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Abstract
Array comparative genomic hybridization (aCGH) has led to
an increased detection of causal chromosomal imbalances
in individuals with congenital heart defects (CHD). The introduction of aCGH as a diagnostic tool in a clinical cardiogenetic setting entails numerous challenges. Based on our own
experience as well as those of others described in the literature, we outline the state of the art and attempt to answer a
number of outstanding questions such as the detection frequency of causal imbalances in different patient populations, the added value of higher-resolution arrays, and the
existence of predictive factors in syndromic cases. We introduce a step-by-step approach for clinical interpretation of
copy number variants (CNV) detected in CHD, which is primarily based on gene content and overlap with known chromosomal syndromes, rather than on CNV inheritance and
size. Based on this algorithm, we have reclassified the detected aberrations in aCGH studies for their causality for syndromic and non-syndromic CHD. From this literature over-
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view, supplemented with own investigations in a cohort of
46 sporadic patients with severe non-syndromic CHD, it
seems clear that the frequency of causal CNVs in non-syndromic CHD populations is lower than that in syndromic CNV
populations (3.6 vs. 19%). Moreover, causal CNVs in non-syndromic CHD mostly involve imbalances with a moderate effect size and reduced penetrance, whereas the majority of
causal imbalances in syndromic CHD consistently affects human development and significantly reduces reproductive
fitness.
Copyright © 2011 S. Karger AG, Basel

Congenital heart disease (CHD) is a major cause of infant morbidity and mortality. The clinical outcome is
largely dependent on the severity of the defect, the presence of extracardiac anomalies, and surgical complications. Congenital heart defects arise from an abnormal
heart development, induced either by environmental influences [Jenkins et al., 2007], by an altered gene dosage
or function [Bruneau, 2008], by stochastic factors [Kurnit
et al., 1987], or by combinations thereof. CHD patients
with a second major anomaly, developmental delay, or
dysmorphism are considered syndromic and represent an
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estimated 22% of the total cohort [Oyen et al., 2009]. Human genetic studies have implicated mutations of numerous genes and chromosomal regions in isolated or syndromic CHD, which we have compiled in CHDWiki, a
community repository based on Wiki-technology (http://
homes.esat.kuleuven.be/⬃bioiuser/chdwiki/index.php/
Main_Page) [Barriot et al., 2010]. Thus far, nucleotide mutations in over 20 genes have been implicated in sporadic
or familial non-syndromic CHD and over twice as many
in syndromic CHD. Array comparative genomic hybridization (aCGH) has lead to an increased detection of causal chromosomal imbalances in individuals with CHD.
While the contribution of chromosomal imbalances to
the genesis of syndromic CHD is now well established
[Krepischi-Santos et al., 2006; Thienpont et al., 2007a;
Richards et al., 2008; Breckpot et al., 2010], their implication in non-syndromic CHD is far less understood.
This review discusses some of the challenges that arise
upon the introduction of aCGH as a diagnostic tool in a
clinical cardiogenetic setting. Based on our own experience as well as those of others described in the literature,
we outline the state of the art and attempt to answer a
number of outstanding questions, such as the detection
frequency of causal imbalances in different patient populations, the added value of higher-resolution arrays, the
existence of predictive factors in syndromic cases and,
importantly, decision trees used for the interpretation of
detected imbalances.

