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Abstract
Background: Autism spectrum disorder (ASD) is a neurodevelopmental disor-
der with strong genetic underpinnings. Microarray-based comparative genomic 
hybridization (aCGH) technology has been proposed as a first-level test in the 
genetic diagnosis of ASD and of neurodevelopmental disorders in general.
Methods: We performed aCGH on 98 Tunisian children (83 boys and 15 girls) 
diagnosed with ASD according to DSM-IV criteria.
Results: “Pathogenic” or “likely pathogenic” copy number variants (CNVs) 
were detected in 11 (11.2%) patients, CNVs of “uncertain clinical significance” 
in 26 (26.5%), “likely benign” or “benign” CNVs were found in 37 (37.8%) and 
24 (24.5%) patients, respectively. Gene set enrichment analysis involving genes 
spanning rare “pathogenic,” “likely pathogenic,” or “uncertain clinical signifi-
cance” CNVs, as well as SFARI database “autism genes” in common CNVs, de-
tected eight neuronal Gene Ontology classes among the top 10 most significant, 
including synapse, neuron differentiation, synaptic signaling, neurogenesis, and 
others. Similar results were obtained performing g: Profiler analysis. Neither 
transcriptional regulation nor immune pathways reached significance.
Conclusions: aCGH confirms its sizable diagnostic yield in a novel sample of 
autistic children from North Africa. Recruitment of additional families is under 
way, to verify whether genetic contributions to ASD in the Tunisian population, 
differently from other ethnic groups, may involve primarily neuronal genes, more 
than transcriptional regulation and immune-related pathways.
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1   |   INTRODUCTION

Autism spectrum disorder (ASD) encompasses a group of 
neurodevelopmental disorders (the “autisms”) character-
ized by impairment in social interaction and communica-
tion, including deficits in social reciprocity, accompanied 
by restricted interests, repetitive patterns of behavior, 
and abnormal sensory processing (American Psychiatric 
Association,  1994; Persico et al.,  2020). Its prevalence 
rates range from 1/54 children and 1/45 adults in the 
United States (Dietz et al.,  2020; Maenner et al.,  2020), 
to 1/87 children in Italy and 1/102 adults in England 
(Brugha et al., 2011; Narzisi et al., 2018). ASD has strong 
genetic underpinnings. Familial recurrence rates are ap-
proximately 15%–25% for male and 5%–15% for female 
offspring (Ozonoff et al., 2011; Persico et al., 2020), much 
higher than population rates (Brugha et al., 2011; Dietz 
et al.,  2020; Maenner et al.,  2020; Narzisi et al.,  2018). 
Twin studies have revealed that heritability can range 
from 38% to 90%, with approximately 50% as the most 
likely estimate (Huguet et al.,  2016). Genetic contribu-
tions to ASD are extremely heterogeneous. The majority 
of ASD cases fall within a complex genetic-epigenetic 
susceptibility model, encompassing a combination of 
genetic vulnerability conferred by rare and common 
variants, paired with environmental modulators affect-
ing neurodevelopment through epistatic gene–gene and 
gene–environment interactions (Bhandari et al.,  2020; 
Chaste et al.,  2017; Huguet et al.,  2016; Persico & 
Napolioni,  2013). Traditional cytogenetics, carried out 
by karyotype on cells in metaphase with the G-banding 
method, while very useful in identifying numerical and 
large structural chromosomal anomalies, has a limited 
resolution, reaching approximately 3–5  Mb at most. 
Array-based technology has produced a dramatic 50-  to 
1000-fold increase in the detection sensitivity of chromo-
somal anomalies. Depending on array model and plat-
form, array comparative genomic hybridization (aCGH) 
allows identifying the presence of CNVs (deletions and 
duplications) at the whole genome level with a resolution 
down to just ~5–100 Kb. Hence aCGH, as already exten-
sively described in the literature, has been confirmed as 
a “gold standard” first-level test in the genetic diagnosis 
of ASD (Aradhya et al., 2007; Miller et al., 2010; Sanders 
et al.,  2015) and for neurodevelopmental disorders in 
general (Baccarin et al.,  2020). Much evidence revealed 
that copy number variants (CNVs) detected by aCGH are 
major contributors to ASD pathogenesis in up to 10%–15% 
of affected children (Miller et al., 2010; Sebat et al., 2007). 
In this study, we have for the first time performed whole-
genome aCGH analysis on a sample of children with ASD 
recruited in Tunisia.

