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Abstract
Background: Gastrointestinal atresias and urological defects are main causes of 
pediatric surgery in infants. As copy number variants (CNVs) have been shown to be 
involved in the development of congenital malformations, the aim of our study was 
to investigate the presence of CNVs in patients with gastrointestinal and urological 
malformations as well as the possibility of tissue-specific mosaicism for CNVs in 
the cohort.
Methods: We have collected tissue and/or blood samples from 25 patients with ano-
rectal malformations, esophageal atresia, or hydronephrosis, and screened for patho-
genic CNVs using array comparative genomic hybridization (array-CGH).
Results: We detected pathogenic aberrations in 2/25 patients (8%) and report a novel 
possible susceptibility region for esophageal atresia on 15q26.3. CNV analysis in differ-
ent tissues from the same patients did not reveal evidence of tissue-specific mosaicism.
Conclusion: Our study shows that it is important to perform clinical genetic investi-
gations, including CNV analysis, in patients with congenital gastrointestinal malfor-
mations since this leads to improved information to families as well as an increased 
understanding of the pathogenesis.
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anorectal malformations, array-CGH, copy number variation, esophageal atresia, hydronephrosis, 
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1 |  INTRODUCTION

Congenital malformations, such as gastrointestinal atresia and 
urological defects, are main causes of pediatric surgery in in-
fants. Improvements in surgical procedures and technical ad-
vances in pediatric intensive care have increased survival rates 
and lowered morbidity for individuals born with congenital 
malformations, enabling a higher degree of reproduction in this 

group. Identification of underlying causes and the possibility to 
perform accurate recurrence risk evaluations and offer prenatal 
diagnostics are accordingly becoming more important. Most 
congenital malformations are considered to be of multifactorial 
origin, and it is often difficult to determine the causative fac-
tor/factors in clinical investigations. Known genetic factors be-
hind the development of malformations include chromosomal 
aberrations, microdeletions and -duplications and single gene 
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defects. Copy number variation represents a relatively recently 
discovered level of genetic variation and around 5%–12% of the 
human genome has been shown to be covered by copy number 
variants (CNVs) (McCarroll et al., 2008; Redon et al., 2006). 
CNVs have traditionally been defined as segments of DNA that 
are at least 1,000 base pairs in size and differ in copy number 
when compared to a relevant reference genome (Feuk, Carson, 
& Scherer, 2006). According to the new definition from 2014, 
they can be as small as 50 bp (MacDonald, Ziman, Yuen, Feuk, 
& Scherer, 2014). Depending on their location in the genome 
and copy number status (gain/loss), CNVs can influence gene 
expression and thereby phenotypic variation, including devel-
opment of disease. Factors that increase the likelihood of a de-
tected CNV to be the cause of the patient phenotype include 
overlap with a known syndrome region, known disease-causing 
genes within the region, size of the region, high gene content, 
rare frequency in the general population, and de novo inheri-
tance pattern (Kearney, 2011). The vast majority of CNVs are 
however considered to be benign normal variants that are found 
in healthy individuals. Since the introduction of chromosomal 
microarray analysis, using oligo or SNP-based technology, 
screening for CNVs has become widely used in clinical genetic 
investigations of patients with developmental delay, autism, and 
congenital malformations.

Pathogenic copy number variants have been identified in 
studies of various congenital malformations (Flottmann et al., 
2018; Kruszka et al., 2017; Li et al., 2019; Salehi Karlslatt et 
al., 2019; Zhu et al., 2018). Rare inherited and de novo CNVs 
have been implicated in patients with esophageal atresia (EA) 
(Brosens et al., 2016; Ferreira de Almeida & Bertola, 2013; 
Hilger et al., 2013; van Binsbergen et al., 2014). In patients 
with anorectal malformations (ARM), rare CNVs have been 
reported to be enriched in syndromic and non-syndromic pa-
tients compared to controls (Wong et al., 2013). Probable dis-
ease-causing rare CNVs were also present in 15% of patients 
with anorectal in combination with central nervous system 
malformations (Dworschak et al., 2015). In patients with con-
genital abnormalities of the kidneys or urinary tract (CAKUT), 
microarray studies have revealed rare CNVs in 10%–14% of 
patients (Caruana et al., 2015; Westland et al., 2015).

