de ontwikkeling van het embryo. Daarom werd de activiteit van alle genen 

onderzocht in verschillende stadia van de ontwikkeling van de zebravis. Slecht 2 van de 24 

geselecteerde kandidaatgenen waren specifiek in het hart actief: BMP4 and HAND2. 

Aangezien studies in de muis voor beide genen reeds aantoonden dat ze essentieel zijn voor 

de hartontwikkeling, zijn dit inderdaad excellente kandidaten om de hartafwijkingen van de 

patiënten te verklaren.  

Bij één persoon met een hartafwijking werd op chromosoom 6 een bijkomende 

interessante regio geïdentificeerd. TAB2 was daar het beste kandidaatgen volgens het 

computeralgoritme. Dit gen is bovendien afwijkend bij verschillende hartpatiënten die een 

afwijking op chromosoom 6 dragen. Wanneer we de activiteit van dit gen onderzochten in 

zebravis embryo’s, bleek ook dat TAB2 actief is in het ontwikkelende hart. Studies in muizen 

toonden nog geen betrokkenheid van dit gen in de hartontwikkeling, hoewel een verstoring 

van dit gen een hoge sterfte veroorzaakt vlak na de geboorte, gelijkaardig aan de verstoring 

in de patiënten. We hebben dit gen op een gelijkaardige manier uitgeschakeld in de zebravis, 

wat ook daar leidde tot ontwikkelingsafwijkingen. Bij 100 andere hartpatiënten konden we 

geen fouten in dit gen terugvinden, maar een Deense onderzoeksgroep waar we mee 

samenwerken vond wel een verstoring van dit gen in een familie met hartafwijkingen. Dit 

toont aan dat verstoring van TAB2 een zeldzame oorzaak is voor hartafwijkingen. 



 

Improving our insight in the genetic origin of congenital heart defects using 

array comparative genome hybridization 

synopsis 

Chromosome investigations are still an important part of the genetic investigations in 

children with congenital heart defects (CHDs). For this, chromosomes from dividing white 

blood cells are investigated under a microscope to check if certain chromosomes or parts of 

chromosomes are present in too many or too little copies. In the present work we have 

investigated whether submicroscopic chromosome imbalances are a frequent cause for 

CHDs. We introduced a novel genome-wide copy number profiling technique  (aCGH) and 

showed that it enables a reliable detection of such imbalances at a resolution far surpassing 

the resolution of microscopic chromosome investigations. The application of this technique 

in patients with a syndromic CHD greatly enhances the chance of finding an etiological 

diagnosis. More precisely, in 20% of them, a disease-causing submicroscopic chromosome 

imbalance can be demonstrated. The correct delineation of chromosome aberrations by 

aCGH also entails a more accurate characterization of the genotype of the patient, 

permitting a more personalized, specific genetic diagnosis. A diagnosis is of the utmost 

importance for the follow-up of the patients and their families, as it allows more correct 

counseling of patient and parents regarding recurrence risks and the mental and physical 

development that can be expected. In some cases it also impacts treatment of the patients 

as complications associated with certain genetic conditions can be prevented or managed 

from a subclinical stage (e.g. hearing loss or cardiac complications). We showed that the 

application of higher-resolution platforms enables the genome-wide identification of indel 

mutations of single genes (e.g. in FOXC1 or ATRX), but that this increased resolution is 

accompanied by an unexpected complexity in the evaluation of their causality.  

The identification of submicroscopic indels in the DNA of syndromic CHD patients 

pinpoints regions that contain a gene responsible for heart development. We detected many 

imbalances that affect genes known to cause CHDs. Accordingly, imbalances identified in this 

way that do not affect known genes for CHDs pinpoint novel candidate regions. The use of 

advanced database mining strategies like ENDEAVOUR aids in ranking and selecting valuable 

candidate genes from these loci, and we showed that there is room for improvement by 

tailoring these tools to the needs of the underlying clinical or scientific question. We have 



 

used expression analyses in zebrafish embryos to identify the most valuable candidates from 

a group of high-ranked candidate genes. Genes that showed a specific expression in the 

developing zebrafish heart were considered good candidate genes. Only 2 out of 24 

candidate  genes displayed such a pattern: BMP4 and HAND2. Both genes are excellent 

candidates as they were already known to be involved in mammalian heart development 

through studies in mice.  

In one person with a CHD we detected a deletion on the long arm of chromosome 6. In 

this region, our algorithm identified TAB2 as the best candidate gene for causing heart 

defects. This gene is deleted in multiple patients with CHDs, is located in the critical deletion 

region and is ranked first as a candidate gene amongst over 100 genes from the region. Loss 

of a copy of this gene is described to be associated with a high mortality in newborn mice, 

and we have shown that it is associated with developmental defects in zebrafish. Although 

we could not identify pathogenic mutations in a group of 100 patients with isolated heart 

defects, others did find a disruption of this gene in 3 members of a small family that have 

heart defects. This shows that loss of a copy of TAB2 is a rare cause of CHDs. 
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CHAPTER 1               ETIOLOGY OF HUMAN HEART DEFECTS: INTRODUCTION 

1. definition and clinical classifications 

Congenital heart defects (CHDs) are a group of diseases characterized by a structural 

anomaly of the heart that is present at birth. Although they are often associated with severe 

morbidity and even mortality, they do not necessarily manifest themselves in the neonatal 

period and can even remain benign throughout life. The CHDs are distinguished from the 

cardiomyopathies, which are diseases of the heart muscle, and the cardiac rhythm disorders, 

diseases of the heart's pace generating and conduction system. These three cardiac diseases 

can and often will co-occur in one patient, and are sometimes interlinked. For example, 

structural heart defects can cause heart muscle overgrowth or dilatation, which in turn can 

lead to rhythm abnormalities. These three diseases can also co-occur due to a common 

underlying cause, without one being the functional consequence of the other. For example, 

NKX2-5 mutation can provoke conduction abnormalities and/or structural defects1, and 

ACTC mutations can cause cardiomyopathies and/or isolated septal defects2,3.  

CHDs arise from errors in cardiac development. Although attempts have been made to 

classify CHDs according to specific errors in cardiac developmental processes, a descriptive 

anatomical classification is generally favored, since this does not invoke the assumption that 

one knows what part of development is at the base of the CHD. Anatomically, various 

defects in the septa, valves, inflow and outflow regions of the heart are distinguished. An 

example of such a classification system is the AEPC list of cardiac codes 

(www.aepc.org/aepc/nid/European_Paediatric_Cardiac_Coding). 

CHDs are found in almost 1% of live births, and the various types of CHDs are found at 

differing frequencies, with septal defects being the most common (Table 1). From a clinical 

perspective, one can distinguish syndromic and non-syndromic (or isolated) CHDs. This 

distinction is a practical one made by clinicians, as it reflects the risk for a patient to develop 

further complications unrelated to the CHD and since it is often the first step to reach an 

etiological diagnosis4. A first group of individuals considered to have a syndromic CHD are 

those with multiple congenital anomalies (MCA), i.e. having a second major congenital 

abnormality which is unrelated to the CHD (for example malformations of the kidney, 

skeleton or brain). Major malformations have clear medical, functional or esthetic 
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consequences for the individual5. Other individuals present multiple (three or more) minor 

anomalies (i.e. physical variants without functional or esthetic consequences that are found 

rarely in the normal population6). Depending on what types of heart defects are included in 

the study, syndromic CHDs make up an estimated 12-30% of all CHDs4,7,8. Syndromic and 

isolated CHDs are thought to have a different etiology: syndromes mostly arise from a single 

and often genetic cause, whilst isolated CHDs often have a multifactorial cause, arising at the 

interplay between multiple genetic and environmental factors. However, as will be outlined 

below, sometimes syndromes are caused by potent environmental factors like teratogens or 

by multiple genetic factors, and also isolated CHDs can in rare instances be ascribed to a 

single genetic cause. Of note, the distinction between syndromic and isolated CHDs is 

arbitrary since currently no universally used definitions for minor physical anomalies or firm 

criteria for dysmorphism exist. Moreover syndromic versus isolated CHDs not necessarily 

implicate different genes: for example, TBX5 mutations cause CHDs and hand malformations 

in most patients (syndromic CHD), but in some patients with the same mutation, a CHD is 

the only apparent major expression (isolated CHD). CHDs occur at a frequency of around 1%, 

but the fraction of syndromic forms varies amongst different types of heart defects.  

Table 1: Incidence of CHDs and frequency of associated malformations, averaged across multiple studies. (adapted from 
Hoffman & Kaplan (2002)

9
, Greenwood (1975) 

10
 and Pradat et al. (2003)

8
). NA: not available. 

CHD type Incidence at birth 
[per 100 000 live births] 

Frequency of  
associated malformations 

Ventricular septal defect 357 27-31% 

Patent ductus arteriosus 80 36% 

Atrial septal defect 94 36-53% 

Atrioventricular septal defect 35 41% 

Pulmonary stenosis 73 19-29% 

Aortic stenosis 40 17% 

Aortic coarctation 41 23-26% 

Tetralogy of Fallot 42 30-32% 

d-type transposition of the great arteries 32 8-13% 

Hypoplastic right heart 22 NA 

Tricuspid valve atresia 8 18% 

Ebstein anomaly 11 18% 

Pulmonary atresia 13 21% 

Hypoplastic left heart 27 12-21% 

Truncus arteriosus 11 14-46% 

Double outlet right ventricle 16 17-34% 

Single ventricle 11 20-37% 

Totally anomalous pulmonary venous connection 9 14-22% 

All cyanotic  139 NA 

All CHD* 960 25-30% 

Bicuspid aortic valve 1355 NA 

                        *CHDs do not include BAVs, isolated PAPVCs and silent PDAs 
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2. environmental causes 

In a minority of cases, environmental factors are shown to cause the cardiac defect. Well 

documented examples include development of CHDs after antenatal exposure to teratogens 

such as alcohol or antiepileptic drugs. These have been reviewed extensively by Jenkins and 

colleagues11.  

2.1. diabetes 

One of the major teratogenic risk factors for cardiovascular malformation is 

pregestational diabetes. It is associated with an up to 18 fold increase in the risk of a CHD at 

birth11. Overrepresented CHD subtypes include outflow tract defects (like transposition of 

the great arteries (TGA) and patent truncus arteriosus (PTA)), complete atrioventicular septal 

defect (AVSD) and also cardiomyopathies. Outflow tract obstruction defects seem less 

typical12,13. Also extra-cardiac malformations are overrepresented in children from mothers 

with uncontrolled diabetes, similar to those seen in the VACTERL association13, i.e. Vertebral 

anomalies, Anal atresia, Cardiovascular anomalies, Tracheoesophageal fistula, Esophageal 

atresia, Renal and (preaxial) Limb anomalies (VACTERL). 

2.2. twinning 

A risk factor of a somewhat different nature in the fetal environment is the presence of a 

second fetus: twin pregnancies sharing the same chorion confer an increased risk for CHDs. 

This risk factor was the subject of a recent review by Manning14. The CHD risk is influenced 

by the chorionic and amniotic structures. The risk of CHDs in dichorionic monozygotic twins 

is unknown. Monochorionic diamniotic (MC/DA) twins however are at an increased risk for 

CHDs (5-7%), and the concordance rate in MC/DA twins for the presence of a CHD is about 

25%15,16. One factor involved in this abnormal heart development is altered hemodynamics 

during development. Placental vascular anastomoses leading to twin-to-twin transfusion 

(TTT) syndrome are strongly implicated in this change in hemodynamics. A systematic 

literature review on the TTT effect showed an increase in CHD frequency from 3.4% in 

MC/DA twins without TTT to 8% in MC/DA twins with TTT16. In monoamniotic (MA) twins the 

risk for CHDs is thought to be even higher. However, since they occur rarely, reliable risk 

estimates are lacking. Manning and Archer15 reported a CHD in 4 out of 7 MA twins. 

Interestingly, these included 2 right atrial isomerisms, a very rare defect. This suggests that 
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certain CHDs could also be related to the twinning process itself, especially in case of a late 

embryonic timing of the twinning event14.  

2.3. twin studies for CHDs 

The frequency of CHDs in dizygotic twin pregnancies is thought to be 1% per fetus, 

similar to the population risk14. However, the concordance for CHDs in dizygotic twin pairs is 

estimated at 13.6%17, which is higher than the recurrence risk for the nearest non-twin 

sibling (4% in the same study). This increased recurrence risk can either be secondary to the 

twinning (see above) and the concomitant altered fetal environment (in utero 'crowding') or 

a reflection of the more equal effects of external, environmental factors on cardiac 

development compared to non-twin siblings. 

It should be evident from the above-mentioned observations that studies to unveil the 

genetic contributions to CHDs using twin cohorts do not provide unambiguous answers. 

However, it remains a challenge to explain the discordance in cardiac development observed 

in dichorionic monozygotic twins where altered hemodynamics do not play a role. Possible 

explanations are postzygotic mutations including differences in copy number variations 

(CNVs)18, epigenetic differences originating postzygotically (e.g. differences in X-inactivation 

patterns) and stochastic factors. The latter include pure stochastic factors during cardiac 

morphogenesis19,20 but also chance “catastrophic” events which may for instance lead to 

disorders such as oculo-auriculo-vertebral spectrum21, a condition suspected to be caused by 

vascular disruption22.  
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3. genetic causes 

3.1. familial CHDs  

Population studies of CHDs show that they occur at a rate of a little under 1%. Since they 

are more frequent in first degree relatives of individuals with a CHD, genetic factors likely 

contribute to their etiology. In Table 2, a compilation of most CHD family studies published in 

the last 30 years is provided. Several caveats apply to this table:  

 Most studies describe only a small number of patients, and are thus likely to result in 

ascertainment bias. 

 Some have been performed by mailing questionnaires or interview. They likely 

underestimate the frequency of CHDs: not all probands are aware of the cardiac status 

of all their relatives, and the cardiac status is sometimes unknown (an undiagnosed or 

subclinical CHD). Generally, such studies resulted in lower frequency estimates, and only 

some perform corrections by investigating also a control population. 

 Mailing questionnaires are dependent on reply rates that may be influenced by factors 

like gender and by the presence of an affected relative. 

 Included CHDs vary between studies. Where possible, functional, spontaneously 

resolving and subclinical CHDs were excluded from the table. However, they represent a 

significant fraction of recurrences: Whittemore et al. investigated the presence of CHDs 

in offspring of CHD parents directly by ECG, echocardiography or catheterization 23. They 

found that the CHD was subclinical in almost half of the offspring with a CHD (7.5 of the 

14.3%). The corresponding frequencies were adjusted to assemble Table 2. 

Nevertheless, their observation suggests that many relatives of CHD patients have 

undiagnosed, subclinical CHDs that are unrecognized in most studies. Their importance 

depends on their use: in a clinical setting, benign CHDs can probably be ignored in 

recurrence risk estimates; in a research setting, they can be essential for evaluation of 

the mode of inheritance of a CHD. 

 Population studies classify complex CHDs as a single type. The obtained frequencies are 

thus probably inaccurate and heterogeneous estimates of the relative recurrence risk 

for most CHDs. 

Some CHDs types are associated with a higher risk for offspring than for siblings of probands 

(Table 2), suggesting an autosomal dominant inheritance pattern. Examples include AVSD 
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and tetralogy of Fallot. For most other types, such as hypoplastic left heart (HLH), CHDs are 

more frequent in sibs (30%) than in parents (10.5%) of the proband. Also for aortic 

coarctation patients, sibs more often also have a CHD (12.8%) than parents (6.5%) (these 

frequencies were not included in Table 2 as they include Bicuspid Aortic Valves (BAV) as 

CHDs)24. However, not a single large study considers all first degree relatives of CHD 

patients. These numbers should therefore be interpreted with caution. The contrast 

between the incidence in children and in parents of CHD patients (Table 2) may seem 

contradictory, as it suggests different vertical transmission rates. However, it probably 

reflects the historical mortality and morbidity leading to a reduced reproductive fitness that 

was and is associated with CHDs. The high frequency of de novo pathogenic mutations that 

seems a logical consequence of the reduced fitness probably offers an additional 

explanation. These data moreover suggest that, together with the increasing CHD  

Table 2: Frequency of congenital heart defects in the first degree relatives of probands with selected types of CHDs. 
Frequency estimates in brothers and sisters were combined into sibs, as this distinction was mostly not mentioned in the 
original study. CHD frequencies in parents of a proband were frequently subdivided between mothers and fathers and 
are also listed as such. CHDs in children of probands were rarely subdivided between those in sons and in daughters and 
are thus grouped. Risks for children of an affected adult did distinguish between affected mothers and fathers, and are 
listed here as mother and father proband. Only reports published after 1975 were included

 23,25-46
, as the inadequate 

cardiac imaging techniques available before this date may lead to an underestimate of CHD frequencies. BAVs were not 
included as a CHD, although they are overrepresented in relatives of hypoplastic left heart patients. 

CHD type Sibs Parents mothers fathers Children 
mother is 
proband 

father is 
proband 

Aortic stenosis 
0/12 1/30 1/15 0/15 28/632 15/258 14/392 

0.00% 3.33% 6.67% 0.00% 4.43% 5.81% 3.57% 

Atrial septal defect 
41/648 20/1288 16/644 4/644 31/515 25/486 

 

6.33% 1.55% 2.48% 0.62% 6.02% 5.14% 

 
Atrioventricular septal defect 

1/112 

   

9/106 21/209 1/30 

0.89% 

   

8.49% 10.05% 3.33% 

Coarctation of the aorta 
3/37 3/108 2/54 1/54 16/407 14/308 

 

8.11% 2.78% 3.70% 1.85% 3.93% 4.55% 

 
Hypoplastic left heart 

6/61 1/125 1/64 0/61 

   

9.84% 0.80% 1.56% 0.00% 

   
Pulmonic stenosis 

3/33 2/116 0/58 2/58 32/760 19/450 12/303 

9.09% 1.72% 0.00% 3.45% 4.21% 4.22% 3.96% 

Truncus arteriosus 
7/107 2/106 0/4 0/4 

   

6.54% 1.89% 0.00% 0.00% 

   

Transposition of the great 
arteries 

20/1291 7/1568 4/784 3/784 0/56 2/218 0/6 

1.55% 0.45% 0.51% 0.38% 0.00% 0.92% 0.00% 

Tetralogy of Fallot 
15/657 1/278 1/139 0/139 17/650 13/439 4/272 

2.28% 0.36% 0.72% 0.00% 2.62% 2.96% 1.47% 

Ventricular septal defect 
5/95 4/406 3/203 1/203 45/1188 23/591 20/497 

5.26% 0.99% 1.48% 0.49% 3.79% 3.89% 4.02% 

Congenital heart defect 
55/1586 33/3145 14/1388 8/1388 133/3294 108/2451 37/1119 

3.47% 1.05% 1.01% 0.58% 4.04% 4.41% 3.31% 
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prevalence (because the improved survival rates following advances in surgical management 

of CHDs) the incidence of CHDs will increase: more CHD patients will have children. 

Consequently, the genetic, more penetrant causes of CHDs will increase, rendering a 

thorough understanding of the etiology of CHDs even more crucial. 

The CHD risk for children of mothers with a CHD (4.41%) is consistently higher than for 

those of fathers with a CHD (3.31%) (Table 2, ref 25,27,37). This risk seems especially higher for 

AVSD (10.05% versus 3.33%). There are several possible explanations for the increased 

transmission of CHD through females:  

 One likely explanation is a lower susceptibility of females to develop a CHD. Indeed, 

the frequency of CHDs in females in lower than in males (CHD male/ female ratio = 1.25 vs 

population male/female = ratio 1.06, see also the discussion below on X-linked inheritance in 

chapter 0)8. Females apparently need an increased genetic/environmental burden to 

develop a CHD. Since this higher genetic burden is transferred to subsequent generations, it 

confers an increased recurrence risk through a mother with a CHD compared to through a 

father with a CHD.  

 This may indicate a potential involvement of the mitochondrial genome. No 

mitochondrial mutations causing CHD have been identified so far. Especially for AVSDs, this 

might be an explanation for the major increase in transmission through females. 

 Also parental imprinting of CHD causing genes could explain the increased 

transmission through the female germline. No evidence exists for such a mechanism.  

 Finally, one could envisage transmitted epigenetic modifications that are caused by 

the altered environment in the mother or father with a CHD. 

Also potential confounders should be taken into account:  

 These studies are often performed using mailing questionnaires, and the 

response rate for fathers is consistently lower than for mothers.  

 Also non-paternity might be a confounder. However, this cannot explain the 

entire increase in risk, and neither the observed CHD-dependent risk increase. 

3.2. classifications of genetic causes  

Several classifications exist for genetically caused CHDs. One can classify mutations 

based on:  

 the genetic lesion: small mutations (monogenetic) versus chromosomal aberrations 
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 the inheritance pattern and the mechanism of pathogenesis of the mutation  

 the number of loci involved: monogenic, oligogenic, polygenic 

3.2.1. monogenetic and chromosomal CHDs 

3.2.1.1. difference between monogenetic and chromosomal CHDs 

One classification is based on the genetic lesion, and distinguishes monogenetic and 

chromosomal CHDs. This distinction is historical and was based on the detection technique, 

i.e. the presence of a chromosomal aberration detected by karyotyping versus the detection 

of a small change at the nucleotide level detected by sequencing. This distinction between 

detection techniques is rapidly becoming blurred. Novel techniques for genome-wide copy-

number determination such as aCGH (array comparative genomic hybridization) are 

enhancing the resolution of karyotyping and can detect chromosome imbalances that were 

previously only detectable by polymerase chain reaction (PCR) and sequence analysis. 

Moreover, the advent of genome-wide sequencing promises to also move the boundary of 

sequencing techniques into the field of chromosome aberration detection47,48. Despite this 

blurring of the historical boundary between detection techniques for monogenic and 

chromosomal CHDs, some of their characteristic features still warrant a distinction. 

3.2.1.2. chromosomal CHDs 

Chromosomal CHDs are caused by large chromosome imbalances that are rare and affect 

multiple genes. Typical examples of chromosomal CHDs include:  

 AVSDs in 40% of trisomy 21 (Down syndrome)49  

 ASD, VSD and PS in 33% of terminal deletions of chromosome 4p (Wolf-Hirschhorn 

syndrome)50-52 

 aortic abnormalities (CoA, AS, BAV and transverse arch elongation) in 50% of monosomy 

X (Turner syndrome)53,54 

These types of genetic lesions are practically absent from the normal population: they 

are mostly incompatible with a normal development and therefore result in a syndromic 

presentation. Consequently, they occur mostly de novo. They can cause contiguous gene 

syndromes, where different parts of the patients phenotype can be explained by different 

genes affected by the imbalance. A classic example is Williams-Beuren syndrome (MIM 

194050), caused by the recurrent deletion of chromosome 7q11.23. Haplo-insufficiency of 

one of the genes in the deleted region (ELN) is responsible for the supravalvar aortic stenosis 
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that is commonly present in these patients55,56, while one or more other genes (LIMK1, 

GTF2IRD1, GTF2I and CYLN2) are responsible for the behavioral and developmental 

characteristics and dysmorphic features of patients57. Studies using aCGH have shown that 

insertions and deletions (indels) beyond the resolution of standard karyotyping can also 

cause syndromic CHDs58. These indels can affect one or more genes, and demonstrate the 

limitations of this distinction.  

3.2.1.3. monogenetic CHDs 

Monogenetic CHDs are (historically) considered to be caused by small nucleotide 

changes (<1kb) that affect a single gene. Each individual carries such small nucleotide 

variants throughout his genome, on average 1 every 1000 bp, and these typically are 

polymorphisms. Only a subset of these are disease-causing, when they functionally affect a 

gene critical for heart development. When this gene is also critical for other developmental 

processes, mutations can result in a syndromic CHD. 

3.2.2. inheritance pattern of the CHD 

Another classification of genetic causes of CHDs is based on the pattern of inheritance or 

segregation of the CHD. One can discriminate autosomal dominant, autosomal recessive, X-

linked, (Y-linked), mitochondrial, and non-traditional patterns of inheritance. Examples of 

non-traditional patterns of inheritance include mosaicism, genomic imprinting or unstable 

mutations (e.g. myotonic dystrophy). This classification relies on a high penetrance of the 

CHD; otherwise no pattern of inheritance can reliably be deduced from the pedigree. 

3.2.2.1. Autosomal dominant 

Most mutations identified in CHD patients are inherited in an autosomal dominant 

fashion, meaning that the mutation affects a single autosomal allele (38/51 different genes 

described in July 2008 in a database on gene mutations associated with CHDs (CHDWiki) 

accessible at http://homes.esat.kuleuven.be/~bioiuser/chdwiki/). Gene mutations can affect 

gene function in different ways. This is most obvious in autosomal dominantly inherited 

disorders, and the different possible functional consequences of a gene mutation are 

therefore discussed below. 
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3.2.2.1.1. loss-of-function 

The majority (22/38) of autosomal dominant gene mutations probably affects gene 

function through haploinsufficiency: the mutant allele is no longer functional and the 

remaining functional allele is insufficient to produce a normal function of the gene product 

during development. Genes susceptible to haploinsufficiency (“dosage sensitive” genes) 

typically belong to categories such as signaling molecules (4/21), transcription factors 

(11/21) and modulators of transcription, e.g. chromatin remodeling molecules (6/21) where 

a precise dosage is critical for a normal function. This also explains why both an increased 

and a decreased dosage of the gene may lead to a phenotype, as for instance seen for TBX1: 

both deletions and duplications of the 22q11.2 region have been found in CHD patients59, 

and similarly both mutations that decrease (loss-of-function) and increase (gain-of-function) 

TBX1 activity have been shown to cause DiGeorge syndrome60.  

3.2.2.1.2. dominant negative effect 

Mutations causing dominantly transmitted CHDs can also function through a dominant 

negative effect, where the mutant protein inhibits the normal function of the wild-type 

protein formed by the other allele, e.g. during a process of dimerization. This has been 

described for some JAG1 mutations in Alagille syndrome61, and certain mutations in TFAP2B 

causing Char syndrome62. Other examples include genes encoding structural proteins of the 

heart muscle, such as MYH6, MYH11 or ACTC2,3,63,64. Mutations in these sarcomere 

components can cause sarcomere disarray and concomitant muscle dysfunction. It has been 

suggested that this reduced cardiac muscle function may cause hemodynamic changes 

during development, resulting in CHDs65.  

3.2.2.1.3. gain-of-function 

A third mechanism for the dominant effect of a mutation is through gain-of-function. In 

this case, the mutant protein acquires a new function causing it to be active ectopically or at 

a time where it normally is not active. Activating mutations in different components of the 

Ras/MAPK pathway are known to cause Noonan syndrome and related disorders such as 

cardio-facio-cutaneous (CFC) and Costello syndrome66,67. Most mutations in these genes 

alleviate the corresponding protein from its normal auto-inhibitive properties and encode a 

constitutively active form. Other examples of gain-of-function mutations in CHDs include 

rare instances of gain-of-function mutations in TBX1 and TBX560,68. 
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3.2.2.2. autosomal recessive  

When both alleles of an autosomal gene need to be mutated for a phenotype to become 

manifest, the phenotype will segregate in an autosomal recessive fashion. The patient 

carries the mutation in a homozygous (or compound heterozygous) form and usually both 

parents carry a mutation on one allele. Recessive mutations are usually loss-of-function 

mutations.  

In some populations, recessive disorders are more frequent. In isolated populations 

(especially those that originate from a small number of ancestors) a few otherwise rare 

mutations can be present frequently, and are referred to as founder mutations. Also in 

children from consanguineous relationships recessive disorders are more frequent, as they 

are homozygous for multiple loci of their genome. CHDs are more frequent in children from 

consanguineous parents, with a reported relative risk of 1.35 to 1.8 for first cousin parents 

compared to non-consanguineous couples from the same region (Table 3)69-72. This can be 

explained by an increased genetic vulnerability of these children for any multifactorial 

malformation, or by the increased risk for an autosomal recessive disorder. Especially ASDs 

are overrepresented in children from consanguineous marriages69,70. Similarly, an increased 

frequency of consanguinity is seen in children with an ASD, ToF or AS72. Interestingly, ASDs 

are also more frequent in sibs than in parents of isolated ASD patients (6.3% vs 1.6%, Table 

2), suggesting an important recessive component in the etiology of ASDs17.  

Table 3: Relative risk for CHDs in children of first cousin couples compared to non-consanguineous couples from the same 
region. Combined relative risks from three studies conducted in Lebanon and one in Saudi Arabia

69-72
. 

CHD type relative risk 

atrial septal defect 1.86 

coarctation of the aorta 1.71 

double outlet right ventricle 1.63 

aortic stenosis 1.56 

pulmonary atresia 1.54 

tetralogy of Fallot 1.51 

transposition of the great arteries 1.51 

atrioventricular septal defect 1.48 

ventricular septal defect 1.43 

patent ductus arteriosus 1.39 

pulmonic stenosis 1.31 

congenital heart defects 1.40 

There are only few known genetic causes of CHDs with a recessive inheritance pattern 

(8/51 genes), and practically all (7/8) are syndromic: mutations in EVC, EVC2, LBR, MGP, 

NPHP3, ROR2 and SLC2A10. One exception are NKX2-6 mutations, that were described by 
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Heathcote and colleagues in 3 patients with an isolated truncus arteriosus from a single 

consanguineous family73,74.  

3.2.2.3. X-linked CHDs  

3.2.2.3.1. Mutations on the X chromosome  

When a mutation affects a locus on the X chromosome and manifests a phenotype when 

a single allele is present (i.e. typically in an XY male), the disorder has an X-linked recessive 

inheritance pattern. Most of these mutations are associated with a loss-of-function.  