2   |   PATIENTS AND METHODS

2.1  |  Patients

We enrolled 98 children and adolescents with ASD, in-
cluding 83 boys and 15 girls (M:F = 5.5:1), ranging from 3 
to 18 years old, and belonging to 91 simplex and four mul-
tiplex families with two autistic children (both children 
from each multiplex family were genotyped, except for one 
family where only one child was genotyped, yielding 91 
patients from simplex and seven patients from multiplex 
families). Patients were recruited between January and 
April 2017 at the Child and Adolescent Psychiatry Clinic 
of the Department of Psychiatry, Fattouma Bourguiba 
University Hospital, Monastir, Tunisia. Clinical diagnosis 
of ASD was based on the Diagnostic and Statistical Manual 
of Mental Disorders, Fourth Edition (DSM-IV) (American 
Psychiatric Association, 1994) criteria, confirmed by the 
Autism Diagnostic Inventory-Revised (ADI-R) (Lord 
et al.,  1994), and the Autism Diagnostic Observation 
Schedule-2 (ADOS-2) (Lord & Rutter,  2012). The sever-
ity of autism was assessed using the Childhood Autism 
Rating Scales (CARS) (Schopler et al., 1986). All patients 
had normal karyotype. Patients with fragile-X syndrome 
were excluded. This study was approved by the Ethics 
Committee of Mahdia's University Hospital, Tunisia (Ref. 
n. PO9PSY-2018). The purpose and protocol of the study 
were explained to parents by the child psychiatrist (N.G.) 
and the first investigator (F.C.). Written informed consent 
was obtained from parents of all patients.

2.2  |  Methods

Peripheral blood was drawn into EDTA-containing tubes 
from all probands. Genomic DNA extraction was per-
formed by the salting-out method (Lahiri & Nurnberger 
Jr.,  1991). aCGH was performed in all patients using 
the Human Genome CGH SurePrint G3 Microarray 
4  × 180 K Kit (Agilent Technologies, Santa Clara, CA), 
consisting of ∼170.000 60-mer oligonucleotide probes 
which span the whole genome with an average spatial 
resolution of ∼50 Kb. Following the manufacturer's in-
structions, 200 ng aliquots of genomic DNA from the 
test and the sex-matched reference samples were di-
gested with AluI and RsaI (restrictions enzymes). DNA 
aliquots were labeled with fluorescent nucleotides (Cy3 
and Cy5, respectively) and hybridized for 24 hours with 
an equivalent amount of Cy3 and Cy5 labeled DNA into 
the microarrays. Slides were finally washed according to 
manufacturer's instructions and scanned immediately 
using the DNA Microarray Scanner (Agilent). CNV call 
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was performed using the ADM-2 algorithm, as imple-
mented in the Agilent Cytogenomic Software v.4.0.3.12 
and considering aberrations with at least three consecu-
tive probes. All calls were visually inspected to remove 
possible false-positives characterized by irregular Log2 
Ratios. In order to ensure reliability, CNVs were defined 
applying the following parameters: minimum number 
of probes = 3; if 0 = 2 alleles, mean deletions log2 ratio 
<−0.60 and mean duplication log2 ratio >+0.54.

2.3  |  CNVs interpretation

In reference to their frequency in the general popula-
tion, CNVs were classified into “rare” or “common” 
using an R script developed ad hoc, based on the pres-
ence of ≤3 or >3 healthy subjects, respectively, in the 
Database of Genomic Variants (DGV, http://proje​cts.
tcag.ca/varia​tion/).

In reference to their frequency in the patient popula-
tion, CNVs were defined as “recurrent” if either identical 
(i.e., same breakpoints) or similar (i.e., large overlap with 
<20% difference) to pathogenic/likely pathogenic CNVs 
carried by patients listed in the DECIPHER database 
(Firth et al., 2009).

In reference to their clinical significance, CNVs were 
classified into five categories: (a) pathogenic, (b) likely 
pathogenic, (c) uncertain clinical significance, (d) likely 
benign, and (e) benign, in accordance with the 2020 
American College of Medical Genetics and Genomics 
(ACMG) and Clinical Genome Resource (ClinGen) rec-
ommendations (Riggs et al., 2020). A two-step approach 
was applied: CNVs were first independently classified 
by three raters (FC, PT, and AMP). The vast majority of 
first-pass ratings were convergent, while differences were 
subject to discussion until full consensus was reached. 
Subsequently, an additional round of analysis was run 
by a fourth independent rater (MB) using the follow-
ing softwares: https://cnvca​lc.clini​calge​nome.org/cnvca​
lc/, https://phoen​ix.bgi.com/autoc​nv/, and http://autop​
vs1.genet​ics.bgi.com/ (Abou Tayoun et al.,  2018; Riggs 
et al.,  2020; Xiang et al.,  2020). Few differences with 
scores from the first round were detected, further dis-
cussed and finalized. Each patient was finally allocated 
into one of the five categories, based of the most patho-
genic CNV detected in his/her genome. To determine the 
functional relevance of the CNVs, all information about 
the genes spanned by each CNV were searched on open-
access databases, including Database of Chromosomal 
Imbalance and Phenotype in Human using Ensembl 
Resources (DECIPHER: https://decipher. sanger.ac.uk/
application/) (Firth et al., 2009), International Standards 
for Cytogenomic Arrays Consortium Database (https://