The advances in analysis techniques, with increasing res-
olution as the result, have enabled detection of increasingly 
lower levels of genetically aberrant cells. A concept emerg-
ing as more common than previously believed in patients 
with congenital disease is genetic mosaicism, referring to 
the presence of distinct cell lines differing in genetic content 
within an individual due to a genetic event after fertilization 
(Biesecker & Spinner, 2013; Campbell et al., 2014). While 
detection of mosaic forms of chromosomal disorders such 
as Down syndrome has long been feasible through chromo-
some analysis and fluorescent in situ hybridization (FISH), 
more recently developed techniques with high resolution and 
sensitivity such as array comparative genomic hybridization 

(array-CGH), digital PCR, and massive parallel sequencing 
enable the detection of CNVs and single gene mutations 
in low-grade mosaic form (Biesecker & Spinner, 2013; 
Piotrowski et al., 2008).

In the present study, we systematically studied pathogenic 
CNVs in DNA isolated from the malformed tissue in patients 
with congenital gastrointestinal or urological malformations. 
In a subgroup of patients, we also compared the presence of 
CNVs in genomic DNA from tissue and blood from the same 
individuals to look for somatic copy number mosaicism in 
the malformed tissue specifically.

2 |  MATERIALS AND METHODS

2.1 | Editorial policies and ethical 
considerations

Ethical approval for the study was obtained from the re-
gional ethics committee at Karolinska Institutet, Stockholm, 
Sweden.

2.2 | Patients

Children with congenital malformations undergoing sur-
gery at the department of Pediatric Surgery at Astrid 
Lindgren Children's Hospital, Stockholm, were recruited to 
the study after fulfilling three criteria; (a) informed consent 
was given from the parents (b) tissue from the malforma-
tion was discarded as part of the surgical procedure (c) the 
discarded tissue was collected and stored by the operating 
surgeon. The collected tissue originated from the malfor-
mation itself; in the case of EA, tissue was taken from the 
esophageal fistula, in the case of ARM the tissue was taken 
from the atretic and discarded intestine and in the case of 
hydronephrosis the discarded tissue originated from the 
renal pelvis. After surgical removal, the tissue was directly 
placed in sodium chloride solution (9 g/L) and in addition, 
blood samples from the patients were collected when possi-
ble. For two patients (P4 and P25), tissue was not available 
while blood samples were obtained for analysis. In total, 
samples from 25 patients were collected and analyzed.

2.3 | DNA extraction

To isolate genomic DNA from patient tissue, the Gentra 
Puregene Blood kit (QIAGEN) was used in combination 
with Proteinase K (Finnzymes) with minor modifications to 
the manufacturer's recommendations. Genomic DNA was 
isolated from peripheral blood from patients and parents ac-
cording to the standard procedures.
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2.4 | Array-CGH

Array-CGH was performed using a 180K whole genome cov-
erage oligonucleotide array from Oxford Gene Technology as 
described previously (Winberg et al., 2013). In initial analy-
ses, genomic tissue-derived DNA was hybridized against sex-
matched, pooled reference DNA derived from peripheral blood 
of 10 healthy controls. DNA labeling, hybridization, scanning, 
and data analysis was performed principally according to the 
manufacturer's recommendations as reported (Winberg et al., 
2014). In the data analysis of pathogenic CNVs, we used previ-
ously applied criteria of three consecutive probes with deviat-
ing log2-ratios, using two different log2-ratio cutoff levels for 
germline (>0.35 for duplications and <−0.65 for deletions) 
and somatic (>0.10 for duplications and <−0.10 for dele-
tions) CNVs, allowing detection of a mosaicism level of ap-
proximately 15%. For detection of mosaic CNVs, a size limit 
of 5 Mb was used, due to a high false positive rate for small 
aberrations. We also chose to visually inspect every chromo-
some for mosaic aberrations smaller than 5 Mb. Evaluation and 
classification of identified CNVs was performed manually as 
previously reported by us, including comparison to gene dose 
alterations reported in public databases and the clinical database 
at the Department of Clinical Genetics, Karolinska University 
Hospital, comprising more than 8,100 patient samples analyzed 
by array-CGH (Winberg et al., 2015). Pathogenicity classifica-
tion was performed following published guidelines for remain-
ing CNVs (Kearney et al., 2011).

