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Abstract

Chromosomal microarray analysis (CMA) is a first step test
used for the diagnosis of patients with developmental delay,
intellectual disability, autistic spectrum disorder, and multi-
ple congenital anomalies. Its widespread usage has allowed
genome-wide identification of copy number variations
(CNVs). In our study, we performed a retrospective study on
clinical and microarray data of 237 patients with develop-
mental disabilities and/or multiple congenital anomalies
and investigated the clinical utility of CMA. Phenotype-asso-
ciated CNVs were detected in 15.18% of patients. Besides, we
detected submicroscopic losses on 14924.3g31.1 in a pa-
tient with speech delay and on 18g21.31921.32 in twin pa-
tients with seizures. Deletions of NRXN3 and NEDD4L were
responsible for the phenotypes, respectively. This study
showed that CMA is a powerful diagnostic tool in this patient
group and expands the genotype-phenotype correlations
on developmental disabilities. ©2020S. Karger AG, Basel

Introduction

Developmental delay/intellectual disability (DD/ID) is
a common condition with a prevalence of 1-3% [Roe-
leveld et al., 1997]. The International Standard for the
Consortium of Cytogenomic Array Consortium recom-
mended chromosomal microarray (CMA) analysis as a
first diagnostic step in patients with developmental dis-
abilities [unexplained DD/ID or autism spectrum disor-
ders (ASD)] or multiple congenital anomalies (MCA)
[Miller et al., 2010].

CMA detects genomic gains and losses at a much
higher resolution than G-banded karyotyping. Besides, it
allows the identification of new copy number variations
by its genome-wide design. Microarray platform, patient
selection, and interpretation criteria affect the diagnostic
yield of CMA, which ranges from 5-20% according to
the current literature [Sagoo et al., 2009; Miller et al,,
2010].

A total of 237 patients with unexplained developmen-
tal disabilities and/or MCA were tested with CMA in this
study. Genomic changes that could be associated with the
phenotypes of the patients were identified in 15.18%.
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DD/ID is an umbrella term that contains many condi-
tions with variable severity. DD can affect motor, lan-
guage, social, or intelligent skills. Besides, DD/ID can be
accompanied by other neurological features or congenital
anomalies. The genetic causes of DD/ID have been de-
scribed as accelerating in the recent years. Despite these
improvements, the interpretation of some cases could be
challenging due to the rarity of genetic aberrations. We
present 2 detailed reports with relatively rare CNVs in
order to contribute to the literature. We detected a dele-
tion in NRXN3 (neurexin 3) in a patient with speech de-
lay. NRXN3 is a member of the human neurexin gene
family that expresses presynaptic transmembrane pro-
teins [Vaags et al., 2012]. Also, deletion of NEDD4L in
twin patients with seizures has been accounted respon-
sible for their phenotype. NEDD4L encodes an E3 ubig-
uitin ligase that regulates channel turnover and has a role
in neuronal functions [Yanpallewar et al., 2016].

Briefly, the aim of this study was to investigate the di-
agnostic yield of CMA in a group of Turkish patients with
unexplained developmental disabilities and/or MCA and
to contribute to the genetic causes in DD/ID.

Methods

A total of 237 patients with unexplained developmental dis-
abilities and/or MCA who were referred to the Department of
Medical Genetics, Karadeniz Technical University School of Med-
icine, Trabzon, Turkey were enrolled from 2014-2019 for CMA
analysis. CMA was performed as the first step test. Every patient
underwent a detailed evaluation by a medical geneticist, which in-
cluded prenatal and birth history, pedigree, family history, and
detailed clinical and dysmorphology examinations.

Peripheral blood specimens were used for all genetic tests men-
tioned below. Genomic DNA was extracted using MagNA Pure
Compact Nucleic Acid Isolation Kit I (Roche Diagnostic). From
January 2014 to December 2017, Affymetrix, CytoScan 315K (Af-
fymetrix CytoScan Optima®), CytoScan 750K SNP microarray
platforms, and Chromosome Analysis Suite (ChAS) software were
used. Each finding was analyzed with the criteria for detection by
at least 20 oligonucleotide probes on the array matrix. From Janu-
ary 2018 to December 2019, human CytoSNP-12 Beadchip 300K
array, Infinium Global Screening Array-24 V2.0 665K platforms
(Illumina), and Karyostudio software was used. A copy number
change was called when more than 10 consecutive probes were in-
volved in a segment. Genomic positions were based on the UCSC
February 2009 human reference sequence (hg19) (Genome Refer-
ence Consortium Human Build 37-GRCh37).