Challenges of Copy Number Variant Interpretation

Interpretation of the clinical significance of copy
number variants (CNVs) is challenging, as infrequent
disease-causing copy number changes should be distinguished from the abundant CNVs without obvious major
clinical significance. Initially, and even still today, many
algorithms used to interpret molecular karyotyping results rely heavily on the de novo nature of chromosomal
imbalances as a primary selection criterion for causality
[Greenway et al., 2009; Koolen et al., 2009]. This criterion
was erroneously extrapolated from experience with metaphase karyotyping, where it was noted that the large, cytogenetically visible (5–10 Mb) deletions or duplications
under investigation were virtually absent from the normal population and arose de novo in nearly all patients
in which they were detected.
Novel copy number profiling techniques such as
aCGH revealed that this no longer holds true at higher
resolution: several examples from literature have demon2
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strated that de novo CNVs found in patients are not necessarily causal [Itsara et al., 2010; Vermeesch et al., 2011],
and imbalances 1100 kb have shown to arise de novo in
11% of normal individuals [Sebat et al., 2007]. Nevertheless, de novo CNVs are found more frequently in some
disease cohorts (such as syndromic CHDs) than in normal controls. Lack of inheritance is thus a valid yet insufficient argument in favor of causality.
At the flip-side of this coin, also inherited CNVs can
cause a patient’s phenotype [Mefford et al., 2008], typically in disorders with reduced penetrance and variable
expressivity [Manolio et al., 2009]. This is similar to point
mutations in many cardiac genes, such as NKX2.5,
GATA4, and NOTCH1 [Wessels and Willems, 2010]. Because of this reduced penetrance, clinically significant
CNVs will also be found occasionally in the normal population [Mefford et al., 2008]. Nevertheless, common
CNVs (copy number polymorphisms or CNPs) are unlikely to remain embedded in the normal population if
they are under a significant selective pressure of debilitating or lethal diseases such as CHDs. In contrast to genome-wide association studies, aCGH in the clinical setting discussed here aims to identify rare or unique variants with a major phenotypic impact rather than frequent
variants with minor effect sizes. Comparisons of a patient’s CNVs with those frequently found in control populations are thus of interest to exclude CNPs from the list
of potentially causal CNVs. Publicly available datasets,
such as the Database of Genomic Variants, can be consulted for this purpose but should be interpreted with
caution, as only a fraction of the catalogued CNVs have
been validated [Lee et al., 2007]. We would argue that
only CNPs that are reported to occur frequently (11%) in
the normal population in several independent studies
should be discarded. Moreover, one should evaluate if the
reported platform used to interrogate copy number states
in the normal population is compatible with the platform
used to investigate the patient. Ideally, an internal database of ‘benign’ CNVs is constructed from array experiments in healthy control individuals or from the nontransmitted alleles of the parents of patients if experiments are designed as trio analyses.
Besides reduced penetrance and variable expression,
other issues such as the unmasking of recessive alleles
[Breckpot et al., 2008], parental mosaicism, imprinting,
and skewed X-inactivation [Thienpont et al., 2007b]
should be considered when assessing any potentially
pathogenic CNV. It is therefore clear that all rare CNVs
are to be evaluated with respect to their role in the pathogenesis of a congenital defect such as CHD. Moreover, the
Breckpot et al.
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Fig. 1. Algorithm for interpretation of CNVs in patients with syndromic or non-syndromic CHD. Unclassified

variants can be further ranked according to their probability of being causal, based on additional criteria such
as a de novo origin, segregation in the family with the phenotype, size of the imbalance and gene count, and
gene function of implicated genes.

decision tree to evaluate an imbalance – as any mutation – will differ depending on the clinical situation: sporadic or familial occurrence, syndromic or not.
We aimed to resolve these issues by introducing a stepby-step approach for CNV interpretation in CHDs, primarily based on gene content and overlap with known
chromosomal syndromes (fig. 1).
STEP 1
Variants not recurrently found in normal individuals
can be considered causal when they comprise dosageCopy Number Variation in
Non-Syndromic CHD

