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Abstract
Autism spectrum disorder (ASD) is a group of the neurodevelopment disorders presenting as an isolated ASD or more complex
forms, where a broader clinical phenotype comprised of developmental delay and intellectual disability is present. Both the
isolated and complex forms have a significant causal genetic component and submicroscopic genomic copy number variations
(CNV) are the most common identifiable genetic factor in these patients. The data on microarray testing in ASD cohorts are still
accumulating and novel loci are often identified; therefore, we aimed to evaluate the diagnostic efficacy of the method and the
relevance of implementing it into routine genetic testing in ASD patients. A genome-wide CNV analysis using the Agilent
microarrays was performed in a group of 150 individuals with an isolated or complex ASD. Altogether, 11 (7.3%) pathogenic
CNVs and 15 (10.0%) variants of unknown significance (VOUS) were identified, with the highest proportion of pathogenic
CNVs in the subgroup of the complex ASD patients (14.3%). An interesting case of previously unreported partial UPF3B gene
deletion was identified among the pathogenic CNVs. Among the CNVs with unknown significance, four VOUS involved genes
with possible correlation to ASD, namely genes SNTG2, PARK2,CADPS2 andNLGN4X. The diagnostic efficacy of aCGH in our
cohort was comparable with those of the previously reported and identified an important proportion of genetic ASD cases.
Despite the continuum of published studies on the CNV testing in ASD cohorts, a considerable number of VOUS CNVs is still
being identified, namely 10.0% in our study.
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Introduction

Autism spectrum disorders (ASD) are one of the most com-
mon neurodevelopmental disorders with a globally estimated
prevalence of around 60/10.000 (Elsabbagh et al. 2012). The
clinical presentation of ASD is highly heterogeneous, with

main characteristics being impairment of communication
and social interactions, restricted interests and (stereo)typical
behavioural patterns. The first signs may be observed in
the early childhood and definite first clinical identification
and in the diagnosis established on average between 2 and
4 years of age (Egger et al. 2014). The complex, multifac-
torial and not fully understood etiological background of
ASD likely combines the effects of multiple genes and
environmental factors. The current heritability estimates,
based on the study of more than 14,000 children with
ASD, range up to 50% and the recurrence risk is signifi-
cantly higher in monozygotic twins, as compared to dizy-
gotic twins. In the latter group, the recurrence risk esti-
mates are comparable to the general sibling’s risk (Sandin
et al. 2014). Obtaining the definite genetic cause in the
individual with ASD provides a relevant information about
the disease, its progress, the most appropriate management
interventions and the recurrence risk.
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Within the group of individuals, which fulfil the clinical
ASD criteria, there are approximately 75% of individuals with
isolated ASD (Rosti et al. 2014). The remaining 25% of indi-
viduals present with ASD within the complex, syndromic
clinical expression/phenotype. Estimated 10% of patients in
the latter group present with the specific clinical phenotype
which is mostly efficiently recognized, such as fragile X syn-
drome, tuberous sclerosis complex and Angelmann and Rett
syndromes. The majority of remaining complex ASD cases
represent a heterogeneous group of numerous clinically di-
verse presentations, many of which still need to be etiologi-
cally explained. With the implementation of the molecular
karyotyping (array CGH (aCGH)) and whole-exome sequenc-
ing into the genetic diagnostics, the genome copy number
variation (CNV) and a single-gene mutations are being recog-
nized as significant causal factors in ASD. The molecular
karyotyping is currently accepted as the first tier diagnostic
tool for both the isolated and complex forms of ASD (Miller
et al. 2010) as it provides significantly higher diagnostic yields
(5–10%), as compared to the conventional karyotype analysis
and/or fragile X testing, both of which were golden standards
before the advent of an aCGH (Roberts et al. 2014; Shen et al.
2010; Sanders et al. 2011). The discovery rate of causative
CNVs has been lower in the so-called simplex family studies
with a single high-functioning proband with at least one un-
affected sibling and the parents were analysed. In accordance
with that, the studies on complex cases, which most often
include the accompanying features of the developmental delay
and intellectual disability, report a higher diagnostic yield, up
to a 20% (Battaglia et al. 2013). Despite the numerous studies
and databases of genomic variation in healthy individuals and
those with simple or complex ASD, there clearly remains an
important gap in our capabilities of explaining a genomic
CNV in relation to the disease.