In CHDWiki (in July 2008), there are six genes on chromosome X that - upon mutation -

cause CHDs, and all are associated with a pleiotropic (syndromic) phenotype: ATRX, BCOR, 

CFC1, GPC3, MID1 and ZIC3. Females mostly remain unaffected by these mutations as the 

functional copy on their other chromosome X is sufficient to sustain normal cardiac 

development or because the X chromosome carrying the mutation is preferentially 

inactivated, resulting in expression of only the wildtype allele. However, exceptions have 

been reported, including mildly affected females carrying a MID1 mutation75 and full ATR-X 

syndrome in a girl carrying an ATRX mutation on an X chromosome that was preferentially 

activated76.  

3.2.2.3.2. Turner syndrome 

Of interest, CHDs are present in approximately 40% of cases with monosomy X (Turner 

syndrome)54, and other vascular abnormalities are even more common in this disorder. The 

most frequently observed cardiovascular malformations in Turner syndrome belong to the 

spectrum of left outflow tract abnormalities. They typically are elongation of the transverse 

arch (50%), coarctation of the aorta (12%), aortic valve abnormalities (such as stenosis, BAV 

and regurgitation) (16%) and also HLH (2-3%) 53,54.  

The precise etiology of this increased CHD frequency remains elusive, and whether a 

single gene or multiple genes are implicated is currently unknown. In a normal 46,XX female, 

one X chromosome is inactivated, so also in a normal situation most genes are practically 

always transcribed from a single X chromosome. The absence of a second active 

chromosome X before inactivation is an unlikely explanation, as inactivation occurs before 

cardiac development. As these CHDs are more frequent in 45,X females than in 46,XY males 

and 46,XX females, and the pseudo-autosomal region - present both on the X and Y 

chromosome - escapes X inactivation, this region is a likely candidate to contain genes 
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responsible for the CHDs found in Turner syndrome. Also certain other genes across the X 

chromosome escape X-inactivation54. In combination with the sex-specific differences in 

hormone levels that could regulate their expression, these genes could also be involved in 

cardiogenesis and the concomitant high incidence of CHDs in Turner syndrome. CHDs seem 

less common in women with a 46X,i(Xq) (10%)54, suggesting that the major genes 

responsible for CHDs lie on the long arm of the X chromosome. However, there is insufficient 

data for a conclusive genotype-phenotype correlation. 

3.2.2.3.3. sex differences in CHD incidence 

Sex differences in incidence of specific types of CHD have been observed (Table 4). When 

males are more frequently affected than females, this may point to a role of X-linked genes. 

However, other CHDs (ASDs & AVSDs) occur more frequently in females, and this cannot 

readily be explained by differences in the sex chromosomes. Also for many other 

multifactorial disorders (e.g. cleft lip and palate, pyloric stenosis, …) differences are observed 

in males versus females. This points to sex-dependent differences in embryonic 

development that are associated with different susceptibilities to various disturbances of 

normal development. The biological basis of these differences is not known but X or Y linked 

genes could play a role. Also hormonal differences could have an influence during later 

stages of development by acting on hormone-responsive genes involved in cardiovascular 

development.  

Table 4: male/female incidence ratios of specific isolated CHD types that are significantly varying between sexes. 
(adapted from Pradat et al., 2003)

8
.  

CHD Type Male/female ratio 

aortic valve stenosis 2.41 

d-type transposition of the great arteries 2.25 

hypoplastic left heart 1.74 

coarctation of the aorta 1.72 

double outlet of the right ventricle  1.64 

total anomalous pulmonary-venous return 1.56 

pulmonary atresia 1.47 

tetralogy of Fallot 1.44 

atrial septal defect 0.86 

atrioventricular septal defect 0.84 

3.2.3. the number of loci involved 

3.2.3.1. recurrence risk for CHDs 

As mentioned earlier, the recurrence risk for CHDs is not compatible with a major 

monogenic component in most instances. Moreover, in sporadic (i.e. non-familial) patients 

with isolated CHDs, the frequency of de novo mutations in known genes and of de novo 
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insertion and deletion mutations (indels) in their genome is low77,78. These studies - despite 

having their limitations - suggest that mutations with a large effect and that result in fully 

penetrant monogenic causes of CHDs are rare. In most CHD patients, more than one locus 

will probably be responsible for the pathogenesis of the CHD. The contribution of each locus 

and the number of loci that contribute to CHD are discussed below. 

3.2.3.2. effect size, relative risk, penetrance, recurrence risk & number of loci 

The effect size of a specific mutant allele depends on how disturbing it is for normal 

heart development. Effect sizes vary between genes (depending on the importance of the 

gene for heart development) and between mutations of a gene (depending on the effect of 

the mutation on gene function). Effect size is reflected in the relative risk (RR) of the 

mutation for CHDs: small effect size mutations will rarely cause CHDs and are therefore 

associated with low RRs. On a population level, mutations with high RRs are incompatible 

with high population frequencies: they are generally subject to purifying selection and will 

thus be infrequent in the normal population. Low RRs can sometimes be found frequently in 

the normal population when they are associated with mutations that occurred many 

generations ago. New mutations with a low RR will however have a low population 

frequency (Figure 1). High population frequencies therefore imply mutations with low RRs or 

without effect.  

 

Figure 1: Relation between effect size, relative risk and frequency of a mutation in the population. Color intensities 
denote the number of CHD causing mutations with the corresponding characteristics in the population (white: none, 
dark: many). High population frequencies are incompatible with high relative risks and effects sizes. Mutations with 
lower effect size can persist more easily in a population and become frequent. Vice versa, mutations with high relative 
risks can exist at a low population frequency. Finally, there are probably a large number of mutations with a low relative 
risk that are infrequent in the population, as indicated by the dark color. 

Penetrance of a genotype is defined by the probability that the genotype will cause a 

CHD79, and thus the number of affected versus non-penetrant individuals with the genotype. 
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For dominant mutations, this corresponds to the RR. Like for RR, penetrance of any mutation 

largely depends on its effect size.  

Recurrence risk refers to the probability that a new family member of the proband (sib, 

child, nephew, grandchild) will develop a CHD. Recurrence risks mainly depend on the 

degree of relation to the proband, the inheritance pattern of the CHD (autosomal, recessive, 

X-linked, reflecting the risk to have the pathogenic genotype), frequency of the phenotype 

and penetrance of the genotype. Recurrence risk is a term mainly used in clinical genetics, 

since in the counseling of a family recurrence risks are a major issue. As there is often no 

cause known for the CHD, empirical recurrence risk estimates are often used. 

When the precise genetic etiology of a CHD is known, the recurrence risk depends on the 

number of loci that are causing the CHD. When many small effect size alleles converged to 

cause the CHD in the proband, the risk to have the same genetic constellation in a new 

member of the family (the genetic component of the recurrence risk) is low. When there was 

however a single highly penetrant mutation causing the CHD, the recurrence risk can be high 

depending on the inheritance pattern and the relationship to the proband. Given this 

importance of the number of loci, genetic causes of CHDs are also classified based on the 

number of alleles that need to co-occur and their effect size. One can discriminate a 

spectrum ranging from monogenic (a single locus is mutated, and the mutation is associated 

with a high penetrance of CHDs) over oligogenic (mutations in a few loci converge to disturb 

heart development80 to polygenic (many alleles with a small effect size contribute to 

abnormal heart development). These notions were originally introduced to explain limited 

recurrence risks in highly genetic disorders. As for most classification systems, the distinction 

between monogenic-oligogenic-polygenic is partly artificial and arbitrary.  

3.2.3.3. monogenic causes for CHDs and variable expressivity 

Mutations that are associated with a CHD but that are not found in the normal 

population are considered monogenic. Most known mutations that cause isolated CHDs 

have a high penetrance. This observation is probably subject to a severe ascertainment bias, 

since many genes identified so far were found via linkage studies in large families, 

necessarily having a high penetrance.  

In most cases, mutations causing isolated and syndromic CHDs are associated with a 

variable expressivity, meaning that different CHD types or severities can be caused by a 
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mutation of the same gene. This can sometimes be explained by the type of mutation that is 

present. For example, loss-of-function mutations in TBX5 cause septal defects in 70% of 

patients, while gain-of-function mutations have been described to cause atrial fibrillation but 

rarely septal defects68. However, often the variability can only be explained by modifying 

factors, either genetic or environmental. A typical example is the 22q11 deletion syndrome, 

where exactly the same genetics lesion can be found in multiple individuals that are affected 

to a variable extent and differ in their CHD81. Polymorphisms in the VEGF gene have been 

shown to explain part of the variability in susceptibility to a CHD in the del22q11.2 deletion 

syndrome82. Similarly, the increased frequency of AVSD amongst female and black Down 

syndrome patients suggests sex and race-dependent differences. All this points to a more 

complex pathogenesis of the phenotype, where genes on other chromosomes likely also 

influence the phenotypic outcome in these patients49. Indeed, mutations in CRELD1 have 

been detected sporadically in Down syndrome patients with an AVSD83. Despite this 

variability, it is of interest that specific types of CHD are often associated with distinct 

syndromes. For clinicians this may aid in the diagnosis of syndromic CHD, and for researchers 

this can indicate that specific genes or genetic pathways are involved in the development of 

distinct components of the heart. In Down syndrome for instance, 39% of patients have an 

AVSD, whereas tetralogy of Fallot (ToF), which is considered to have a different 

pathogenesis, is observed in 6% of cases49. For the del22q11.2 syndrome, we have observed 

89 patients with a CHD in a cohort of 147 patients (60%). The majority of these were 

conotruncal malformations (50% tetralogy of Fallot and 11% truncus arteriosus). Pulmonary 

stenosis usually makes up 9% of CHD types but was only found in one of 89 del22q11 CHD 

patients. It can similarly be noted that, even in families where there is only one recurrence of 

a CHD, there is a high concordance between both CHD types25. In conclusion, although single 

genetic causes for CHDs can result in different CHDs, specific genetic causes are associated 

with distinct types of CHDs. 

3.2.3.4. oligogenic causes for CHDs 

An emerging cause for CHDs are the so-called rare inherited variants. All these mutations 

are usually present below 1% in the normal population but are overrepresented in selected 

patients. They are typically inherited from a asymptomatic parent and are therefore not 

believed to be the only cause of CHDs in these patients. Other factors need to be present to 
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cause CHDs. The few genes that have been implicated in this inheritance mechanism in CHDs 

are all from the same Nodal pathway: FOXH1, GDF1, CFC1 and TDGF1. Mutations in these 

genes have been found in 5% of patients from a group of patients with outflow tract 

septation defects like transposition of the great arteries, truncus arteriosus, double outlet 

right ventricle and tetralogy of Fallot84. As one would expect, a single patient was found to 

carry multiple alleles associated with reduced Nodal pathway strength. Further advances in 

high-throughput screening for mutations in this and other pathways will produce estimates 

on how often CHDs have an oligogenic cause. An issue in these studies is the evaluation of 

causality of these mutations. Given the expected low penetrance of each of these mutations, 

family segregation studies cannot be used to indicate pathogenicity. By using the zebrafish 

as a biosensor, Roessler and his colleagues demonstrated however that part of these 

mutations have a detrimental influence on protein function84. They moreover showed that 

these deleterious mutations are significantly overrepresented in a population of CHD 

patients compared to normal controls.  

These mutations were found by a candidate gene approach: all these genes play a role in 

Nodal signaling, a pathway disturbed in some monogenic cases of CHDs and involved in left-

right asymmetry establishment85. In order to have an impact on genetic counseling of CHD 

patients, more data should be gathered to establish the penetrance of these mutations. The 

contribution of rare inherited variants in other genes and pathways to the etiology of CHDs 

similarly remains to be investigated. Since this type of inheritance fits the sporadic nature of 

many CHDs, it is anticipated that many more of these oligogenic causes may still be 

identified. 

3.2.3.5. polygenic and multifactorial causes for CHDs 

A third group of causes is called complex, since multiple factors contribute to the 

development of the disorder. It is assumed that in many instances multiple genetic 

polymorphisms interact in disturbing normal cardiac development and/or function. In 

addition, to a lesser extent, the environment may influence this process. Virtually nothing is 

currently known about genes implicated in this multifactorial model of CHD. One of the few 

genes implicated is VEGF. Low expression haplotypes of this gene are overrepresented in 

tetralogy of Fallot patients86. 
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It is unclear whether accumulation of deleterious polymorphisms in a single individual is 

as such sufficient for developing CHDs. It has however been shown that certain 

polymorphisms can modulate the penetrance of CHDs in monogenic disorders. The following 

genetic constellations can occur79:  

 a polymorphism in the allele present in cis could influence the expression of the mutant 

protein, resulting in a modulation of phenotypic expression. This mechanism has thus far 

not been investigated in CHDs, but could be used for the identification of causal genes in 

common genetic lesions such as trisomy 21. 

 a polymorphism in the allele present in trans could influence the expression or function of 

the wild-type protein. This was investigated for the remaining TBX1 allele in del22q11 

patients87. However, there was no association between any common variant and the 

presence of a CHD in the del22q11 patients 

 a polymorphism elsewhere in the genome could contribute to the susceptibility of the 

patient to CHDs. It was shown that low expression VEGF haplotypes are overrepresented 

in del22q11 patients with a CHD82. 

To identify other polygenic causes of CHDs, we anticipate that genome-wide association 

studies will make a major contribution to the identification of novel relevant players in 

human heart development. Moreover, given the overlap between polygenic, oligogenic and 

monogenic causes of CHDs, such a genome-wide approach to identify polygenic causes may 

allow for the identification of mutations in the same gene with a much higher penetrance 

and clinical significance.  

As mentioned, the frequency with which a specific gene mutation is associated with 

CHDs (i.e. the penetrance) will vary according to its effect size. The contribution of other 

influences such as environmental and stochastic factors will be relatively high when only 

small genetic effects contribute. A purely polygenic cause of a CHD is therefore much less 

likely than a multifactorial cause. In these cases, genetic and environmental influences both 

have an impact on cardiac development, either independently or cumulatively. An example 

of such a cumulative impact is the association between polymorphisms in the NNMT gene 

(encoding a protein that catalyzes nicotinamide), nicotinamide intake and CHDs88. Presence 

of the NNMT A-allele combined with maternal low nicotinamide intake at peri-conception 

confers a significantly increased risk for CHDs.  
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3.3. identifying and confirming genetic causes  

A major challenge remains the confirmation of the role of a specific positional or 

functional candidate gene in the pathogenesis of CHD. The traditional approach of mutations 

analysis in patients faces many limitations:  

 Given the genetic heterogeneity of causes for CHDs, large cohorts of patients need to be 

screened. Moreover, since expression of a mutation in a given gene can be variable, other 

types of CHD need to be included in the mutation screen than that of the index patient.  

 The genetic component in CHD can be highly diverse, ranging from monogenic over 

oligogenic and polygenic to multifactorial. Current evidence shows that de novo 

mutations are exceptional in non-syndromic CHD patients. Rather, an increasing number 

of studies describe a higher number of rare (inherited) variants in individuals with CHD 

compared to normal controls. Therefore, in the future, we envision not only mutation 

screens in large cohorts of patients, but also simultaneous screening of a large number of 

genes in the same patients and in controls, to uncover how these individuals are 

genetically sensitized, and which pathways are disturbed in abnormal human heart 

development. 

 Finally, evidence for the involvement of a gene in a multifactorial disorder is obtained 

from association studies. There is a lack of such studies in the field of CHDs at the present 

time.  

 Mutation screens should not only include sequence analysis but also screening for CNV’s.  

 Functional studies, either in vitro or in vivo (animal models) will provide further evidence 

of a functional role of the found sequence alterations. 





Research Introduction 

CHAPTER 2                               RESEARCH INTRODUCTION  

The aim of our studies was to advance our knowledge on the genetics of CHDs. To reach 

this aim, we sought to test an integrated, three step approach combining a novel positional 

cloning strategy, the newest candidate gene prioritization tools and a final validation step in 

zebrafish as an animal model as well as human mutation analysis. We sought to test the 

following hypotheses in this study: 

1. Cryptic chromosomal insertions and deletions (indels) are a frequent cause of 

idiopathic syndromic CHDs 

2. Identification of submicroscopic indels in syndromic CHD patients enables positional 

cloning of genes responsible for isolated and syndromic CHDs 

3. Genes responsible for CHDs can be efficiently selected from a genome region using a 

tailored prioritization algorithm 

4. Genes responsible for human CHDs can be discriminated by their expression pattern 

in the developing zebrafish 

5. Novel genes responsible for human CHDs can be discovered using the following 

method: they can be located by positional cloning, selected by prioritization, 

identified by their expression pattern in zebrafish and validated by sequence analysis 

in CHD patients. 

The following chapters describe how a novel molecular karyotyping technique, array 

comparative genome hybridization (aCGH), was implemented in the laboratory to establish 

an etiological diagnosis in patients with idiopathic syndromic CHDs and to serve as a 

positional cloning strategy. We describe how we performed gene selection using an adapted 

version of ENDEAVOUR and expression analyses in zebrafish. A selection of promising 

candidates were investigated in CHD patients by sequence analysis. 
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CHAPTER 3       MATERIALS AND METHODS 

1. reagents and buffers 

Alkaline phosphatase [AP] buffer 
100mM NaCl 
50mM  MgCl2 
100mM  Tris-HCl pH 9.5 
1mM  levamisol hydrochloride (Sigma-Aldrich, Bornem, Belgium) 
0.1%  PlusOne™ Tween™ 20 (GE Healthcare, Chalfont St. Giles, UK) 
H2O to 50mL, always prepare fresh 
 
2x Danio Lysis buffer 
150mM  NaCl 
50mM  Hepes, pH 7.5 
1mM  EDTA  
1%  Nonidet P-40   
0.5%  Na-deoxycholate 
0.1%  SDS 
Add H2O to 100 mL 
 
Lysis buffer for nuclear protein extraction 
0.2-0.5% Nonidet P-40 in RSB 
 

Protein detection blocking buffer 
25g  milk powder 
50 mL  TBS 10x 
450 mL  dH2O 
500µL PlusOne™ Tween™ 20 (GE Healthcare, Chalfont St. Giles, UK) 
 
4% Paraformaldehyde [4% PFA] 
2g  PFA 
Add 1xPBS to 50mL 
Heat to 70°C until dissolved, store maximally 1 week at 4°C 
 
10x Phosphate-buffered Saline [PBS] 
80g NaCl 
2g  KCl 
17.8g  Na2HPO4.2H2O 
2.4g  KH2PO4 

Add H20 to 1L 
 
PBS with tween 20 [PBST] 
100mL 10x PBS  
900mL H2O 
1mL  PlusOne™ Tween™ 20 (GE Healthcare, Chalfont St. Giles, UK) 
 

Ponceau Red 
2,5g  Ponceau (Sigma-Aldrich, Bornem, Belgium) 
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5 mL  water-free (glacial) acetic acid 
to 500mL with dH2O 
 
Radio Immunoprecipitation Assay [RIPA] buffer 
50mM  Tris-HCl (pH 7.4) 
150mM NaCl 
0.2 %  SDS 
1%  Nonidet P-40 (Roche Applied Science, Mannheim, Germany) 
protease inhibitor 

 
RSB buffer 
10mM  NaCl 
10mM  Tris-HCl (pH 7.5) 
3mM  MgCl2 
 
20x Saline Sodium Citrate [SSC] buffer 

In H2O: 
3 M  NaCl 
0.3M  Na3Citrate 
to pH 7.0 with 1M HCl 
 

10x Tris Buffered Saline [TBS] 
1500 mM  NaCl 
200 mM  Tris 
to pH 7.4 with 1M HCl 
 
Whole mount in situ hybridisation Blocking Solution [WISH Blocking mix] 
2%  sheep serum (heat inactivated)  
2 mg/ml  Bovine serum albumin [BSA] 
1x PBST 
 
Whole mount in situ hybridisation Hybridization Solution minus [WISH Hyb mix-] 
50 mL  deionised formamide  (VWR, Batavia, Illinois, USA) 
25 mL  20x SSC 
100 µL  PlusOne™ Tween™ 20 (GE Healthcare) 
5mg heparin 
Add H2O to 100mL 

 
Whole mount in situ hybridisation Hybridization Solution [WISH Hyb mix] 
50 mg  yeast tRNA (Sigma-Aldrich, Bornem, Belgium) 

100mL  WISH Hyb mix- 
 
Whole mount in situ hybridisation Staining Solution [WISH staining mix] 

22.5µl  Nitro blue tetrazolium chloride [NBT] (Roche Applied Science, Mannheim, Germany) 
17.5µl  5-Bromo-4-chloro-3-indolylphosphate [BCIP] (Roche Applied Science) 
Add AP buffer to 5mL 
 
1X Transfer Buffer 
50 mL  20x transfer buffer  (Invitrogen, Carlsbad, California, USA) 
200 mL  methanol 
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750 mL  dH2O (tap) 
 
MOPS 
50 mL  20x SDS 
950 mL  dH2O (tap) 

2. aCGH 

aCGH was performed using 4 different platforms. 

2.1. 1Mb  

1Mb aCGH was performed using a micro-array containing 3625 BAC or PAC clones 

chosen genome-wide at 1Mb intervals (provided by the Wellcome Trust Sanger Institute, 

Hinxton, UK), plus a set of 58 clones that represent clinically important dosage-sensitive 

regions. Microarrays were constructed as described by Menten et al. 89. Hybridization was 

done as described89 using a three-way hybridization setup: DNA from one patient was 

labeled in different colors in 2 experiments and cohybridized with differentially labeled DNA 

from 2 other patients. DNA from both other patients was also differentially labeled and 

cohybridized in one additional experiment. In this way aCGH for all three patients was 

performed in a dyeswap replication experiment. 

2.2. full tiling  

Full tiling path microarrays consisted of BAC and PAC clones from the Human 32K clone 

set obtained from the BACPAC Resource Center (BPRC) at Children's Hospital Oakland 

Research Institute (Oakland, California, http://bacpac.chori.org)90. Using these clones, micro-

arrays were constructed as described91. CGH was performed on the microarrays with a single 

hybridization or dyeswap replication experiment using described methods91. The full tiling 

array for chromosome X was constructed as described92. 

2.3. Nimblegen 385K 

DNA probe labeling and CGH on 385K microarrays produced by Roche Nimblegen 

(Madison, Wisconsin, USA) was done as described by the manufacturer. Slides were scanned 

on a Genepix Axon 4000B microarray scanner (Molecular Devices, Sunnyvale, California, 

USA) at 5µm resolution with 4 replicates and full laser power. Slide image analysis and 

feature extraction was done by Nimblescan 2.4.27 at the advised predefined settings. Data 

was analysed and visualized using the Signalmap 1.9.0.03 software provided by Nimblegen. 
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2.4. Agilent 244K 

2.4.1. DNA labeling  

DNA was labeled by the BioPrime® Array CGH Genomic Labeling System (Invitrogen, 

Carlsbad, California, USA) using Cy3™- and Cy5™-labeled dCTPs (Amersham Biosciences, 

Boston, Massachusetts, USA) as recommended by the manufacturer with minor 

modifications: DNA denaturation was done at 98°C for 15 minutes rather than at 95°C for 5 

minutes, and the labeling reaction by primer extension was allowed to continue overnight. 

Labeled DNA probes of patient and control were mixed and purified by ethanol precipitation. 

These mixed precipitated probes were solubilized in 159.5µL of TE Buffer, 1X, Molecular 

Grade, pH 8.0 (Promega, Leiden, the Netherlands) and DNA probe concentration and 

fluorescent label incorporation were quantified in 1.5µL with the Nanodrop ND-1000 

spectrophotometer (Nanodrop Technologies, Wilmington, Delaware, USA) using the 

microarray application.  

2.4.2. probe preparation and hybridization 

Probes were further prepared according to the manual of Agilent Human Genome CGH 

Microarray Kit 244A (Agilent, Santa Clara, California, USA) with a minor modification: some 

experiments were done using 50mL Human Cot-1 DNA (Roche Applied Sciences, Penzberg, 

Germany) at 0.2mg/mL rather than 1mg/mL. This reduction in Cot-1 was introduced to save 

costs and did not result in an obvious reduction of the quality of the results (data not 

shown). We denatured the probe mix for 10 minutes instead of 3 minutes at 95°C. The probe 

was hybridized on Agilent 244K microarray slides and incubated for approximately 40 hours 

in a Hybridization Oven (Agilent, Santa Clara, California, USA) at 65°C under constant 

rotation (20 rounds per minute, rpm). Agilent 244K microarray slides were reused up to 2 

times by removing the hybridized probe from the slide (after image acquisition) using the 

NimbleGen Array Reuse Kit (Roche Nimblegen, Madison, Wisconsin, USA). Slides reused once 

yielded similar results as new slides, while slides hybridized for a third time yielded in a 

decrease in quality as indicated by an 1.5 fold increase in standard deviation of the resulting 

intensity Log2Ratios. These slides were only used to delineate known aberrations. Slides 

were washed following manufacturers recommendations and scanned on a Genepix Axon 

4000B microarray scanner (Molecular Devices, Sunnyvale, California, USA) or an Agilent 

Microarray scanner (Agilent, Santa Clara, California, USA) at 5 µm resolution.  
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2.4.3. Feature extraction and data processing 

Extraction of spotted feature properties and signal intensities from the scanned slide 

images, and 2D lowess and dye intensity normalizations were done using the Agilent Feature 

Extraction Software (version 9.5.3.1) with the provided CGH-v4_10_Apr08 or the CGH-

v4_95_Feb07 protocol and slide and probe annotation files. Resulting txt files were further 

processed according to the workflow presented in Figure 14 and discussed under section 5.3 

(p 75). 

3. FISH 

Metaphase and interphase FISH was performed using DNA from BACs that were 

degenerate oligonucleotide primed (DOP) amplified for construction of the microarrays. For 

FISH, these products were labeled by a second DOP amplification93 or by a random prime 

labeling (BioPrime® Array CGH Genomic Labeling System from Invitrogen, Carlsbad, 

California, USA) with SpectrumOrange™ or SpectrumGreen™ (Vysis, Abbott laboratories, 

Chicago, Illinois, USA). Hybridization of these clones was performed as described89. FISH with 

cosmid RT10094 was used to confirm CBP duplication.  

Multicolour banding FISH was performed using XCyte 4 according to the manufacturer’s 

instructions (MetaSystems GmbH, Altlussheim, Germany). 

4. real-time quantitation of DNA copy number 

DNA copy number was quantified by real-time quantitative PCR (rtqPCR) on genomic 

DNA or on cDNA as described89. Locus-specific oligonucleotide primers were designed by the 

Primer Express software (V2.0.0., Applied Biosystems, Foster City, California, USA) in unique 

sequences of the human genome. These were selected by 

 using repeat-masked sequences (http://www.repeatmasker.org) as input for Primer 

Express 

 performing UCSC In-Silico PCR with the forward and reverse, twice the forward and 

twice the reverse primer as input. In-Silico PCR was required to yield for each 

combination respectively one, no and no result.  

Oligonucleotides used as primers were synthesized by Eurogentec (Seraing, Belgium). The 

amplification results and the melting curves were analyzed with the ABI Prism 7000 SDS 

Software version 1.1 (Applied Biosystems, Lennik, Belgium). The DNA levels were normalized 

http://www.repeatmasker.org/#_blank
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to the number of measured copies of the p53 gene and relative differences were calculated 

according to the 2-ΔΔCT method95. Primer oligonucleotide sequences are described in Table 5. 

Table 5: sequences of oligonucleotide primers used for rtqPCR on genomic DNA 

Name Forward primer (5’ 3’) Reverse primer (5’ 3’) 

16p13_A CCTTCATTGCCACTTGTGATACTG TCAACGCTTTCCACTGACAAA 

16p13_B GGTCCCAGGGCTCTTAGTTTAGTT AGTAGGTTCCCCTTTCACACATG 

16p13_C GCCAAGCACTGCCAAGAAA TGGCGGAGCTTGTGTTTGA 

16p13_D CGGCCGAGAGCATCCA TTCCGATTCGAGGGAGATTCT 

16p13_E TCTCATCCATCAGCCCAACTG GCAGCCAGCAAGGGAAGAC 

16p13_F CCAGATTCCCACAGCACAGA GATGGCCAAGTTGGATGCTT 

ATRX_e1 GGCGCCCAGCAATCAC CATGGGCTCAGCGGTCAT 

ATRX_e2 TCGTGGAGGAGAACTTGTTTCTT GTTGAATACATTGGTGCAGAAGCT 

ATRX_e29 CCTACCTCACATTAGTTTCATCATTAAATT GACTATTACCGTTTAGATGGTTCCACTAC 

ATRX_e30 TCCAAAGCGATAAACTCTGAATATACTCT AATCTGGTAGCTGCTAATCGAGTAATT 

ATRX_e35 TCATTGTAGATTGCTTCTCTTCGTTT CCCAAGTACAGGCGTTAGCATT 

ATRX_e36 TTTTAAGTCAAGCAGGGCTACCA GGAGGCCAGGTAATAAGGAAGCT 

ATRX_i1-2 TCCACAGAACCACTTTAAGTAGCAA GCCCAATCCTGCTTCTCCTT 

ATRX_i2-3 AGGGTCTCACTCCATTGTCCAT CCGGGAGGTTGAGGCTAAA 

ATRX_i28-29 CATGAAAGATGAAGAATGGATAGGAA TTCTGTCTGCCTGCAATGCT 

ATRX_i8-9 CGGAAGGTGGAAACTTGATTTG CCAAGGTTGCGTAGAATGCA 

CCR_19_A CAGTTGTGCCTTCGTGGTACTC CTCCCCATCTTCTCCCTTGA 

CCR_19_B CAGCCTTACCCTTGGCAAAA AGGTGCGCCCGAAGAGTAT 

CCR_19_C GGCTTGGCATCTTGAACAGAA CACAGGACTCAGGGCTGCAT 

CCR_19_D AGGCCTCTGTCTATTGGAGCTAAG TGGGTTGGACAGGCCATT 

CCR_19_E TGAGTCGCGTCGGCAAA TCCTTGCAGGACTGGATGTG 

CCR_19_F CCTGGGCCAGGGATCTG AACTTTTGCCCACGTTTTCCT 

CCR_19_G CCCTCTACATTTGCCCTGTTG GTTAGCGTCGCCCTCCAAT 

CCR_19_H GGACCCCACCATGCTCAAG ATCCTACCCCAACAGCAGATGT 

CCR_4q TGATGGCAGTTAAACAAAATGTCA CTGTGCCTTAGGAGCAGAGGTT 

CTC-281H14 GACCCTGAGTCCCCTGGATT    GCGCGTGGGACAGAAAAA 

CTC-459H11 CACGCATTTCCGAAGTCCTT GGGACTGGGTTGCATGTACAA 

p53 CCCAAGCAATGGATGATTTGA GAGCTTCATCTGGACCTGGGT 

RP11-109D4 GCGGCAGCATGCAGTTG TTCCCTTGGCTGTATTAGTCACTTC 

RP11-469N6 TGTCACCCGGGCAGACA CTGTTGCAGAGGTGGTCATGA 

RP1-292H14 CACATCATGCAGCAGCTGAA  TGGACTGTGGTCATGTCAGACA 

RP1-85M6  TGGCAGCGCCAGGAATT GTTAGCAAAATCTTCACAATCATCTTG 

5. polymorphic repeat length analysis 

Polymorphic lengths of short tandem repeats were analyzed by PCR on 50 ng of genomic 

DNA using Expand Long Template (Roche) and buffer 3 according to the manufacturer’s 

instructions. Primer are described in Table 6. Forward primers were 5’ labeled with 6-

CarboxyFluorescein-Aminohexyl Amidite [6-FAM]. 0.1µL to 1 µL PCR product was mixed with 
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13µL Hidi and 0.16µL ROX-labeled genotyping marker 100-500 (Applied Biosystems, Foster 

City, California, USA) as an internal  

Table 6: sequences of oligonucleotides used as PCR primers for polymorphic repeat length analysis. 