isca.genetics.emory.edu), Simons Foundation Autism 
Research Initiative Gene (SFARI GENE, https://sfari.org/) 
(Abrahams et al., 2013), and the AutismKB 2.0 database 
(Yang et al.,  2018). Genomic information regarding the 
chromosomal region duplicated or deleted in each CNV 
was obtained by searching in the University of California 
Santa Cruz Genome Browser (http://genome.ucsc.edu), 
Pubmed, Online Mendelian Inheritance in Man (http://
www.ncbi.nlm.nih.gov/Omim), and GeneCards (http://
www.genec​ards.org/). All chromosome coordinates refer 
to hg19 /GRCh37.

2.4  |  Gene set enrichment analysis and 
gene ontology

We selected all genes spanning rare CNVs classified as 
either “pathogenic,” “likely pathogenic,” or “uncertain 
clinical significance,” as well as all the “autism genes” 
spanning common CNVs and listed in the SFARI GENE 
database. We used the open-access web platform Gene 
Set Enrichment Analysis (GSEA) (http://softw​are.broad​
insti​tute.org/gsea/index.jsp) to perform Enrichment 
Analysis with the Gene Ontology Functional database 
(Subramanian et al., 2005). The FDR method was used to 
select the top 10 most significant categories, setting sta-
tistical significance at p < 0.05 applying a hypergeometric 
distribution, and exploring dataset C5 from the Molecular 
Signature Database v7.2 (https://www.gsea-msigdb.org/
gsea/msigd​b/).

We performed also a Gene Ontology analysis using 
g:Profiler (https://biit.cs.ut.ee/gprof​iler/gost), a public 
web server for characterizing and manipulating gene 
lists (Raudvere et al., 2019). The core of the g:Profiler is 
g:GOSt, which performs functional enrichment analysis 
or GSEA, on the input gene list. It maps genes to known 
functional information sources and detects significantly 
enriched terms.

3   |   RESULTS

3.1  |  Yield of aCGH analysis

The demographic and clinical characteristics of the sam-
ple are presented in Table 1. The majority of children were 
severely autistic and non-verbal. All families were sim-
plex, except for four, and 22 (22.5%) children were from 
consanguineous marriages.

The yield of aCGH analysis is shown in Figure  1. A 
complete list of all CNVs detected by aCGH analysis is 
provided as Table S1. Collectively 11 (11.2%) patients, in-
cluding three females and eight males, carry a total of 14 
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http://www.genecards.org/
http://software.broadinstitute.org/gsea/index.jsp
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“pathogenic” or “likely pathogenic” CNVs, encompassing 
10 duplications and four deletions (Table 2 and Table S1). 
Mean size for duplications and deletions is 212.3 kb and 
657.6 kb, respectively, with CNVs ranging from 28.7 Kb 
(chr. 12q13.12 duplication in case n. 12), to over 1.858 Mb 
(chr. 15q13.2-q13.3 deletion in case n. 24) (Table 2). Rare 
CNVs of “uncertain clinical significance” were detected 
in 26 (26.5%) patients (Table 3). “Likely benign” and “be-
nign” CNVs were detected in 37 (37.8%) patients and 24 
(24.5%) patients, respectively (Figure 1).

3.2  |  Pathogenic/Likely pathogenic CNVs

At least five individuals carry rare “pathogenic” or “likely 
pathogenic” dup/dels similar to CNVs listed in the 
Decipher database, although none is exactly overlapping 
(Table  2). Three of these recurrent CNVs are certainly 
pathogenic:

a.	 Patient n.41 is a 6-year-old boy carrying a large deletion 
of >500 kb in size, located in chr. 16p11.2 (“16p11.2 
microdeletion syndrome”). This child shows severe 
deficits in social communication, language delay with 
echolalia, and other moderate symptoms of ASD, in 
line with prior clinical descriptions of this syndrome 
(Marshall & Scherer,  2012). The deletion spans 29 
genes, including some exerting very important neu-
rodevelopmental functions (QPRT, MVP, TAOK2, 
MAPK3, and TBX6).