CNVs were analyzed and evaluated based on the phenotype.
DECIPHER [Firth et al., 2009], Database of Genomic Variants
[MacDonald et al., 2013], and Online Mendelian Inheritance in
Man (OMIM) [Online Mendelian Inheritance in Man, 2020] da-
tabases were used for interpretation. CNVs were classified as
benign, uncertain clinical significance, and pathogenic accord-
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ing to gene content and function, inheritance pattern, and docu-
mentation of multiple peer-reviewed publications [Kearney et
al., 2011; Nowakowska, 2017]. Molecular karyotype results were
described according to the International System for Human Cy-
togenomic Nomenclature [McGowan-Jordan et al., 2016] and
GRCh37.

Confirmation and inheritance studies were done by karyotyp-
ing/FISH for gross aberrations, terminal aberrations, and unbal-
anced translocations. Unbalanced translocations were supposed in
subjects with concurrent terminal copy number loss of one chro-
mosome and terminal copy number gain of another. CNVs <5 Mb
could not be detected with conventional karyotyping, and there-
fore, 5 Mb was the line between small sized and gross aberrations.
FISH and microarray studies were performed for small sized and
interstitial CNVs.

Results

Our study consisted of 237 patients with MCA/mental
redardation, 139 males and 98 females, between the age
of 1 month and 16 years. Out of all patients studied, phe-
notype-associated CNVs were detected in 36 (15.18%).

This study was done in patients with unexplained de-
velopmental disabilities and/or MCA, and CMA was per-
formed as the first step test. We detected 44 pathogenic
or likely pathogenic CNVs in 36 patients: 27 patients had
one pathogenic CNV, while 7 patients showed more than
one and 2 patients, who were identical twins, had a likely
pathogenic CNV with uncertain clinical significance. Ta-
ble 1 provides detailed descriptions of the patients.

A defined microdeletion/microduplication syndrome
in OMIM was detected in 16 of the patients (#607872,
Chromosome 1p36 Deletion Syndrome (2 patients);
#612474, Chromosome 1q21.1 Deletion Syndrome;
#194050, Williams-Beuren Syndrome; #601362, Di-
George Syndrome Velocardiofacial Syndrome Complex
2; # 194072, Wilms Tumor, Aniridia, Genitourinary
Anomalies and Mental Retardation Syndrome; #130650,
Beckwith-Wiedemann Syndrome; #608636, Chromo-
some 15q11-q13 Duplication Syndrome; #615656, Chro-
mosome 15q11.2 Deletion Syndrome; #614526, Chromo-
some 17q12 Duplication Syndrome; #601808, Chromo-
some 18q Deletion Syndrome; # 611867, Chromosome
22q11.2 Distal Deletion Syndrome; # 606232, Phelan-Mc-
Dermid Syndrome (2 patients); #300979, Xq25 Duplica-
tion Syndrome; #300815, Chromosome Xq28 Duplica-
tion Syndrome).

The size of these CNVs ranged between 108 kb and
79.7 Mb, and 18 of them were <5 Mb. The majority of ab-
errations were losses (25 losses vs. 19 gains).
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Fig. 1. Microarray analysis shows B allele frequency (middle panel) and Log R ratio (lower panel). The result rep-
resents a hemizygous copy number loss on chromosome 18q21.31q21.32 from 55090993 to 56556611 according
to GRCh37/hg19. The region of loss is shown in red on chromosome 18 (upper panel). This de novo aberration
was detected in both siblings (Case#20 and #21).

Inheritance studies were completed in 80.6% (29/36)
of patients, and 20 had de novo CNVs. Structural chro-
mosomal imbalance was detected in parents of 6 cases
(case 17, 22, 31, 32, 34, and 35). The remaining 3 CNVs
were inherited from parents with ID in 2 cases (case 2 and
27) and from phenotypically normal parents in one (case
15). In order to contribute to the literature, 2 cases are
explained in detail below.

Case 13

The patient was born at term by spontaneous vaginal
birth with a birth weight of 3,150 g. She was the third child
of nonconsanguineous parents and had 2 healthy sib-
lings. The mother had no history of miscarriages or intra-
uterine fetal deaths. A 6 x 8 mm interhemispheric cyst
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was detected prenatally. The family did not give consent
for a prenatal genetic study.