We performed an aCGH in 150 individuals with isolated
and complex ASD with the aim to evaluate the diagnostic
efficacy of aCGH and the relevance of its implementation in
a routine genetic testing in ASD patients.

Methods

Study subjects

In the period between January 2012 and June 2016, a cohort of
150 individuals with isolated or complex ASD were tested for
the genome-wide copy number variation at the Laboratory for
Molecular Cytogenetics, Clinical Institute of Medical
Genetics, UMC Ljubljana. Patients were referred from the
Clinical Institute of Medical Genetics and the Department of
Child, Adolescent and Developmental Neurology, University
Children’s Hospital, UMC Ljubljana. Diagnosis of ASD was
established using the Autism Diagnostic Observation

Schedule (ADOS). Developmental delay and intellectual dis-
ability were evaluated using Bayley Scales of Infant and
Toddler Development and the Wechsler Intelligence Scale
for Children (WISC), depending on the patient’s age.

The patients were designated to one of the three groups,
according to the complexity of their clinical phenotype. The
first group consisted of the patients diagnosed with ASD with
or without the additional behavioural characteristics (group
ASD), the second group included patients with ASD and a
developmental delay (group ASD + DD) and the third group
included the children with ASD and other complex health
problems (intellectual disability, epilepsy and congenital
anomalies; group ASD + other). Congenital anomalies and
epilepsy were diagnosed and monitored within complex clin-
ical evaluation using other diagnostic methods, depending on
the type of anomaly, including ultrasound,MRI, EEG, hearing
loss evaluation and ophthalmological evaluation.

Genetic testing

The DNAwas isolated from peripheral blood samples, accord-
ing to the manufacturer’s protocol using the Qiagen Mini kit
(Qiagen, Valencia, CA). The quality and concentration param-
eters of the DNAwere measured on a NanoDrop 2000c spec-
trophotometer (Thermo Fisher Scientific Inc.) and a Qubit 2.0
fluorometer (Life Technologies Inc.).

Following the sample extraction, the DNA was processed
according to the Agilent protocol (Version 7.3 March 2014)
using commercially available male and female genomic DNA
(Agilent Technologies, Human Reference DNA, Male and
Female) or in-house DNA reference mix as a reference
DNA. The Agilent SurePrint G3 Unrestricted CGH ISCA v2
8x60K microarrays were used which provide a practical aver-
age resolution of 100 kb. The array images were acquired
using the Agilent laser scanner G2565CA. The image files
were quantified using the Agilent Feature extraction software
for Cytogenomics 3.0 and analysed with the Agilent
Cytogenomics 3.0 software (Agilent Technologies).

Classification of results

The Slovene genomic population database (our in-house da-
tabase) and the Database of Genomic Variants (DGV; http://
cdgv.tcag.ca/dgv/app/home) were used as a reference set for a
normal copy number variation.

The discovered CNVs were compared with known aberra-
tions in the different available databases ClinGen (http://
dbsearch.clinicalgenome.org/search/), Database of
Chromosomal Imbalance and Phenotype in Humans using
Ensembl (DECIPHER; https://decipher.sanger.ac.uk/) and
ClinVar (National Center for Biotechnology Information, U.S.
National Library of Medicine; http://www.ncbi.nlm.nih.gov/
clinvar/). The CNVs were classified into the three groups,
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pathogenic, a variant of unknown significance (VOUS) and be-
nign, according to theACMG standards and guidelines (Kearney
et al. 2011). Benign CNVs were those reported in the
abovementioned databases as benign or present in our in-house
database in more than 1% of cases. The class of pathogenic
CNVs included either the already known microdeletion/
microduplication syndromes or the larger losses/gains of the
DNA, which have already been described as pathogenic in the
literature (PubMed) and/or the abovementioned databases. In
addition, we compared our results with a SFARI gene autism
database, which holds 2222 different CNV regions and 752
genes, associated with ASD in the different types of studies
(collected until February 2018; Simons Foundation Autism
Research Initiative; https://gene.sfari.org/autdb/CNVHome.do).