Array-CGH was performed using DNA isolated from mal-
formed tissue in all patients except patients P4 and P25, from 
whom only blood samples were available. In addition, to inves-
tigate the occurrence of somatic mosaicism, array-CGH analysis 
was performed using DNA isolated from peripheral blood from 
the seven patients from whom both tissue and blood samples 
were available (P1, P6, P9, P10, P11, P15, and P21). Detected 
CNVs not classified as common benign variants were compared 
between results from tissue and blood for each patient. For pa-
tient P24, mosaicism was investigated using FISH and chromo-
some analysis as described under Cytogenetic studies.

Parental sample analysis was performed by hybridizing 
Cy3-labeled maternal samples against Cy5-labeled paternal 
samples.

2.5 | Cytogenetic studies

Chromosome analysis and fluorescent in situ hybridization 
(FISH) analysis for patient P24 and her parents was performed 
as described previously (Winberg et al., 2010). Metaphase 
spreads and interphase nuclei were prepared from periph-
eral blood. For FISH analysis two commercially available 
probe sets; LSI SNRPN/CEP15/PML (Vysis/Abbott) and 
subtelomere 15qter (blue) (Kreatech) as well as an inhouse 

α-satellite (D15Z) probe (15c pTRA) and one BAC chromo-
some 15q26.3-specific probe (RP11-66B24) were used.

2.6 | Methylation-specific Multiplex 
Ligation-dependent Probe Amplification (MS-
MLPA)

DNA from patient P24 was analyzed with methylation-spe-
cific MLPA using the SALSA MS-MLPA probemix ME028 
Prader–Willi/Angelman kit from MRC-Holland, including 
five methylation-specific probes in the SNRPN and NDN 
loci to determine the methylation pattern in the Prader–Willi/
Angelman syndrome region. The reactions were carried 
out according to the recommendations by the manufacturer 
and analyzed on an ABI 3500×1 genetic analyzer (Applied 
Biosystems) followed by software analysis using the 
GeneMapper software (Applied Biosystems).

2.7 | Microsatellite marker analysis

In order to determine the parental origin of the extra chro-
mosome 15 material in patient P24, DNA isolated from 
peripheral blood from the patient, mother and father was 
analyzed using polymorphic short tandem repeat mark-
ers (STRs) located on chromosome 15. The polymorphic 
markers were amplified in a PCR-reaction using fluores-
cent primers from panels 21 and 22 of the ABI PRISM® 
Linkage Mapping Sets v 2.5 for chromosome 15 and 16 
(Applied Biosystems). Amplified products were separated 
on an ABI 3500×1 genetic analyzer (Applied Biosystems) 
and analyzed with the GeneMapper software (Applied 
Biosystems).

3 |  RESULTS

3.1 | Patients

The clinical features of included patients are summarized in 
Table 1. In total five patients with esophageal atresia (EA), 
14 patients with anorectal malformations (ARM) and six 
patients with hydronephrosis (HN) were analyzed using ar-
ray-CGH. In total, 12 of 25 patients (48%) had isolated mal-
formations (Table 1).

3.2 | Array-CGH, cytogenetic studies, and 
MS-MLPA

In the patients with EA, results from array-CGH screening for 
gene dose alterations revealed one clearly pathogenic aberration 
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T A B L E  1  Clinical features and detected CNVs of pathogenic or uncertain clinical significance using array-CGH in patients with 
gastrointestinal and urological malformations

Patients Sex Malformations Detected variant CNV size and affected genesa
Analyzed 
tissues Classification

P1 M EA, vertebral defects, 
three small VSDs

– – Esophageal 
tissue, 
blood

–

P4 F EA, omphalocele arr[hg19]15q26
.3q26.3(100168075_100632516)x3

CNV1 (0.5 Mb): MEF2A, LYSMD4, 
ADAMTS17

Blood VUS

P6 F EA, ASD, VSD, 
persisting left v. cava 
sup.