Name Forward primer Reverse primer 

HUMARA TCCAGAATCTGTTCCAGAGCGTGC  CTGGGACGCAACCTCTCTC 

D4Sxxx TGGATTGATGTCCTTCCTGA TCCTTGGACCTACACTCTATAGTCA 

D16S3027 ATATTTGGCATCTGGGG CCAGCATGAGTTGCTTT 

D16S2622 ACTGCATCCCTTTAAACACTT TAGCTTGGGTGAAGGAGTGA 

D16S3065 TACATCCATAAGTACCCTTAACAAT TGAAGTGTATCCCCAGTATAGA 

MS1 GGGTAAAAAGCCCCTTTTAGAG GTCAGTGTGGTGCTGAGGAG 

MS2 AGCCTAGGCAACAGAACGAG GGGCCCTTTTCTAACTGGTC 

MS4 CAGCAAGGAGACCACTAGGC TGTGTGTGTCACCACTGCAC 

D19S1037 CAGCAGATCCCACCTCCTAT CCATGCAGCTATCCCTCATT 

D19S252 TGGACCCAATTAACATTCCAA ATGTGACCCCTCTACCCACA 

D19S429 CGACCTTTATGTCCCAGCAT GTGCTTGACACTCCCCTCAT 

D19S899 TCAACCAAGCTGTGTGTGTGT AGTTCAGGCCTCTGCACATT 

size standard. Samples were denatured 95°C for 3 minutes and stored at -20°C until they 

were separated on an ABI PRISM 3100 automated DNA sequencer (Applied Biosystems, 

Foster City, California, USA). Results were analyzed with the GeneScan analysis software 

(V.3.7, Applied Biosystems, Foster City, California, USA) for peak position and surface area. 

 

6. X inactivation pattern analysis 

The inactivation pattern of chromosome X was investigated using a methylation-sensitive 

restriction digestion of the polymorphic AR repeat96 by HpaII, followed by a polymorphic 

repeat length analysis with HUMARA primers (Table 6). As a control, each undigested sample 

was also analysed for the length of the polymorphic AR repeat. A male DNA sample was 

subjected to the same procedure as a positive control for restriction digestion. The amount 

of skewing of the X inactivation pattern was calculated as follows: 

 
1 

 = % activated allele A 
1+ 

 Ad/Bd 
 Au /Bu 

A or B: area under peak of allele A or B 
d or u  : digested or undigested 

7. RNA extraction, cDNA synthesis and gene mRNA expression analysis 

Total RNA was extracted from human cell cultures using the RNeasy Mini Kit (QIAGEN, 

Venlo, Netherlands) and from zebrafish embryos using TRIzol® (Invitrogen, Carlsbad, 

California, USA) according to manufacturers instructions. After DNaseI (Roche Applied 

Science, Vilvoorde, Belgium) treatment, RNA was reverse transcribed with the Superscript II 
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kit or the Superscript III kit (Invitrogen, Carlsbad, California, USA). Depending on the 

application, a mixture of random, poly-A or gene specific oligonucleotide primers 

complementary to the mRNA (reverse primers) were used for cDNA synthesis. mRNA 

expression of a gene was quantified by rtqPCR on cDNA using specific primers designed in 

discrete exons of the gene or across exon boundaries, to avoid genomic DNA amplification. 

mRNA levels were quantified by comparison to mRNA levels of genes showing stable 

expression as described by Vandesompele and colleagues97.  

Name Forward primer (5’3’) Reverse primer (5’3’) 

ATRX AGCCGACAAGGCGTTCAA ACCAATGTATTCAACTTGCTTTCACT 

GAPD TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

β2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT 

β-act CACCCTGAAGTACCCCATCG TGCCAGATTTTCTCCATGTCG 

8. protein extraction and Western blotting 

8.1. nuclear protein extraction 

A nuclear protein fraction extraction protocol was adapted from McDowell et al.98. 10 

million cells in suspension were pelleted by centrifugation @ 1200 rpm for 10 minutes, and 

washed 3 times in PBS by centrifugation and resuspension of the pellet. 1mL lysis buffer was 

added and the solution was vigorously vortexed for 30 to 60 seconds. Cells were kept on ice 

for 30 minutes and pulled through a syringe 4 to 5 times. Nuclei were collected in a pellet by 

7 minutes low-speed centrifugation (1000g). The pellet was washed 3x in RSB and 

resuspended in 0.2mL RSB buffer. 1 unit of DNaseI (Roche Applied Science, Vilvoorde, 

Belgium) was added per 1 µL RSB, and DNaseI digestion was allowed to proceed for 1 hour at 

room temperature. Proteins were solubilised by adding 60µL RIPA buffer. 

8.2. zebrafish protein extraction 

Staged zebrafish embryos were dechorionated manually by use of a forceps, and the yolk 

was removed in icecold PBS by forcing them through a glass needle. Zebrafish tissue was 

centrifuged to a pellet and washed twice with ice cold PBS. The tissue was briefly centrifuged 

to a pellet and the supernatant was replaced with 200mL ice cold 1x Danio lysis buffer with 

freshly added Proteinase Inhibitor (Roche Applied Science, Mannheim, Germany) and 

Phosphatase Inhibitor Coctail 1 and 2 (Sigma-Aldrich, Bornem, Belgium). Cells were lysed by 

pulling them through a syringe ten times and by the subsequent heating to 98°C for 5 

minutes. Cellular debri was removed by centrifugation at 15000g at 4°C for 20 minutes. The 

supernatant was stored at -80°C or immediately processed. 
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8.3. SDS PAGE, Western blotting and detection 

Protein concentrations were checked by a colorimetric reaction using the Pierce 560 nm 

Protein Assay Reagent system according to the manufacturer’s instructions. The absorbance 

generated by the colorimetric reaction was measured using the BCA-1.0sec-560nm protocol 

on a Victor plate reader (Perkin Elmer).  

20µg protein was mixed with 3X loading dye and 3% β-mercapto-ethanol, heated for 10 

minutes to 70°C and kept on ice until loading. The protein samples and a SeeBlue® Plus2 Pre-

Stained Standard (Invitrogen, Carlsbad, California, USA) were loaded on a NuPAGE® 4-12% 

Bis Tris gel (1.5 mm, 15 well, Invitrogen) and sodium dodecyl sulfate polyacrylamide gel 

electrophoresis [SDS PAGE] was performed for 10 minutes at 120V and around 60 minutes at 

180V to separate the proteins according to their electrophoretic mobility. 

Proteins were blotted a nitrocellulose membrane by applying a 35mA current for 2 hours 

in blotting buffer. Efficacy of blotting was checked by staining the membrane with Ponceau 

Red. Unspecific protein binding of the membrane was blocked by incubation with blocking 

buffer for 1 hour at room temperature. The membrane was incubated with blocking buffer 

containing the primary antibody at the correct concentration for at least 4 hours. After 3 

washes of 5 minutes in blocking buffer, the membrane was incubated for 1 hour with a 1 in 

10 000 dilution in blocking buffer of the appropriate secondary antibody conjugated to 

horseradish peroxidase. Excess secondary antibody was removed by 2 washes of 15 minutes 

in blocking buffer and 2 washes of 10 minutes in TBS. Chemiluminescence was generated by 

the ECL kit and detected on photographic films. 

The following primary antibodies were used:  

 ATRX was detected using a 1/50 dilution of the monoclonal antibody 23C98, a gift 

from Dr Garrick, (WIMM, John Radcliffe Hospital, Oxford, UK).  

 SP1 was detected using a polyclonal antibody (PEP2, sc-59, Santa Cruz) as a positive 

control for nuclear protein extraction. 

9. synthesis of digoxigenin-labeled RNA probes 

RNA was extracted from zebrafish embryos at 12hpf, 18hpf, 22hpf, 30hpf, 36hpf and 

48hpf using Trizol (Invitrogen) as recommended by the producer. RNA was reverse 

transcribed by the Superscript II or III Reverse Transcriptase Kit (Invitrogen) and a mix of 

random and poly-T primers. In a first round, we performed PCR using the primer pairs 
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described in Table 7. The reverse primers were tagged with a T7 or Sp6 transcription start 

site. If no single band was seen upon gel electrophoresis, we used a nested PCR strategy by 

first using the EXT_ primers described in Table 7. If no single product was obtained after 

nested PCR, we assumed that the gene of interest was not expressed. We verified whether 

the PCR product contained the gene of interest by direct Sanger sequencing. 

PCR products were purified by a phenol-chloroform extraction, and transcribed using the 

T7 or Sp6 Transcription kit in the presence of DIG-labeled nucleotides (DIG label mix, Roche) 

and RNAse inhibitor (Roche). Subsequently, DNA was removed by treatment  with DNAse 

(Roche), and the RNA was purified using a standard phenol-chloroform extraction 

(Eurogentec). A sample of the RNA product was size separated denaturating gel 

electrophoresis, and the generated RNA probes were stored at -70°C until use. 

Table 7: sequences of oligonucleotides used as primers for DNA probe synthesis. EXT_ denotes the use of this primer pair 
in the first step of a nested PCR reaction (the external primer pair). 

Name Forward primer (5’3’) Reverse primer (5’3’) 

DVL1 ATCGCAGGGATGCTAGAAAA TAATACGACTCACTATAGGGAGCTGAAGCTAAGGCTGTGC 

RAI2 GGCTTGTGCCCTATCCTGTGGT CATTTAGGTGACACTATAGAATGACGATCTCGATGTTTCCA 

DLG7 CCACCTGTACCCAACAAACC TAATACGACTCACTATAGGGCTCAGCATCCATCACTCCAA 

HES4 GACACAAACGTCCTCAGCAA TAATACGACTCACTATAGGGCGCAAGTCTACCAGGGTCTC 

EWSR1_a GGCGTCAACCAGCAACACTCAG CATTTAGGTGACACTATAGAAGAAGCCACCTCTGTCTCCAG 

KREMEN1 AACTTCTGCAGGAACCCAGA TAATACGACTCACTATAGGGTGCGGTGATATTCACGATGT 

REPS2 AGTTCTGCACTGCCTTCCAT TAATACGACTCACTATAGGGGAGGCAACCAGCCACTTTTA 

HMGB2b TATGCGTTCTTCGTGCAGAC TAATACGACTCACTATAGGGATCCTCGTCCTCCTCATCCT 

EWSR1_b CAGACTCAGTACGGCCAACA TAATACGACTCACTATAGGGAACCTGACAACCTGCCAATC 

AATKa GGCTGCTGCACCTTCACAAAAA CATTTAGGTGACACTATAGAAGTCTTCCTCTGCCTCACTGG 

FOXK2 CCGTCCGGTGTTTCTCTACC TAATACGACTCACTATAGGGGATGGTCAGCGGGGAGAT 

No_ID GGTGTGCCTGGTTATTCCGAAC ATTTAGGTGACACTATAGAAGCATTCACTGGTTATGCTGGT 

SKI_a GAGGAAATCCAGGTGGACAA TAATACGACTCACTATAGGGCTCAGACGTCCTGCTTCACA 

SKI_b GGTGAGACCATCTCGTGCTT TAATACGACTCACTATAGGGGTCATCGTGTTTGGGCTTCT 

HAND2 TACCATGGCACCTTCGTACA TAATACGACTCACTATAGGGCAGATGGCCTCATTTCGTCT 

AATKb GCAATTCCACAGATCATCCA CATTTAGGTGACACTATAGAACGGCTGATTCCCTAACTCAA 

MAFG ACTGAAGGTGAAGCGAGAGC TAATACGACTCACTATAGGGTGTGCATTATGACCGTGCTT 

ARID4A GGTTCAAGCTCTTCCGATTGGT CATTTAGGTGACACTATAGAACGTCCTGCTCTTCATCATCA 

CSNK1D GGACTGGGATGGAGCGTGAAC ATTTAGGTGACACTATAGAAGCTTCACCATCAGAAAGGAAC 

FOXK2 GGAGGGCTCGGTGGATGTTAG CATTTAGGTGACACTATAGAATTTCAGACTGCGAGTTGTCG 

HMGB2a GGCGGGAGGAACACAAGAAGAA CATTTAGGTGACACTATAGAAATCCTCGTCCTCCTCATCCT 

OTX2 CCCCACAACCATCTTTAGCA TAATACGACTCACTATAGGGGAAGTGGAACCAGCATAGCC 

THOC5 GGCTTACAGCCTGGACTGCACA CATTTAGGTGACACTATAGAACATACGGATGTCCGAGGTCT 

VEGFC GGGCAAACCTTGCTTTCGAGTC CATTTAGGTGACACTATAGAATGATGTTCCTGCACTGAAGC 

FBN2 CGGAATGTTCCAGGAAGCTA TAATACGACTCACTATAGGGCCGAACGAACATCAACACAG 

NKX2-5 GTGCGGGACATACTGAACCT TAATACGACTCACTATAGGGTTGCTGTTGGACTGTGAAGG 

NSD1 TTGGGGAACCTGAAGAACAG TAATACGACTCACTATAGGGATTTGTACCGGGAAGCACAG 

EHMT1a CGAACCCTGTCCTGACAACT TAATACGACTCACTATAGGGGGCTGATGTTCCCGTAGAAA 

EHMT1b AAGGGTCCAAGAAAGCGAAT TAATACGACTCACTATAGGGGTTCCCATCTGGCTGACACT 

NOTCH1b CAGAATGAATGGGGAGAGGA CATTTAGGTGACACTATAGAAGCGGTTCCGTATCAAAATCT 

NOTCH1a CGGGATATTGCAGATCACCT TAATACGACTCACTATAGGGCTGCCTGCTGTTGTTGTTGT 

CREBBP GAGAGTGGTTCAGCACACCA TAATACGACTCACTATAGGGCATGCCATTCATGCTCATTC 
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Name Forward primer (5’3’) Reverse primer (5’3’) 

ATRX TGGTGTGCAGAAGGTGGTAA TAATACGACTCACTATAGGGTTTTCAAGCGATTCCTCCAG 

ext_DVL1 CGGATGTTGTTGACTGGTTG GTGAGTTCTGGTGGGACGTT 

ext_RAI2 TCCTTCAACATGCACTGCTC AAAATAGCAGGCATGGCATC 

ext_DLG7 AGACAAACCCCAGGAGGACT AACACCATTCTGGGAACAGC 

ext_HES4 GCCAGCCGATAATATGGAGA AACACTTGCCCAACAAAAGG 

ext_EWSR1_a TAATGCTGCTTCAGCCACAC AAGTCAGCGACTTCCTCCAA 

ext_KREMEN1 AGACCAGTCTGCAAGGAGGA ACAACAGAAAACCCCAGTGC 

ext_REPS2 CGACCTCAATGCTCTCATCA CAGAGTAGGGCGTGGTCAAT 

ext_HMGB2b AGACGTGAACAAACCCAAGG CATCTTCCTCGTCCTCCTCA 

ext_EWSR1b CTACCTCAACAGCACCAGCA CCCATATCACGATCCATTCC 

ext_AATKa CAGGTGGTGGTGAAGGAACT CGAAGTGGTGGATGACATTG 

ext_FOXK2 GTGTCCGTTCCGTCAGATTC CGCAGGTGTGTGATGTTCTC 

ext_no_ID ATCTGATCGCAAGGAGGTTG CGTCAGCCTTTCCCTGATAC 

ext_SKI_a CCATTGCTGCCTTCAAAAAT CGTTCCTTCAGCAGGTCTTC 

ext_SKI_b GCAACACGATTTGCTCTTCA GAAGGCTGACGGTCTCTGTC 

ext_HAND2 ATGGGGAGACAGTTGGTGTC GCGGGAAATTGCACATAAAT 

ext_AATKb AGCCCTACTGCTCCTCTTCC TGGAGGTGGGTGTACTGTCA 

ext_MAFG CAAACAAGGCAAACAAAGCA TTACAAAATGTTCTCCGTTTGTG 

ext_FBN2 GGATCCGGATATCTGCTCAA CCGTACAGCAACACATGTCC 

ext_NSD1 TCTTGTGAGCAGACCTGGTG CGGTGTTGTGATTGTCCTTG 

ext_EHMT1a CTCGAAGGTCTGGAATGCTC CGCCATAGTCAAACCCAAGT 

ext_EHMT1b GTCATCACCCACACAGCATC CCTGTCCATTAAGGCGTTGT 

ext_NOTCH1b TCAGACATTTCGTTAATGGAC ATCAGAGGTGTGGTGCCATC 

ext_NOTCH1a ACGGCTAAAGTCCTGCTTGA GAAGGCGGAGTCAGAAACTG 

ext_CREBBP CAAGAGCCCACAGGAGAGTC CGGGAGTAATGTTGCTGGTT 

ext_ATRX GATGAATTCCGAGGTCCTGA CTGAAACTTGAGGCCTTTCG 

 

10. whole-mount in situ hybridization on zebrafish embryos 

The zebrafish whole-mount in situ hybridization [WISH] protocol was based on a protocol 

generously provided by professor Bernard Thisse (Institut de Génétique et de Biologie 

Moléculaire et Cellulaire, Illkirch, France) that was published recently99. 

10.1. embryo production, growth and storage 

Wild-type or transgenic cmlc2-GFP zebrafish100 were kept at the fish facility or at the 

Glycobiology laboratorium of professor Guido David (K.U.Leuven, Leuven, Belgium). Embryos 

were produced by natural mating, collected and incubated in egg water at 28.5°C or 

temperatures in the range of 25°C to 32°C to accelerate or slow down embryonic 

development. Corresponding developmental stages at 28.5°C were calculated using the 

formula described by Kimmel and colleagues101:  

HT = 
H   

0.055 x T - 0.57   

T = temperature (°C) 
HT = hours of development at temperature T 
H = hours of development at 28.5°C 
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Before the 25 somite stage, embryos were transferred to fish water with 0.0045% 1-

Phenyl-2-thiourea [PTU] to avoid embryo pigmentation102. Embryos were fixated at the 

desired morphological stage101 by incubation in 4% PFA at 4°C overnight. Embryos were 

dehydrated by incubation in methanol for 15 minutes at room temperature and kept at -

20°C for at least 2 hours or until further processing.  

10.2. whole mount in situ hybridization and probe detection 

Embryos were rehydrated by 5 minute incubations in a series of methanol in PBS 

dilutions (75%, 50%, 25%) and washed 4 times 5 minutes in PBST. Embryos were 

permeabilized by incubation in PBST with 10µg/mL proteinase K for a duration depending on 

their developmental stage (10 minutes for embryos of 12 to 24 hours post fertilization [hpf], 

20 minutes for embryos up to 48 hpf and 30 minutes for older embryos). Digestion was 

stopped by incubation in 4% PFA for 30 minutes and PFA was removed by washing 5 times 5 

minutes in PBST. A batch of 500 to 1000 unstaged embryos were transferred to WISH 

Blocking mix with a 1/400 dilution of anti–digoxigenin [DIG] antibody conjugated to alkaline 

phosphatase [AP] *α-DIG-AP] (Roche Applied Science, Mannheim, Germany) and kept 

overnight at 4°C under constant rotation until the detection step. Staged embryos were 

transferred to WISH Hyb mix and incubated for at least 2 hours at 70°C. These embryos were 

subsequently hybridized with 2µL of Dig-labeled RNA probe in 200µL WISH Hyb mix at 70°C 

overnight under mild agitation (40rpm). The probe in WISH Hyb mix can be used up to 3 

times if it is stored at -80°C. Excess probe was washed away by consecutive 15 minute 

washes in a dilution series of WISH Hyb mix- and 2x SSC (3/1, 1/1, 1/3, 0/1) at 70°C, a 30 minute 

wash in 0.2x SSC at 70°C and a 30 minute wash in 0.2x SSC at room temperature. Embryos 

were transferred to WISH Blocking mix by consecutive 10 minute washes in a dilution series 

of 0.2x SSC and PBST (3/1, 1/1, 1/3, 0/1) at room temperature. Embryos were transferred to 

WISH Blocking mix for at least 2 hours. Unstaged embryos were removed from the 1/400 α-

DIG-AP dilution in WISH Blocking mix and discarded, and the 1/400 dilution was further 

diluted to 1/4000 in WISH blocking mix. Staged embryos were incubated in this 1/4000 

dilution overnight at 4°C to allow DIG-labelled RNA probe detection. The next day, the 

1/4000 dilution was removed. It can be used up to 3 times if stored at 4°C and if 0.02% NaN3 

is added. Embryos were washed 6 times 15 minutes in PBST and 2 times 5 minutes in AP 

buffer. They were transferred to WISH Staining solution for colorimetric probe detection. 
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Staining was regularly monitored under a staining microscope, but embryos were kept in the 

dark between monitorings. When the desired amount of staining was achieved, the staining 

reaction was stopped by 3 washes of 5 minutes in PBST, followed by incubation in 4% PFA at 

4°C until tiff images of the mRNA expression patterns were captured using a Leica Fluo 

Combi stereomicroscope.  

11. gene knockdown by morpholino injection into zebrafish 
embryos 

Morpholinos were designed against the translation start site or a splice site of the gene 

of interest by Gene-Tools LLC (Philomath, Oregon, USA). The target site was sequenced to 

rule out imperfect binding of the morpholino due to mismatches compared to the reference 

sequence. The morpholino was ordered from Gene-Tools LLC (Philomath, Oregon, USA) and 

dissolved in a dextran rhodamine B (10,000 MW, neutral, invitrogen) dilution (1/50) to the 

desired concentration. 

Morpholinos were injected in zebrafish embryos within 1 hour after being laid (before 

the 4-cell stage) using needles produced from 1.2mm capillaries with an internal glass fiber 

(Narishige International Limited, London, U.K.). 500pL (volume estimated by injection into an 

oil drop on a microscope slide with a microgrid) was injected into each embryo, and 

injections were verified by analysis of rhodamine fluorescence under a fluorescence 

microscope.  

Table 8: Morpholinos used in this study 

Morpholino name Sequence 

TAB2_sb_MO ATCACTCTTGTTCTGAGGAAAGAAG 

TAB2_tb_MO ATCTGCTGGTTTCCCTGTGCCATTC 
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CHAPTER 4                                    POSITIONAL CLONING OF REGIONS FOR CHDS 

1.   introduction 

Positional cloning of genes for CHDs via chromosome aberrations is an established 

strategy for gene discovery. The underlying assumption is the following: the probability that 

2 rare events (an error in development and a chromosome aberration) co-occur in a single 

patient by chance is small. It is more likely that both events are related and that the 

chromosome aberration causes the developmental error. Chromosome aberrations can be 

balanced (e.g. translocations or inversions) or unbalanced (e.g. deletions, duplications, 

triplications,…). Traditionally, both aberrations were detected by microscopic cytogenetics. If 

needed, mapping was performed, mostly by walking FISH. About 10 years ago however, a 

novel technique for detecting and delineating constitutional chromosome imbalances in a 

single experiment was developed: aCGH103,104. This allows simultaneous detection and 

mapping at a much improved resolution.  

In an aCGH experiment, two DNA samples are differentially labeled and hybridized on a 

microscope slide that contains an array of DNA probes. These DNA probes can be large insert 

clones (BACs, PACs, fosmids)103,104, or PCR amplified or in situ synthesized 

oligonucleotides105,106. Both array types were used in this study. Most experiments in this 

study were performed using an in house manufactured array slide with large insert clones 

chosen genome-wide with a median spacing of 1Mb (1Mb array, BAC/PAC clones provided 

by the Sanger Institute, Hinxton, UK), while other experiments used an array with BAC/PAC 

clones containing fragments of one or more specific chromosomes at tiling resolution. 

Finally, also a commercially available oligonucleotide array with a median probe spacing of 

10kb was used (Agilent 244K array). See the materials and methods section for a description 

of the different platforms that were used. 

2.  protocol development for 1Mb aCGH 

As a first step in our studies, the protocol for performing and interpreting aCGH had to be 

improved, as the existing protocol generated an inconsistent quality of the experiments.  

A major recurrent problem was a “wavy” pattern in the log2 ratios. This pattern appeared 

to correlate with the GC content of the underlying DNA sequence. Since the DNA labeling 
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protocol involves a DNA denaturation step, we hypothesized that a GC content dependent 

incomplete denaturation could cause this deviation. Indeed, upon denaturation at 98°C 

instead of 94°C, this bias largely disappeared. All DNA used in hybridizations in this study was 

therefore denatured at 98°C before labeling.  

The quantity of labeled DNA was moreover made variable in order to consistently obtain 

sufficient hybridization signals for the Cy3 channel. Although the underlying problem 

(insufficient probe DNA spotted on the arrays) was not solved, consistently better results 

were obtained. In this way, a robust aCGH protocol was established in our laboratory.  

Also aCGH data analysis needed optimization, as it involved many steps of manual 

copying and pasting rendering it error prone. It moreover resulted in a large number of false 

positives. To tackle these issues, a working template was built in Microsoft Excel, requiring 

only pasting a single time per hybridization, and twice per patient. Criteria for calling 

aberrant clones were further established by introducing a variable calling threshold and the 

requirement of consistent log2 ratio measurements per clone (both intra-experimental and 

inter-experimental)89. As a consequence, the presence of only 2 of 38 aberrations that were 

called could not be confirmed using an independent experiment. We could not confirm the 

presence of 9 out of 10 selected aberrations that did not meet the established criteria. This 

shows that our methodology can determine the presence of aberrations at a low cost of 

false-positive and false-negative results. 

In the first series of experiments that were performed, 3 aberrations present in mosaic 

were detected89. For this reason, the ability of the aCGH technology to detect imbalances 

that are present in a mosaic state was verified. A statistical model was built in collaboration 

with the ESAT department (K.U.Leuven, Belgium) to calculate detection limits for mosaics 

depending on the number of clones that are imbalanced or not, the standard deviation of 

the experiment and the desired power of the test107. 

 

m = % of mosaicism  
σ = pooled standard deviation  
nA = # of clones in the aneuploid region 
nE = # of clones in the euploid region 

D = expected log2 ratio when all cells are aberrant 
α = degree of certainty (<0.0001)  
β = power of the test 
N = # of clones on the array 

 

To test this equation experimentally, a series of dilution experiments was performed 

where DNA from a patient carrying a trisomy 13 was mixed with a normal DNA sample. The 
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results are shown in Figure 2 and demonstrate that a 5% mosaic can readily be detected by 

aCGH. We thus showed that aCGH can also robustly detect imbalances that are present in 

only a fraction of the normal cells. 

 

             
Figure 2: detection of mosaicism by aCGH. Results from a series of dilution experiments to test the ability of aCGH to 
detect a trisomy 13 in a decreasing fraction of cells are displayed. Dark dots indicate the log2 ratios for chromosome 12 
and 14, light for chromosome 13. The percentage above each image refers to the fraction of DNA originating from the 
trisomy 13 cell line, and the α value refers to the degree of certainty that is associated with the assignment of 
chromosome 13 to a separate copy number state (β = 0.95). 

3.  1Mb aCGH for an improved diagnosis and positional cloning 

3.1. patient selection and characterization 

Once a robust protocol for the detection of micro-imbalances was established, this 

technology was used to analyze a group of patients with idiopathic syndromic CHDs. 99 

patients were recruited from the congenital cardiology and genetic clinics of the University 

Hospital Leuven. All patients had a CHD and at least one of the following additional features: 

(1)  a second major malformation  

(2)  mental handicap or following special education  

(3)  three or more minor physical anomalies.  

In none of them, an etiological diagnosis could be reached after  

(1)  expert dysmorphological examination 

(2)  routine karyotyping using G-banding analysis at least at ISCN +550 bands 

(3)  the appropriate, additional investigations such as FISH or gene sequencing to exclude 

well-defined genetic disorders. 