b.	 Patient n.23 is a 9-year-old nonverbal boy with severe 
ASD and cognitive impairment, who carries the largest 
deletion spanning over 1.85 Mb in size, located at chr. 
15q13.2-q13.3 (“15q13.3 microdeletion syndrome”). 
This region comprises several OMIM genes, includ-
ing OTUD7A and CHRNA7. The primary candidate for 
the phenotypic consequences of 15q13.3 microdeletion 
syndrome is OTUD7A (Forsingdal et al., 2016; Uddin 
et al., 2018; Yin et al., 2018), with CHRNA7 likely play-
ing a modulatory role (Bacchelli et al., 2015; Marotta et 
al., 2020) (see Discussion).

c.	 Patient n.24 is an 11-year-old nonverbal girl diagnosed 
with severe ASD and ID (IQ estimated at 25). She car-
ries a terminal deletion of approximately 178 kb located 
on chr. 22q13.33, involving the SHANK3 gene. This 
deletion causes Phelan-McDermid syndrome (PMS), 
a rare genetic disorder mainly characterized by ID, 
global developmental delay, muscle hypotonia, and 
motor coordination deficits, accompanied by ASD in 
approximately 40% of cases, and by several other sys-
temic signs and symptoms (Yi et al., 2016).

Most other “pathogenic” and “likely pathogenic” 
CNVs do not overlap nor appear similar to CNVs listed in 
Decipher, but they do span “autism genes” listed in the 
SFARI GENE, and AutismKB databases, such as DMD, 
NEXMIF, NLGN4X, PRKN, and others (Table  2). Their 
role in ASD and in other neurodevelopmental disorders 
has been reported in several studies (Aradhya et al., 2007; 
Bourgeron, 2015; Morato Torres et al., 2020; Satterstrom 
et al., 2020; Yuen et al., 2017). Patient n. 42 is a 5-year-old 
boy who carries an Xp21.2 duplication involving exons 
61–79 of the full-length isoform and the entire shortest 
isoform of the dystrophin (DMD) gene. DMD deletions, 
duplications, and mutations cause Duchenne muscular 

T A B L E  1   Demographic and clinical characteristic of Tunisian 
children with ASD (N = 98)

Characteristics N (%)

Sex

Male 83 (84.7%)

Female 15 (15.3%)

M:F 5.5: 1

Mean age ± SD in years (range) 7.43 ± 3.07 (3–18)

Family type

Simplex 91

Multiplex (2 ASD siblings) 4a

Consanguineous 22 (22.5%)

Language (ADI-R)

Verbal 42 (42.9%)

Non-verbal 56 (57.1%)

CARS

Mild to moderate ASD 34 (34.7%)

Severe ASD 64 (65.3%)
aBoth children were genotyped in three families, only one child was 
genotyped in one family (total N = 7 patients from multiplex families).

F I G U R E  1   Diagnostic yield of aCGH in Tunisian children with 
ASD (N = 98)
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dystrophy (DMD), Becker muscular dystrophy (BMD), 
or cardiomyopathy [OMIM #300377]. This boy was re-
ferred for autistic behaviors and has not yet developed a 
clear DMD/BMD or cardiomyopathy phenotype, as pre-
viously observed in other young children (Pagnamenta 
et al.,  2011; Qiao et al.,  2013; Watson et al.,  2020). 
Another rare “likely pathogenic” CNV of interest was 
detected in patient n. 87, a 10-year-old nonverbal au-
tistic girl with ID, who carries a duplication at chr. 
Xq13.3 encompassing the entire Neurite Extension 
and Migration Factor (NEXMIF or KIAA2022) gene, 
while sparing the neighboring RLIM gene, which 
has recently been implicated in a mild neurocognitive 
phenotype in hemizygous males (Palmer et al.,  2020). 
Patient n. 57 is an 11-year-old girl who carries a partial 
exonic duplication involving the NLGN4X gene. She was 
also diagnosed with phenylketonuria (PKU), which is 
associated with ASD especially in late-diagnosed PKU 
patients, although full comorbidity remains a rare event 
(Baieli et al., 2003; Bilder et al., 2017). Finally patient n. 
12 is a 6-year-old boy carrying a deletion involving the 5′ 
end (i.e., exons 1, 2 and/or 3 depending on the isoform) 
of the PRKN gene, also known as PARK2. Mutations and 
deletions in this gene have been bona fide associated 
with Parkinson's disease, but rare CNVs are also associ-
ated with ASD and other neurodevelopmental disorders 
(Morato Torres et al., 2020).

In addition to rare CNVs listed in Table  2, also com-
mon CNVs can confer some degree of liability to ASD 
(Monteiro et al., 2019; Toma, 2020). In particular, we de-
tected the recurrent 15q11.1-q11.2 BP1-BP2 microdupli-
cation (Chai et al.,  2003), encompassing NIPA1, NIPA2, 
CYFIP1, and TUBGCP5 in a 13-year-old boy with moder-
ate autism (case n. 44 in Table S1). This variant, though 
not rare, was scored as “likely pathogenic” because epi-
static interactions between this CNV and additional rare 
or common variants can lead to the appearance of distinct 
behavioral phenotypes (Picinelli et al.,  2016), although 
contrasting interpretations have been presented (Chaste 
et al., 2014).