sensitive genes known to cause CHD upon loss-of-function mutations or genes causing recessive forms of CHD
when both alleles are mutated. They thus partially or fully explain the patient’s phenotype. A list of such genes is
compiled in CHDWiki. Higher-resolution array platforms will yield a larger amount of rare or unique CNVs
per patient. Given the laborious nature of the ensuing
confirmation experiments, array resolution will also impact the clinical interpretation algorithm and diagnostic
work-up. When the intrinsic noise of a platform does not
allow the reliable interpretation of single-probe alteraCytogenet Genome Res
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tions, pooling of multiple array probes can be used to
lower the false-positive ratio. However, array element
pooling results in small potentially relevant CNVs escaping detection. One could thus envisage a hybrid strategy
whereby in a first step the full set of aCGH data is analyzed using standard aberration calling thresholds, yielding a predefined number of false positives, depending
on the diagnostic quality criteria required and available
confirmatory analyses. Subsequently, a subset of the data
overlapping with known cardiac genes is analyzed to
identify CNVs with more definite clinical significance
[Boone et al., 2010]. Thresholds for detection of such
CNVs can be set lower, producing a higher ratio of false
positives to true positives. Indeed, because the clinical
significance of such CNVs is established, false negatives
are diagnostically more costly.
STEP 2
Since several chromosomal imbalances exist for which
the causal gene has not yet been identified, it is necessary
to identify known chromosomal syndromes. We use the
Decipher (https://decipher.sanger.ac.uk/application/syndrome) and CHDWiki (http://homes.esat.kuleuven.be/
⬃bioiuser/chdwiki/index.php/CHD:Map) microdeletion
and duplication syndromes as a reference set. As mentioned, all rare CNVs should be taken into account, irrespective of the nature of their inheritance. We propose
that rare CNVs not affecting genes or regions known to
be involved in CHDs should be regarded as unclassified
and reassessed regularly as studies continue to elucidate
the genetic basis of CHDs (step 3). As previously suggested for mutations detected at the base-pair level, unclassified variants can be further ranked according to their
probability of being pathogenic, based on additional criteria such as a de novo origin, segregation in the family
with the phenotype, size of the imbalance and gene count,
and gene function of implicated genes [Breckpot et al.,
2010].
Finally, algorithms can exceed the diagnostic level by
implementing further steps to identify novel clinically
relevant CNVs, potentially harboring novel candidate
genes for CHDs. For this, in silico prioritization methods
or animal models can be used. As an illustration, wholemount in situ hybridization and subsequent morpholino
knockdown in Xenopus tropicalis has been applied systematically on genes retrieved from rare CNVs in 262 heterotaxy patients and has uncovered 5 novel genes implicated in left-right body patterning [Fakhro et al., 2010].
Below, we discuss the application of aCGH on 2 patient
populations: syndromic and isolated CHD. We describe
4
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the state-of-the-art and provide an overview of the studies performed thus far, supplemented with brief additional investigations where necessary to clarify matters further.

Array CGH as a Diagnostic Tool in Syndromic CHD

After clinical evaluation, standard karyotyping, and
targeted mutation analysis or fluorescence in situ hybridization for clinical recognizable syndromes, a genetic diagnosis is reached in about 55% of individuals
with syndromic CHD [Meberg et al., 2007; Oyen et al.,
2009]. In the remainder, aCGH has led to an increased
detection of causal chromosomal imbalances [Krepischi-Santos et al., 2006; Thienpont et al., 2007a; Richards
et al., 2008; Breckpot et al., 2010]. The yield of aCGH
studies in this population lies between 16 and 28%, excluding clinical recognizable 22q11 deletions (table 1).
In a small subset of 7 patients with syndromic heart defects, Krepischi-Santos et al. [2006] detected 3 causal
variants by means of a 1-Mb resolution array: a de novo
1p36 deletion, a clinical recognizable de novo 22q11 deletion, and a large 8q21 deletion of unknown inheritance. Using the same platform in our series of 150 patients [Thienpont et al., 2007a; Breckpot et al., 2010],
causal CNVs were detected in 26 subjects (17%). Of the
22 CNVs originally described as unclassified variants, 9
were considered to be phenotypically indifferent polymorphisms during follow-up. Two higher-resolution
studies using oligonucleotide arrays yielded comparable
results: 5 causal CNVs, including 3 unbalanced translocations and 1 clinical recognizable 22q11 deletion, were
detected in 20 syndromic heart patients [Richards et al.,
2008], and 4 in 19 patients with tetralogy of Fallot and
developmental delay [Rauch et al., 2010]. Based on our
algorithm for CNV interpretation (fig. 1), we have reclassified the detected aberrations in each study for their
causality for CHDs. The results are displayed in table 1.
In addition, numerous unique or rare CNVs in syndromic heart patient are compiled in collaborative databases such as DECIPHER (https://decipher.sanger.ac.
uk/), ECARUCA http://umcecaruca01.extern.umcn.nl:
8080/ecaruca/ecaruca.jsp), and CHDWiki. Several
known as well as novel regions recurrently linked to
CHDs in patients emerge from the compiled genomic
data. These provide an entry point for the identification
of novel genes linked to human CHDs [Vissers et al.,
2004; Kleefstra et al., 2006; Thienpont et al., 2010].
Moreover, the identification of genes implicated in the
Breckpot et al.