Results

In the group of 150 patients, there were 117 boys and 33
girls, with male-to-female ratio of 3.7:1. Altogether, there
were 61 diagnosed with ASD with or without additional
behavioural characteristics, 61 diagnosed with ASD and
developmental delay and 28 patients with ASD and the
other complex diagnoses.

Details about age at genetic testing, standard deviation
and the distribution of diagnostic subgroups according to
gender are presented in Table 1. Some of the patients were
already in their adulthood and came back to clinical genet-
icists after many years, being referred from general practi-
tioners or neurologists based on new genetic diagnostic
workflow for autism.

We discovered 11 (7.3%) clinically relevant CNVs and 15
(10.0%) VOUS CNVs in 150 patients (Table 1). The highest
proportion of pathogenic CNVs was identified in the group of
patients, categorized as ASD + other (4/28; 14.3%), but these
numbers are too low to be statistically significant. Further
details are presented in Fig. 1 and Table 2.

Patients were divided into three groups. Group 1 represents
patients diagnosed with ASD with or without additional be-
havioural characteristics (group ASD), group 2 represents pa-
tients with ASD and developmental delay (group ASD+DD)
and group 3 represents patients with ASD and other complex
health problems (intellectual disability, epilepsy and congeni-
tal anomalies; group ASD + other). Different colours present
different categories of discovered CNVs.

Among the pathogenic CNVs that were discovered in our
patients, the ones that most commonly appeared in the litera-
ture were loss at 16p11.2 (68 studies according to SFARI
database), followed by the loss at 22q11.21 (58 studies), gain
at 7q11.23 (42 studies), loss at Xq28 (36 studies), gain at
6q22.31 (20 studies) and loss at Xq24 (10 studies). In our
cohort of ASD patients, deletion in the region 22q11.21 oc-
curred twice; all other pathogenic CNVs were only found
once. A partial UPF3B gene (OMIM*300298) deletion was
identified in one patient. No similar deletions have been re-
ported before.

Among less common pathogenic CNVs, we identified a
10p15.3 deletion in a girl with ASD,mild dysmorphic features
andmild global developmental delay, with a more pronounced
delay in speech and language development and gross motor
skills. The proband has had growth parameters in the normal
range and no significant congenital anomaly (normal head
MRI, normal heart and abdominal ultrasound). Similar cases
have been described under a 10p15.3 microdeletion syndrome
and ZMYND11 gene (OMIM*608668) has been shown to be
the cause for major clinical characteristics in this syndromic
intellectual disability (Cobben et al. 2014; Tumiene et al.
2017). Another rare pathogenic CNV was a 16q23.2q23.3
deletion in a girl with ASD, ADHD and mild global develop-
mental delay, with a more significant delay in speech and
language development. The haploinsufficiency of the CMIP
gene (OMIM*610112) in the deleted region has been reported
in four cases with similar phenotype (Luo et al. 2017).

Similarly, telomeric 20p13 deletions have been rarely de-
scribed. Herein, we identified a pathogenic terminal 20p13

Table 1 Age and gender
distribution in the group of
patients

All Male Female

Number of patients 150 117 33

Average age at genetic testing (± SD) 7.3 ± 5.1 7.4 ± 5.0 7.2 ± 5.4

Groups (number of patients)

ASD1 61 51 10

ASD + DD2 61 46 15

ASD + other3 28 20 8

1ASD group of patients diagnosed with ASD with or without additional behavioural characteristics
2 ASD + DD group of patients with ASD and developmental delay
3ASD+ other group of patients with ASD and complex other health problems (intellectual disability, epilepsy and
congenital anomalies)
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deletion in a boy with ASD, developmental delay, microceph-
aly and stereotypic behaviour. At the reevaluation, astigma-
tism and dental caries were noted. No major anomalies were
identified. This deletion includes the smallest region of over-
lap, reported previously in a group of patients with 20p13
deletion (An et al. 2013).