3.3  |  Variants of unknown significance 
(VOUS)

Rare VOUS are listed in Table  3. Duplications slightly 
exceed the number of deletions (dup/del  =  16:14), as 
reported in another study (Siu et al.,  2016), tend to be 
larger than deletions and on average encompass more 
genes. Among the 26 patients carrying VOUS, 9 (9.2%) 
present partial rare duplications in the acetylserotonin O-
methyltransferase (ASMT) gene, located in the pseudoau-
tosomal region 1 of the sex chromosomes (Table 3). ASMT Id
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encodes for the last enzyme of melatonin synthesis, muta-
tions in this gene have been associated with ASD, and low 
levels of melatonin have been recorded in many autistic 
children (Ballester et al., 2020; Jonsson et al., 2014; Melke 
et al.,  2008; Wang et al.,  2013). In our cohort, 6 (66.7%) 
out of the 9 patients carrying ASMT duplications reported 
sleep disorders, in contrast to 36 (36.8%) out of the 98 pa-
tients in the entire sample, underscoring the importance 
of CNVs involving ASMT in influencing sleep and circa-
dian rhythms.

Three boys (id. n.44, 45, and 59) carry the same 
14q22.1 duplication encompassing ATL1, one of the 
causative genes of spastic paraplegia (Table  4). These 
patients come from the same geographical area of origin 
(Gafsa) in Tunisia. Cases n. 44 and 45 are first-degree 
cousins and display no language impairment, whereas 
patient n. 65 is a 9-year-old unrelated nonverbal boy. 
ATL1 encodes a protein involved in the regulation 
of endoplasmic reticulum (ER) morphology (Shih & 
Hsueh, 2018). The loss of ATL1 function leads to abnor-
malities in axonal development, impairment of neuronal 
growth (Zhu et al., 2006), and a reduction of dendritic 
spine density (Shih & Hsueh, 2018). The implication of 
this rare CNV in the etiology of ASD is still unknown, 
but contributions to ASD pathogenesis by ER formation 
in its interaction with the Golgi system cannot be ex-
cluded. Similarly, in cases n. 44 and 65 epistatic interac-
tions with CNVs involving ASMT and the 15q11.1-q11.2 
BP1-BP2 microduplication described above also cannot 
be excluded (Table 3 and Table S1).

Finally, other deletions are located near important 
causative autism genes, such as VAMP7 and CDH18, and 
contain highly conserved H3K27Ac marks often found 
near active regulatory elements (see http://genome.ucsc.
edu). In principle, CNVs can influence gene expression 
by affecting epigenetically relevant regions encompass-
ing long noncoding RNAs (Bilinovich et al., 2019; DeWitt 
et al., 2016) or able to modulate DNA methylation, histone 
modifications, and the expression of noncoding micro-
RNAs (Wiśniowiecka-Kowalnik & Nowakowska,  2019). 
Until demonstrated epigenetically relevant, these CNVs 
remain of unknown significance.

3.4  |  Pathway analysis by gene set 
enrichment analysis and gene ontology

Pathway analysis was conducted using both the GSEA 
web platform (Subramanian et al.,  2005) and g:Profiler 
(Raudvere et al., 2019), on a total of 207 genes, spanning 
CNVs scored as “pathogenic,” “likely pathogenic,” or of 
“uncertain clinical significance.” Results are shown in 
Tables 4 and 5, respectively. GSEA and g:Profiler confirmed 77
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that most gene categories with the highest statistical sig-
nificance are nervous system-specific and that many of the 
genes spanned by these CNVs are already associated with 
ASD and/or neurodevelopmental disorders. In particular, 
the complete top 10 most enriched gene sets identified by 
GSEA are listed in Table 4. Partly overlapping sets of genes 
identified GO Synapse, Neuron Differentiation, Synaptic 
Signaling, Neurogenesis, Regulation of Trans-synaptic 
Signaling, Synaptic Growth at Neuromuscular Junction, 
Neuron Projection, and Signaling Adaptor Activity 
(Table 4). Only two pathways, GO Golgi Cis Cisterna and 

Fungiform Papilla Development fall outside this frame-
work. Similarly, enrichment analyses performed using 
g:Profiler identified 11 overrepresented Gene Ontology 
categories, including five biological processes and six 
cellular components (Table 5a and b). Among biological 
process, at least two are neuron-specific, namely nega-
tive regulation of synaptic transmission and modulation 
of excitatory postsynaptic potential. Instead, all six cel-
lular components regard synaptic structure and function 
(Table  5b). Single genes, for example CELF4 (Table  2), 
indeed play important roles in mRNA processing, but 