Table 1. The yield of aCGH studies in syndromic CHD patients

Study

Krepischi-Santos et al. [2006]
Thienpont et al. [2007a]
Richards et al. [2008]
Rauch et al. [2010]
Breckpot et al. [2010]
Breckpot et al. [2010]
Total

Platform

1 Mb BAC/PAC
1 Mb BAC/PAC
385k Nimblegen
100k Affymetrix
1 Mb BAC/PAC
244k Agilent

Patients

7c
60
20
19
90
29d
196

Causal CNVa
(%)

Inheritance

22q11 delb Yield (%)

de novo unknown

3/7 (42)
10/60 (16.6)
5/20 (25)
4/19 (21)
16/90 (17.7)
2/29 (6.8)

2
8
3
3
12
2

1
1
2
1
2
0

1/3
0/10
1/5
0/4
0/16
0/2

2/6 (33)
10/60 (16.6)
4/19 (21)
4/19 (21)
16/90 (17.7)
2/29 (6.8)

40/196 (20)

30

7

2/40

38/194 (19.5)

a

Causal and unclassified CNVs were defined based on the CNV interpretation algorithm depicted in figure 1 (as of May 2011).
Clinical recognizable 22q11 deletions were excluded (taken account of the age at presentation) as FISH is the gold standard for
diagnosis.
c
Subgroup of syndromic CHD within a total of 95 patients with developmental delay.
d
Subgroup of 29 patients normal on BAC/PAC aCGH with 1-Mb resolution.
b

aberrant region can be of great prognostic value, necessitating or enabling a personalized clinical follow-up
[Thienpont et al., 2007a].
An additional question is to what extent increased resolution offered by technological advances further increases the diagnostic pick-up rate [Richards et al., 2008;
Breckpot et al., 2010; Wincent et al., 2011]. In our study,
29 syndromic heart patients, normal on 1-Mb aCGH,
were reanalyzed by a 244k oligo-microarray with a resolution of 30–40 kb. We detected 75 variants not listed as
clinically neutral polymorphisms, of which 2 were considered to be causal [Breckpot et al., 2010] (table 1). The
low frequency of additional causal imbalances detected
by higher-resolution aCGH contrasted sharply with the
higher number of rare inherited variants that were detected and with the concomitant laborious evaluations.
Similarly, Wincent et al. [2011] showed that, despite the
higher effective resolution, the diagnostic yield of a 244k
oligo-microarray was approximately equal to that of a 38k
BAC array in a cohort of 160 subjects with developmental
delay and multiple congenital anomalies. Moreover, no
causal imbalances !300 kb were detected. This suggests
that causal chromosomal imbalances in individuals with
syndromic CHDs are typically large and thus detectable
by lower-resolution aCGH (fig. 2). It also implies that, in
individuals with a normal aCGH result, irrespective of
the resolution, one should reconsider the possibility of a
monogenic condition, as indicated by the fact that during
clinical follow-up of our patient cohort, a monogenic disorder was diagnosed in 7% of individuals with a normal
1-Mb aCGH result [Breckpot et al., 2010].
Copy Number Variation in
Non-Syndromic CHD

Max. CNV
size (bp)
1,000,000

100,000

10,000

Unclassified
CNVs

Fig. 2. Maximal sizes of unclassified 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). In the
graph, 41 deletions are indicated in blue, 34 duplications in grey.
Empty dots indicate de novo aberrations and diamonds aberrations already detected by aCGH on 1-Mb arrays. This graph shows
that most aberrations larger than 1 Mb were already detected on
1-Mb 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 100 kb are much more frequent than deletions (19/34 vs. 7/41). Adapted from Breckpot et al. [2010].

Richards et al. [2008] showed that within a small cohort of 20 syndromic CHD patients some subpopulations
are at higher risk for causal imbalance detection. Taking
account of the limited sample size, the association of a
neurologic abnormality, defined as either developmental
Cytogenet Genome Res
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Table 2. The yield of aCGH studies in non-syndromic CHD patients

Study

Erdogan et al. [2008]
Richards et al. [2008]
Greenway et al. [2009]
This study

Platform

Cases

tiling path BAC array 105
385k Nimblegen
20
Affymetrix SNP 6.0
114
Affymetrix SNP 6.0
46

Total

285

Reported CNV
(%)

Causal CNVa Inheritance
(%)

SynYield (%)
dromicb

18/105 (17)
3/20 (0)
11/114 (9.6)
2/46 (4.3)

6/105 (4.7)
0/20 (0)
6/114 (5.3)
2/46 (4.3)

1
0
6
2

3
0
0
0

3/6
0
1/6
0/2

33/285 (11.6)

14/285 (4.9)