– – Esophageal 
tissue, 
blood

–

P24 F EA, VSD arr[hg19]15q11
.2q11.2(22676913_23864240)x3, 
15q11.2q12(23685952_27460180)x4, 
15q12q13.1(27462869_30137106)x3, 
15q26.3q26.3(100923767_101626187)
x1 dn

CNV1 (1.0 Mb): GOLGA6L1, 
TUBGCP5, ZYFIP1, NIPA2, NIPA1, 
LOC283683, WHAMMP3, HERC2P2, 
LOC102723534, HERC2P7, 
GOLGA8EP, GOLGA8S, GOLGA6L2

CNV2 (3.7 Mb): MKRN3, MAGEL2, 
NDN, PWRN4, PWRN1, NPAP1, 
SNURF, SNRPN, PWARSN, 
SNORD107, PWAR5, SNORD64, 
SNORD108, SNORD109A, 
SNORD109B, SNORD116−19, IPW, 
PWAR1, SNORD115−1, PWAR4, 
UBE3A, ATP10A, LINC00929, 
GABRB3, GABRA5, GABRG3

CNV3 (2.7 Mb): GABRG3, 
GABRG3-AS1, OCA2, HERC2, 
GOLGA8G, GOLGA8F, GOLGA8M, 
LOC100289656, GOLGA6L7P, 
APBA2, FAM189A1, NDNL2, TJP1

CNV4 (0.7 Mb): CERS3-AS1, CERS3, 
PRKXP1, LINS1, ASB7, ALDH1A3, 
LRRK1

Esophageal 
tissue, 
bloodb

CNV1−3:P
CNV4: VUS

P25 F EA, duodenal atresia, 
pelvic kidney and 
aortic arch anomalies

arr[hg]15q26
.3q26.3(100179453_100623895)x4

CNV1 (0.5 Mb): MEF2A, LYSMD4, 
ADAMTS17

Blood VUS

P2 M ARMc – – Anal tissue –

P3 F ARM, caudal regres-
sion syndrome, 
unilateral renal 
agenesis

–   Anal tissue –

P5 M ARM –   Anal tissue –

P7 F ARM, bilateral duplex 
renal anomalies

–   Anal tissue –

P8 F ARM –   Anal tissue –

P9 M ARM – – Anal tissue, 
blood

–

P12 M ARM, vertebral de-
fects, small VSD

arr[hg19]22q11.
22q11.23(22971867_23643138)x1 
patd

CNV1 (0.67 Mb): GGTLC2, MIR650, 
MIR571, IGLL5, RSPH14, GNAZ, 
RAB36, BCR, FBXW4P1

Anal tissue P

P13 M ARM, Arnold-Chiari 
malformation

–   Anal tissue –

P15 F ARM –   Anal tissue, 
blood

–

P17 M ARM arr[hg19]2q12
.1q12.1(103090517_103148433)x1

CNV1 (0.06 Mb): SLC9A4 Anal tissue VUS

(Continues)
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in patient P24 detected in both esophageal tissue and periph-
eral blood. The patient had additional clinical manifestations 
including an atrial septal defect (ASD) and two minor ventric-
ular septal defects (VSDs), developmental delay and seizure 
episodes. In her second and third year of life she was hospi-
talized for long periods due to severe respiratory tract infec-
tions that required intensive care treatment with tracheostomy. 
Array-CGH analysis showed an aberrant pattern in a 7.5 Mb 
region on the proximal q-arm of chromosome 15 (Prader–
Willi/Angelman syndrome region), with deviating log2-ratios 
indicating duplication of the 15q11.2q12 and 15q13.1q13.3 re-
gions and triplication of the intermediary 15q11.2q12 region 
(Figure 1a, Table 1). The observed log2-ratios indicate tripli-
cation for a large part of the region (3.7 Mb) between the 15q 
segmental duplications commonly referred to as BP2 and BP3 
(the triplicated region reaching as far as the GABRG3 gene), 
followed by duplication of the region from GABRG3 to BP4. 
In addition, the patient had a 0.7 Mb deletion on 15q26.3 of 
unknown clinical significance (Figure 1b, Table 1).