T A B L E  4   Gene Set Enrichment Analysis (GSEA) for gene ontologies of 207 genes spanning CNVs scored as “pathogenic,” “likely 
pathogenic,” or of “uncertain clinical significance” in Tunisian children with ASD (N = 98)

Gene Set Name Genes

# Genes in 
Overlap 
(k)

# Genes in 
Gene Set 
(K) k/K p-value

FDR 
q-value

GO_SYNAPSE SHANK3, PRKN, CHRNA7, CYFIP1, NLGN4X, 
MAPK8IP2, SYT17, GRIP1, EEF2K, 
DSCAML1, CNTN6, PRRT2, DRD5, 
DLGAP2, CHRFAM7A, DOC2A, CACNB4, 
EPS8, CORO1A, DMD, ITPR1, GPC6

22 1357 1.62 2.04E-7 1.12E-3

GO_GOLGI_CIS_CISTERNA ATL1, GOLGA8DP, GOLGA8R, GOLGA8H, 
GOLGA8CP

5 30 16.67 2.19E-7 1.12E-3

GO_NEURON_
DIFFERENTIATION

SHANK3, PRKN, CHRNA7, CYFIP1, NLGN4X, 
MAPK8IP2, SYT17, GRIP1, EEF2K, 
DSCAML1, CNTN6, ATL1, SIX1, WNT10B, 
TAOK2, MAPK3, TRPM1, WNT1, MOSMO, 
PITX2, TBX6

21 1406 1.49 1.46E-6 3.13E-3

GO_SYNAPTIC_SIGNALING SHANK3, PRKN, CHRNA7, CYFIP1, NLGN4X, 
MAPK8IP2, SYT17, PRRT2, DRD5, 
DLGAP2, CHRFAM7A, DOC2A, CACNB4, 
CELF4, KCTD13

15 751 2.00 1.64E-6 3.13E-3

GO_FUNGIFORM_
PAPILLA_ 
DEVELOPMENT

SIX1, WNT10B, SIX4 3 6 50.00 1.74E-6 3.13E-3

GO_NEUROGENESIS SHANK3, PRKN, CHRNA7, CYFIP1, NLGN4X, 
MAPK8IP2, SYT17, GRIP1, EEF2K, 
DSCAML1, CNTN6, ATL1, SIX1, WNT10B, 
TAOK2, MAPK3, TRPM1, WNT1, MOSMO, 
PITX2, TBX6, SIX4, NEXMIF

23 1674 1.37 1.83E-6 3.13E-3

GO_REGULATION_
OF_TRANS_ 
SYNAPTIC_SIGNALING

SHANK3, PRKN, CHRNA7, CYFIP1, NLGN4X, 
MAPK8IP2, PRRT2, DRD5, DLGAP2, 
CELF4, KCTD13

11 455 2.42 7.2E-6 1.06E-2

GO_SYNAPTIC_
GROWTH_AT_ 
NEUROMUSCULAR_
JUNCTION

SHANK3, SIX1, SIX4 3 10 30.00 1.03E-5 1.32E-2

GO_NEURON_
PROJECTION

SHANK3, PRKN, CHRNA7, CYFIP1, NLGN4X, 
GRIP1, EEF2K, DSCAML1, CNTN6, PRRT2, 
CHRFAM7A, DOC2A, EPS8, CORO1A, 
DMD, ATL1, TAOK2, SAV1, ADAM21

19 1366 1.39 1.3E-5 1.43E-2

GO_SIGNALING_
ADAPTOR_ ACTIVITY

SHANK3, MAPK8IP2, GRIP1, EPS8, SAV1 5 68 7.35 1.4E-5 1.43E-2
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in reference to gene ensembles, neither “transcriptional 
regulation” nor “immune” pathways reached statistical 
significance.

4   |   DISCUSSION

Our study replicates and extends previous results under-
scoring the importance of aCGH for uncovering chro-
mosomal imbalances and genomic rearrangements in 
individuals with ASD, as well as other neurodevelopmental 
disorders (Aradhya et al., 2007; Iourov et al., 2012; Miller 
et al., 2010; Monteiro et al., 2019; Sanders et al., 2015; Siu 
et al., 2016; Wall et al., 2009). We detected “pathogenic” or 
“likely pathogenic” CNVs in 11/98 (11.2%) children with 
ASD, the first recruited and clinically well-characterized 
sample from North Africa assessed using this technology. 
This detection rate largely overlaps with previous find-
ings from groups applying similar technologies (Monteiro 
et al.,  2019; Siu et al.,  2016), demonstrating that ethnic-
ity does not significantly influence the relative weight of 
CNVs in the pathogenesis of ASD. Among children with 
“pathogenic” and “likely pathogenic” CNVs, duplications 
were more frequent than deletions. Similar to previous 
studies, the size of pathogenic CNVs is larger and encom-
passes more genes compared to VOUS, “likely benign” 
and “benign” CNVs altogether (Aradhya et al.,  2007; 
Cappuccio et al., 2016). Otherwise, deletions and duplica-
tions may differentially affect social communication, be-
havior, and phonological memory, whereas both equally 
affect motor skills (Douard et al., 2021).