The group of VOUS was further scrutinized by detailed
analysis of all affected genes. Four out of 15 VOUS contained
gene that was previously reported as significantly correlated
with ASD, syntrophin-γ2 (SNTG2, OMIM*608715), located
in 2p25.3, RING domain-containing E3 ubiquitin ligase
parkin (PARK2, OMIM*602544) located in 6q26, calcium-
dependent activator protein for secretion (CADPS2,
OMIM*609978) located in 7q31.32 and neuroligin 4
(NLGN4X, OMIM*300427) located in Xp22.32p22.31.

Discussion

The presented results of molecular karyotyping in the group of
individuals diagnosed with isolated or complex ASD indicate
an important diagnostic efficacy of aCGH (7.3%). All of the
reported clinically relevant CNVs would not be detected using
classical chromosome analysis, which was the first tier test in
the past. In addition, 10% of individuals were identified as
carriers of the potentially relevant CNVs, classified currently
as a VOUS.

The current guidelines for the diagnostic genetic testing in
individuals with ASD with or without additional clinical fea-
tures, such as developmental delay, seizures or other congen-
ital anomalies, recommend the aCGH as a first tier test. The
reported diagnostic yield using molecular karyotyping is be-
tween 5 and 20%, depending on the inclusion criteria in dif-
ferent published reports (Roberts et al. 2014; Shen et al. 2010;
Sanders et al. 2011; Battaglia et al. 2013). The higher numbers

are reported in the studies where individuals with a more com-
plex, severe phenotype are included. Our cohort included both
the isolated and complex ASD cases and we identified 7.3%
pathogenic CNVs and additional 10.0% of VOUS which is in
accordance with the previous data. When the patients were
stratified according to the severity of their clinical presenta-
tion, the diagnostic efficacy was significantly higher in the
group of patients with complex phenotype, being 11.1% for
pathogenic CNVs and additional 13.3% for VOUS.

Within the identified pathogenic CNVs, we discovered a
previously not reported partial UPF3B (UPF3, yeast homolog
of B, OMIM*300298) gene deletion as clinically relevant in
the patient. The UPF3B gene is associated with an X-linked
syndromic mental retardation, type14 (MRXS14,
OMIM#300676). The clinical features of MRSX14 are
macrocephaly with dysmorphic facial features, high stature,
pectus deformities and scoliosis or kyphosis, long upper limbs
and fingers, and big feet. The muscular hypotonia, mild to
moderate developmental delay and ASD or ADHD have been
described as a part of the clinical spectrum, as well (Xu et al.
2013; Laumonnier et al. 2010). Recently, some cases with
developmental delay only have also been reported (Jolly
et al. 2013). Truncating point mutations and 1–4-bp deletions
have been found in patients; so far, there are no reports on
partial gene deletions. The proposed mechanism of action was
a loss of function due to the frameshift and nonsense muta-
tions. We discovered a partial gene deletion, encompassing
intron 1 and exon 2, in the UPF3B gene in an 8-year-old
boy with the diagnosis of autism and developmental delay.

We also report on three cases with rare pathogenic CNV
(10p15.3 deletion, 16q23.2q23.3 deletion and 20p13 dele-
tion). Each one of these was only reported in a few cases in
the literature; therefore, herein reported cases give further in-
sight into the clinical spectrum of microdeletion syndromes.