3.2. results of aCGH and inheritance analyses  

aCGH revealed copy number variations (CNVs) in most of the 99 patients, ranging in size 

from 0.15 to 49Mb. The vast majority of these had already been detected repeatedly in 

normal individuals, are annotated as phenotypically indifferent polymorphisms 

(http://projects.tcag.ca/variation/) 91,108 and were not further investigated. Some of the 

large aberrations were in retrospect visible on the microscopic karyotype. 

http://projects.tcag.ca/variation/
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23 patients (23%) carried imbalances that had not been described before in 

phenotypically normal individuals at the time of detection, with the exception of the 

duplication of chromosome 22q11.2 observed in patient 14 (Table 9 and Table 11). The 

presence of all these imbalances was confirmed using an independent technique: FISH or 

rtqPCR.  

The de novo nature of these imbalances was investigated through the analysis of the 

parents using FISH or rtqPCR, except for patients 7 and 9. In 12 patients the imbalance was 

shown to have occurred de novo. In 9 patients it was inherited (Table 9 and Table 11); for 

these 9 patients, the parents were phenotypically normal, with the exception of the father of 

patient 14 who carried a duplication in chromosome 22q11.2 and had learning difficulties.  

Patient 7 carried a terminal deletion of the long arm of chromosome 5 extending to the 

region responsible for the Sotos syndrome109,110. His phenotype (macrocephaly, large 

anterior fontanel, widely spaced nipples and low set ears) corresponds to the phenotype of 

terminal 5q deletions which include the Sotos syndrome gene NSD1111. The parents were 

reportedly normal, but parental samples were unavailable for this patient. Given the severity 

and high penetrance of Sotos syndrome and of the phenotype associated with terminal 5q 

deletions, chances that this deletion was inherited are considered as low.  

Patient 9 carried an interstitial 10q deletion. Only a sample from the mother was 

available for this patient, and she was shown not to carry the deletion. The phenotype 

associated with 10q25q26 deletions in other patients is highly similar112,113, suggesting this 

deletion is causal. Also the size of the deletion and the fact that it is not reported as a 

polymorphism support this conclusion. 

In one additional patient a mosaic monosomy 7 was initially detected by aCGH. The level 

of mosaicism as observed by aCGH was calculated to be 5%. Interphase FISH analysis by two 

independent observers using a centromere 7 specific probe revealed a single signal in 10.5% 

of the nuclei of peripheral white blood cells of the patient while in a control sample a single 

signal was only observed in 3.5% of the nuclei. The difference between these two 

proportions is statistically significant (p<0.01) thus confirming the presence of the 

monosomy in approximately 7% of the patient’s white blood cells. This monosomy was not 

found in fibroblasts and buccal smear cells. The de novo nature of this imbalance was not an 

issue89. This newborn presented with a coarctation of the aorta, absent thumbs, 

hydronephrosis and severe prenatal growth retardation, and was later diagnosed with 
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Rothmund-Thomson syndrome. The monosomy 7 is frequently found in association with 

myelodysplasia114, a condition also seen in Rothmund-Thomson syndrome115. This 

chromosomal aberration is not considered as causal for the constitutional features, but did 

contribute to establishing a diagnosis. 

 

Figure 3: detection of a monosomy 7 present in +/- 7% of the white blood cells by aCGH. The left image shows the slightly 
decreased log2 ratio (Y axis) of chromosome 7 (dark) in comparison to chromosomes 6 and 8 (lighter grey flanking dots 
respectively left and right). The right image shows the same profile but with a more narrow range of log2 ratios. 

 
 

3.3. causality of imbalances 

The interpretation of the detected aberrations is not straightforward. In contrast to 

microscopic karyotyping, the mere detection of a variant does not imply causality. We had to 

establish robust criteria to evaluate the significance of an imbalance. We proposed the 

following criteria (the rationale behind each criterion is briefly explained). 

criterion 1: has a similar aberration previously been reported in a patient with a similar 
phenotype?  

The simultaneous occurrence of a rare chromosomal imbalance and a similar phenotype 

in multiple patients by chance is unlikely. For example, a submicroscopic deletion or 

duplication of chromosome 22q11.2 in multiple patients with heart defects led to its 

identification as the cause of the Velocardiofacial or DiGeorge syndrome or the delination of 

the duplication 22q11 syndrome116. In total fourteen patients in this study presented distinct 

phenotypic manifestations previously reported in other individuals with a chromosomal 

imbalance in the same chromosomal region (Table 10). 

criterion 2: did the aberration affect a gene known to cause part of the patient’s phenotype 
upon haplo-insufficiency or duplication? 

The precise delineation of a chromosomal aberration by aCGH allows the identification 

of all affected genes. When haplo-insufficiency or over-expression of a gene located within 

the chromosomal imbalance is known to cause a distinct phenotype, the presence of this 

phenotype in the patient is a very strong argument in favor of a causal aberration. For this 
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reason, rtqPCR was performed on patient 3 to confirm the deletion of NKX2.5, a gene known 

to be involved in CHDs1. In 4 additional patients, genes known to cause CHDs were affected: 

NSD1 (patient 4)117 and NOTCH1118 and EHMT1119 (patient 5), CREBBP120 (patient 14) and 

ATRX121 (patient 16). Three patients carry a deletion that includes a gene causing a distinct 

phenotype different from CHDs when hemizygous. E.g. patient 7 had anophthalmia, and the 

deletion on chromosome 14q22.1q23.1 included the OTX2 gene, known to be involved in 

anophthalmia122 (Table 10). 

criterion 3: did the aberration occur de novo?  

In traditional cytogenetics, de novo chromosomal imbalances detected by routine 

karyotyping are large, encompass in general hundreds of genes and are therefore usually 

accepted to explain the patient’s phenotype. At the present time, it is not certain whether 

this also applies to the smaller aberrations detected by aCGH. The frequency at which de 

novo aberrations at aCGH resolution occur in phenotypically normal individuals is not exactly 

known. Recently, it was found that copy number polymorphisms in genomic regions flanked 

by low copy repeats are typically inherited polymorphisms123.  

Data from deletions and duplications in the Duchenne muscular dystrophy gene, which 

has a size of 2.5 Mb, suggest that one in eight newborns carries a de novo imbalance of 

several kilobases124. This frequency is a likely overestimate as DMD seems particularly 

susceptible to indel mutations125. It is however likely that some de novo chromosomal 

imbalances will be phenotypically irrelevant. However, the majority of these imbalances are 

beyond the resolution of our BAC/PAC micro-array126, and it is thus unlikely that the high 

frequency of de novo imbalances in the patients we studied is reflecting the naturally 

occurring rate of de novo phenotypically irrelevant imbalances.  

criterion 4: were more than 20 genes affected by the imbalance? 

As discussed before, the size of the chromosomal imbalance does matter. In one study, 

the size of de novo aberrations detected in patients (median 2.74Mb) was significantly larger 

than inherited aberrations (median size 0.43Mb)127. This size difference most likely reflects 

the increasing chance of affecting a dosage-sensitive gene with an increasing aberration size. 

The largest imbalance detected in a normal individual (the mother of patient 16) in the 

present study was maximally 3.7 Mb, affecting 17 genes at most. She is currently 42 years 

old, and never experienced cardiovascular manifestations. A recent medical examination did 
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not reveal any manifestations of a heart defect. The largest imbalance inherited from a 

normal individual in a previous study was 3.8 Mb127, affecting 10 genes. Based on these data, 

the number of affected genes can be included as a criterion in the evaluation of causality, 

with a proposed threshold of 20 affected genes. By no means do we claim that imbalances 

affecting more genes have never been detected in normal individuals. However, these data 

suggest that imbalances affecting more genes will be rare in the normal population, an 

observation that is confirmed by a number of studies investigating the presence of CNVs in 

the normal population128.  

 

Initially, we considered each criterion equally important. If an aberration fulfilled two or 

more criteria, it was considered to be causal58. Later research results showed however that 

some imbalances affecting more than 20 genes are also compatible with normal 

development129, that sometimes small imbalances involving only one or two genes can be 

causal125,130. Moreover, de novo imbalances also occur (infrequently, in 1%) in the normal 

population131. Although both criteria still suggest causality (aberrations that meet these 

criteria are more frequent in the syndromic CHD patient population than in the normal 

population), they no longer uniquely apply to aberrations found in the patient population. 

Only criterion (1) and (2) are sufficiently strong to be used as sole criterion in the evaluation 

of causality, and (3) and (4) as such are insufficient to prove causality. In 15 patients the 

imbalance scored positive on criterion (1) or (2). The majority of these aberrations also 

fulfilled criterion (3) and/or (4). Patient 13 carries a complex de novo aberration on 

chromosome 19p affecting over 100 genes. Based on the combination of these features, also 

this aberration was classified as causal. Therefore, in a total of 16/99 patients (16%) an 

aberration was detected that we considered to be causal. We refer to Table 9 for an 

overview of the aberrations found in these 16 patients. This study shows that the use of 

aCGH significantly improves the etiological diagnosis of patients with syndromic CHDs. The 

results on the first 60 patients as well as the first set of rules for causality evaluation were 

published in the European Heart Journal58. A manuscript describing the results from 90 

additional CHD patients screened by 1Mb aCGH including 39 studied by us is in preparation. 

In this manuscript, a novel clinical algorithm for causality evaluation will be presented that 

takes into account the most recent findings concerning CNVs in normal patient populations. 
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Table 9: Summary of the genotype and other genetic data of the patients with a causal cryptic copy number variant 
detected by aCGH at 1Mb resolution. Size refers to the estimated maximal size. Y: yes, Pat: inherited from the father, 
Mat: inherited from the mother, ND: not determined, brtl: one of the parents carries a balanced reciprocal translocation 

# ISCN karyotype imbalanced regions (kb) 
size 
(kb) 

de  
novo 

1 46,XX .arr cgh 1pterp36.33 (RP11-465B22→RP1-37J18)x1 del 0→4,512-5,866 5,866 Y 

2 
46,XX .arr cgh 1q34qter(RP11-214M7→CTB-160H23)x1, 
4q35.1qter(RP11-228F3→CTC-963K6)x3 

del 234,259-235,542→247,233 12,974 Y 
brtl dup 184,561-185,872→191,290 6,729 

3 
46,XY.ish(der4)(4pter→4q28::4q33→4q28::4q32.2→ 
4q32.2::4q34.1→ 4q34.1::4q35.1→4qter) 

dup 162,158-162,327→162,511-162,546 388 

Y del 171,034-171,157→175,177-175,301 4,267 

del 175,858-175,882→183,734-183,977 8,119 

4 
46,XX .arr cgh 4q34.3qter(RP11-62B7→CTC-963K6)x1, 
18q12.1(RP11-413I9→CTC-964M9)x3 

del 181,215-182,025→191,273 10,058 Y 
brtl dup 27,569-28,294→76,117 49,548 

5 46,XX .arr cgh 5q23q23(CTC-461G12→RP1-241C15)x1 del 118,442-118,981→131,577-131,686 13,244 Y 

6 46,XX .arr cgh 5q35.1(RP11-20O22→CTB-54I1)x1 del 170,440-170,455→172,758-172,785 2,345 Y 

7 46,XY .arr cgh 5q35.3qter(CTB-87L24→CTC-240G13)x1 del 175,266-175,835→180,857 5,591 ND 

8 
46,XX .arr cgh 9q43.3qter(RP11-399H11→GS1-135I17)x1 
20q13.33qter(RP5-836E13→CTB-81F12)x3 .ish 
der(9)t(9;20)(q34.3;q13.33) 

del 135,650-137,112→140,273 4,623 
Y 

brtl dup 57,734-58,880→62,435 4,701 

9 
46,XX .arr cgh 10q25.2q26.11(RP11-426E5→ 
RP11-427L15)x1 

del 113,136-113,860→120,485-121,545 8,409 ND* 

10 
46,XX .ish(der13)(13pter→13q21.31::13q21.31 
→13q31.1::13q33.3→13q31.3::13q31.3→ 13qter) 

del 59,687-62,001→62,167-62,949 3,262 

Y del 80,958-82,035→91,449-92,499 11,541 

dup 91,449-92,499→106,657-107,333 15,884 

11 
46,XY .arr cgh 14q22.1q23.1(RP11-262M8→ 
RP11-224G6)x1 

del 51,763-51,907→58,205-58,300 6,537 Y 

12 46,XY .arr cgh 16p13.3(RT100→RT102)x3 dup 3,629-3,647→3,993-4,109 480 Y 

13 
46,XX .arr cgh 19p13.12p13.11(RP11-765H5→ 
RP11-33B5)x4,(RP11-171H5→RP11-97A20)x3, 
(RP11-512B16→RP11-96J2)x4 

trip 15,684-15,739→16,793-16,933 1,249 

Y dup 16,793-16,933→18,500-18,594 1,801 

trip 18,500-18,594→19,560-19,608 1,108 

14 46,XX arr cgh 22q11.2q11.2(87H3→cHKAD-26)x3 dup 17,410-17,420→19,760-20,280 2,870 Pat 

15 
46,XX arr cgh 22q12.2q12.2(RP11-664C16→ 
RP11-794O14)x1 

del 27,708-27,820→28,520-28,692 984 Y 

16 
46,XY arr cgh Xq21.1 (RP11-146M18→ RP11-217H1)x2,  
(RP5-1000K24→ RP13-213F13)x2 

dup 76,647-76,663→76,884-76,928 281 

Mat 
dup 77,081-77,113→77,337-77,385 304 

*the mother was shown not to carry this deletion. 
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Table 10: phenotype of patients carrying a causal cryptic chromosome imbalance detected by 1Mb aCGH. dysm: 
dysmorphism (3 or more minor anomalies), MR: mental retardation, IUGR: Intrauterine growth retardation, VPI: 
Velopharyngeal insufficiency. Heart defects are abbreviated as in the list of abbreviations 

# congenital heart defect additional features dysm 

genes 
associated with  
this phenotype 

(partly) 

similar 
genotype & 
phenotype 

report 

1 
muscular VSD, left-ventricular 
non-compaction 

MR, IUGR + / 132 

2  HLH Club foot right + / no 

3 critical aortic valve stenosis MR, cleft palate + / 133 

4 perimembraneus VSD, 
multiple muscular VSDs 
apically 

MR, corpus callosum 
hypoplasia, 
diafragmatic hernia 

+ / Trisomy 18 
 

5 ASD type II 
MR, cleft palate (robin 
sequence) 

+ FBN2 134 

6 
ToF type DORV, infundibular 
PS, mitral valve dysplasia & 
mild prolapse, multiple VSDs 

microcephaly, 
bronchomalacia (†) 

+ NKX2-5 135 

7 
ToF, pulmonic valve atresia 
perimembraneus outlet VSD, 
functional bicuspid aortic valve 

multicystic renal 
dysplasia 

+ NSD1 111 

8 
narrow preductal coarctatio 
aortae, perimembraneous VSD 

microcephaly, 
duplication cyst 

+ EHMT1, NOTCH1 136 

9 ODB MR + / 113 

10 
ToF type DORV, right-turning 
aortic arch, small ODB 

MR, microcephaly + / 137 

11 TGA, ASD type II   
microtia, 
anophthalmia, 
polydactyly 

- OTX2, BMP4 138 

12 
ASD type II, septum 
malposition (partly across VCI) 

MR + CREBBP 139 

13 
multiple musc VSDs, one large 
midmusculair VSD, large ODB  

MR, microcephaly, VPI + / no 

14 

TA type I, quadricuspid 
functional truncus valve, left 
VCS via SC to RA, right VCS, 
rudimentaire VA 

cleft lip and palate, 
hydronephrosis 

+ TBX1 116 

15 mild PS  
MR, cleft uvula and VPI, 
high myopia 

+ NF2 140 

16 large ASD type II 
severe hypospadias & 
micropenis, bil.bilobar 
lungs, no gallbladder 

+ ATRX 125 
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3.2. unclassified variants 

With the advent of aCGH, a binary classification of chromosome imbalances as causal or 

benign has become problematic. A number of recent publications describe the recurrent 

identification of deletions or duplications of chromosomal regions (1q21.1, 15q11.2, 15q13.3 

and 16p13.11) in populations of patients with developmental, mental and/or behavioural 

problems141-147. They are typically undetected or found at a significantly decreased 

frequency in the normal population, while they are overrepresented in the investigated 

patient populations. They are moreover frequently transmitted from a normal or mildly 

affected parent and probands are typically affected with different types of developmental 

abnormalities that can vary widely. These findings represent a paradigm shift in 

constitutional cytogenetics: a clear association of one chromosome aberration to one 

spectrum of phenotypes no longer stands. Certain chromosome aberrations can be linked to 

multiple seemingly independent phenotypes like heart defects, mental handicap or 

schizophrenia. They probably represent susceptibility factors of unknown effect size for 

several rare phenotypes, residing in the grey zone of the spectrum of effect sizes associated 

with mutations (see also Figure 1): their low population frequency and frequent de novo 

emergence suggests that they are subject to strong purifying selection, distinguishing them 

from the class of polymorphic mutations that are typically used in association studies, and 

that are inherited, frequent and have a relatively low effect size. On the other hand, their  

Table 11: unclassified copy number variants detected in a group of 99 patients with idiopathic syndromic CHD. 
Imbalanced regions displayed in bold have been further delineated by means of an Agilent 244K array. Size refers to the 
maximal size of the imbalance. Mat: inherited from the mother, Pat: inherited from the father. 

# ISCN karyotype imbalanced regions (kb) size 
(kb) 

de 
novo 

17 46,XY .arr cgh 1q21.1(RP11-533N14→ 
RP11-301M17)x3 

dup 144,768→146,212 1,444 Pat 

18 46,XX .arr cgh 7q21.13(RP5-998H4)x3 dup 88,167-88,67188,795-89,321 1,154 Mat 

19 46,XY inv(10)(p112;q24) .arr cgh 9p22.2 
(RP11-132E11)x1 

del 16,325-16,99517,138-17,839 1,514 Pat 

20 46,XX .arr cgh 10q21.1 (RP11-430K23)x1 del 55,799-56,709 56,882-57,554 1,755 Mat 

21 46,XX .arr cgh 15q21.3(RP11-215J7→ 
RP11-141F2)x3 

dup 52,620→52,739 119 Pat 

22 46,XX .arr cgh 16p13.11p12.3(RP11-489O1→ 
RP11-288I13)x3 

dup 15,404→17,583 2,179 Mat 

23 46,XY .arr cgh Xp21,3(RP11-37E19→RP6-27C10)x2 dup 28,427-29,09129,104-29,347 920 Mat 



Positional Cloning of Regions for CHDs 

47 
 

 

inheritance pattern and the mild or normal phenotype of carrier parents preclude their 

classification as causing a Mendelian disorder, a hitherto typical feature of chromosome 

aberrations. They moreover show that not all syndromic disorders have a single monogenic 

cause. 

We identified 7 unclassified variants (Table 11 and Table 12). We choose to classify the 

duplications of 16p13.11 and 1q21.1 (detected in patients 17 and 23, see Table 11 and Table 

12) as unclassified rather than causal, since the genotype-phenotype correlation for each of 

these is at the moment unclear. Studies investigating their presence in control and affected 

populations yielded conflicting results: some report them as equally frequent in the normal 

versus patient population141,145 and others as significantly overrepresented in affected 

populations142,148. The involvement of both these duplications in syndromic CHD has 

moreover not yet been studied. It is nevertheless intriguing that syndromic CHDs and the 

reciprocal deletion of 1q21.1 are frequently associated142,147, and that some of the genes 

that lie in the duplicated regions are known to be involved in mammalian cardiovascular 

development (MYH1163 in 16p11.2 and GJA5149,150 in 1q21.1). 

Arguably, the duplication of 22q11.2 (in patient 14, Table 9) is a susceptibility factor 

rather than a cause, since this duplication is also found in normal carrier parents116. This 

duplication was however found to be overrepresented in patients referred for DiGeorge  

Table 12: phenotype of patients carrying an unclassified copy number variant (described in Table 11). dysm: 
dysmorphism (3 or more minor anomalies), MR: Mental retardation. Heart defects are abbreviated as in the list of 
abbreviations. 

# congenital heart defect additional features dysm genes 
associated 
with this  

phenotype 

similar 
genotype & 
phenotype 
reported? 

17 UVH, dominant RV, small LV, Mitral valve 
prolapse, hypoplasia anterior left papillary 
muscle, moderate MS 

single kidney (left), brain 
tumor (choroid plexus 
papilloma), hemivertebrae 

- 
/ * 

18 critical aortic coarctation, hypoplastic 
aortic arch, muscular apical VSD  

diafragmatic hernia, 
vertebral anomaly 

- 
/ / 

19 VSD cleft palate - / / 

20 PDA, small muscular VSD (spontaneously 
closed), small ASD II 

Tracheomalacia - 
/ / 

21 
HLHS, severe MS and AS, LVOTO - + 

/ / 

22 
ASD type II 

coloboma, renal agenesis, 
choanal atresia 

+ 
MYH11 * 

23 left isomerism, mini VSD (spontaneously 
closed) 

MR, microcephaly, epilepsy + 
/ / 

*see discussion in main text 
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syndrome (typically syndromic CHD patients) and mental handicap. For this reason and in 

order not to complicate matters further, we choose to include this patient in the group of  

causal aberrations. However, this illustrates that the effects of each of these imbalances is 

situated on a spectrum of effects, ranging from small to large. The distinction therefore is 

somewhat arbitrary, since currently, no meaningful cut-off value exists. Preliminary data 

suggests that a similar phenomenon could apply to 16p13.3 duplications, as they have also 

been found in normal parents (unpublished results, manuscript in preparation). The high 

frequency of imbalance of these regions despite purifying selection in the investigated 

populations is due to the presence of the low copy repeats (LCRs) that flank these regions 

and rendering them susceptible for non-allelic homologous recombination (NAHR). There is 

however no reason why only LCR-flanked regions should be part of this class of heritable and 

frequently pathogenic copy number variants. Each of the other chromosome aberrations 

described in Table 11 could represent a similar case. For this reason we describe them as 

unclassified rather than benign. 
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4. individual patients 

Our studies led to a number of additional valuable findings: an expansion of the 

phenotypic spectrum associated with known syndromes (left-ventricular non-compaction in 

del 1p36 syndrome151, absent gallbladder in ATRX syndrome125), the identification of novel 

types of mutations in known disease-causing genes (intragenic duplications of ATRX in ATR-X 

syndrome125) and the identification of novel syndromes (CPB duplication130). We also 

demonstrated that a significant fraction of detected chromosome aberrations (4/16) do not 

consist of simple imbalances but rather are of complex nature, involving multiple deletions, 

duplications and inversions125,152-154. These additional findings resulted in a number of 

separate studies that are described below. 

4.1. identification of intragenic duplications in ATRX as a cause for ATR-X syndrome 

Adapted from  
Partial duplications of the ATRX gene cause the ATR-X syndrome  
Thienpont B, de Ravel T, Van Esch H, Van Schoubroeck D, Moerman P, Vermeesch J R, 
Fryns J P, Froyen G, Lacoste C, Badens C & Devriendt K 
European Journal of Human Genetics 15-10 p1094-1097 (2007) 

4.1.1. introduction 

ATR-X syndrome is a rare X-linked syndrome characterized by severe to profound mental 

retardation, characteristic facial appearance, genital anomalies and alpha thalassaemia155. A 

mutation is identified only in a subset of patients with clinical suspicion of ATR-X syndrome. 

In this study we show that some of the patients suspected of having ATR-X syndrome but 

negative for mutation analysis, carry a large duplication inside ATRX, thereby extending the 

spectrum of mutation associated with this disorder. In one patient we show that this 

duplication causes a severe reduction of ATRX mRNA and absence of the ATRX protein.  

4.1.2. clinical descriptions 

4.1.2.1. family 1 

Patient 1a (patient 16 in Table 9 and Table 10) was born at term, after a normal 

pregnancy (Figure 4). There was peripartal asphyxia. Biometry was at the 50th centile. The 

neonatal period was complicated by convulsions and severe hypotonia. There was 

hypertelorism, low set ears, inverted nipples and female external genitalia with small labia 

minores. Brain magnetic resonance imaging (MRI) was normal and he had an atrial septum 

defect type II. Karyotype was normal male, 46,XY in white blood cells and skin fibroblasts. 
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The child died at the age of 4.5 months from hypoventilation. Autopsy confirmed true male 

hermaphroditism with absent uterus and two dysgenetic testes. The gallbladder was absent.  

During the second pregnancy, ultrasound examination at 15 weeks gestation indicated a 

female appearance of the external genitalia. Amniocentesis showed a normal male, 46,XY 

karyotype (patient 1b, Figure 4). At 19 weeks of gestation, ultrasound confirmed the female 

appearance of the external genitalia and detected an ASD. The pregnancy was interrupted. 

Ambiguous genitalia, with a severe hypospadias and a micropenis were present. Necropsy 

confirmed the presence of a large ASD type II. There was no uterus and the gonads were 

intra-abdominal. Also, the gallbladder was absent and bilateral bilobar lungs were noted. 

The normal male karyotype was confirmed on cultured fetal skin fibroblasts.  

4.1.2.2. family 2 

Patient 2 (Figure 4) was born at term after caesarean section for prolonged labor. APGAR 

score was 6 after 10 min. Birth weight was 3.2kg (25-50th centile), length 53.5cm (50-75th 

centile) and head circumference 35cm (50th centile). He needed nasogastric tube feeding 

and there was failure to thrive. At age 6 months, weight was 4.53kg (3rd centile=5.3kg), 

length 61cm (3rd centile) and head circumference 39.2cm (3rd centile = 40). There was 

cryptorchidism, a small penis and bilateral clinodactyly of the fifth fingers. He had 

anteversion of the nostrils, a broad columella and hypertelorism with epicanthic folds. 

Karyotype was normal male 46,XY. Development was profoundly delayed with severe axial 

hypotonia and peripheral hypertonia. MRI scan of the brain revealed agenesis of the corpus 

callosum. He had a sensorineural hearing loss of 50dB and suffered from chronic 

unexplained anemia. Cardiac ultrasound was normal. He died unexpectedly at age 20 years.  
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Figure 4: Pedigrees of the families where an intragenic ATRX duplication was found. The arrow indicates the proband, the 
individuals which were tested and shown not to carry a duplication indicated by an asterix. 

4.1.3. results 

In patient 1a, aCGH at 1Mb resolution revealed the duplication of two neighboring 

clones located on the X chromosome (RP5-875J14 and RP3-465G10). In his sibling (patient 

1b), aCGH using the X-chromosome array revealed two non-contiguous duplications, one 

inside the ATRX gene, and one upstream (Figure 5a).  

rtqPCR using primer pairs ATRX i1-2, i8-9 and i28-29 (Table 5) on a cohort of 50 patients 

with suspected ATR-X syndrome but without a detected sequence alteration in this gene 

revealed the presence of a duplication in one additional patient (patient 2). aCGH using the 

chromosome X microarray confirmed the presence of the duplication in patient 2 (Figure 

5A). Consecutive rounds of rtqPCR using primer pairs ATRX e1, i1-2, e2, ,i2-3, i8-9, i28-29, 

e29, e30, e35 and e36 (Figure 5B, Table 5) demonstrated both duplications have different 

breakpoints. They span exon 2 to 35 in family 1 (222-281 kb) and exon 2 to 29 in family 2 

(143-184 kb) (Figure 5C). 

Further analysis by rtqPCR in the families indicated that both mothers carry the ATRX 

duplications. In family 1, the maternal grandparents did not carry the duplication. Likewise, 

in family 2, the healthy brother and sister of the index patient had no duplication. The 3 of 

the 4 sisters of the mother also carry the duplication (Figure 4). 

Both carrier mothers had completely skewed X-inactivation (family 1: 100%, family 2: 

99.35%). Analysis of the polymorphic AR repeat96 (located approximately 11Mb from ATRX) 

revealed that both patients 1a and 1b carried the same allele, located on the inactivated X-

chromosome of their mother. She inherited this chromosome from her father, indicating the  
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Figure 5 A: aCGH. aCGH analysis on patients 1a (triangle) and 2 (circle) showing an amplification of RP13-728A10 (1.), 
RP5-875J14 (2.), RP11-42M11 (3.) and RP3-346O6 (4.) in both patients and an additional duplication from RP3-465G10 to 
RP13-213F13 in patient 1a. The position of ATRX is indicated below. Patient DNA labeled with Cy5. B: The ATRX region. 
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The positions of BAC clones fully or partially duplicated on aCGH and all QPCR primers used in this study, relative to the 
ATRX gene (36 exons are indicated, with exon 7 spliced out. accession no. U72937). Primer sequences are listed in 
Supplementary Table 1. Black and grey bars below the region indicate the certainly and potentially duplicated region, 
respectively. C: rtqPCR. Results of rtqPCR analysis of three normal males (N), patient 1a and patient 2. D: mRNA 
expression. The expression of ATRX mRNA in cultured skin fibroblasts of patient 1b (P) is compared to normal 46,XY fetal 
skin fibroblasts (N) cultured in parallel. Values are normalized to N. RC=relative concentration. rtqPCR on cDNA was 
performed using primers expr_forw and expr_rev designed in exons 1 and 2. E: Western blot. The expression of the ATRX 
protein in cultured skin fibroblasts of patient 1b (P) is compared to that in normal 46,XY fetal skin fibroblasts (N) cultured 
in parallel. SP1=a nuclear protein serving as control for nuclear protein extraction. 

 

duplication occurred in the grandfather. Also patient 2 and his mother’s inactivated X-

chromosome carry the same AR allele. 

To assess the effect of this duplication on the functioning of ATRX, ATRX mRNA levels 

were quantified in a cell line from patient 1b, showing a reduction to 3% of the normal level 

(p < 0.01; Figure 5 D). RT-PCR on mRNA from his mother showed normal ATRX mRNA levels 

(data not shown). In addition, Western blot analysis revealed a total absence of ATRX in a 

nuclear protein extract from the fibroblast cell line from patient 1b (Figure 5 E). 

4.1.4. discussion 

In a family with two siblings presenting an unexplained disorder with cardiac and genital 

malformations, aCGH led to the identification of an intragenic duplication of the ATRX gene. 