Chromosome analysis in lymphocytes from pa-
tient P24 revealed three different cell populations with 

the karyotype: 46,XX,add(15)(p10)[12]/47,XX,15ps-
,+mar[8]/46,XX,15ps-[2] (Figure 1c). FISH analysis 
identified the extra material on 15p as comprising an addi-
tional centromere, two additional copies of proximal 15q 
and one additional copy of 15p (Figure 1c). The marker 
chromosome had one centromere, two copies of proximal 
15q and one copy of 15p. The two most abundant aber-
rant cell lines result in the same net gain of chromosome 
15q-material, equaling partial tetrasomy 15 or idic(15), in 
20/23 cells (87%). In the two cell populations that did not 
carry the add(15)(p10) rearrangement, one of the chro-
mosome 15 homologs lacked p-arm (15ps-). FISH anal-
ysis with a specific probe located to the 15q26.3 deletion 
region showed that both the triplication and the deletion 
in 15q26.3 affected the same chromosome 15 homolog 
(data not shown). Parental sample chromosome and FISH 
analyses showed normal patterns, indicating that both 
aberrations had occurred de novo. Furthermore, results 
from MS-MLPA showed a methylation ratio of 3:1 in the 
Prader–Willi syndrome region, and informative microsat-
ellite markers (D15S1002 and D15S128) with location 

Patients Sex Malformations Detected variant CNV size and affected genesa
Analyzed 
tissues Classification

P20 M ARM –   Anal tissue –

P21 M ARM, two small 
VSDs, PFO

–   Anal tissue, 
blood

–

P22 M ARM, vertebral 
defects, urethral 
stricture, mild hypo-
spadias, small PFO, 
PDA

arr[hg19]7q
34q34(139478979_139550968)x3, 
15q12q12(27462869_27544157)x3

CNV1 (0.07 Mb): TBXAS1
CNV2 (0.08 Mb): GABRG3

Anal tissue CNV1-2:VUS

P23 F ARMc –   Anal tissue –

P10 M HN –   Tissue from 
renal pel-
vis, blood

–

P11 F HN –   Tissue from 
renal pel-
vis, blood

–

P14 F HN –   Tissue from 
renal pelvis

–

P16 F HN – – Tissue from 
renal pelvis

–

P18 M HN – – Tissue from 
renal pelvis

–

P19 F HN – – Tissue from 
renal pelvis

–

Abbreviations: ASD, atrial septal defect; CNV, copy number variant; na, not analysed; P, pathogenic; PDA, patent ductus arteriosus; PFO, patent foramen ovale; VSD, 
ventricular septal defect; VUS, variant of uncertain clinical significance.
aCNV numbering refers to the order of reported CNVs for each patient in the “Detected variant” column. 
bFISH analysis was performed to confirm presence of the CNV in peripheral blood. 
cCloacal malformation. 
dDeletion previously published as disease-associated by Mikhail et al. (Mikhail et al., 2013). 

T A B L E  1  (Continued)



6 of 10 |   WINBERG Et al.

within the same region showed a skewed pattern with iden-
tical maternal alleles with increased peak heights (data not 
shown). The findings are consistent with inheritance of a 
normal chromosome 15 homolog from the father while the 
homolog involved in the rearrangement is of maternal ori-
gin. The presence of a normal paternal homolog precludes 
that the patient should have Prader–Willi syndrome.

In the group with ARMs, a 0.67 Mb deletion on 22q11.2, 
overlapping the most telomeric part of the 22q11.2 distal de-
letion region, was detected in patient P12 who showed addi-
tional clinical features of vertebral defects and a VSD (Figure 
2, Table 1). The deletion was inherited from a healthy fa-
ther. Furthermore, variants of uncertain clinical significance 

(VUS) were detected in two patients with ARM (Table 1). 
Parental samples were not available.

No pathogenic aberrations or VUS were detected in the 
patients with HN (Table 1).

Comparison of gene dose alterations detected by ar-
ray-CGH in separately analysed tissue and blood (in patient 
P24 array-CGH and FISH, respectively) from eight patients 
did not reveal discrepancies indicative of somatic mosaicism.

Detected CNVs listed in Table 1 and submitted to ClinVar 
have the following accession numbers: SCV000930653, 
SCV000930654, SVC000930655, SCV000930656, 
SCV000930657, and SCV000930658 (https ://www.ncbi.
nlm.nih.gov/clinv ar/).