9

3

4/14

de novo unknown

3/102 (2.9)
0/20 (0)
5/113 (4.4)c
2/46 (4.3)
10/281 (3.6)

a Causal

and unclassified CNVs were defined based on the CNV interpretation algorithm depicted in figure 1 (as of May 2011).
Causal CNVs retrospectively associated with syndromic features were excluded.
c
Including 2 common 22q11 deletions without additional congenital defects.
b

delay or a structural brain anomaly, resulted in a greater
probability of a causal imbalance when compared with
other types of extracardiac defects or with isolated CHD.
Within a cohort of 150 syndromic CHD cases assessed by
1-Mb aCGH, systematic comparison of the clinical features of 26 patients with a causal imbalance to the remaining 124 patients revealed the number of dysmorphic
features as the only feature with a significant predictive
value for detecting a causal CNV by 1-Mb aCGH (estimated odds ratio 1.322 with a 95% CI 1.107–1.579)
[Breckpot et al., 2010]. The presence of dysmorphism
should thus prompt the clinician to further genetic testing by aCGH. This formally confirms the clinical experience: clinical geneticists commonly use the term ‘chromosomal phenotype’ which includes the presence of multiple minor anomalies [de Vries et al., 2001; Hennekam,
2011]. Further prospective studies are required to confirm these findings.

Array CGH in Non-Syndromic Sporadic CHD

The implication of chromosomal imbalances in nonsyndromic CHD is far more controversial. The first study
to address this issue was performed by Erdogan and colleagues [2008], which found de novo CNVs in 3 out of 105
patients with various CHDs; 2 of these were of unknown
significance, while the third was a 17p11.2 deletion encompassing RAI1. They also reported on an additional 8
‘rare’ inherited CNVs, defined as being ‘absent in 700
other aCGH analyses’; 6 of these were of unknown significance, while the remaining 2 were known to be associated with CHDs (a duplication of 22q11 and a deletion
of 1q21). An additional 7 rare CNVs were of unknown
6
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Table 3. Patients’ cardiac phenotypes

CHD type

n = 46

UVH (left/right ventricle)
AVSD
Critical LVOTO

29 (20/9)
11
6

AVSD = Atrioventricular septal defect; CHD = congenital
heart defect; LVOTO = left ventricle outflow tract obstruction;
UVH = univentricular heart. Full description of the patients’
heart defects is available in supplementary table 1.

inheritance; 5 of these were of unknown significance,
while the remaining 2 were respectively a common 22q11
deletion and a distal 22q11 duplication. In the aforementioned study by Richards and colleagues [2008], no obvious disease-causing CNVs were detected in 20 patients
with non-syndromic CHD. Finally, Greenway and colleagues [2009] reported that 11 out of 114 (10%) sporadic
patients with non-syndromic tetralogy of Fallot carried
de novo CNVs. These included 2 deletions of 22q11, a duplication of 1q21, and 3 imbalances affecting the genes
NOTCH1, JAG1, and RAF1, respectively. An overview of
these studies is depicted in table 2.
These studies thus yielded quite disparate numbers of
de novo CNVs. The high frequency of pathogenic de novo
CNVs in non-syndromic CHDs is rather surprising. This
could be attributed to a historic ascertainment bias causing an overestimation of the frequency of syndromic features in patients carrying these CNVs. Alternatively, it
could be due to inaccurate phenotyping of the studied
patient cohorts. One could question whether de novo
Breckpot et al.

Table 4. CNVs overlapping with known CHD-related genes

Proband

CHD

Gain/loss

Chromosome Start

Size

Gene

Status

Reference

De novo?

P338, P339
P362, P894
P370
P436

UVH
UVH
AVSD
AVSD

gain
loss
loss
gain

4q12
4q12
9q34.3
22q11.21

58 bp
58 bp
398 bp
2.5 Mb

PDGFRA
PDGFRA
NOTCH1
TBX1

CNP
CNP
CNP
causal

Bleyl et al. [2010]
Bleyl et al. [2010]
Garg et al. [2005]
Yagi et al. [2003]

no
no
unknown
yes

54,810,448
54,810,448
138,551,164
17,270,419

AVSD = Atrioventricular septal defect; CNP = copy number polymorphism; UVH = univentricular heart.

Table 5. CNVs overlapping with known CHD-related genes or chromosomal syndromes

Proband

CHD

Gain/loss

P517
P436

right UVH gain
AVSD
gain

Chromosome Start

Size, Mb Gene

Status

Reference

De novo?