Her measurements at 3 years of age were as follows:
head circumference: 48 cm (25-50th percentile), height:
94 cm (25-50th percentile), and weight: 16 kg (75-90th
percentile). She had dysmorphic features such as deep set
eyes, strabismus, low nasal bridge, and full cheeks. She
could control her head at 3, sit unassisted at 7, and walk
at 13 months. She could say a few words at 24 months and
10 words at 36 months of age. On the other hand, she did
not have stereotypical movements and developmental
problems in social interaction. Subependymal nodular
heterotopia was shown on a brain MRI. CMA revealed a
de novo 1.198 Mb loss at 14q24.3q31.1
(chr14:78531783_79729394) in the proband. The dele-

Cebi/Altiner



78.320Mb

chrl4

NRXN3a

78.50 Mbl 78.70 Mbl 78.80 Mbl 78.10 Mbl 78.30 Mb‘ 78.50 I'u'lh| 78.70 Mb‘ 79.80 Mb‘ 80.10 Mb| 80.30 Mb| 80.50 Mb| 80.70 Mb‘

NRXN3B

Present case

Yuan et al., 2018

Griswold et al., 2012
Vaags et al., 2012 Family 1
Vaags et al., 2012 Family 2
Vaags et al., 2012 Family 3
Vaags et al., 2012 Family 4

Fig. 2. Schematic view of deleted regions of cases and isoforms of NRXN3 on chromosome 14q24.3q31.1. Case#13
is referred to as present case. Genomic coordinates are shown according to GRCh37/.

tion overlaps with the 5'-region of the NRXN3 gene, in-
cluding coding exons.

Cases 20 and 21

The patients were 10-year-old identical twin sisters,
who suffered from rolandic epilepsy since the age of 3
years. They were born at term by caesarean section. Case
20 had a birth weight of 2,600 g (50th percentile) and case
21 had 2,800 g (50-75th percentile). Their parents were
nonconsanguineous and had a healthy sibling. The moth-
er had no history of miscarriages or intrauterine fetal
deaths.

The girls could control theirs heads at 4, sit at 9, and
unassistedly walk at 20 months. They could say a few
words at 18 months. Seizure history started at 3 years of
age, and they still had attacks despite medication. Electro-
encephalogram revealed centrotemporal spikes. Asym-
metric dilatation of the lateral ventricle was shown on a
brain MRI of case 20. Likewise, periventricular focal glio-
sis was detected in case 21.

Her measurements at 10 years of age were as follows:
head circumference: 53 cm (50th percentile), height: 134
cm (25-50th percentile), and weight: 28 kg (25-50th per-
centile). They both had a high forehead and myopia.
Their intelligence was normal, and the family history was
unremarkable. Microarray analysis revealed the same de
novo aberration in both patients: a 1.466-Mb loss at
18q21.31q21.32 (55090993_56556611). The deleted re-
gion spans ONECUT2, FECH, NARS, ATP8B1, NEDD4L,
ALPK2, MALT1, and ZNF532 (Fig. 1).

CMA Analysis and Review of NRXN3 and
NEDDA4L Deletions

Discussion

ID/DD is a heterogenous group of disorders, which
requires an investigational approach to determine the eti-
ology. CMA is the first step test in this patient group
[Miller et al., 2010]. Finding the underlying causes helps
in disease management, provides genetic counseling, and
offers prenatal diagnosis for future pregnancies [Rauch et
al., 2006].

In this study, genomic changes that could be associ-
ated with the phenotypes of the patients were identified
at a rate of about 15.18% with CMA, which is consistent
with the current literature: the diagnostic yield of CMA is
in a wide range of 5-20% [Sagoo et al., 2009; Miller et al.,
2010]. Patient number and selection criteria, interpreta-
tion criteria, and type of CMA platform used are consid-
ered effective factors in this difference [Miller etal., 2010].

A known microdeletion/microduplication syndrome
was detected in 16 of the cases. It can be explained by spe-
cific syndromes that were not considered due to subtle
clinical features.

A higher number of losses were responsible for the
phenotype in this study (25 losses vs. 19 gains). Gains may
present with milder phenotypes, which could result in a
selection bias [attaglia et al., 2013].

Case 13 presented with subtle dysmorphic features
and speech delay. A 1.198-Mb microdeletion at chromo-
some 14q24.3q31.1 spaning the NRXN3 gene was re-
sponsible for the phenotype. Neurexin 1 (NRXNI),
neurexin 2 (NRXN2), and neurexin 3 (NRXN3) are mem-
bers of the human neurexin gene family of presynaptic
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transmembrane proteins that alter the synaptic function
and intervene with nerve signal conduction. Each of the
genes produces alpha and beta isoforms [Vaags et al.,
2012]. Alpha neurexins were shown to affect neurotrans-
mitter release via voltage dependent Ca®* channels
[Zhang et al., 2005; Dudanova et al., 2006]. Mutations
and deletions of NRXNI, NRXN2, and NRXN3 are asso-
ciated with a wide variety of neurodevelopmental condi-
tions. Mutations of all 3 genes were identified in patients
with ASD [Kasem et al., 2018]. The genomic region re-
sembling our case was published by Yuan et al. [2018].
Exonic deletions of alpha isoform of NRXN3 were shown
in a 3-generation family. Although only the proband had
dysmorphic fascial findings, all individuals carrying the
deletion had variable neurodevelopmental disorders.
Also, CNVs of NRXN3 were shown in ASD patients
[Griswold et al., 2012; Vaags et al., 2012]. The aforemen-
tioned deleted regions of the cases are shown in Figure 2.
Larger genomic losses were also defined in this region.
Riegel et al. [2014] presented a case with a 13.11-Mb loss
on 14q24.3q31.3 with dysmorphic treats, moderate de-
velopmental delay, and mild mental retardation. Cingoz
etal. [2011] published another case with a 23-Mb loss on
14q24.3q32.2 in a patient with DD, language impair-
ment, dysmorphic face, and congenital heart defect. Al-
though an essential role of NRXN3 in the phenotypic
finding of patients with 14q24.3q31.1 deletions was dis-
cussed in several reports, its relation with speech delay is
validated with this case.