Four of the identified VOUS contain the genes previously
associated with ASD. The syntrophin-γ2 (SNTG2,
OMIM*608715) interacts with neuroligins, as a crucial bind-
ing factor at the inhibitory synapses (Yamakawa et al. 2007).
Mutations in both binding neural cell adhesion molecules,
neuroligin 3 (NLGN3, OMIM*300336) and neuroligin 4
(NLGN4, OMIM*300427) have been observed in the autism
and mental retardation (Jamain et al., 2003). Our patient had a
partial duplication of the gene and only ASD in his clinical
phenotype. The parents of this proband were unavailable for
genetic testing, which would provide some additional infor-
mation about the discovered CNV. The second VOUS was
partial PARK2 (OMIM*602544) deletion. The parkin, a
RING domain-containing E3 ubiquitin ligase, is a
cytoskeleton-associated protein, shown to be expressed in
the central nervous system (Yoshii et al. 2011). Partial hetero-
zygous PARK2 microdeletions and microduplications have
been reported in the patients with ASD (Scheuerle and
Wilson 2011) and functional studies showed decreased

Fig. 1 The distribution of CNVs among all patient groups
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protein expression in carriers of CNVs in the PARK2 gene
(Yin et al. 2016). Some authors suggest that this might func-
tion as a second-hit model, where individuals carry both par-
tial PARK2 deletion and some yet unidentified single point
mutation, not detectable by aCGH analysis. True enough,
our patient with ASD and mild developmental delay inherited
the deletion from his healthy mother; therefore, second-hit
model might be a plausible explanation for this VOUS.

A partial duplication of CADSP2 (OMIM*609978, the
third VOUS) was also not tested for the parental origin in
our patient. The gene deletions have been shown to induce
autistic-like phenotype in mouse model and both CNV and
point mutations were identified in individuals with ASD and
intellectual disability (Sadakata et al. 2013; Bonora et al.
2014). Even more, some latest results suggest imprinting ef-
fect, as the gene is only expressed from maternal allele in
specific tissues.

The fourth VOUS of a partial NLGN4X gene duplication
was identified in a boy with ASD and mild developmental
delay. NLGN4X belongs to a family of neuronal cell surface
proteins, splice site-specific ligands for beta-neurexins, sug-
gested to be involved in the synapse formation and remodel-
ling. Point mutations have already been associated with the
autism, Asperger syndrome and mental retardation (Jamain
et al. 2003) and no partial duplications have been reported
so far. Interestingly, there is a NLGN4Y gene and females
express NLGN4X from one copy of the X chromosome, while
males express simultaneously both NLGN4X and NLGN4Y
(Ross et al. 2015). A study on the group of 47 XYY males
speculated that higher incidence of behavioural problems and
learning and language disabilities might be partially due to the
increased copy number of neuroligins.

Finally, the male predominance in ASD is well known and
a significantly higher proportion of males (3.7:1 ratio) was
referred to genetic testing in the cohort reported here, as well.
An intriguing explanation for male predominance was sug-
gested by Sanders et al. (2011), where authors investigated
the correlation of gender versus size and gene content of
CNV in ASD cohort. Based on their study, they suggested that
the females are more resistant to the genetic perturbation as a
higher impact on IQ per gene was shown in males. Bearing
this in mind, it might be that females with CNV from the CNV
risk factor group are just above the clinical/diagnostic thresh-
old for the ASD ormild intellectual disability and are therefore
not being evaluated and tested. This may explain some of the
discovered VOUS CNVs in boys with ASD, inherited from
apparently healthy mothers. In the series of patients reported
here, six VOUS variants were inherited, five of them being
present in boys. Our group of patients is too small to make
further conclusions and additional studies are needed on big
cohorts to clarify suggested interpretation.

In conclusion, the genetic variation has been acknowledged
to have a relevant impact in ASD. Using the molecular

karyotyping, the causative CNVs were identified in 7.3% of
individuals with isolated or complex ASD. In addition, 10.0%
of individuals harbour a VOUS, which contributes to the cur-
rent knowledge and suggests a potential risk factors for ASD.
Their true clinical relevance is expected to be clarified in the
future with additional cohort reports and functional studies.
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