1q21.1
22q11.21

1.65
2.52

causal
causal

Mefford et al. [2008]
Yagi et al. [2003]

yes
yes

144,643,813
17,270,419

GJA5?
TBX1

AVSD = Atrioventricular septal defect; UVH = univentricular heart.

CNV rates in the range of 10% are compatible with the
mortality and inheritance rates documented in isolated
CHD or tetralogy of Fallot populations, arguing against
CNVs as being the sole cause for the high de novo rate or
concomitant reduced reproductive fitness documented
in these populations. Associated malformations or developmental delay (as in syndromic cases) may provide alternative explanations. Erdogan et al. [2008] indeed noted that the 17p11.2 deletion and the 22q11.2 deletion were
retrospectively associated with syndromic features, and
so was the large RAF1 duplication reported by Greenway
and colleagues [2009]. This suggests that at least some of
these pathogenic CNVs were detected in – retrospectively – misclassified patients (table 2).
In order to attempt shedding some more light on these
issues, we investigated the involvement of CNVs in a cohort of sporadic CHD cases. We took great care in the selection of non-syndromic cases, using stringent criteria
and careful clinical examination of patients and both
parents by an experienced clinician. We focused on complex or severe CHDs, hypothesizing that de novo CNVs
or rare inherited variants with a substantial phenotypic
impact occur primarily in severe and non-familial cases,
as seen in non-syndromic neuropsychiatric disorders
[Marshall et al., 2008; Stefansson et al., 2008]. High-resolution SNP array (Affymetrix쏐 SNP 6.0) was performed
in 50 subjects with non-syndromic CHD and in 99
controls without CHD (online suppl. table 1, www.

karger.com/doi/10.1159/000331272). Four patients were
excluded because of repeated experiment failure resulting
from suboptimal DNA quality. Table 3 and online supplement table 1 depict the cardiac phenotypes of the remaining 46 patients (male/female: 32/14). We detected 3 CNVs
covering or within a known CHD-related gene (table 4).
A de novo duplication including the TBX1 gene was detected in a girl with an atrioventricular septal defect.
TBX1 is required for normal development of the cardiac
outflow tract in a gene dosage-dependent manner [Theveniau-Ruissy et al., 2008] and is considered responsible for
the cardiac phenotype in the velo-cardio-facial syndrome
[Yagi et al., 2003] as well as in the reciprocal duplication
syndrome [Yobb et al., 2005; Portnoi, 2009]. In another
patient an intronic deletion in NOTCH1 was detected.
Mutations in NOTCH1 cause non-syndromic left ventricle outflow tract obstruction [Garg et al., 2005]. However,
since this deletion was described as a common variant in
normal controls [Jakobsson et al., 2008] and given its intronic position, this CNV is unlikely to have major functional consequences, even though a small effect in a multifactorial model cannot be excluded by this study. A 58bp intronic variant of the PDGFRA gene was found either
deleted or duplicated in 4 unrelated patients. Knockdown
of PDGFRA in chicken and mouse results in a spectrum
of inflow tract defects including totally abnormal pulmonary venous return (TAPVR). In humans, one PDGFRA
variant with reduced penetrance was found in 2 unrelated

Copy Number Variation in
Non-Syndromic CHD
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TAPVR patients [Bleyl et al., 2010]. Thus far, this region
has not been described as a polymorphism, but we detected 19 deletions and 4 duplications of this area in our control cohort. Therefore, this variant is unlikely to contribute to the cardiac phenotype in these patients.
We detected 2 de novo duplications in this patient cohort. As described above, a 22q11.2 duplication was detected in a girl with an atrioventricular septal defect. Another duplication of chromosome 1q21.1 was detected in
a patient with a univentricular heart (table 5). Duplications of the 1q21.1 region were found to be enriched in
persons with various developmental disorders, including
CHD [Christiansen et al., 2004; Mefford et al., 2008;
Greenway et al., 2009]. Such duplications were also described in patients with univentricular [Mefford et al.,
2008] or complex heart disease [Brunetti-Pierri et al.,
2008], in association with developmental delay or autism.
The present patient developed normally and showed no
autistic features. The GJA5 gene (also known as Cx40) is
considered to be a candidate gene for CHD within this
region, since absence or reduced expression of GJA5 increases the probability of cardiac malformations in mice
[Gu et al., 2003]. In our study, 2 out of 46 isolated CHD
patients (4%) were thus found to carry de novo CNVs.

Conclusions
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