In retrospect, the clinical features are fully compatible with the ATR-X syndrome. Less 

classical features, including true male pseudohermaphroditism and congenital heart defects 

have been described before155. However, we are unaware of previous reports of absent 

gallbladder in this syndrome.  

Extending this study in a cohort of 50 additional patients suspected for ATR-X syndrome 

led to the identification of one additional patient carrying an intragenic ATRX duplication. 

Given the position of the duplications, they are expected to result in a loss of function. This 

was confirmed in skin fibroblasts from one of the patients, patient 1b. RT-PCR showed a 

drastic reduction of the level of ATRX mRNA resulting in a reduction in the level of ATRX 

protein below the detection limit of Western blot, demonstrating the detrimental nature of 

the intragenic duplication. Previous studies similarly showed a drastic reduction or even an 

apparent loss of the ATRX protein in some mutation carriers156.  

This observation of an intragenic ATRX duplication leading to gene disruption extends 

the spectrum of mutations causing the ATR-X syndrome. This has important practical 

consequences: traditional mutation analysis strategies relying on non-quantitative 

techniques for sequence analysis will need to be complemented by additional techniques 
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allowing the detection of copy number changes. In other genes checked for gross genomic 

rearrangements, deletions and duplications are detected but their frequency varies 

dramatically: deletions are detected in DMD, TSC1, TSC2, CFTR and NF1 with reported 

frequencies of 65%, 0.45%, 6%, 1.5% and 2%, while intragenic duplications account for 7%, 

0%, 0.24%, 0% and 0.3% of mutations126,157-160. The reason why duplications are in general 

less frequent is not known. One reason could be that the mechanisms generating 

duplications are more complex than those generating deletions. While most deletions are 

intrachromosomal rearrangements, duplication mechanistically are probably 

interchromosomal rearrangements. Moreover, certain whole gene duplications lead to a 

different phenotype than the loss-of-function phenotype associated with whole gene 

deletions, and will thus not be ascertained, as was seen for example in MECP2161. For the 

gene in which most duplications were hitherto characterized, DMD, no bias towards larger 

duplications was detected157. Because in the present study patients were not checked for 

duplications in each of the 36 exons of the ATRX gene, we expect that the frequency of 

duplication mutations may be higher than reported. Also in this perspective it is somewhat 

surprising that gross ATRX deletions are not yet detected in ATR-X patients, while we report 

on 2 different duplication events, one of which apparently causes loss-of-protein.  

aCGH detected two flanking non-contiguous duplications in family 1: one inside ATRX 

and one spanning ATP7A, PGAM4, PGK1 and TAF9B. We cannot exclude that this second 

duplication contributed to the phenotype of the siblings in family 1. Although uncommon, 

recent higher resolution analyses show that this type of complex intrachromosomal 

rearrangements occur more often than hitherto appreciated153,157. This implies caution for 

the extrapolation of copy-number measurements in discrete genomic regions to the regions 

in between. In this study, aCGH at 1Mb resolution showed 2 duplicated clones in family 1. 

Extrapolation would have implied the duplication of ATRX is not intragenic. Only higher 

resolution analysis revealed this were 2 non-contiguous duplications, with one disrupting 

ATRX. 

In conclusion, this observation adds a novel type of mutations detectable in the ATRX 

gene, underscoring that quantitative analyses should be an integral part of mutation analysis 

in this and other disease genes. 
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4.2. left-ventricular non-compaction associated with monosomy 1p36 

Adapted from  
Left-ventricular non-compaction in a patient with monosomy 1p36  
Thienpont B, Mertens L, Buyse G, Vermeesch JR & Devriendt K 
European Journal of Medical Genetics 50-3 p233-236 (2007) 

4.2.1. chromosomal anomaly 

Routine karyotyping using G-banding analysis at ISCN +550 bands was performed using 

standard procedures, but revealed no cytogenetic abnormalities. aCGH at 1 Megabase (Mb) 

resolution was performed to detect submicroscopic imbalances162, and identified a 4.6 – 5.9 

Mb terminal deletion of the short arm of chromosome 1, with the breakpoint located 

between RP1-37J18, the most centromeric deleted clone, and RP11-49J3, the most telomeric 

normal clone. Fluorescence in situ hybridization on chromosome spreads from cultured 

lymphocytes from the patient and his parents was performed using a probe located in the 1p 

subtelomeric region, RP11-465B22. This analysis confirmed the presence of the described 

deletion and showed it had occurred de novo.  

4.2.2. clinical description 

The patient is the first child of healthy, unrelated parents. Family history is negative with 

regard to congenital malformations or developmental delay. She was born after an 

uneventful pregnancy, at 36.5 weeks, after premature rupture of the membranes. Birth 

weight was 1930 g (P5 = 2050 g), length: 44 cm (P5 = 44,5 cm), head circumference 30,5 cm 

(P5 = 30,8 cm).  

There was a facial dysmorphism with a large anterior fontanel, low set ears with narrow 

auditory canals and upslanting of the palpebral fissures. Cardiac ultrasound revealed the 

presence of multiple small muscular ventricular septal defects and a cardiomyopathy of the 

non-compaction-type with non-compacted myocardium at the apex and left ventricular 

posterior wall (Figure 6). Initially there was a mild hypocontractility with a fractional 

shortening of 25%. At the age of 2 months during routine follow-up a more important left 

ventricular (LV) dysfunction was noted with LV dilatation (LV end diastolic diameter: 26 mm) 

and a fractional shortening of only 13%. There was mild mitral regurgitation. Clinically there 

was mild respiratory distress with hepatomegaly (liver 3 cm below right costal margin). At 

that time cardiac medication (digoxin, diuretics, lisinopril and carvedilol) was started. This 

resulted in normalization of cardiac function within 2 weeks. Cardiac function remained 
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stable during further follow-up. The cardiac medication was continued. The small muscular 

ventricular septal defects closed spontaneously by the age of 5 months. 

At age 3 months, she presented convulsions (tonic-clonic with focal onset, myoclonic), 

controlled by means of carbamazepine treatment. MRI of the brain at age 3 months did not 

reveal any anomalies. Ophthalmologic examination was normal. There was a delayed 

psychomotor and growth development.  

 

Figure 6: Four-chamber-view illustrating the apical and lateral non-compaction of the left ventricular myocardium. LV: 
left ventricle, RV: right ventricle, LA: left atrium, RA: right atrium. 

4.2.3. discussion 

We report on a new-born girl with left ventricular non-compaction (LVNC), dysmorphism 

and epilepsy. aCGH at 1Mb resolution revealed a deletion of the terminal 4.6 to 5.9 Mb of 

the short arm of chromosome 1. Deletions of chromosome 1p are amongst the most 

common terminal deletions, occurring with a reported frequency of up to 1 in 5000163. 

Around 40% of all chromosomal breaks in this region seem to occur 3-5Mb of the telomere, 

as in the present patient164. 

This is the first report describing LVNC in association with the 1p36 deletion syndrome. 

Cardiac abnormalities such as dilated cardiomyopathy (DCM) and structural cardiac defects 

are common findings in patients with monosomy 1p36. DCM has been described to occur in 

one in four patients, and structural abnormalities in one in two patients164. LVNC has been 

reported to occur in combination with dilated cardiomyopathy and structural congenital 

heart disease, but until now has not been reported in monosomy 1p36 syndrome. LVNC has 

been associated with other chromosomal abnormalities including unbalanced translocation 

with deletion of 1q43qter and duplication of 4q31qter165, interstitial deletion of 1q43166, 
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deletion of 5q35167 and trisomy 13168. Apart from chromosomal abnormalities, mutations in 

multiple genes have been described in association with LVNC, including AMPD1 (1p13.2), 

LMNA (1q21), FXN (9q13), LDB3 (10q23.2), PMP22 (17p11.2), GAA (17q25.2), DTNA 

(18q12.1), DMPK (19q13.3), DMD (Xp21) and TAZ (Xq28), as well as certain mitochondrial 

genes (for a review, see Finsterer et al., 2006169). This multitude of genes and chromosomal 

regions indicates the marked genetic heterogeneity of NCLV.  

The fact LVNC was until now unreported in monosomy 1p36 syndrome probably has 

multiple explanations. First, LVNC might have remained undetected, since its detection has 

long been technically challenging170. Second, mildly affected patients might have been 

evaluated as normal, since the degree of LVNC is reported to vary from a nearly normal 

myocardium to definitely pathological171. Finally, for many other genes associated with 

LVNC, only a subset of mutation carriers is affected169. It is therefore not surprising that not 

all monosomy 1p36 carriers have LVNC. 

Whether LVNC is an acquired or a congenital defect is a matter of debate: from a 

developmental point of view, LVNC could be considered as an arrest in the development of 

trabecular compaction170. Alternatively LVNC could also be considered as a secondary 

compensatory change just like the hypertrophic response. Further research is required on 

the exact pathogenesis. The association of monosomy 1p and LVNC in this patient again links 

LVNC with DCM, which was previously associated with monosomy 1p36.  

In conclusion, the finding of LVNC in this patient broadens the spectrum of cardiac 

anomalies found in association with the monosomy 1p36 syndrome. Conversely, in patients 

with syndromic forms of LVNC (i.e. associated features such as epilepsy, microcephaly, 

developmental delay or dysmorphism), cytogenetic studies are indicated, more specifically 

for monosomy 1p36164. Since deletions of 1p36 are often missed in routine karyotyping163 as 

in this patient, preferentially a molecular detection technique is used. Given the multitude of 

loci implicated in LVNC, a genome-wide screening technique such as aCGH might be more 

successful in a patient with multiple congenital anomalies (features suggesting a 

chromosomal abnormality) but without an obvious diagnosis. Finally, this finding suggests 

that the unknown gene responsible for the cardiac defects in monosomy 1p36 syndrome is 

part of the group of genes mentioned above, causing both DCM, LVNC as well as structural 

cardiac defects. 
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4.2.4. note on this report 

Since the publication of this report, a further 14 monosomy 1p36 carriers with LVNC 

have been reported132,172,173 and the frequency of LVNC in monosomy 1p36 is estimated at 

23%132, showing that LVNC is indeed a frequent cardiopathie in monosomy 1p36 syndrome.  
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4.3. microduplication of CBP 

Adapted from 

A microduplication of CBP in a patient with mental retardation and a congenital heart 
defect 
Thienpont B, Breckpot J, Holvoet M, Vermeesch JR & Devriendt K. 
American Journal of Medical Genetics A. 143-18 p2160-2164 (2007) 

4.3.1. introduction 

Submicroscopic chromosomal imbalances are an important cause of congenital 

disorders. The occurrence of some recurrent chromosomal imbalances is explained by non-

allelic homologous recombination between low copy repeats (LCRs) that flank the 

imbalanced region174. The identification of duplications as well as deletions of the same 

region in 17p11.2 suggested the existence of reciprocal imbalances to known recurrent 

microdeletions or microduplications175,176. The lack of recognizable phenotypic selection 

criteria made them however difficult to identify. The identification of duplications reciprocal 

to the deletion of 22q11.2 (DiGeorge)177, 7q11.23 (Williams-Beuren)178, and 17p11.2 (Smith-

Magenis)179 preceded the identification of the corresponding phenotype caused by these 

duplications, and some reciprocal duplications have been found to be benign variants180.  

To facilitate the detection of chromosomal imbalances causing recognizable syndromes 

as well as the discovery of their reciprocal imbalance, our whole genome micro-array was 

enriched with probes targeting regions known to be dosage-sensitive upon haplo-

insufficiency or duplication (regardless of whether they were flanked or not by LCRs). 

Previous reports describe targeted microarrays dedicated to detect copy number changes in 

regions flanked by LCRs. Although they have proven successful181, the present report 

highlights the importance of also looking for imbalances in other regions of the human 

genome, and primarily in regions that are known to be dosage sensitive upon deletion. 

4.3.2. clinical description 

The patient is the first-born male child of healthy, non-consanguineous Caucasian 

parents. Birth weight and length at term were 2,600 g (~3rd centile) and 44 cm (below 3rd 

centile). He was diagnosed with a type 2 atrial septal defect with displacement of the 

interatrial septum (partially overriding the inferior caval vein). His development was 

moderately delayed: there was little social contact at the age of 4 months and he walked 

independently at age 24 months. Now at age 15 years, he participates in special schooling 
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for persons with a mild to moderate mental handicap. At examination, his weight was 62 kg, 

length 173 cm, and head circumference 55.4 cm (all near the 75th percentile). Clinical 

evaluation showed minor anomalies including mildly protruding ears, a broad nose, 

hirsutism with synophrys and a low frontal hair line, mild cutaneous syndactyly of the 

fingers, camptodactyly of fingers 2-4, and incomplete extension of the elbows (Figure 7). The 

family history is negative for similarly affected individuals.  

 
Figure 7: Patients' phenotype. Note the protruding ears, broad nose, synophrys, low frontal hair line, and camptodactyly 
of fingers 2-4. (Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John Wiley & Sons, Inc.) 

4.3.3. results 

In the absence of an etiological diagnosis, DNA from the propositus was subjected to 

aCGH analysis. This showed a duplication of two cosmids (RT100 and RT102) mapped to CBP 

(Figure 8a-d)94. rtqPCR analysis confirmed the presence of the duplication in the patient, and 

showed his mother does not carry the duplication (Figure 8c). Paternal DNA was not 

available. Sequential rounds of rtqPCR revealed the duplication is between 345 and 480 kb in 

size, spanning TRAP1 and CBP entirely, and part of ADCY9 and DNASE1 (Figure 8d). FISH on 

metaphase chromosome spreads from the propositus showed a signal on both 

chromosomes 16, one weak and one stronger. The majority of interphase nuclei showed 3 

signals (data not shown). To determine the parental origin of this duplication, marker 

analysis was performed. None of the six polymorphic markers inside the duplicated region 

showed more than two alleles, strongly suggesting the duplication arose 

intrachromosomally. Markers D16S2622 and MS2 showed that the duplicated allele 

corresponds to the maternal allele (Figure 8e and f). Since rtqPCR analysis demonstrated 

that the mother does not carry the duplication (Figure 8c), we conclude that it arose de 

novo. 
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Figure 8: A: Molecular karyotype. X-axis: clones ordered by chromosome (p  q-arm); Y-axis: log2 (Cy5/Cy3); unfilled 
dots: known polymorphic clones; dotted line: 4× standard deviation (SD) threshold; full line: log2(1.5) - 2 × SD threshold

91
. 

B: Partial molecular karyotype for chromosome 16. Duplication of clones RT100 and RT102. Plot legend as in (A), except 
X-axis: clone position [Mb]. C: qPCR analysis and data processing was performed as described

89
. Intensities (indicated at 

the base) were normalized by comparison to three normal controls. X-axis: qPCR primer pairs used; Y-axis: relative copy 
number. D: Map of the CBP region. Physical location of polymorphic markers (underlined), qPCR primer pairs (italics), 
known genes (black arrow) and duplicated microarray clones (gray boxes). The shaded and the black bar below indicate, 
respectively the potentially duplicated and the duplicated area in the present patient. Results from polymorphic marker 
analysis for D16S2622 (E) and MS2

182
 (F) showing that the duplicated allele (*) from the patient (upper box) is inherited 

from his mother (lower box). (Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John Wiley & Sons, Inc.) 

4.3.4. discussion 

We report on a patient with moderate mental retardation, a congenital heart defect and 

various minor physical anomalies. aCGH analysis of DNA from this patient revealed a 

duplication of the region encoding CREB-binding protein (CBP). rtqPCR and marker analyses 

showed this duplication was maternal and intrachromosomal in origin and occurred de novo.  
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Mutations in CBP120 and in EP300183, and micro-deletions of the CBP region184 are known 

to cause Rubinstein-Taybi syndrome (RSTS). This is a rare congenital disorder affecting about 

one in 125,000 newborns185. Its main clinical features are developmental delay, heart 

defects, a characteristic face, and broad first toes and thumbs186,187. A duplication of only the 

first exon of CBP has been described in one patient with classical signs of RSTS, suggesting 

this to be an intragenic duplication causing haplo-insufficiency of CBP183. The duplication 

found in the present patient encompasses CBP and TRAP1 entirely. The duplication of TRAP1 

most likely does not influence the patients phenotype: firstly because mutations in TRAP1 

are not yet described in association with human malformations, and secondly because some 

RSTS patients carry a microdeletion affecting CBP as well as TRAP1, without overt phenotypic 

difference, suggesting TRAP1 is not dosage-sensitive upon haplo-insufficiency. 

Duplication of the subtelomeric part of the short arm of chromosome 16 causes a 

recognizable phenotype characterized by psychomotor and growth retardation, 

microcephaly, seizures, cardiac and hand anomalies and a specific facial appearance188. The 

most telomeric band (16p13.3) is about 6 Mb in size and contains about 260 genes, making it 

particularly gene-rich. Duplication of this region has been found to be one of the more 

frequent subtelomeric duplications, occurring in seven patients out of a group of almost 

12,000 selected for a variety of indications189. In seven patients, submicroscopic duplications 

of this region have already been sized beyond banding resolution using aCGH: five 

subtelomeric duplications were delineated190,191, one interstitial duplication was reported192 

and one interstitial duplication was found in an aCGH screening study193. All duplications 

encompass CBP, except one unbalanced translocation between 16p and 17p. Comparison 

with the present patient indicates that duplication of CBP causes part of the clinical features 

associated with the 16p duplication phenotype, namely congenital heart defects and 

developmental delay. Other features commonly associated with subtelomeric 16p 

duplications (growth delay and microcephaly) were not found in the three patients carrying 

interstitial duplications. We conclude that one or more genes telomeric to CBP are also 

dosage-sensitive, and that their imbalance contributes to the more severe phenotype of 

other patients with a duplication of 16p13. Further support for this notion is provided by the 

absence of large deletions that span both CBP and PKD1, a gene located about 1.6 Mb more 

telomeric on 16p. This was suggested to indicate the presence of one or more hemizygous-

lethal genes in the intervening gene-rich interval194. aCGH analysis of other cases will prove 
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essential for further dissection of this and other contiguous gene syndromes into their 

different causative facets. 

Not surprisingly, the duplication of CBP in this patient affects similar parts of the body as 

haplo-insufficiency in RSTS (brain, heart). In general, duplications cause a less severe 

phenotype than deletions174, as is observed here. We would not suggest a remarkable 

“reciprocal phenotype”, as has been suggested e.g. for Williams-Beuren syndrome and its 

reciprocal 7q11.23 duplication178.  

CPB encodes a protein functioning in chromatin remodeling195. Another gene involved in 

chromatin remodeling, MECP2, is known to cause Rett syndrome upon deletion or 

mutation196. Recently duplications of this gene were shown in patients with severe to 

profound MR and progressive spacticity161. As for MeCP2, maintaining CBP levels within 

narrow limits seems essential for its proper functioning. This shows again that chromatin 

remodeling is exquisitely sensitive to dosage perturbations. 
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4.4. intrachromosomal rearrangements are frequently complex 

Adapted from 
Molecular cytogenetic characterization of a constitutional complex intrachromosomal 
4q rearrangement in a patient with multiple congenital anomalies.  
Thienpont, B, Gewillig, M, Fryns, JP, Devriendt, K & Vermeesch, JR  
Cytogenetic and Genome Research 114 p338-341 (2006) 
 
A complex submicroscopic chromosomal imbalance in 19p13.11 with one 
microduplication and two microtriplications. 
Thienpont B, Breckpot J, Vermeesch JR, Gewillig M & Devriendt K  
European Journal of Medical Genetics 51 p219-225 (2008) 
 
Partial duplications of the ATRX gene cause the ATR-X syndrome  
Thienpont B, de Ravel T, Van Esch H, Van Schoubroeck D, Moerman P, Vermeesch JR, 
Fryns J P, Froyen G, Lacoste C, Badens C & Devriendt K 
European Journal of Human Genetics 15-10 p1094-1097 (2007) 
 
Facial asymmetry, cardiovascular anomalies and adducted thumbs as unusual symptoms 
in Dubowitz syndrome: a microdeletion/duplication in 13q.  
Maas N, Thienpont B, Vermeesch JR & Fryns JP 
Genetic Counseling 17 p477-479 (2006) 
 

4.4.1. introduction 

4.4.1.1. complex chromosomal rearrangements 

Complex chromosomal rearrangements (CCRs) have been defined as constitutional 

structural rearrangements involving three or more breakpoints197. CCRs have been classified 

based on their inheritance (familial or de novo), the number of breakpoints that are involved 

(less or more than 4) or the number of chromosomes involved. For a review we refer to 

Batanian and Eswara198. Intrachromosomal rearrangements involving 3 breakpoints are not 

regarded here as complex: although some may originate from mechanisms similar to those 

generating CCRs, most are terminal deletion-duplications (generated by breakage-fusion-

bridge cycles199,200) and insertional translocations. 

4.4.1.2. frequency 

CCRs have long been considered rare, found only in a minute subset of patients that 

carry chromosomal imbalances198. Aberrant G-banding patterns are still intuitively attributed 

to simple deletions or duplications. The exact nature and extent of an imbalance is often not 

studied in detail using an independent technique (e.g. FISH) and often only one or a few loci 

are tested, because these are very laborious investigations. Very few aberrations detected 
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by microscopic karyotyping are thus mapped with a high resolution. Only when multiple 

chromosomes are visibly aberrant, it is evident that multiple chromosomal breaks were 

present in one patient. This probably explains why most reported CCRs detected by classic 

microscopy karyotyping are interchromosomal (affecting multiple chromosomes)198 and only 

seven reports describe the detection of complex intrachromosomal rearrangements (CiCRs) 

by microscopy karyotyping. Single chromosomes involved in these reports were 2201,202, 4203, 

10204 and 21205, and the number of breaks involved varied from 4 to 12. 

4.4.1.3. the impact of the introduction of aCGH 

Following the development of aCGH103,104 and its introduction as a routine constitutional 

karyotyping technique89,206, a much more precise delineation of breakpoints of imbalances 

automatically ensued. As a consequence, an increasing amount of CiCRs have now been 

detected using this technique58,125,127,153,157,207-217 affecting chromosomes 1 (3x), 4 (2x), 5, 7, 

8, 9, 13, 17 (2x), 18, 19 and X (multiple cases). Similarly, also interchromosomal 

rearrangements are often found to be more complex upon closer examination218,219, as they 

frequently appear to harbor cryptic indels. 

4.4.2. clinical descriptions 

4.4.2.1. patient 3 

This boy is the first child of unrelated parents, who both have mild mental handicap of 

unknown cause. Family history is otherwise negative with regard to mental handicap or 

congenital malformations. He was born at term pregnancy, with weight 3580 g (P75-97), 

length 51 cm (P75-97), and occipitofrontal circumference (OFC) 34 cm (P50-75). He had a 

critical aortic valve stenosis, a cleft of the soft palate and grade 1 hypospadias. There were 

multiple dysmorphic features, including transverse palmar creases, retrognathia, 

plagiocephaly, persistent oedema of the feet and a preauricular ear fistula in the right side. 

There was mild global body asymmetry. During follow-up, growth was on the 75th centile for 

weight and OFC and on the 75th-90th centile for length. Development was mildly delayed: at 

age 11 months, his development was 8 months according to the Bayley developmental scale 

(developmental index of 77), and at age 22 months, development was 16 months. 
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4.4.2.2. patient 10 

This girl was born at 36 weeks, with birth weight of 2400 g, length of 44 cm and OFC of 

31.8 cm (all parameters below the third percentile). Cardiac examination revealed a 

tetralogy of Fallot which was surgically corrected, and a right aortic arch. Long term clinical 

follow-up revealed a sensorineural hearing loss (-40db) at the age of 4 years, and she was 

integrated in a special school for children with mild to moderate mental handicap. Postnatal 

growth retardation was severe at that age: weight 10.4 kg (3rd centile 16 kg); height 87 cm 

(3rd centile 92 cm) and OFC 43.4 cm. After three episodes of generalized tonic-clonic 

convulsions antiepileptic treatment was started. Growth hormone therapy was started at 

the age of 5 years, with a significant catch up of growth and physical development. The fixed 

adducted position of the thumbs regressed spontaneously. Now at the age of 12.5 years 

height is 140 cm (3rd centile) and pubertal development is normal. She presents with Gilles 

de la Tourette syndrome. 

4.4.2.3. patient 13 

This girl was born as the second child of healthy, non-consanguineous parents. Family 

history is negative with regard to mental handicap and congenital malformations. Pregnancy 

was complicated by placental abruption. She was born at a gestational age of 37 weeks. 

Birth weight and length were not available. She was diagnosed at birth with multiple small 

ventricular septal defects (VSDs) and a large midmuscular VSD. Aged 2.5 years she 

underwent a surgical correction of strabismus. Carbamazepine was started at the age of 4 

years because of myoclonic seizures. Brain MRI was normal. At the age of 5 she entered 

special education for severe psychomotor delay, scoring an IQ of 52 on the SON-R non-

verbal intelligence test. Clinical examination at age 11 showed a biometry with all 

parameters below the third centile (weight = 22.8 kg , length = 124 cm, head circumference 

= 50 cm ). There was facial dysmorphism with a broad nasal bridge, a thin upper lip, mild 

retrognathia and bilateral ptosis. She had long fingers, talipes valgus and a sacral dimple. 

4.4.2.4. patient 16 and 16b 

Clinical details on patients 16 and 16b are described in the report on the ATRX 

duplication (Chapter 4.1.2.1). They are respectively patients 1a and 1b from family 1. 
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4.4.3. results 

Routine karyotyping of peripheral lymphocytes (patients 3, 10, 13, 16a and 16b) and 

cultured skin fibroblasts (patients 3 and 16b) did not reveal any chromosomal aberrations. In 

the absence of an etiological diagnosis, DNA from patients 3, 10, 13 and 16a was analyzed by 

whole genome aCGH at a 1Mb resolution. 

4.4.3.1. patient 3 

In patient 3, aCGH at a 1Mb resolution showed a 12-14Mb deletion of band 4q34. In 

retrospect this deletion was visible on the G-banded karyotype (Figure 9A). Interestingly, one 

clone (RP11-148L24) inside the deletion region showed a normal ratio, suggesting this clone 

was not deleted. FISH analysis confirmed this clone was still present on the aberrant 

chromosome 4, indicating the presence of two separate deleted regions rather than one 

large deletion. To characterize this rearrangement further, we performed aCGH using the full 

tiling path array platform for chromosome 4 (Figure 9 B). This analysis confirmed the 

presence of both flanking deletions (171.31Mb175.71Mb and 176.05Mb184.28Mb), and 

additionally showed a proximal 350kb duplication (162.40Mb162.95Mb), in band 4q32.2. 

rtqPCR with a primer pair designed in the purported duplicated region (Table 5) confirmed 

the presence of the duplication. To examine the chromosomal organization of the 

duplication, we performed FISH. Surprisingly, 2 separate signals on the aberrant 

chromosome 4 were observed: one at about the expected position, and one more proximal 

at 4q28 or 4q31.1 (Figure 9 E). This finding prompted us to investigate the position and 

orientation of the chromosomal segment between the duplication and the deletion. FISH 

with probes RP11-1G8 (163.8 Mb) and RP11-275K4 (171.2 Mb) labeled with red and green 

fluorescence showed this segment was present in an inverted orientation. Multicolor 

banding FISH for chromosome 4 was performed to confirm the presence and determine the 

extent of the inversion. The inversion spans from 4q28 to 4q34 (Figure 9 C). The karyotype of 

the patient can therefore be summarized as follows: 46,XY .arr cgh 

der(4)(del(4)(q34.2q34.3)del(q33q34.1)dup(q32.2) 

.ish(der4)(4pter4q28::4q334q28::4q32.24q32.2::4q34.14q34.1::4q35.14qter) 

To determine whether the rearrangement occurred de novo, FISH analysis of parental 

metaphase spreads was performed. FISH using clones RP11-213L8 and RP11-62B7 showed 

both clones to be present in the parents (Figure 9). rtqPCR of parental DNA showed the 

presence of two copies of the region duplicated in the child. Since chromosomal inversions 
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have been shown to be susceptibility factors for chromosomal rearrangements220, the 

orientation of this chromosomal region was investigated in the parental chromosomes. Co-

hybridization of differently labeled FISH clones (RP11-213L8, RP11-148L24, RP11-62B7) 

showed the expected order of probes as indicated by the human genome reference 

sequence (Figure 9). Similarly, multicolor banding FISH for chromosome 4 on parental 

metaphase spreads was normal (not shown). Therefore both deletions, the duplication and 

the inversion detected in the proband occurred de novo. STR length analysis using primer 

pair 4SXXX (Table 6) demonstrated that the duplication occurred on a single paternal 

chromosome (Figure 9). 