F I G U R E  1  Results from array-CGH analysis for chromosome 15 in patient P24, showing a proximal copy number gain in the region 
15q11.2q13.1. The log2-ratio pattern seen indicates a rearrangement of proximal 15q, with the log2-ratio close to 0 seen most proximally likely 
reflecting the combination of benign CNVs on the different chromosome 15 homologues in the patient. The mean log2-ratio of probes located in 
the region marked by asterisks indicates tetrasomy (triplication) in this region (chr15:23,685,952-27,460,180 (hg19)) while the flanking regions 
have a mean log2-ratio consistent with trisomy (duplication). Y-axis showing the log2-fluorescence signal ratio and X-axis showing chromosomal 
location for each probe. Figure showing an overview of the genomic region 15q26.3 with CNVs detected by array-CGH in patients P4, P24 and P25 
represented by light blue (duplication), dark blue (triplication) and red (deletion) bars. Below, RefSeq genes in the region are represented by orange 
bars. Results from chromosome analysis in patient P24 showing the different chromosome 15 rearrangements found in the three cell populations in 
the patient. Below, schematic images derived from the combined results of FISH analysis are shown, including FISH probes used in analyses. FISH 
probe locations: CEP15 (15p11.2), 15c pTRA (15q α-satellite/centromere), SNRPN (15q11) and 15qter

https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
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4 |  DISCUSSION

In this study, we screened 25 patients with gastrointestinal 
and urological congenital malformations using array-CGH 
analysis for detection of causative CNVs and detected patho-
genic aberrations in 2 of 25 patients (8%) and VUS in 5 of 25 
patients (20%). Notably, we did not find evidence for somatic 
copy number mosaicism in a subgroup analysis of eight pa-
tients where we compared CNV findings in tissue and periph-
eral blood from the same individuals.

In the patients with EA, one pathogenic CNV was de-
tected. In patient P24, an atypical structural mosaicism 
with two different rearrangements of the extra genetic 
material was detected, with the net gain of chromosome 
material equaling that of partial tetrasomy 15q in 87% of 
peripheral blood cells. The aberration was found to have 
occurred de novo and since the 46,XX,add(15)(p10) un-
balanced cell line was the most abundant, it is likely that 
this had been the primary cell population, that the marker 
chromosome formed secondarily in a subset of cells due to 
the instability of the aberration, and was subsequently lost 
in a small cell population. The array-CGH pattern seen 
in the patient with distinct mean log2-ratios for the distal 
parts of the aberration indicated that the formation mech-
anism included unequal crossing-over in meiosis, a known 
mechanism in formation of marker chromosomes such as 
idic(15)  (Battaglia, 2008). While the clinical features of 
developmental delay, seizures and cardiac malformations 
in the patient can be explained by partial tetrasomy 15, 
EA has not previously been reported in this patient group 
(Battaglia, 2008).

In addition to the partial tetrasomy 15 finding, the patient 
had a heterozygous de novo 0.7 Mb deletion on 15q26.3. 
The deletion affects five genes and two non-coding RNAs 

(Table 1). None of the genes have any known relation to 
EA. Three of the genes are indexed as disease causing 
for autosomal recessive disorders in OMIM; CERS3 mu-
tations cause autosomal recessive congenital ichthyosis-9 
(OMIM#615023), LINS1 mutations cause autosomal reces-
sive mental retardation (OMIM#614340) and ALDH1A3 
mutations cause isolated microphtalmia (OMIM#615113). 
Little is known about specific functions of the proteins en-
coded by the other two genes, LRRK1 (OMIM*610986) and 
ASB7 (OMIM*615052) genes, expression of both genes 
can be found in small intestine and ASB7 expression is also 
reported in esophagus although no fetal data are available 
(The human protein atlas, http://www.prote inatl as.org/) 
(Korr et al., 2006; Uhlen et al., 2015). There are no pa-
tients with overlapping deletions and EA reported in the 
DECIPHER database (https://decipher.sanger.ac.uk).