Cases 20 and 21 were 10-year-old identical twin sisters
diagnosed with rolandic epilepsy. They had a 1.466-Mb
loss on chromosome 18q21.31q21.32. ONECUT2, FECH,
NARS1,ATP8B1,NEDD4L,ALPK2, MALT1and ZNF532
genes are located at this genomic region. ONECUT2,
NARSI, ALPK2, and ZNF532 have not been associated
with a disease yet. Biallelic mutations of FECH are associ-
ated with erythopoietic porphyria [Schneider-Yin et al.,
2000]. Although biallelic mutations of ATP8BI were
identified in progressive familial intrahepatic cholestasis
[Klomp etal.,2004], heterozygous mutations were shown
to cause intrahepatic cholestasis of pregnancy [Miillen-
bach et al., 2005]. Homozygous MALT1 mutations were
shown to result in immunodeficiency [Jabara et al.,
2013].

NEDDA4L is highly expressed in the brain. It is an ubig-
uitin protein ligase that regulates ion channel internaliza-
tion and turnover in the central nervous system. The
NEDDA4L protein contains an N-terminal C2 domain that
binds to Ca?*, 2-4 WW protein-protein interacting do-
mains, and a HECT ubiquitin ligase domain at the C-ter-
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minal end [roix et al., 2016]. Heterozygous mice models
were found hyperactive, had increased basal synaptic
transmission, and an enhanced sensitivity to inflamma-
tory pain. Mutations of NEDD4L are suggested to be in-
volved in neuropsychological deficits in humans [Yan-
pallewar et al., 2016]. Heterozygous mutations were re-
ported in patients with neurodevelopmental disorders.
HECT domain mutations cause periventricular nodular
heterotopia 7 (MIM#607201), which is characterized by
periventricular nodular heterotopia, cleft palate and toe
syndactyly, developmental delay, and seizures in some
patients [roix et al., 2016; Kato et al., 2017; Elbracht et al.,
2018]. On the other hand, WW domain mutations were
shown to cause photosensitive generalized epilepsy [Dib-
bens et al., 2007].

The patients had rolantic epilepsy and several findings
in a brain MRI: case 20 had an asymmetric dilatation of
the lateral ventricle and case 21 had periventricular focal
gliosis. Although missense mutations were reported to
date, our cases are remarkable being the first with a dele-
tion. According to the current literature, NEDD4L has a
revealing gene function that is relevant to referral reason.
Hence, loss on chromosome 18q21.31q21.32
(55090993_56556611) was interpreted as likely patho-
genic. Heterozygous NEDD4L deletions should also be
considered in patients with epilepsy.

Case 28 was also remarkable. The patient was a
5-month-old girl with microphaltmia and subtle dys-
morphic features. A 13.506-Mb microduplication at
chromosome Xq25q27.2, spanning the SOX3 gene, was
responsible for her phenotype. Mutations of SOX3 were
reported as causative for microphtalmia with mental re-
tardation. Also gains and losses containing SOX3 have
been reported several times in variable phenotypes [Jel-
sig et al., 2018]. Gain of SOX3 probably contributed to
the phenotype of the patient via favorably skewed X-in-
activation.

Conclusion

This study redemonstrated that CMA is a first step di-
agnostic tool in patients with developmental disabilities
and/or MCA. However, the underlying cause of the phe-
notype cannot be determined in almost 50% of the pa-
tients [Miller et al., 2010]. Therefore, new CMA platforms
should be developed accordingly and new diseases caus-
ing regions are discovered. Besides, next-generation tech-
niques are alternatives in unsolved cases. With develop-
ment in technology, next-generation sequencing can also

Cebi/Altiner



provide CNV information, but this technique is in neces-
sity of specific bioinformatic data. For this reasons, CMA
probably remains the first step in diagnostic approaches.

CMA also allows the identification of new CNVs by its

genome-wide design [Miller et al., 2010]. This study pro-
vided new cases with NRXN3 and NEDD4L deletions and
expands the genotype-phenotype correlations on devel-

opmental disabilities.
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