Several recurrent risk loci carrying increased ASD lia-
bility, such as 15q13.3, 16p11.2, and 22q13.33, have been 
detected in this sample and may be associated with rel-
atively specific phenotypes (Chaste et al.,  2017; Huguet 
et al., 2016):

a.	 Individuals with chromosome 16p11.2 microdeletion 
syndrome frequently display peculiar clinical features, 
mostly present also in our case n. 41, including higher 
rates of developmental abnormalities, lower IQ, birth 
complications, medical issues, and an equal sex ratio 
(Marshall & Scherer,  2012). More broadly, both dele-
tions and duplications in the 16p11.2 region enhance 
the risk for ASD (Chaste et al.,  2017), while only 
duplications are related to schizophrenia (Szatkiewicz 
et al.,  2014).

b.	 Chr. 15q13.2-q13.3 microdeletion syndrome can re-
sult in neurodevelopmental phenotypes as diverse 
as schizophrenia, epilepsy, and autism (Bacchelli et 
al., 2015; Ben-Shachar et al., 2009; Dibbens et al., 2009; 
Gillentine & Schaaf,  2015). Its critical region com-
prises several OMIM genes, including OTUD7A and 

CHRNA7. OTUD7A encodes one of a family of deubiq-
uitinases mainly expressed in the central nervous sys-
tem (CNS), where it stimulates dendritic growth and 
spine development, enhancing excitatory synaptic ac-
tivity (Uddin et al., 2018; Yin et al., 2018). OTUD7A ko 
mice largely recapitulate the clinical signs and symp-
toms of human patients, underscoring the pivotal role 
of this gene (Forsingdal et al., 2016; Uddin et al., 2018; 
Yin et al., 2018). A modulatory effect is instead played 
by CHRNA7, which encodes the alpha 7 subunit of the 
nicotinic acetylcholine receptor, localized both pre- 
and postsynaptically (Papke & Lindstrom, 2020; Zoli et 
al., 2018). In addition to its ionotropic neuronal func-
tions, modulating the secretion of both the inhibitory 
neurotransmitter GABA and the excitatory neurotrans-
mitter glutamate, the α7 nicotinic receptor is also able 
to regulate neuroinflammation through independent 
metabotropic effects detected in many nonneuronal 
cell types (Papke & Lindstrom, 2020; Zoli et al., 2018). 
The differential burden of OTUD7A and CHRNA7 is 
well exemplified by a recent report describing a boy 
and a girl, each carrying two contiguous 15q13.3 micro-
deletions involving CHRNA7 and displaying very dif-
ferent clinical phenotypes: the boy has severe cognitive 
impairment and hyperactivity, while the girl had mild 
language deficits and a high IQ (Alsagob et al., 2019). 
Interestingly, the downstream deletion includes both 
OTUD7A and CHRNA7 in the severely affected boy, 
while only CHRNA7 is deleted in the mildly affected 
girl (Alsagob et al.,  2019). In line with this evidence, 
our case n. 23 carries a deletion involving both genes 
and is severely affected with ASD, cognitive impair-
ment and lack of verbal language.

c.	 Chr. 22q13.33 terminal deletions result in Phelan-
McDermid syndrome (PMS) which in our case n. 24 
displays a particularly severe phenotype. Pathogenic 
deletions and mutations typically involve the SHANK3 
gene (OMIM #606230), which encodes a scaffolding 
protein that is enriched in postsynaptic densities of 
excitatory synapses and also in presynaptic axons and 
terminals (Wang et al., 2014). In the CNS, SHANK pro-
teins play a role in synapse formation and dendritic 
spine maturation. The SHANK3 gene may yield more 
than a hundred isoforms in the brain, each with a 
unique function possibly relevant to the diversity and 
specificity of each type of synapse (Wang et al., 2014). 
Besides its crucial role in the CNS, SHANK3 is also in-
volved in the maturation of neuromuscular junctions 
and in striated muscles. Hence, SHANK3 haploinsuf-
ficiency invariably results in muscle hypotonia, by in-
terfering with each element of the transmission chain 
involved in voluntary movements, namely motoneu-
rons, neuromuscular junctions, and striated muscles 
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(Lutz et al., 2020; Waga et al., 2011). SHANK3 deletions 
and mutations have been detected in ~0.5% of ASD pa-
tients (Moessner et al., 2007; Waga et al., 2011; Wang et 
al., 2014), making this gene a strong monogenic cause 
of low-functioning ASD, as in the case of our patient n. 
24. Together with SHANK3, other genes present in the 
22q13.3 region can also contribute to interindividual 
differences in phenotype (Ricciardello et al., 2021). In 
particular, the deletion carried by patient n. 24 also en-
compasses MAPK8IP2, a recurrent gene in our GSEA 
analyses (Tables 4 and 5) which could enhance the se-
verity of autistic features (Ricciardello et al., 2021).