4.4.3.2. patient 10 

aCGH at 1Mb resolution revealed 3 different imbalances on chromosome 13q: a small 

deletion in 13q21.31 called by a single clone (RP11-234O23), a deletion of 13q31 (first and 

last deleted clones: RP11-115N13 and RP11-94C14) and a duplication of 13q31.3q33.2 called 

by clones mapped immediately next to the deleted clones (RP11-632L2 to RP11-323K22) 

(Figure 10 A). Both deletions and the duplication were confirmed by FISH (Figure 10 middle 

panel). The duplicated fragment was shown to be inserted proximally an inverted 

orientation by FISH using differentially labeled RP11-632L2 and RP11-232K22. The 

chromosome imbalances were further delineated by aCGH on a Nimblegen whole genome 

385K array. This demonstrated that the proximal deletion affected a segment starting at 

62.01Mb and ending at 62.83Mb (size: 0.82Mb). The larger distal deletion affected a 

segment that is annotated to start at 82.07Mb and end at 91.89Mb (size: 9.82Mb). It is 

flanked telomerically by a small 0.76Mb segment of normal copy number. Finally, the large 

duplication ranged from 92.48 to 107.26 Mb. STR length analysis in the patient and his 

parents demonstrated that the duplication arose on a single paternal chromosome (Figure 10 

upper right). 
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Figure 9: (A) Result of aCGH using a genome-wide micro-array with a 1Mb resolution, showing clones on chromosome 4 
with a decreased copy-number. The y-axis shows log2ratios of Cy5 vs Cy3 signal intensities, with the patient is labeled in 
Cy5. Clones are ordered on the x-axis per chromosome (alternating colors) and based on their physical location. Empty 
dots indicate known polymorphic clones. (B) Result of aCGH using a chromosome 4 tiling-path BAC/PAC microarray, 
showing a region of duplication and 2 regions that of deletion on chromosome 4q32q34. Y axis as in (A). Clones are 
ordered on the X-axis based on their physical position on chromosome 4 [Mb]. (C) Overview of the probands M-band 
FISH results. left: A metaphase spread with M-band FISH probes in different pseudocolors. middle: summary of M-band 
FISH results for a normal (left) and derivative (right) chromosome 4. Right: overview of M-band pseudocolors. (D) 
analysis of an unannotated short tandem repeat located in the duplicated fragment for the patient and her parents, 
showing that the imbalance arose on a single maternal chromosome. (E) Overview of different FISH analyses. Clone 
names in blue and red indicate respectively SpectrumGreen™ or SpectrumOrange™ labeled clones. Results are shown for 
the proband and the parents. Below is shown the results for RP11-137J16, a probe inside the duplicated region showing 
hybridization on 2 different bands of der4. (F) Summary of the cytogenetic studies, showing the complexity of the 
rearrangement with at least 7 different breakpoints. 

 

 
Figure 10: (A) Result of aCGH using a genome-wide micro-array with a 1Mb resolution, showing clones on chromosome 
13 with an aberrant copy-number. The y-axis shows log2ratios of Cy5 vs Cy3 signal intensities, the patient is labeled in 
Cy5. Clones are ordered on the x-axis per chromosome (alternating colors) and based on their physical location. Empty 
dots indicate known polymorphic clones. (B) Partial result of aCGH using a Nimblegen 385K microarray, showing two 
deleted chromosome segments (13q21.31 and 13q31) and one duplicated segment (13q31.3q33.2). Y axis as in (A), but a 
sliding window of 7 median log2 values is plotted. Clones are ordered on the X-axis based on their physical position on 
chromosome 13 [Mb]. (C) Results of FISH on a metaphase spread of the proband using clones RP11-632L2 and RP11-
232K22 labeled with Spectrum Orange and Spectrum Green respectively (pseudocolors red and green) showing an 
inverted duplication. (D) Results of FISH on a metaphase spread of the proband using clones RP11-115N13, RP11-234O23 
and RP11-232K22 labeled with Spectrum Orange, Spectrum Orange and Spectrum Green respectively showing deletion of 
both proximal probes and a duplication of the distal probe. (E) Results of length analysis of an unannotated STR designed 
in the duplicated chromosome segment, showing that the duplication arose on a single paternal chromosome. (F) 
Summary of the results of FISH studies of the proband and her parents. 

4.4.3.3. patient 13 

aCGH at 1Mb resolution revealed three contiguous clones mapping to 19p13.11 with a 

copy number significantly higher than expected, indicative of a duplication of this region 
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(CTD-2231E14, RP11-413M18, CTD-3149D2). rtqPCR using primer pairs described in Table 5 

were used to confirm this aberration and to further map the breakpoints. This revealed a 

triplication, a duplication and normal copy number of the loci targeted by respectively 

primer pairs CCR19_B, CCR19_D and CCR19_G ( 11 C)151. To further analyze this unusual 

finding, aCGH using a full tiling path clone set for chromosome 19 was performed. This 

revealed the presence of a triplication of the region from 15.6 to 16.8 Mb, duplication of the 

flanking region until 18.1 Mb and again triplication until 18.9 Mb. The last normal clone 

(RP11-694H13) ends at 15.69, first and last triplicated clones (RP11-765H5 and RP11-33B5) 

start and end respectively at 15.63 and 16.84 Mb, the first and last duplicated clone (RP11-

171H5 and RP11-97A20) seem to start and end respectively at 16.79 and 18.16 Mb, first and 

last clones of the second triplication (RP11-512B16 and RP11-96J2) seem to start and end 

respectively at 18.07 and 18.92 Mb, and the first clone that is again normal (RP11-744L24) 

starts at 18.86 Mb (Figure 12 A). These imbalances were confirmed by rtqPCR analyses using 

primer pairs CCR19_A, CCR19_C, CCR19_E, CCR19_F and CCR19_H (Figure 12 C).  

FISH studies using either RP11-793A20 (starts at 16.2 Mb, triplicated), CTD-2278I10 

(starts at 17.2 Mb, duplicated) and CTD-2017F19 (starts at 18.2 Mb, triplicated) on 

metaphase chromosome spreads from the patient showed one signal on each chromosome 

19p13 (data not shown). FISH on interphase nuclei using these probes in the duplicated and 

triplicated regions showed the expected number of copies but did not allow a reliable 

deduction of the order of the different fragments. 

The patient and her parents were typed for four STR markers located within the 

rearranged chromosomal fragment, to investigated the origin and mechanism of 

rearrangement (Table 6 and  11B). Marker D19S252 was not informative. Markers D19S899 

and D19S429, located in a duplicated fragment according to the aCGH results, revealed also 

double dosage for the maternal allele. For marker D19S1037, a threefold higher dose was 

detected for one maternal allele compared to the paternal allele. This result places the 

proximal breakpoint of the second triplication at least 130 kb more proximal from the 

breakpoint predicted by the aCGH. These results also demonstrate that the aberration 

occurred on a single, maternal chromosome, and thus is the result of an intrachromosomal 

rearrangement.  

All loci analyzed by qPCR were also analyzed in parental DNA samples (Figure 11C). Since 

all showed normal copy numbers, the CCR occurred de novo. This strongly suggests that the 
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aberration is causal for the phenotype of the proband. Also the size of the imbalance 

(3.26Mb) and the number of genes affected by the imbalance (102 Ensembl gene IDs in 

Ensembl release 46) support the causal nature. Small fractions of the aberrant region are 

described as variable in copy number in the Database of Genomic Variants108, but none of 

these variable regions span a large part of the triplicated or duplicated region (all are smaller 

than 180kb). 

 
Figure 11: (A) Result of aCGH using a genome-wide micro-array with a 1Mb resolution, showing 3 consecutive clones on 
chromosome 19 with an increased copy-number. The y-axis shows log2ratios of Cy5 vs Cy3 signal intensities, the patient 
is labeled in Cy5. Clones are ordered on the x-axis per chromosome (alternating colors) and based on their physical 
location. Empty dots indicate known polymorphic clones. (B) Result of aCGH using a chromosome 19 tiling-path BAC/PAC 
microarray, showing a region of triplication, duplication and triplication on chromosome 19p13.11. Clones are ordered 
on the X-axis based on their physical position on chromosome 19 [Mb]. (C) rtqPCR analyses in the patient and her 
parents confirm the presence of a de novo complex rearrangement showing different copy numbers. Primer sequences 
are listed in Table 5 as CCR19_. Combined results from at least 2 independent experiments are shown, error bars indicate 
2 x SD

89
. (D) STR analysis of D19S1037 (located in the telomeric triplicated fragment) for the patient and her parents, 

showing that the imbalance arose on a single maternal chromosome. 

 
Figure 12: (A) Result of aCGH using a genome-wide micro-array with a 1Mb resolution, showing 2 consecutive clones on 
the X chromosome that indicate a duplication. The y-axis shows log2ratios of Cy5 vs Cy3 signal intensities, the patient is 
labeled in Cy5. Clones are ordered on the x-axis per chromosome (alternating colors) and based on their physical 
location. Empty dots indicate known polymorphic clones. (B) Result of aCGH using a X chromosome tiling-path BAC/PAC 
microarray, showing two regions of duplication on chromosome X. The patient is labeled in Cy5. Clones are ordered on 
the X-axis based on their physical position on X chromosome. (C) Pedigree of family 1 (see main text and page 49), and 
results of rtqPCR analyses with the ATRX_i8-9 primer pair (Table 5) and DXS7498 STR length analysis (HUMARA primer 
pair designed in a region at 10 cMorgan from ATRX, Table 6) for the indicated family members, showing that the patient 
inherited the duplication from his mother, and that it arose de novo in her father’s X chromosome.  
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4.4.3.4. patient 16 

Results of analyses in patient 16 and his sib have been described in results chapter 4.1.3 

(page 51). Briefly, DNA from patient 16 was analyzed by aCGH at a genome wide 1Mb 

resolution, revealing 2 consecutive duplicated clones the X chromosome (Figure 12 A). DNA 

from his similarly affected sibling was analyzed by aCGH using a microarray constructed with 

a tiling BAC/PAC clones set92, which showed the presence of two separate duplications 

(Figure 12 B). Length analysis of an STR located 10 cM from the duplications (DXS7498) 

showed they arose de novo in the maternal grandfather. 

 

4.4.4. discussion 

The presented results describe the frequent detection of complex intrachromosomal 

rearrangements. Out of the 16 causal constitutional imbalances we detected until now in a 

cohort of 99 patients with a syndromic CHD, 4 are CiCRs. Of note, an additional 2 CiCRs have 

been found in follow-up studies (unpublished results). Few other aCGH studies mention the 

detection of CiCRs127. Differences in phenotypic selection criteria are unlikely to explain this 

difference. It seems more plausible that some imbalances are - like in routine karyotyping - 

labelled as simple, while they are in fact more complex. Multiple reasons for 

misinterpretation could be envisaged:  

 Some CiCRs are closely neighbouring imbalances. A single reporter suggesting a copy 

number different from the rest of the imbalance could be discarded as an irrelevant or 

bad measurement, or included in the imbalance by detection algorithms that use sliding 

windows153. 

 Large imbalances might divert the attention from small ones. Some CiCRs consist of large 

imbalance(s) and a small imbalance. Confirmation of the large imbalance could be 

viewed as sufficient, while the existence and de novo nature of the small imbalance is 

not further investigated151. 

 Out of the four CiCRs detected by our group until now, two were evident at a 1Mb 

resolution while two others (patients 13 and 16), became evident only upon higher-

resolution analyses. Moreover, in both other cases additional complexity was revealed 

upon higher-resolution analysis. Since a large part of the large aCGH studies published 

until now use micro-arrays with a 1Mb resolution, it can be expected that some of the 

simple imbalances will appear to be CCRs upon higher-resolution analysis. 
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Many CCRs consist out of at least one duplication58,125,127,153,157,207-209, and in DMD, 

complex duplications and triplications are found but no complex deletions157. Thus a closer 

examination of duplication imbalances for the presence of a CCR is recommended. 

Moreover, since duplications are less frequent than deletions, it is remarkable that 

duplications are found often in CiCR. It has been suggested that partial reversion of an 

unstable duplication to the normal situation might explain non-contiguous duplications157. 

The wide variety of types of CiCRs makes a single ‘catastrophic’ event causing multiple 

chromatin breaks that are resolved in chromatin clusters more likely153,221. Our findings 

moreover contrast with de novo translocations that are associated with microdeletions or 

duplications, which are described to be uniquely of paternal origin of: one out of four 

investigated CiCRs was maternal in origin, suggesting some CiCRs may arise by a mechanism 

different from that generating the translocations that are associated with cryptic 

imbalances219. 

The frequent identification of CiCRs is not only interesting from a mechanistic point of 

view, it also has important consequences for genotype-fenotype analyses. First, not all genes 

that appear to be imbalanced have by inference an abnormal copy number in the patient. In 

addition, faulty conclusions can be drawn on the functional consequences of an imbalance 

upon the genes they encompass: e.g. 1Mb analysis of a CiCR on Xq suggested a single 

duplication of at least the entire 5’ UTR of the ATRX gene. Only higher-resolution analysis 

demonstrated the imbalance was more complex, with one duplication inside (and thus 

disrupting) the ATRX gene. Hence, the precise delineation of aberrations is essential for 

proper genotype-phenotype correlations. 
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5. implementation of high-resolution aCGH 

5.1. rationale for screening at a higher resolution 

Commercial platforms for molecular karyotyping offer an increasingly high resolution. 

Theoretically, aCGH using a 1Mb array allows for the detection of only a fraction of indels 

smaller than 1Mb (e.g. 17% of 150kb sized indels, or 50% of 0.5Mb sized indels) and is 

unable to detect indels smaller than 100kb. Arguably, an increasing resolution yields a 

proportional increase in number of causal imbalances detected. Two causal indels smaller 

than 1Mb were already detected using 1Mb aCGH. In one patient a 222–281 kb duplication 

was detected by a 1Mb clone located in ATRX125. In another patient 2 fosmids in CBP 

signaled the presence of a 345-480 kb duplication130. These fosmids are not part of the 

normal 1Mb clone set but of a clone set that was designed to detect small indels in known 

dosage-sensitive regions. Other groups have reported that indels smaller than 1Mb can be 

detected in syndromic patients193. These findings strengthened our suspicion that in a 

significant portion of patients that did not show an indel upon 1Mb aCGH, an indel smaller 

than 1Mb could be detected using higher-resolution arrays. To test if and to what extent 

indels smaller than 1Mb cause syndromic CHDs, we set out to reanalyze patients that were 

negative on 1Mb aCGH, now by CGH on high-resolution oligo-array slides. 

5.2. platform selection 

We evaluated two commercial oligonucleotide aCGH platforms that offer a resolution 

higher than 1Mb: the Nimblegen 385K array that contains 385 000 probes spread 

throughout the genome, and the Agilent 244k array that contains 244 000 probes spread 

throughout the genome. Despite the higher probe density of the Nimblegen array, the 

resolution was poorer than that of Agilent: due to a poor response (the deviation from the 

normal caused by an imbalances was less than half of what can be expected theoretically) 

and large standard deviation, reliable detection of deletions requires at least ten consecutive 

probes of the Nimblegen 385K array to indicate a deletion. Due to the better response and 

smaller standard deviation, one could rely on the signal generated by only two probes of the 

Agilent array to detect a deletion at an acceptable false-positive cost (<1 per experiment). 

The practical resolution of the Nimblegen 385K array is therefore about 80kb, while that of 
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the Agilent 244K array is around 20kb. We therefore choose to use the Agilent 244K 

platform. 

Agilent 244K 
Nimblegen 385K 

log2(female/male)  

 

Figure 13: Comparison of Nimblegen 385K and Agilent 244K. A. Box plots of the distribution of log2(ratio of the signals of 
labeled DNA from a female versus a male) values for clones on the X chromosome. Representative experiments are 
displayed. B. Frequency (y-axis) of false positive (•) and false negative (Δ) values when applying a varying median of 
sliding window threshold (x-axis) calling algorithm of a size as indicated by the colors, showing a resolution for deletion 
calling that is superior in terms of false positive values and false negative values for the Agilent 244K platform (right) in 
comparison to the Nimblegen 285K platform (left). For example, a false positive and false negative frequency of 5% can 
be reached by using a single Agilent probe. For Nimblegen, 7 consecutive probes are needed. 

5.3. data processing 

An Agilent 244K microarray contains over 60 times the number of probes of a 1Mb 

microarray. Simple analysis schemes based on copying and pasting data files in Excel are not 

suitable to handle and process this amount of data. We therefore designed a framework to 

manage and process the data that was generated using 244K arrays. A workflow of the 

strategy is shown in Figure 14.  

 
Figure 14: workflow depicting the different step used in Agilent data processing. More details on the exact procedures 
are described in the main text. 

5.3.1. preprocessing 

The preprocessing step consists of scanning the washed slide to generate a .tiff image 

file, and analyzing the image file using Feature Extraction (version 9.5.3.1, Agilent) to 

generate a .txt file containing the 2D Lowess normalized raw Log10 ratios of each feature and 
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the associated errors (generated by a method undisclosed by the software provider) as well 

as other values and information that are not taken into account. 

5.3.2. sorting, normalization and storage 

Data management and processing is executed by scripts we designed in the R language 

and statistical environment (R version 2.8.0). R package RMySQL (V0.6) was used to extract 

the raw Log10 ratios and LogRatioErrors and store them in a separate SQL table for each 

experiment. From the MySQL database, the data is in a second step retrieved using RMySQL. 

Log10 ratios are transformed to the more customary Log2 ratios. These are discarded if both 

their absolute value does not exceed 1 and their associated LogRatio error exceeds 0.2. 

LogRatios are sorted based on their annotated position in human genome (hg) build 17. 

Values originating from the ~1000 probes spotted in triplicate or duplicate are replaced with 

respectively the median of all 3 or mean of all 2. Genome coordinates are subsequently 

transformed to the current genome build (hg18). These data are subsequently normalized by 

a linear modeling to the GC content of the environment of the targeted regions. This 

environment is captured in a table containing the inverse of the GC content (1/GC%) of the 

probe itself and of 16 windows around the region targeted by the probe that increase in size 

from 100 bp to 60kb, extracted by the EMBOSS geecee tool implemented in Galaxy 

(main.g2.bx.psu.edu). Correlations of Log2Ratio to GC content are thus removed (Figure 15).  

A linear modeling is calculated of the resulting values and of those generated in 2 self-to-

self experiments, mainly to remove the bias that is associated with the differences in dye 

used for labeling (Figure 15). The resulting Log Ratios are stored in a single table in MySQL to 

enable easy retrieval of relevant information and to minimized storage requirements. 

Standard deviation of probes from the autosomes and chromosome X separation are 

calculated and stored in a separate .txt file as quality control measures (Figure 14). aCGH 

experiments yielding a standard deviation of the normalized Log2 ratios of the autosomal 

probes exceeding 0.20 were repeated. 

  

http://main.g2.bx.psu.edu/
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               standard deviation of the raw data 

     0%                   10%                  20%                  30%                                      

% decrease in standard deviation after normalization. 

 
  Mb    0               50             100            150           200            250. 

 

 

Mb      0               50             100            150           200           250 

Figure 15: effect of normalization on results of aCGH experiments. A. Effect of different normalizations on the standard 
deviation of the raw data. Dotted line indicates no effect on standard deviation. GC-based normalizations have the 
largest impact on raw data with high standard deviations, while self-self normalizations have a similar effect in most 
experiments. B. Box plots of the relative decrease in standard deviation after normalization. Lower box plot: GC 
normalization; middle box plot: self-self normalization; upper box plot: GC and self-self normalization. C. & D. log2 ratio 
of signal intensities (Y axis) plotted versus physical position on chromosome 1 (X axis) before (D.) and after (E.) GC-based 
normalization of the results of an aCGH experiment showing extreme GC skewing. For details on normalization 
strategies, see main text.  

5.3.3. aberration calling 

Aberration calling is done by two methods: a threshold-based and a circular binary 

segmentation (CBS) method.  

The threshold-based method was developed in the framework of this project. The 

frequency of false-positive results was estimated for various combined thresholds and 

standard deviations based on two self-self experiments (Figure 16). As there is no biological 

difference in copy number in this experiment, the result allows us to assess the false-positive 

rates associated with our algorithm. False positives resulting from the following conditions 

were tested: 2, 3 and 4 consecutive probes that each do not exceed a certain value 

(threshold maximum) and whose average or median does not exceed a certain value 

(threshold average). Based on these results, we defined thresholds that reduce the 

theoretical average number of false-positive results per experiment below 1 (Figure 17, 

Table 13). 

  

A B 

C 

D 
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Figure 16: effect of threshold maximum, threshold average and standard deviation on the number of false positives, as 
assessed by 2 self-self experiments (A., D., G.). The standard deviation was altered by multiplying the log2 values by the 
appropriate number to obtain a standard deviation of 0.17 (B., E., H.) or 0.20 (C., F., I.). The threshold applies to 2 
consecutive values for a deletion (A., B, C.) and 3 (D., E., F.) or 4 (G., H., I.) consecutive values for a duplication. 

 

Figure 17: Estimated number of false positives (left Y-axis) based on 2 self-self hybridization experiments, with varying 
standard deviations (X-axis). Dots (•) indicate false positive duplications and triangles (Δ) deletions. The light-grey dotted 
line indicates the total number of false positives. The thick black line illustrates the distribution of the standard deviation 
of the experiments. Thresholds used for false positive estimation as in Table 13. 

As a positive control experiment, two differentially labeled DNA samples were hybridized on 

an Agilent 244K array: one from a 46,XY male and one from an 46,XX female that carries a 

large duplication on chromosome 10p (size 11.7Mb). Chromosome X and chromosome 

10q26 are present in a 2/1 and 3/2 ratio in this experiment. This allows us to assess the 

false-negative results associated with deletion and duplication calling (Table 13). Using both 

experiments, we set a number of criteria that allow aberration calling with a minimal 

number of false positive and false negative results. These criteria defined minimal or 

maximal median values of a number of consecutive clones, and minimal or maximal values 
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for a number of consecutive clones (minimal and maximal respectively for duplications and 

deletions), and their application results in a small number (<5%) of false negatives when 

applied (Table 13). The reported false negatives moreover are likely underestimates, as they 

are derived from biological material that undoubtedly contains CNVs and low copy repeats. 

For example, the false-negatives are based on the  deletion of chromosome X, but the region 

between 89 and 90Mb always fails to indicate a deletion, as this region is paralogous to a 

region on chromosome Y. 

Table 13: criteria for aberration calling using Agilent 244K arrays. Minimal and maximal (respectively for duplications and 
deletions) values for a number of consecutive clones and for their median, and the number of false negatives as 
estimated by a large duplication on 10p and a deletion of chromosome X. 

aberration consecutive clones median of all values exceeds all values exceed false negatives 

deletion 2 -0.8 -0.7 12.1% 

deletion 3 -0.7 -0.5 4.3% 

duplication 3 0.5 0.4 22.8% 

duplication 4 0.4 0.35 3.1% 

 

The CBS method was described by Venkatraman and Olshen222 and was implemented in 

R using the following settings: α=0.002, 5000 permutations. We used the described hybrid 

method for p-value calculations. Splits were undone if they differed less than the 0.1 times 

the standard deviation (calculated after a 0.05 trim of the input data). The goal of these 

analyses was to identify mosaic imbalances as these will not always be detected by the 

threshold-based method. 

5.3.4. CNV interpretation 

All CNVs that were called by our algorithm were compared to known copy number 

polymorphisms (CNPs) of which we assume that they are not a major risk factor for 

developmental problems. This list was compiled from a list of common CNVs called in our 

own experiments and the list of the CNVs described by de Smith et al.223, detected in a group 

of 50 normal males by use of an Agilent 185K platform, an aCGH platform similar to Agilent 

244K. From the latter group we considered CNVs as common if they were detected more 

than twice in this population. All other CNVs we detected were compared to the data 

compiled in the database of genomic variants108. We verified if the region was listed there as 

copy number variable in a similar copy number state (“loss” or “gain”), and whether multiple 

independent studies reported it. If a CNV was described in 5 or less individuals, its presence 

was recorded in the patient overview. For each of these CNVs, inheritance was verified. Rare 

CNVs were included to avoid discarding CNVs that represent a mutation with a recessive 
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effect; several examples from our and other groups have already shown this can cause 

recessive disorders224-226. For each of the detected CNVs we also examined whether any of 

the affected genes are annotated to be associated with genetic disorders in the online 

mendelian inheritance in man® (OMIM) database, to avoid disregarding known genetic 

causes that are unjustly called as a benign CNV. We moreover examined whether any of the 

affected genes are described as being imprinted in a genome wide study.  
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6.    application of Agilent 244K aCGH to idiopathic syndromic CHD 

patients 

6.1. study design 

We reanalyzed in total 29 patients where no causal indel was detected using 1Mb aCGH. 

This group included 6 patients in whom an unclassified variant was identified by 1Mb aCGH. 

In contrast to the 1Mb aCGH which lead to the detection of indels in 32/99 patients, we 

expected to detect many CNVs in every patient at this resolution. Since each unknown CNV 

can in theory be a cause for the patients phenotype, each requires laborious investigations: 

its presence needs to be confirmed and its inheritance needs to be investigated by checking 

parental samples. 

In an attempt to accommodate this foreseeable issue, we chose to analyze the patient 

and his parents together. Such an experimental design enables us to immediately assess the 

inheritance pattern of each aberration detected in a patient and to assess the frequency of 

false-positive results when using the aforementioned criteria we established for aberration 

calling. 

6.2. study results 

Each patient carried on average 49 CNVs in comparison to the reference DNA (range: 28-

94). Almost all aberrations affect regions that are known to be CNVs and/or inherited from 

one or both of the parents. In all but two patients, we detected one or more previously 

unreported CNVs. These were 41 deletions and 34 duplications. 16 deletions affected only 

intergenic regions, and a further 8 were intronic. 7 duplications affected intergenic regions 

and 10 affected only the 5’ or 3’ end of a gene. Thus about 50% of duplications and 60% of 

deletions probably do not affect transcript integrity. The median maximal size of these 

aberrations was 63kb (Figure 18). There were no inherited heterozygous or homozygous 

disruptions of genes that are known to cause a recessive disorder that did explain part of the 

patients’ phenotype, nor of known imprinted genes. Three of the 75 unknown CNVs were 

not inherited from a parent, and are further discussed below.  
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Figure 18: maximal sizes of previously 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 dark grey, 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). 

One de novo duplication affects a gene desert on 2p16.1 that is partially known to be 

copy-number variable. This boy was conceived by intracytoplasmatic sperm injection (ICSI) 

with a sperm from his biological father. Whether there is a link between the duplication 

event and the assisted reproduction by ICSI is unknown, although the increased occurrence 

of structural chromosome aberrations after ICSI is suggestive for a causal link227. Given the 

copy number variable nature of this region and the absence of annotated genes, chances are 

estimated to be small that this duplication is causal. 

A second de novo deletion encompasses a region on 17q21.31. FISH studies confirm 

deletion of this region, which has recurrently been found to be deleted due to the presence 

of flanking LCRs. Deletions of this region have been found in multiple patients with a mental 

handicap and a variety of defects by three independent groups, which led to the 

identification of a novel so-called microdeletion syndrome181,228,229. Cardinal features of this 

microdeletion syndrome like developmental delay and facial dysmorphism were also found 

in the present patient, and other congenital malformations of this patient (a heart defects 

and agenesis of the corpus callosum) have also been described (in respectively 6 and 2 out of 

22 patients)230. The deletion is therefore causal for the phenotype of this patient. 
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A third de novo deletion affects a region of maximally 45kb on 6q25.3 that encodes 

FOXC1. This deletion, confirmed by breakpoint-spanning PCR, was detected in a patient with 

bilateral congenital glaucoma and partial aniridia, club feet and an ASD. Deletions and loss-

of-function mutations of FOXC1 have been shown to cause eye malformations231-233 and are 

occasionally also associated with heart defects232,234. We therefore classify this deletion as 

causal for the phenotype of this patient. The identification of this deletion again 

demonstrates the importance of obtaining an etiological diagnosis in these patients: 

mutations in FOXC1 are rarely associated with developmental delay and were found to 

segregate through consecutive generations in multiple large families, permitting a favorable 

diagnosis regarding mental development of this newborn girl to her parents. This finding also 

shows that the chosen platform can detect causal indels below 1Mb and below 100kb 

resolution. 

6.3. conclusions 

aCGH using Agilent 244K arrays provides an increased resolution for the detection of 

cryptic chromosome imbalances compared to using 1Mb arrays. As discussed before for the 

1Mb array, an increased resolution complicates the interpretation of the causality of the 

detected imbalances. The number of undescribed variants (73) detected in the 29 patients 

that were analyzed by far surpasses the number of undescribed variants detected in our 

1Mb study (In 99 patients, 7 hitherto undescribed CNVs were detected). Despite the 

multitude of studies investigating the presence of CNVs in the human genome, a significant 

fraction of CNVs most likely still remains undescribed. This will be one of the major hurdles 

in applying aCGH at a resolution below 100kb. Availability of DNA samples and phenotypic 

data from the parents is essential for causality evaluation, and in theory further studies are 

needed before any undescribed CNV can be classified as benign or pathogenic. International 

collaborative databases that combine the generated genotypic data with the corresponding 

phenotypic data (such as DECIPHER, decipher.sanger.ac.uk) are essential to be able to 

identify which rare CNVs predispose to rare or incompletely penetrant genetic disorders. 

 

https://decipher.sanger.ac.uk/
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CHAPTER 5                               GENE SELECTION USING A CARDIAC ENDEAVOUR 

1.   a need for gene prioritization 

One of the goals of our aCGH studies was the identification of novel regions for CHDs 

through the detection of chromosomal imbalances in CHD patients. These imbalances 

pinpoint genomic intervals that contain one or more genes responsible for CHDs, thus 

pointing to novel candidate genes for human cardiac development. Indeed, in 8 of the 18 

causal indels detected, a gene previously known to be involved in CHDs was affected. These 

genes are NKX2.5, CBP, NSD1, FOXC1, ATRX, NOTCH1, EHMT1, FBN2 and TBX1. This finding 

demonstrates that indel detection by aCGH can indeed serve as a positional cloning strategy. 

In the remaining 10 patients, we assume that the imbalance is causal for the CHD and thus 

affects a novel gene involved in CHDs. However, even though these imbalances are much 

smaller than the cytogenetically detectable imbalances traditionally used to map disease 

genes, these regions still contain too many genes to allow direct functional studies on each 

of them. In order to select the best candidate genes in an unbiased way (i.e. without relying 

on preferences and knowledge of a single researcher or research group, but solely on most 

of the available knowledge) we used the ENDEAVOUR tool to prioritize candidate genes.  