Interestingly, in two other patients with EA, a duplica-
tion (patient P4) and a triplication (patient P25) with strik-
ingly similar breakpoints in 15q26.3 were detected. The 
distal breakpoints of the duplication and triplication were 
located approximately 0.3  Mb upstream of the proximal 
breakpoint of the 15q26.3 deletion found in patient P24 
(Figure 1b, Table 1). The duplication was found in patient 
P4 who had omphalocele in addition to EA. The triplica-
tion was detected in patient P25, a female twin with EA, 
duodenal atresia, pelvic kidney and aortic arch anomalies 
and was also detected in her healthy monozygous twin. 
Unfortunately, parental samples were unavailable in both 
cases. The duplication and triplication overlap with du-
plications classified as likely benign in ClinVar and genes 
affected by the duplication/triplication include MEF2A  
(OMIM*600660), LYSMD4 (no OMIM accession num-
ber), and ADAMTS17 (OMIM*607511). LYSMD4 encodes 
a protein of unknown function while MEF2A mutations 

F I G U R E  2  Results from array-
CGH showing a 0.67 Mb deletion in the 
22q11.22q11.23 affecting the distal part of 
the 22q11 distal deletion region, detected in 
patient P12. Bars below the array showing 
syndromes located in the 22q11 region. 
Y-axis showing the log2-fluorescence signal 
ratio and X-axis showing chromosomal 
location for each probe

http://www.proteinatlas.org/
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are implicated in an autosomal dominant form of coronary 
artery disease and homozygous mutations in ADAMTS17 
cause Weill–Marchesani-like syndrome (OMIM#613195) 
(Wang, Fan, Topol, Topol, & Wang, 2003). The clinical 
findings of patient P4, P24, and P25 do not overlap with 
published phenotypes associated with known disease-as-
sociated genes in the 15q26.3 region (none of these phe-
notypes include EA). With the identification of CNV 
breakpoint clustering in 15q26.3 in three patients with EA, 
it is possible that CNVs interrupt important regulatory re-
gions of one or more genes involved in development of the 
esophagus and that 15q26.3 is a novel susceptibility region 
for EA.

In the group with ARMs, a 0.67  Mb deletion on 
22q11.2 was detected in patient P12 (Figure 2). The af-
fected region was distal to the 3 Mb region in which re-
current deletions cause the 22q11-deletion syndrome. 
Patients with deletions in the distal 22q11.2 region show 
dysmorphic features, global developmental delay, in-
tellectual disability, language delay, growth restriction, 
and cardiac defects (OMIM#611867), thus representing 
a condition distinct from, but sharing some clinical fea-
tures with, the 22q11-deletion syndrome (Mikhail et al., 
2014). The deletion detected in our patient was similar 
to the smallest deletion reported in patients with the syn-
drome, with breakpoints flanked by low copy repeat re-
gions LCR22-E and -F and associated with a relatively 
mild phenotype with predominantly developmental delay 
and intellectual disability as clinical manifestations, while 
heart defects are rare (Mikhail et al., 2014; Rauch et al., 
2005). It has been noted that this deletion often occurs de 
novo (Mikhail et al., 2014). Patient P12 had a more severe 
malformation phenotype, fulfilling criteria for VACTERL 
association, while his neurodevelopmental status is un-
known. This fact and the inheritance of the deletion from 
a healthy father indicates a reduced penetrance. The clin-
ical manifestations in our patient may be caused by the 
distal 22q11 deletion in combination with other genetic 
or environmental factors, or have a different genetic cause 
altogether.

No disease-causing aberrations were detected in the pa-
tients with HN. Considering the number of patients in our 
study and the fact that they all had isolated malformations, it 
is not surprising that we did not identify pathogenic CNVs in 
this patient group.

We did not find evidence of somatic mosaicism for de-
tected CNVs. The resolution of our array-CGH platform 
precludes detection of small CNVs and low-level mosa-
icism may be missed. Moreover single nucleotide variants 
have not been analysed in this study. Only the tissue dis-
carded as part of the surgical procedure was used and it is 
not known whether this was the most appropriate tissue to 
analyse in each case.

In conclusion, our study shows that CNV analysis is im-
portant as part of clinical genetic investigations in patients 
with gastrointestinal and urological malformations, since 
pathogenic copy number variants were detected in 8% (2 of 
25) of patients and a novel putative susceptibility region for 
EA was identified.
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