2.   adapting ENDEAVOUR to study CHDs: a CARDIAC ENDEAVOUR  

2.1. introduction 

In an attempt to identify the best candidate genes from these regions, we applied and 

improved an existing algorithm to prioritize candidate genes for CHDs based on sets of 

known genes. This existing algorithm, termed ENDEAVOUR, was recently developed by the 

group of Prof. Moreau (ESAT, K.U.Leuven, Belgium)235. The ENDEAVOUR algorithm uses a 

multitude of data sources to model a biological process of interest by profiling the genes 

known to be involved in that process, and compares these training gene profiles to 

candidate gene profiles in order to rank the latter (Figure 19). The regular ENDEAVOUR 

algorithm was further adapted to obtain better prioritizations and to accommodate the 

specificities and problems inherent to this project. This work was done in close collaboration 
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with the ESAT department (L.-C. Tranchevent from the group of Prof. Y. Moreau) and with 

Dr. P. Van Loo (Department of Human Genetics, K.U.Leuven, Belgium)). 

 

Figure 19: the regular ENDEAVOUR algorithm. In a first step, training genes that are involved in a process of interest (e.g. 
heart field specification) are profiled for a variety of data sources (indicated by the colored cylinders, only a subset of the 
available data sources are displayed in this image). Next, for each data source, candidate genes (e.g. genes from a 
candidate region identified by an aCGH-detected deletion) are ranked according to the way their profiles match the 
training gene profiles (only a subset of the rankings is displayed in this image). These rankings are subsequently merged 
to obtain a general ranking. In the example, gene “G” ranks first. 

2.2. defining and using different training sets 

Heart development is not a discrete developmental process, but depends on the 

combination of different discrete or interlinked developmental and cellular processes. 

Obtaining a specific signal for training genes involved in any aspect of heart development is 

not trivial. We therefore followed a different strategy, where we defined several different 

sets of training genes homogeneous with regards to their role in cardiac development.  

Cells are added to the heart at different time points or originate from different regions in 

the embryo: cells from the first heart field, the second heart field and the neural crest all 

contribute to the adult heart. Genes involved in these processes are in training sets 1, 2 and 

3 respectively. Moreover, defects in left-right axis determination (arising before heart 

development), in vascularisation and in heart valve formation have been shown to 

potentially cause CHDs (training sets 4-6). Disruption of genes involved in the contractile 

apparatus may also cause CHDs (besides cardiomyopathies) (training set 8). Finally, some 

genes that are associated with CHDs are involved in more general cellular processes (e.g. 

chromatin remodeling or cell proliferation) that are not directly tied to heart development. 

A B C D E JIHGF K L M

deleted region

candidate genes:

affected chromosome

BLAST

GO

MA 
Expr

Bind
BLAST

GO

MA 
Expr

cisreg

Bind

NKX2.5

GATA4
FOXC1

TBX1
TBX5

training genes:

MEF2C

MYOD

BMP10

1. build a 
training profile
for each
datasource

2. 
compare each candidate gene 

profile to the constructed
training profiles and rank

D

G

K

A

L

B

M

A

K

G

H

C

B

J

G

A

K

F

C

G

L

M

G

C

G

L

E

C

J

F

…… …… …

…

…

…

…

…

…

…

1

2

3

4

5

6

…

3. combine 
all rankings
into general
ranking

G

K

A

J

C

L

…

1

2

3

4

5

6

…



Gene selection using a cardiac ENDEAVOUR 

87 
 

All known genes causing CHD upon haploinsufficiency were selected and added as an 

additional training set (training set 7) to enrich our results for dosage sensitive genes 

implicated in human cardiac defects and to enable scoring of developmental processes that 

are not explicitly known to be associated to CHDs. By using these different sets representing 

discrete processes underlying heart development, we assumed to be able to obtain more 

specific signals for each of these varying processes. We included a combined set (training set 

9) containing all genes from the aforementioned training sets, to accommodate detection of 

genes involved in the potential cross-talk between the each of the developmental processes. 

Also between the other sets there was some redundancy. Not all training sets were used for 

each candidate set. The rules we applied for selecting trainings sets are described in chapter 

3 (page 92).  

As in the regular Endeavour algorithm, prioritization using a number of different training 

sets generates a number of ranked lists of candidate genes. These rankings were combined 

using order statistics like the rankings obtained from the use of different data sources in the 

regular ENDEAVOUR algorithm235 (visualized in step 3 in Figure 19). Sets are available at 

homes.esat.kuleuven.be/~bioiuser/chdwiki/index.php/Prioritization_datasets. 

Table 14: Endeavour training sets, the number of genes and the AUC of the LOOCVs’ ROC. Note that the AUC of 
Combination and of Causing CHD upon haplo-insufficiency (heterogeneous sets of genes) is much worse than that of 
most other (homogeneous) training sets 

# Training set name # genes AUC 
1 First heart field 12 0.9791 
2 Second heart field 12 0.9600 
3 Neural crest 42 0.9764 
4 Left-right axis determination 11 0.9018 
5 Vascularisation 20 0.9865 
6 Heart valve formation 14 0.9350 
7 Causing CHD upon haploinsufficiency 33 0.8824 
8 Cardiomyopathies 18 0.9666 
9 Combination 157 0.9046 

2.3. addition, removal and combination of data sources 

2.3.1. selection of informative data sources 

Whether or not a data source contains information on the process of interest can be 

assessed by a leave-one-out cross-validation (LOOCV). In such a test, each individual gene 

from a gene set of interest is removed once from the training set and added to a set of 99 

randomly chosen genes. These 100 candidate genes are then ranked using the data source 

profile of the remaining genes in the training set. The rank of the left-out training gene 

among the 99 random genes reflects the information that is present in the data source on 

http://homes.esat.kuleuven.be/~bioiuser/chdwiki/index.php/Prioritization_datasets
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the process of interest. LOOCVs can generate Receiver Operator Characteristic (ROC) curves 

that plot false positive versus true positive rates. The area under this ROC curve (AUC) is the 

measure that we used to assess the ability of the data source to efficiently rank genes 

according to the profile of the remaining training genes. An AUC around 0.5 is equivalent to 

random ranking of candidate genes, while an AUC verging upon 1 is equivalent to first-place 

rankings for most training set genes. We arbitrarily set a ROC AUC threshold of 0.6 as the 

alternative approach (testing whether each data source significantly improves the overall 

AUC) would bias towards data sources containing a priori knowledge. Data sources scoring 

below this threshold do not contain (enough) information (Figure 20). As these in theory only 

add noise to the predictions, we omit these data sources from our analyses to further 

improve the prioritizations. Indeed, upon combination training set 9 for example generated 

an AUC of 0.9451 instead of 0.9334. 

  

In
teractio

n
_B

in
d

 

M
o

tif 

A
n

n
o

tatio
n

_En
sem

b
lEst 

Exp
ressio

n
_Su

EtA
l 

Exp
ressio

n
_H

o
m

o
lo

gen
e

 

Exp
ressio

n
_H

o
m

o
M

art 

Exp
ressio

n
_ch

d
m

a
 

Exp
ressio

n
_So

n
EtA

l 

C
isR

egM
o

d
u

le
 

Exp
ressio

n
_H

o
m

o
In

p
 

B
last 

rA
n

n
o

tatio
n

_In
terp

ro
 

P
recalcu

lated
_P

ro
sp

ectr 

In
teractio

n
_B

io
G

rid
 

In
teractio

n
_In

tB
ern

ard
 

In
teractio

n
_Strin

g 

P
recalcu

lated
_O

u
zo

u
n

is 

A
n

n
o

tatio
n

_G
en

eO
n

to
lo

gy 

Text 

A
n

n
o

tatio
n

_Sw
issp

ro
t 

A
n

n
o

tatio
n

_K
egg 

        

    1 

 

0.50 

    1 

 

0.55 

left-right asymmetry  0 0 1 0 1 1 0 0 0 1 1 1 1 0 1 1 1 1 1 1 1   1 

 

0.60 

neural crest 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1   
0.7  

 

0.65 

cardiomyopathy 1 0 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1   
0.7  

 

0.70 

first heart field 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   
0.8  

 

0.75 

second heart field 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   
0.8  

 

0.80 

dosage-sensitive CHD genes 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   
0.9  

 

0.85 

valve formation 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   
0.9  

 

0.90 

vascularisation 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   
1.0  

 

0.95 

all genes combined 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1   
1.0  

 

1.00 

 
Figure 20: performance of the different data sources upon LOOCV, used to decide which data sources were included in 
the prioritization. Performance of the data source in prioritizations depends on the training set, for example: the chdma 
(microarray expression data for heart development) is highly informative for first heart field and the neural crest cells, 
but performs poor for the other training sets. Similarly, Gene Ontology does not contain information to significantly 
prioritize genes involved in valve formation, while it does contribute to prioritizations according to the other training 
sets. Information on the standard data sources can be found on the Endeavour website 

2.3.2. microarray expression in the murine heart  

A second adaptation of the ENDEAVOUR algorithm was the addition of data sources. Data 

sources are the core of the ENDEAVOUR algorithm, and the availability of multiple independent 

and informative data sources is essential for optimal functioning. The first extra data source 
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was a set of genome wide expression analyses using microarrays that we retrieved from the 

gene expression omnibus (GEO, www.ncbi.nlm.nih.gov/geo) under accession number 

GSE1479. In this experiment, RNA expression profiles were obtained from the cardiac 

regions of mice sacrificed at specific developmental stages, to obtain a time-course of gene 

expression during murine heart development. Samples were taken at daily intervals from 

embryonic day (E) 10.5 to E14.5 and at E16.4 and E18.5. From E11.5, atrial and ventricular 

chambers were separated. We combined this data set with a set of random experiments 

from GEO done on the same platform (Affymetrix GeneChip Mouse Genome 430 2.0 Array) 

to obtain background values, and normalized these data using the robust multi-array 

average (RMA) method236. Multiple probe measurements per gene were combined into a 

single measurement by averaging them and data was transposed from murine to human 

genes by the orthology maps available in BioMart (www.ensembl.org/biomart). Quality of 

this expression data set was assessed by a LOOCV. This resulted in an AUC of 0.97 for the 

first heart field training set and of 0.82 for the neural crest cells training set, showing that 

this information can indeed be used. Comparison with regular microarray expression data 

sources demonstrates they are outperformed by this tailored data source for these training 

sets (resp. an average AUC of 0.75 and 0.56). As shown in Figure 20, for some other training 

sets this data source was uninformative. This is not surprising, as some biological processes 

that are modeled in the training sets (for example left-right asymmetry establishment, AUC = 

0.42) were not investigated in these expression profiling experiments. 

2.3.3. homology 

A second added data source contained estimates of homology of human proteins to their 

orthologs in other species at different phylogenetic distances that are sequenced. 

Information on gene conservation is assumed to be related to conservation or changes in 

gene function. For example, gene duplication events and the subsequent changes in gene 

expression and/or protein structure have been linked to the evolutionary variations in heart 

structure and function237. Homology data was extracted from the HomoloGene database 

(www.ncbi.nlm.nih.gov/homologene), BioMart (www.ensembl.org/biomart) and the 

Inparanoid tool (inparanoid.sbc.su.se). Similar to expression data, this data was summarized 

using a vector representation and scoring was done using Pearson correlation. Missing data 

http://www.ncbi.nlm.nih.gov/geo
http://www.ensembl.org/biomart
http://www.ncbi.nlm.nih.gov/homologene
http://www.ensembl.org/biomart
http://www.inparanoid.sbc.su.se/
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was handled like for every other data source: it is not taken into account in the prioritization 

since the order statistics are based on rank ratios 

Quality of the data as a data source for ENDEAVOUR was assessed by LOOCV and resulted 

in maximal AUCs of 0.77 for the first heart field training set using the Inparanoid data and 

0.79 for the neural crest training set using the Biomart data. Conservation is more 

informative for first than for second heart field genes (an evolutionary more recent 

innovation in development), and – surprisingly - left-right asymmetry establishment does not 

generate a significant AUC.  

2.3.4. combination of similar data sources 

One of the issues of the existing ENDEAVOUR algorithm is the artificial inflation of signals 

generated by using similar data sources. When two data sources contain similar information, 

they will generate highly similar predictions that will have more impact on the final result  

than a single data source that is independent. To circumvent this problem, one can either 

remove one of the two similar data sources or combine prioritizations from data sources 

before they are combined with the other data sources. We choose the latter option, since 

the non-overlapping information in each of the data sources will still be taken into account 

when using this strategy. Prioritizations based on data sources that are significantly 

correlated and assess the same information are first combined separately before being 

combined with the other data sources of the same class, after which all are combined in an 

overall prioritization (Figure 21). Data prioritization using the CARDIAC ENDEAVOUR is thus done 

by a tree-like structure for the data sources (Figure 22). As discussed, only informative data 

sources are incorporated. 
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Figure 21: Example of Spearman rank correlations between data sources upon prioritization (here using the 
vascularisation training set). The Blast (Bl) data source is not strongly correlated with any other source, while the 
Textmining (Te) and the Gene Ontology (Go) data source, or both micro-array expression analysis data sources for adult 
human tissues (Sy and So) are strongly correlated. Obviously, all data sources are perfectly correlated with themselves. 

 

 
Figure 22: example of a tree-like structure used for prioritizations based on an individual training set. All data sources are 
displayed. As discussed in the main text, the use of a data source depends on the results of LOOCV. 

2.3.5. incorporation of the CARDIAC ENDEAVOUR in CHDWiki 

The gene prioritization strategy outlined above was incorporated into a Wiki that was 

developed in a collaboration between groups from the Center for Human Genetics and the 

ESAT department (K.U.Leuven). This Wiki (termed CHDWiki) is conceptualized as a portal for 

studying the genetics of CHDs. Apart from a very complete database on known genetic 

causes of CHDs, more advanced data analysis tools like protein-protein interaction database 

querying and the CARDIAC ENDEAVOUR algorithm are thus made available to the larger 

community studying cardiac development and CHDs. The speed of prioritizations is improved 
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because the predefined training sets enable querying the end result of any genome-wide 

prioritization already executed rather than needing to restart the algorithm each time based 

on different training sets. A manuscript describing the development of this portal is currently 

under review. This portal is available from homes.esat.kuleuven.be/~bioiuser/chdwiki. 

3.  applying the CARDIAC ENDEAVOUR algorithm to selected indels 

3.1. a tailored use of training sets, indels and CARDIAC ENDEAVOUR 

Not all training sets were used for each region containing candidate genes: sets 1 3 

and 57 were always used. When multiple patients were already described in the literature 

with a similar imbalance but without problems in the heterotaxia spectrum, we assumed 

there was no defect in left-right axis determination and omitted this set (del22q12.2 and 

delXp22). Likewise, when neither the patient under study nor other patients in the literature 

were affected by major valve malformations or a cardiomyopathy, the corresponding sets 

were not used. The cardiomyopathy set was thus only used for the 1p36.3 region, the valve 

development set only for the 6q25.1 region.  

For each patient, we analysed whether a known CHD gene was affected by the 

imbalance, thus explaining the CHD observed in the patient. If so, the corresponding region 

was added to the group that served as a positive control. Otherwise, it was added to the list 

for further studies. This list does not correspond to the imbalances generated by the aCGH 

studies described in the previous chapter: part of the aCGH studies were done in parallel or 

even after the prioritisation and expression analysis studies presented in this and the 

following chapters. We moreover did not deem all detected imbalances suitable for further 

analysis. If an imbalance affected more than 150 genes or if genes were present in different 

abnormal copy number states (e.g. in unbalanced translocations), we choose not to continue 

the analysis. Two additional imbalance were detected by our group during studies 

performed outside the presented research238. Although they do not feature in Table 9, they 

were added to the list of candidate regions to be investigated (Table 15 and Table 16).  

Finally, the format of the CARDIAC ENDEAVOUR we used for gene prioritisation does not 

correspond entirely to the format described above: while all adaptations we discussed are 

available in CHDWiki, not all modifications were available when genes were selected for 

further studies. Furthermore, many of the public data sources used by ENDEAVOUR are 

http://homes.esat.kuleuven.be/~bioiuser/chdwiki/
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constantly updated. The genes we further analysed were selected from the prioritizations 

available when we started our analysis in August 2006, when the modifications described in 

chapters 2.3.3 and 2.3.4 (page 89) were not yet available . 

3.2. selection of genes from the prioritized lists of candidate genes 

Genes affected by imbalances that include a known CHD gene were prioritized as a 

positive control. For each imbalance, a known CHD genes ranked on the first place. In 

9q34.3, NOTCH1 ranked first and EHMT1 ranked fifth out of 106 genes. To identify novel 

CHD genes, genes from regions imbalanced in patients without a known CHD gene were 

prioritized by ENDEAVOUR using each individual training set. The results from each training set 

were combined in an overall prioritization by applying the same order statistics used in 

ENDEAVOUR. Obviously, obtaining a ranked list of candidate genes does not equal having a list 

of candidates, and we had to set criteria to select genes for further analysis:  

1. From each candidate list, the 2 highest ranking genes from the overall prioritization 

were selected.  

2. If the estimated penetrance of CHDs in similar aberrations was high (>25% or >50%), 

respectively the 3rd or 3rd and 4th ranking genes from the overall prioritization were 

selected. 

3. If the p-value for the highest ranking gene in any prioritization using an individual 

training sets was higher than the median p-value of the LOOCV of this training set, 

this first-ranked gene was also selected. 

4. Genes were removed from the candidate list if they were shown not to cause CHDs 

upon mutation in at least 2 independent reports (these include CHEK2, RS1 and 

CDKL5). 

In this way, we obtained a list of 22 genes for further analysis (listed in the next chapter in 

Table 16). 
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CHAPTER 6                 VALIDATION OF ENDEAVOUR RESULTS BY EXPRESSION 

ANALYSIS IN DEVELOPING ZEBRAFISH EMBRYOS 

1.  rationale for gene expression analysis in zebrafish 

In search of a high-throughput method to investigate the involvement of genes in cardiac 

development in vivo, we hypothesized that these can be distinguished from other genes by 

their expression pattern in the developing embryo, more specifically in the developing heart. 

The use of zebrafish as a model organism enables a fast and straightforward analysis of gene 

expression in multiple early developmental stages. Because of the high fecundity and the 

transparency of the developing embryo’s, gene expression can moreover be evaluated in a 

high-throughput manner. Moreover, and in contrast to the fruitfly and the nematode, 

zebrafish are vertebrae and have a heart that structurally is closer to the human heart. Many 

of their gene functions are conserved with humans. Indeed, genes that require correct 

dosage in human (cardiac) development mostly appear to have a conserved function in 

zebrafish (cardiac) development. 

2. design of gene expression analysis experiments 

mRNA expression was analyzed by whole-mount in situ hybridization of DIG-labeled RNA 

probes on zebrafish embryos fixed at distinct developmental stages. We analyzed all the 

orthologues of the selected genes (27 genes unknown and 9 genes known to be involved in 

CHDs) in three to six different stages of development that are key to cardiac development:  

12hpf heart cell specification 

18hpf initiation of migration to the midline 

22hpf arrival at the midline, heart cone stage 

30hpf heart elongation, looping 

36hpf initiation of chamber specification, valve formation 

48hpf valve formation 

Probes were synthesized as described in the Materials and Methods section. Nested PCR 

to amplify the DNA templates for probe synthesis was performed on a cDNA mix that was 

prepared from RNA extracted from embryos at the aforementioned developmental stages. 
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When we were unable to amplify a specific product, we assumed that the gene was not 

expressed at the stages under study and therefore not a key player in heart development. 

We managed to amplify probe templates for all 34 genes for which we were able to assign 

an orthologue. We were unable to identify an orthologue for 2 genes: ACTG1 (a gene now 

firmly implicated in hearing loss) and a hypothetical gene without an annotated name that is 

at present no longer annotated as a gene in Ensembl (Table 16).  

3. positive controls 

We first analyzed the expression of the 8 known CHD genes we identified. The results are 

summarized in Table 15. This analysis revealed that the zebrafish orthologues of three genes 

- NKX2-5, TBX1 and NOTCH1 - have a specific expression in the developing zebrafish heart 

(i.e., a restricted expression pattern that includes the developing heart) (Figure 23). tbx1 

expression in the developing zebrafish heart and branchial arches has repeatedly been 

described and we therefore did not reanalyze it in this study82,239. Since NKX2-5 and NOTCH1 

mutations cause isolated CHDs in humans, the remainder of the features present in the 

patients with the indel must be caused by other genes in the region, and these thus probably 

represent contiguous gene syndromes. 

Table 15: Imbalances encompassing known CHD genes and expression analysis of these CHD genes in the developing 
zebrafish heart 

imbalance 
(number of 

genes) 

ref  
 

CHD genes 
(prioritized 

rank) 

Human 
phenotype 

(MIM number) 

zebrafish 
orthologue 

Heart expression 
(36-48hpf) 

 
del5q23 

(125) 
58 

FBN2 
(1) 

congenital contractural 
arachnodactyly (121050) 

fbn2 
 

del5q35.1 
(45) 

58 
NKX2.5 

(1) 
ASD with AV conduction 

defects (108900) 
nkx2-5 

 
del5q35.3 

(129) 
58 

NSD1 
(1) 

Sotos syndrome  
(117550) 

nsd1 
 

del9q34.3 
(106) 

dup20q13.33 
58 

EHMT1 
(5) 

chromosome 9q 
subtelomeric deletion 

syndrome (610253) 

ehmt1a 
 

ehmt1b 
 

NOTCH1 
(1) 

aortic valve  
disease (109730) 

notch1a 
 

notch1b 
 

dup16p13.3 
(3) 

130 
CREBBP 

(1) 
Rubinstein-Taybi syndrome 

(180849) 
crebbp 

 
dup22q11.2 

(135) 
58 

TBX1 
(1) 

microduplication 22q11.2 
(608363) 

tbx1 
heart & 

branchial arches 

dupXq21.1 
(5) 

125 
ATRX 

(1) 

α-thalassemia/mental 
retardation syndrome,  

X-linked (301040) 
atrx 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=121050
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=108900
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=117550
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=610253
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=109730
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=180849
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=608363
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=301040
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Figure 23: mRNA expression of nkx2.5 in the developing zebrafish, showing expression in the (prospective) cardiac cells 
at all investigated developmental stages. Staging of the embryos was done by timed matings and development for a 
defined period (indicated in the lower left corner). Orientation of the embryo is indicated in the upper left corner. 
Arrows indicate early expression of nkx2.5 in cells migrate towards the midline that will form the heart (heart primordia). 

 
Figure 24: images of cbp mRNA expression is the developing zebrafish, demonstrating the ubiquitous nature of its 
expression. Legend as in Figure 23. 



Chapter 6 

98 
 

 

Mutations in EHMT1, ATRX, CREBBP, NSD1, and FBN2 cause syndromic CHDs in 

humans117,119,155,186,240. In our studies, the orthologues of these genes appeared to be 

expressed “ubiquitously” i.e. throughout the developing zebrafish without a specific 

expression restricted to the developing zebrafish heart (for example: cbp in Figure 24). This 

pattern is consistent with the multisystem involvement of the syndromes caused by 

mutations in these genes. Nevertheless, genes that cause syndromic CHDs (such as TBX1, 

which causes DiGeorge syndrome241) can have specific expression in the developing heart. In 

conclusion, in 3 of the 8 known CHD genes, the specific cardiac expression suggests 

involvement of the gene in cardiac development. Five out of six syndromic CHD genes show 

a ubiquitous expression. As we will show in the next section, such an expression pattern is 

common to many genes in the developing zebrafish, and most genes for syndromic CHDs can 

therefore not be identified by their expression pattern. 

4.  candidate genes 

4.1. genes identified by ENDEAVOUR 

The 22 candidate genes for CHDs that were selected using the cardiac ENDEAVOUR 

algorithm described above were analyzed in developing zebrafish embryos. Results are 

summarized in Table 16, and complete results can be consulted on CHDWiki on the 

respective gene pages (homes.esat.kuleuven.be/~bioiuser/chdwiki/). Two genes (hand2 and 

bmp4) showed a specific expression in the developing heart. hand2 is expressed at 12 hours 

post-fertilization (hpf) in the lateral plate mesoderm where the cardiac cells become 

specified. Later in development (22-48hpf) it is expressed in the primitive heart and the 

pharyngeal arches that give rise to the outflow tract and large vessels in humans (Figure 25). 

bmp4 is specifically expressed at 18hpf in the specified cardiac cells as they migrate towards 

the midline, later in the developing heart and at 36hpf at the regions where valve 

development initiates (Figure 26). Knock-out studies in mice have shown that both Bmp4 and 

Hand2 are required for cardiac development in a dosage-dependent manner242,243. They thus 

are strong candidates to cause - upon haplo-insufficiency by deletion - the CHD observed in 

humans carrying a deletion of this gene. Finally, vegfc (involved in angiogenesis) is  

expressed in the vasculature (dorsal aorta, dorsal cardinal vein). Lack of a detectable 
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expression in the developing heart prompted us however to discard this gene for further 

studies despite the established role of its paralogue (VEGFA) in ToF86. 

Table 16: Chromosomal imbalances that do not contain a known CHD gene and expression analysis in the developing 
zebrafish heart of high-ranked genes after gene-prioritisation. NA: not available; No ID: no name for this gene annotated 
by the Human Gene Nomenclature Committee (HGNC) 

Imbalance 
(number of 

genes) 
ref genes 

zebrafish 
orthologue 

Heart Expression 
 (36-48 hpf) 

 

del1p36.33 
(97) 

151
 

DVL1 dvl1 
 

TP73 tp73 
 

HES4 hes4 
 

SKI 
skia 

 

skib 
 

del4q34 
(41) 

153
 

HAND2 hand2 
 

HMGB2 
hmgb2a 

 

hmgb2b 
 

VEGFC vegfc 
 

del14q22q23.1 
(61) 

153
 

ARID4A arid4a 
 

DLG7 dlg7 
 

BMP4 bmp4 
 

OTX2 otx2 
 

dup17q25.3 
(78) 

NA 

No ID NA  

AATK 
aatka 

 

aatkb 
 

ACTG1 NA  

CSNK1D csnk1d 
 

FOXK2 
foxk2a 

 

foxk2b 
 

MAFG mafg 
 

del22q12.2 
(26) 

153
 

THOC5 thoc5 
 

EWSR1 
ewsr1a 

 

ewsr1b 
 

KREMEN1 kremen1 
 

delXp22 
(33) 

238
 

RAI2 rai2 
 

REPS2 reps2 
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Figure 25: hand2 mRNA expression in the developing zebrafish: expression in the (prospective) cardiac cells at all 
investigated developmental stages, as well as in the lateral plate mesoderm (12hpf), the ventral mesoderm (18hpf) , the 
branchial arches (30hpf and 36hpf (insert)) and the pectoral fin bud (36 & 48hpf). Legend as in Figure 23. 

 

 
Figure 26: bmp4 mRNA expression in the developing zebrafish: expression in the (prospective) cardiac cells from 18 to 
36hpf, as well as in the posterior epidermis and the rudimentary hatching gland (polster) (12hpf), the ventral mesoderm 
(18hpf), the developing eyes (18 to 30 hpf), branchial arches (30hpf), otic placode (30hpf to 48hpf) and heart valves (36 & 
48hpf) and pectoral fin bud (48hpf). Legend as in Figure 23. 



Validation of Endeavour Results by Expression Analysis in Developing Zebrafish Embryos 

101 
 

4.2. TAB2 

In a patient with a VSD, aortic coarctation and a hypoplastic aortic arch, we identified a 

de novo 6.76 Mb deletion in chromosome 6q24q25 (Figure 27, patient B). Several other 

patients with a CHD were reported with a deletion in the same region. In this study, we 

delineated the size and position of several of these deletions more precisely using aCGH 

(Figure 27A). Genotype and phenotype of these patients is described in Table 17. 

TAB2, a gene located in the critical deletion region on 6q25.1, ranked first after 

prioritization by the CARDIAC ENDEAVOUR in a set of 76 candidate genes from 6q25 (Figure 29B). 

The corresponding p-value (4.17 x 10-7) was highly significant. For no other gene in the 

critically deleted region, a significant p-value below 0.01 was obtained. Of interest, a 

collaborating group from Denmark studied a family (family A) in which TAB2 is disrupted by a 

translocation breakpoint (Figure 27B). This translocation was found in 3 related individuals 

with a CHD (Aortic valve malformation), arrhythmia or cardiomyopathy (Figure 29A).  

Whole-mount in situ hybridizations on wild-type zebrafish embryos that were staged 

and paraformaldehyde-fixed revealed ubiquitous tab2 expression early in development 

(12hpf). Later in development a more restricted expression pattern was observed, with high 

expression in the developing bulboventricular valve, the dorsal aorta and common cardinal 

vein (Figure 28). The expression in the bulboventricular valve of the zebrafish (equivalent of 

the human aortic valve) further strengthens a role for TAB2 in causing the CHD in patients 

with a 6q25 deletion.  



 

Table 17: Reference of description, genotype and phenotype of patients with a molecularly delineated deletion of chromosome 6q24 and/or 6q25 

 

ref
a
 

breakpoint regions  
on chromosome 6 (Mb) 

  phenotypic features 

 proximal distal heart defect 
develop-
mental 
delay 

micro- 
ceph 

IUGR PNGR CNS oral eye hearing Dysmorphism 

A * 
 translocation 

  
AS,  arrhythmia, 
cardiomyopathy 

N N N  nl nl nl nl N 

B *  143.71-143.80 149.98-150.25  
VSD, hypopl AoA, 

CoAo 
mild-mod  ? Y Y nl nl strabism / Hypospadias, epicantic folds, small chin, small ears,  

C *,I1  142.34-142.35 152.48-152.49  
tricuspid & 

pulmonic valve 
dyspl, mvp 

mild  N Y Y nl nl astigmatism / 

Frontal bossing, bitemporal narrowing, PF short & slant 
up, hooded eyelids, sparse eyelashes, infraorbital folds, 
anteverted nares, thin upper lip , fetal pads (hands), low 

set dyspl ears 

D *,I2  146.17-146.18 156.55-156.59  ASD-II mild N Y Y / nl 

retinal pigment 
changes, 

minimal optic 
nerve hypopl 

/ 

Sacral dimple, narrow thorax, frontal bossing, 
bitemporal narrowing, PF short & slant up, sparse 

eyelashes, infraorbital folds, anteverted nares, thin 
upper lip, flat long philtrum, low posterior hair line, low 

set dyspl ears 

E II 148.70-148.78 151.38-151.35 ASD, PDA mild N N Y nl HP nl nl 
Facial asymmetry, short PF, medial flare eyebrows, 

anteverted nares, thin upper lip, long & smooth 
philtrum, sandal gap, dyspl ears, cupshaped left ear 

F III1 149.09-149.23 156.06-156.30  VSD mild  / N Y / nl / / 
Short nose, full cheeks, smooth philtrum, thin upper lip, 

almond eyes, low set protruding ears, dyspl left ear  

G IV 151.98-152.03  155.29-155.34  N  / / / / nl CLP / / / 

H V3 149.95-149.96 160.27-160.28 N Y Y N Y Acc HP, BU / mild cHL 
Midface hypopl, clinodact 5, plagiocephephaly, low set, 

posteriorly roated ears 

I *,I3 140.33-140.35 146.47-146.48 N N N Y Y Nl nl / nl N 

J VI 151.16-152.37 157.79-158.68 N mild-mod Y N Y Acc CHP nystagmus / Dolichocephaly, anteriorly placed anus, low set ears 

K V1 155.09 158.87-158.88 N Y Y N N /  N N  snHL 
Long philtrum, micrognatia, PF slant down, epicanthus, 

low set ears 
a 

*: this report; I:Nowaczyk
244

; II: Caselli
245

; III: Bisgaard
246

; IV: Osoegawa
247

; V: Nagamani
247

; VI: Pirola
248

. 
N = no, Y = yes, / = not available, nl = normal; heart defects as in Abbreviations and Acronyms 
Acc = Agenesis of the corpus callosum, BU = bifid uvula, CHL = conductive hearing loss, CHP = cleft and high palate, CLP = cleft lip and palate, CNS = Central nervous system, 
dyspl = dysplastic, HP = high palate, hypopl = hypoplasia, IUGR = intra-uterine growth retardation. LS = low-set, mod = moderate, PNGR = post-natal growth retardation, 
SNHL = sensorineural hearing loss, PF = palpebral fissures. 



 

 

Figure 27: A: molecularly delineated deletions affecting the chromosomal region 6q24q25. Genotypes of patients B, C, D 
and J were further delineated in this study. Deletions associated with CHDs are depicted in dark red, while light red 
denotes deletions without CHDs. Regions containing deletion breakpoints are shown in grey. The critical region for CHDs 
is demarcated by a light red box and shown in more detail in B. B: The critically deleted region, and the location of the 
breakpoint on 6q of the translocation segregating with CHD in family A. The location and orientation of the genes in this 
region is indicated by the arrows. All CHD patients that carry a deletion in this region have a deletion that includes TAB2. 

 

Figure 28: A: mRNA expression of tab2 in the developing zebrafish at distinct developmental stages (indicated in the 
lower left corner). B: Magnification showing expression of tab2 in the dorsal aorta and common cardinal vein. C: cross 
section through the hindbody of a zebrafish at 30hpf, showing restricted expression in the dorsal aorta and common 
cardinal vein. D: expression of tab2 in the bulboventricular valve at 48 hpf (arrow). 
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Figure 29: A. pedigree of family A, where a balanced translocation segregates with congenital heart disease (as coded in 
the box). B. prioritization of all 76 genes of 6q25, showing high ranking of TAB2 in all models, and first-place ranking in 
the combined prioritization. 
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CHAPTER 7                          SEQUENCING NOVEL CANDIDATE GENES FOR CHDS 

From our studies described in the previous chapters, we identified three strong 

candidate genes for CHDs: BMP4, HAND2 and TAB2. In an attempt to prove the involvement 

of these genes in human heart development and the pathogenesis of CHDs, we decided to 

investigate the presence of mutations in these 3 genes in patients with a CHD. The function 

of each gene is also briefly discussed in order to situate where in cardiac development they 

(may) function.  

1. BMP4 

BMP4 (bone morphogenetic protein 4) encodes a signaling molecule of the TGF-β family, 

and has been reported to be involved in mesoderm induction, tooth, limb, bone, eye and 

heart development242,249,250.  Much effort has been put into the investigation of the 

phenotype caused by Bmp4 mutations in mice. Bmp4+/- x wildtype intercrosses resulted in 

heterozygote frequencies below the expected mendelian ratios at weaning. 25% of Bmp4+/- 

died within 3 weeks after birth, and Bmp4+/- mice were affected to a variable degree and 

with a limited penetrance by cystic kidneys, polydactyly, and craniofacial, eye, male gland 

and heart defects242,250.  

Recently, a loss-of-function BMP4 mutation was identified in a family with 6 individuals 

with autosomal dominantly inherited eye and hand malformations. The phenotypic 

expression of this mutation was highly variable (ranging from myopia to microphthalmia and 

from cutaneous webbing of the fingers to postaxial polydactyly, with occasionally also brain 

malformations) and the penetrance was reduced251 (as was reported for the heterozygous 

mice).  

Only one out of eleven Bmp4+/- mice was reported to have a VSD, indicating variable 

penetrance of CHDs in mice. Also in humans, CHDs may be a rare manifestation of 

haploinsufficiency of BMP4: no CHDs were reported in the family with a BMP4 mutation, and 

only one out of the six 14q22 deletion patients reported had a cardiac involvement138,251-254. 

These data indicate that BMP4 mutations may be a rare cause for CHDs. Several groups have 

searched for BMP4 mutations in humans with CHD. In over 200 isolated CHD patients, no 

mutations were detected thus far (Prof. J. Goodship, University of Newcastle, UK, personal 
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communication and reference 78). However, given the phenotype of the BMP4 mutation 

observed in the single family, BMP4 mutations are more likely to be found in patients with 

hand and eye malformations, possibly associated with a CHD, rather than in isolated CHD 

patients. We analyzed 6 CHD patients with eye or hand malformations from our center for 

which DNA was available, but no mutations were identified 

2. HAND2 

HAND2 (Heart- and neural crest derivatives-expressed protein 2) encodes a transcription 

factor of the basic helix-loop-helix domain family. It plays a role in heart development and 

homozygous knockout of the gene in mice causes heart defects. Hand2 displays partial 

redundancy with Hand1: heterozygous KO of Hand2 in mice does not result in an overt 

phenotype, but heterozygous KO of Hand2 in mice with a heart-specific homozygous KO of 

Hand1 causes severe cardiac defects and death at E10.5. When 2 or more alleles of the 

paralogues (Hand2 and Hand1) are knocked out, mice develop cardiac defects (except in 

Hand1/Hand2 double heterozygote mice)243,255. Although these data suggest that HAND2 is a 

dosage-sensitive gene, the absence of cardiac malformations in Hand2+/- mice indicate that 

Hand2 is not dosage-sensitive upon haplo-insufficiency in mice.  

To investigate whether HAND2 mutations are responsible for CHDs in humans, we 

sequenced the coding part of the gene, the annotated miRNA-1-1 binding site in the 3’ 

UTR256 and the intron-exon boundaries in 35 patients with an isolated ASD. No pathogenic 

mutations were detected.  

In two patients, the same nucleotide alteration was detected: in the polypyrimidine 

stretch between the branching site and the 3’ splice site of the only intron of HAND2, there 

was a change from G to C (AC093849.2(HAND2):g.135915G>C). This is not an annotated 

polymorphism. This change is predicted to render the polypyrimidine stretch slightly less 

conforming to the consensus sequence. However, this is most likely a non-pathogenic 

mutation, as mutations of this stretch have never been shown to cause a genetic disorder257. 

3. TAB2 

In contrast to HAND2 and BMP4, a role for TAB2 in heart development has not previously 

been reported.  We will therefore discuss in more detail the roles of this protein and its 

binding partners. 
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3.1. structural and biochemical properties 

TAB2 (TAK1-binding protein 2, also known as MAP3K7IP2) encodes a protein that 

associates with a member of the mitogen-activated protein kinase family, TAK1 (TGF-β 

activated kinase, also known as MAP3K7)258. The C-terminal coiled coil domain of TAB2 can 

bind TAK1258, but TAB2 can also associate with itself or its paralogue TAB3259. The N-terminal 

CEU domain of TAB2 (coupling of ubiquitin conjugation to ER degradation) enables TAB2 to 

bind ubiquitinated proteins260. TAB2-TAK1 or TAB3 TAK1 complex formation and the coupled 

TAK1 activation is initiated by polyubiquitination of upstream signaling molecules260-262. 

TAK1 probably activates itself and downstream cascades of kinases by autophosphorylation 

on Thr-187 and/or Ser-192. TAK1 autophosphorylates when it is over-expressed in vitro 263, 

but it is assumed that under physiological conditions, this activation is enhanced or enabled 

by complex formation with the TAB proteins264,265.  

 

Figure 30: Protein domains of the TAK1 protein and the TAB proteins, and regions of interaction between these proteins.  

The redundancy of TAB2 with TAB3 for TAK1 activation is still a matter of debate, and 

both likely play partially overlapping roles in different cell types and different pathways. 

TAB2 has been shown to be essential for TAK1 activation in mouse embryonic fibroblasts 

(MEFs) and MEK-293 cells262 while in HeLa cells functional redundancy between TAB2 and 

TAB3 was demonstrated by co-knockdown259. Similarly, TAK1 was shown to be essential for 

response to TLR signaling in B-cells and IL-1- and TNF-response in MEFs.  

TAB1 is not homologous to TAB2, and contains a PP2C (Protein phosphatase 2C) 

domain. TAB1 constitutively interacts with TAK1. TAB1 is able to activate TAK1 upon 

overexpression, but it is unlikely that TAB1 interaction is sufficient for TAK1 activation under 

physiological conditions. TAB1 is however shown to be essential for TAK1 activation upon 

some signals263. Although binding of TAB2 and TAB1 to TAK1 are not mutually exclusive, it is 

for the moment still unclear if both play partially redundant and independent roles in TAK1 

activation, or whether both are necessary for TAK1 activation. TAB4 (also known as TIPRL), is 

a protein distantly related to TAB1. It has recently been discovered That it can have a role in 

TAK1 activation similar to and/or cooperatively with TAB1266.  
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Figure 31: proposed model for TAK1 activation: TAB2 (or TAB3) proteins oligomerize upon upstream signaling, and bring 
together TAK1 proteins, that  (aided by TAB1)  are activated by autophosphorylation (after Chen

267
). 

3.2. roles in cell biology and signal transduction 

Numerous studies have investigated the signals that function upstream of TAK1 and 

TABs, and the roles of TAK1 and the TABs in the transduction of these signals to the vast 

array of downstream effectors. The results are summarized below. Most attention has been 

devoted to their role in the inflammatory and innate immune response, where TAK1 was 

shown to be responsible for the phosphorylation activation of IKK (causing NF-κB activation), 

JNK and p38 upon signaling by several ligands (cytokines like IL-1, TNF, LPS, or antigens) via 

the IL1 receptor, the TNF receptor, the TLR4 receptor or the T and B cell receptors 

respectively. These signals directly or indirectly cause (auto-) polyubiquitination of proteins 

like TRAF6 or TRAF2, providing a scaffold for binding with TAB2 and/or TAB3262. The 

TRAF2/6-TAB2/3 complex probably translocates to the cytosol to associate with TAK1-TAB1 

and cause TAK1 activation258. For a review on this subject we refer to a recent paper by 

Chen267.  

 
Figure 32: roles of the TAK-TAB complex in transduction of extracellular signals to the nucleus. From left to right: binding 
of extracellular ligands to membrane-bound receptors causes recruitment and activation of membrane-associated 
proteins. At the receptor, in the cytosol or in the nucleus, these signals activate the TAB-TAK complex. This complex can 
transduce signals to a variety of molecules  that effectuate or modulate transcription of downstream target genes. 
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Several cell-based studies also clearly demonstrated roles of TAK1 besides inflammation, 

mainly in NLK (NEMO-like kinase) phosphorylation activation upon TGF-β or Wnt5a signaling. 

Active NLK can associate with NF-κB, CHD7 and/or TCF/LEF causing a decrease in β-catenin 

(canonical Wnt) and/or PPAR-γ-mediated transcription268,269. On the other hand, it was 

shown that Wnt5a signaling can also cause CaMKII activation, leading in turn to TAK1-TAB2 

activation and NFAT signaling270. Finally, TAB2 was also shown to function in the nucleus in a 

repressor complex together with the p50 NF-κB, HDAC3 and N-CoR, where it (upon 

activation) exports HDAC3 from the nucleus, thereby relieving its repressive mark271.  

3.3. roles in development 

Studies using Tak1-/-, Tab1-/- and Tab2-/- knockout mice have shown that Tak1, Tab1 and 

Tab2 are essential for a normal embryonic development.  

Tak1 is expressed ubiquitously early in development (E8), while expression is more 

restricted to specific organs later in development (nervous system, testis, kidney, liver, lung, 

pancreas and gut). Tak1-/- mice die around E10.5 to E12.5 with neural tube 

dysmorphogenesis and vascular defects 272,273. Several mice with a tissue-specific modulation 

of Tak1 activity were also generated. Most notably, Xie and colleagues reported on mice 

with cardiac-specific expression of a dominant-negative Tak1, showing that inhibiting Tak1 

function in the heart leads to altered electrical conduction (shortened PR interval), impaired 

ventricular filling and cardiac hyperthropy274. They also discussed unpublished results that 

cardiac-specific deletion of Tak1 causes death at mid-gestation274. Zhang and colleagues 

reported on mice with cardiac-specific expression of activated Tak1, showing that they 

develop cardiac hypertrophy275. These combined results demonstrate that Tak1 is required 

for proper heart development, and that an increase or decrease of Tak1 signaling in the 

heart leads to cardiac disorders. In addition to this, tissue or time specific deletion of Tak1 

showed its requirement in the T cells, B cells, keratinocytes, epidermis, enterocytes  and 

hepatocytes276-281. 

Tab1 is expressed ubiquitously at mid gestation, and strongly at E12.5 in the heart 

ventricle and the lung mesenchyme282. Tab1-/- mice die at late gestation (around E18.5), and 

have cardiovascular and lung developmental defects. The aorta appeared thin and 

histologically disorganized. The heart ventricle displayed a thin wall, frequently VSDs, 

aberrant trabeculation and abnormal blood vessels.  Expression of Nppa was decreased282. 
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Tab2 shows a high expression in the fetal liver at E9.5283, and in the dorsal aorta at 

E12.5284. Throughout heart development, Tab2 is significantly more expressed in the 

developing heart than its homologue Tab3, suggesting Tab3 is not redundant with Tab2 for 

heart development (Figure 33). Tab2 is expressed ubiquitously in the adult mouse283, with 

higher expression in the liver and heart. Tab2-/- mice die around E12.5 and display severe 

liver degeneration, with increased hepatocyte apoptosis. Interestingly, 70% of Tab2+/- mice 

die within 1 week after birth, but the reason for this increased mortality is unknown283. 

 
Figure 33: Tab2 (dark) and Tab3 (light) mRNA expression in the developing mouse heart (atrium and ventricle separately) 
on 7 different time points, as measured by micro-array expression analysis (data derived from GEO: GSE1479). Results 
from 3 replicates are displayed (data points), as well as averages per condition (lines). 

3.4. dosage-sensitivity in zebrafish 

To investigate if the tab2 gene is also dosage-sensitive in zebrafish and if it is involved in 

heart development, we knocked down its expression by injecting a morpholino (MO) 

directed against the splice acceptor site of the second (largest) coding exon (exon 3) into the 

yolk of embryos before they were at the 4-cell stage (Figure 34A). Analysis of this knock-

down on mRNA extracted at 8hpf demonstrated that injection of between 2 and 3 ng of MO 

resulted in halving the amount of correctly spliced mRNA (Figure 34D). PCR using primers in 

exons 1 and 7 yielded 3 bands, of which 2 correspond to the wild-type situation. Sequencing 

the additional band revealed that exon 3 was absent from the new transcript. This is 

predicted to result in a premature stop codon after 6 nucleotides of exon 4 (Figure 34A). 

With less than 5% of the wild-type protein transcribed, this most likely represents a loss of 

function situation. To confirm this and to assess specificity of the phenotype, a second MO 

was injected that is directed against the translation start site of the tab2 gene. This 

translation-blocking MO (tbMO) yielded a similar phenotype as the sbMO, showing 

specificity of the knockdown. A phenotype was observed when the percentage of normal 

mRNA was below 60%, i.e. after injection of 2 ng of sbMO. This demonstrates that also in 
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zebrafish the tab2 gene is dosage sensitive, corresponding to the haplo-insufficiency in the 

human (Figure 34B and D).  

 

 

 
           Class I                      Class II                   Class II                     Class III  
 

 
           Class I                      Class II                   Class III                    Class IV 

 

 
Figure 34: A: genomic organization of the tab2 gene in the zebrafish. The position of all exons and the composition of the 
alternative transcripts is indicated. Coding sequences are indicated as black bars, non-coding sequence as red.  The target 
sites of the sbMO and the tbMO used in this study are indicated by blue double arrowheads. The alternative transcript 
generated by sbMO injection is indicated below (blue introns). B: effect of sbMO injection on tab2 mRNA splicing. C: 
phenotypes upon MO injection after 12hpf. In the middle, a cartoon illustrating the delayed progression of the yolk 
syncytial  layer in 12hpf embryos. D: classification of embryos at 12hpf after sbMO injection at the dose as indicated on 
the X axis. Classification follows panel C. E: phenotypes upon MO injection after 20hpf. D: classification of embryos at 
20hpf after sbMO injection at the dose as indicated on the X axis. Classification follows panel E.  
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The morphant embryos displayed early embryological defects (delayed epibolic 

movements during gastrulation). They further developed into abnormal larvae that were 

shorter, had a curved tail, abnormal somites, a dysfunctional heart and small head. The early 

defects observed in these embryos preclude a conclusive analysis of the effect of tab2 

knockdown on zebrafish heart development: although the hearts of morphant larvae were 

abnormally structured and displayed heart failure, we cannot exclude that these effect are 

secondary to the earlier defects in gastrulation. Other reports have similarly shown that 

knock-out of certain genes causing isolated heart defects in humans causes a much broader 

phenotype in zebrafish84. Probably tab2 has other roles during zebrafish development, for 

example in the epibolic movements that have no direct correlate in mammalian 

development. Nevertheless, the clear dosage-sensitivity of tab2 in zebrafish again 

demonstrates that a defined dosage of tab2 is required for normal development. 

3.5. TAB2, a dosage-sensitive candidate gene for CHDs 

In the previous chapters, we have shown that TAB2 lies within a critical, 1.25Mb region 

on chromosome 6q that is associated with CHDs. Gene prioritization pinpointed TAB2 as the 

best candidate gene for CHDs amongst all genes that lie within about 10Mb of TAB2. 

Moreover, TAB2 is disrupted by a translocation in 3 individuals with congenital heart disease. 

These data suggest that human heart development is sensitive to dosage of TAB2. Also in 

mice, normal Tab2 dosage is essential for survival, although no cause for the increased 

mortality in haplo-insufficient mice could be identified. Tab2 is expressed in the heart and 

aorta of the developing mouse, and  - like the expression of many other genes causing 

isolated CHDs - this expression is conserved in zebrafish. Also in zebrafish, tab2 is dosage-

sensitive. Also TAB1 is required for proper heart development. Biochemical studies have 

shown that TAB2 is an essential mediator of TAK1 activation in some tissues, and 

embryological studies have shown that - for proper heart development - TAK1 activity is 

regulated within a defined range. Of interest, we identified a TAK1 duplication in a girl with a 

pulmonic stenosis (data not shown). This duplication was inherited from her normal mother. 

Her brother had died early in childhood from a severe pulmonic valve stenosis as well, and 

was thus unavailable for study.  

Taken together, these data suggest that normal TAB2 gene dosage is required for human 

heart development. In an attempt to provide more conclusive evidence, we sequenced the 
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coding sequences and intron-exon boundaries of the TAB2 gene in 100 patients with isolated 

CHDs (pulmonic or aortic stenosis). We did not identify any pathogenic mutation. The 

identified synonymous SNPs were in Hardy-Weinberg equilibrium and were present in 

frequencies comparable to those reported in a European control population. This lack of 

demonstrable mutations in TAB2 is not entirely surprising, since other studies for other 

cardiac genes have shown that mutations causing CHDs are very rare. 
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CHAPTER 8                                                 CONCLUSIONS AND FUTURE PROSPECTS 

In the present work we have investigated whether cryptic chromosome imbalances are a 

frequent cause for CHDs. We introduced a novel genome-wide copy number profiling tool 

(aCGH) and showed that it enabled a reliable detection of such imbalances at a resolution far 

surpassing the resolution of metaphase karyotyping. The application of this technique in 

patients with a syndromic CHD greatly enhances the chance of finding an etiological 

diagnosis. More precisely, in 20% of them, a pathogenic submicroscopic imbalance can be 

demonstrated. The correct delineation of chromosome aberrations by aCGH also entails a 

more accurate characterization of the genotype of the patient, permitting a more 

personalized, specific genetic diagnosis. A diagnosis is of the utmost importance for the 

follow-up of the patients and their families, as it allows more accurate counseling of patient 

and parents regarding recurrence risks and the anticipated mental and physical 

development. In some cases it also impacts treatment of the patients as complications 

associated with certain genetic conditions can be prevented or managed from a subclinical 

stage. This impact depends however largely on prior knowledge, which is based on the 

experience of clinicians with patients that have similar conditions, and for this reason we 

have also published detailed reports on the genetic and clinical characteristics of some 

specific patients.  

We showed that the application of higher-resolution platforms enables the genome-wide 

identification of (indel) mutations of single genes (e.g. in FOXC1 or ATRX), but that this 

increased resolution is accompanied by an unexpected complexity in the evaluation of their 

causality. Based on our experiences with these high-resolution genome-wide screening 

techniques, we predict that the eminent introduction of methods that identify (indel) 

mutations genome-wide at a kilo-base or base-pair resolution will not only be accompanied 

by significant technical challenges concerning processing and management of the output, 

but that they will also cause tremendous challenges for the identification and interpretation 

of causal mutations. This challenge is illustrated clearly by the recent sequencing of the 

diploid genome of a healthy Asian male. The authors demonstrated that an astonishing 0.42 

million single nucleotide mutations they identified in one genome were undescribed, as 

were over 80.000 indels and other structural genome mutations285. We and other have 



Chapter 8 

116 
 

demonstrated that the identification of a de novo (chromosome) mutation is insufficient to 

provide a diagnosis, and we confirmed that inherited mutations can also contribute to 

disease. It is moreover unknown at this time at what frequency these de novo mutations 

arise in each generation. Sifting through such numbers of uncharacterized mutations in a 

single patient to establish a diagnosis will present challenges for clinicians, technicians, bio-

informaticians and biologists alike, and will require close collaboration between these 

disciplines and between research teams worldwide. We expect that open access platforms 

like the CHDWiki portal we developed will aid in diagnostic decision making by pooling and 

structuring clinical, genetic, cytogenetic and biological knowledge and by rendering it 

accessible, editable and minable in a straightforward way to people working in each of these 

disciplines. When no or many known genes are found to be mutated in these studies, 

prioritizing valuable candidate genes will be a challenge, and tools such as ENDEAVOUR are 

seminal in laying the foundations to perform such tasks. 

The identification of (chromosome) mutations that predispose to rather than cause 

syndromic disorders highlights another challenge in the interpretation of a patient’s 

genome: the monogenic view on some genetic disorders is probably too simplistic. The way 

combinations of mutations converge to cause disorders is a field that is just beginning to be 

explored. The advent of high-resolution genome profiles will open this field rapidly, but in 

order to advance, a clear insight in the contribution of different genes and mutations to the 

pathology needs to be established. A systems-biology approach that entangles the relations 

between genes seems necessary to enable assessment of how several mutations (and 

environmental factors) can disturb the biological networks that underlie development. 

The identification of submicroscopic indels in syndromic CHD patients enables positional 

cloning of genes responsible for isolated and syndromic CHDs. We detected many 

imbalances that affect genes known to cause CHDs. Accordingly, regions identified in this 

way that do not contain known genes for CHDs represent novel candidate loci.  Because 

some loci (e.g. on 4q, 22q12 or 6q25) are recurrently associated with CHDs, the burden of 

proof on these regions is much stronger, and these are unlikely not to contain novel genes 

responsible for CHDs. The use of advanced database mining strategies like ENDEAVOUR aids in 

selecting valuable candidate genes from these loci, and we showed that there is room for 

improvement by tailoring these tools to the needs of the underlying clinical or scientific 

question. This highlighted to us a need for an unbiased and genome-wide characterization of 
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how (heart) development proceeds at the molecular level, and how these processes are 

disturbed in specific disorders. Methods to tackle such questions are increasingly becoming 

available, and the generated output can undoubtedly leverage not only a better 

prioritization of candidate genes, but especially a better characterization of genes, to 

understand gene networks and how these are disturbed in specific disorders. On 6q25, 

CARDIAC ENDEAVOUR identified TAB2 as the best candidate gene for causing heart defects, and 

follow-up and literature studies confirmed that this is indeed an excellent candidate. In other 

regions, genes known to be involved in heart development (BMP4 and HAND2) were 

similarly identified.  

We have used expression analyses in zebrafish embryos to identify the most valuable 

candidates from a group of high-ranked candidate genes. We hypothesized that genes 

responsible for human CHDs can be discriminated by their expression pattern in the 

developing zebrafish, and verified this by analyzing the expression of positive controls: genes 

that were affected by imbalances and that were known to be associated with CHDs. Our 

hypothesis proved true only for a subset of these genes: genes involved in syndromic forms 

of CHDs mostly showed a ubiquitous and thus uninformative expression pattern. This 

pattern is not surprising given the multi-systemic nature of the associated disorders. But as 

we started from regions identified in patients with syndromic forms of CHDs, this 

represented a true impediment: if the unknown CHD-associated gene causes a syndromic 

CHD, expression patterns often are non-informative. Nevertheless, positive control genes 

that are involved in isolated CHDs displayed a specific expression in the developing heart, 

and genes that showed a specific expression in the developing zebrafish heart were 

considered good candidate genes. Only 2 out of candidate 24 genes displayed such a 

pattern: BMP4 and HAND2. Comfortingly, both genes were already known to be involved in 

mammalian heart development through studies in mice. Despite the aforementioned 

impediment, we consider a positive result of the gene expression analysis to be a strong 

argument in favor of the  involvement of the gene in CHDs. Expression studies in zebrafish 

moreover enable a fast and high-throughput selection of candidate genes.  

Finally, we have identified a novel candidate gene for CHDs: TAB2. This gene is deleted in 

multiple patients with CHDs, is located in the critical deletion region and is ranked first as a 

candidate gene amongst over 100 genes from the region. Haplo-insufficiency of this gene is 

described to be associated with a high mortality in newborn mice, and we have shown that 
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haplo-insufficiency is associated with developmental defects in zebrafish. Although we could 

not identify pathogenic mutations in a group of 100 patients with isolated heart defects, 

others did find a disruption of this gene co-segregating with CHDs in a small family. We 

therefore believe TAB2 haplo-insufficiency causes CHDs. 
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ABBREVIATIONS AND ACRONYMS 

aCGH array comparative genomic hybridization aCGH  

AEPC association of European pediatric cardiologists 

AP alkaline phosphatase 

AR androgen receptor 

AS Aortic stenosis 

ASD atrial septal defect 

ATRX alpha-thalassaemia/mental retardation, X-linked 

AUC area under the curve 

AV atrioventicular 

AVSD atrioventicular septal defect 

BAC bacterial artificial chromosome 

BAV bicuspid aortic valve 

CBS circulary binary segmentation 

CCRs Complex chromosomal rearrangements 

CFC cardio-facio-cutaneous 

CHDs Congenital heart defects 

CiCRs complex intrachromosomal rearrangements 

cM centiMorgan 

CNP copy number polymorphism 

CNV copy number variant 

DCM dilated cardiomyopathy 

DIG digoxigenin 

DNA deoxyribonucleic acid 

DOP degenerate oligonucleotide primed 

E embryonic day 

FISH fluorescent in situ hybridisation 

GEO gene expression omnibus 

GO gene ontology 

HLH hypoplastic left heart 

hpf hours post fertilization 

LCRs low copy repeats 

LOOCVs leave-one-out cross-validations 

LV left ventricular 

LVNC left ventricular non-compaction 

Mb Megabase 

MCA multiple congenital anomalies 

MC/DA Monochorionic diamniotic 
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MEFs mouse embryonic fibroblasts 

MO morpholino 

MR mental retardation 

MRI magnetic resonance imaging 

NAHR non-allelic homologous recombination 

OMIM online mendelian inheritance in man® 

PAC p1-derived artificial chromosome 

PAPVC partially anomalous pulmonary venous connection 

PCR polymerase chain reaction 

PDA patent ductus arteriosus 

PS pulmonic stenosis 

PTA patent truncus arteriosus 

RMA robust multi-array average 

RNA ribonucleic acid 

ROC Receiver Operator Characteristic 

rpm rounds per minute 

RR relative risk 

RSTS Rubinstein-Taybi syndrome 

TGA transposition of the great arteries 

ToF tetralogy of Fallot 

TTT twin-to-twin transfusion 

UTR untranslated region 

VACTERL Vertebral anomalies, Anal atresia, Cardiovascular anomalies, Tracheo-

esophageal fistula, Esophageal atresia, Renal and preaxial Limb 

anomalies 

VSDs ventricular septal defects 

WISH whole-mount in situ hybridisation 

α-DIG-AP anti–digoxigenin antibody conjugated to alkaline phosphatase 
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