Among other genes playing a “pathogenic” or “likely 
pathogenic” role, DMD is especially interesting, because du-
plications have been found in children diagnosed primarily 
with ASD and not with DMD/BMD. This may be due both 
to its earlier onset and at least in some cases due to a milder 
expression of the muscular phenotype, which can clinically 
overlap with the motor development delays and coordina-
tion deficits often seen in children with ASD (Pagnamenta 
et al., 2011; Qiao et al., 2013; Watson et al., 2020). Also the 
chr. Xq13.3 duplication involving NEXMIF is interesting, be-
cause it spares the neighboring RLIM, recently proposed as 
the strongest candidate gene for the cognitive and dysmor-
phological phenotype of these patients (Palmer et al., 2020). 
Instead our case n. 87 draws attention onto NEXMIF, pre-
viously known as KIAA2022, which is highly expressed in 
the brain and encodes the X-linked Intellectual Disability 
Protein Related to Neurite Extension (XPN) protein, crucial 
to neuronal migration, cell adhesion, neurite outgrowth, 
and branching (Hansen et al.,  2008). Different types of 
NEXMIF gene imbalances may act as hemizygous or com-
pound heterozygous loss-of-function mutations, responsi-
ble for a form of X-linked ID [OMIM 300524]. Patients with 
NEXMIF mutations may share some phenotypic features, 
such as language delay, refractory seizures, dysmorphism, 
and autistic traits (Webster et al.,  2017). Finally, the par-
tial exonic duplication involving the NLGN4X gene found 
in case n. 57 points toward probable contributions by this 
CNV to the comorbidity of ASD and PKU in this girl. Indeed 
there is no evidence of direct links between NLGN4X and 
PKU. However, PKU and ASD, despite being significantly 
associated in comparison with population prevalence rates, 
co-occur only in a small minority of PKU patients (Baieli 
et al., 2003; Bilder et al., 2017). Hence, this duplication in-
volving NLGN4X may likely increase the probability of ob-
serving an autistic phenotype in a child with PKU .

GSEA categories “synaptic signaling” and “excit-
atory postsynaptic potential” are especially enriched in 
genes spanning “pathogenic” and “likely pathogenic” 
CNVs (Table  4). Previous studies have primarily under-
scored the role of three major functional gene sets in 

ASD pathogenesis, namely (a) genes involved in neuronal 
communication, including synaptic function, (b) genes 
involved in epigenetic and gene expression regulation, 
and (c) genes involved in immune functions (De Rubeis 
et al., 2014; Satterstrom et al., 2020). Both GSEA and g:-
profiler analyses confirm in the present study the impor-
tance of the neuronal gene set. In particular, eight out of 
10 gene sets selected by GSEA are implicated in “neuro-
genesis,” “neuron differentiation,” “neuron projection,” 
“synapse,” “synaptic signaling” and similar. Synaptic 
function regards all six cellular components identified 
by g: Profiler, as well as two biological processes, namely 
“negative regulation of synaptic transmission,” (GO: 
0050805) and “modulation of excitatory postsynaptic po-
tential” (GO:0098815)” (Table 5). As expected, gene sets 
are partly overlapping, with MAPK8IP2 and SHANK3 
most present in different pathways. Pathway analysis net-
work for autism already showed that the MAPK pathway 
is strongly linked to ASD and connected to other pathways 
(Wen et al., 2016). Also some commonly detected genes, 
like CYFIP1, share the same pathways as rare candidate 
genes like DMD, SHANK3, and CHRNA7. Interestingly, 
our study finds very few genes, if any, involved in tran-
scriptional regulation and immune function (De Rubeis 
et al., 2014; Satterstrom et al., 2020). Whether this is due 
to interethnic differences in pathogenetic mechanisms or 
to a sampling bias due to a relatively small sample size 
assessed in the present study, will have to be determined.

The present study has several limitations. First, our 
sample is sizable, considering that it was recruited from a 
novel North African ethnic group, but also relatively small 
compared to large-scale studies addressing ASD genetics. 
Hence negative results, like the absence of GO epigenetic 
and transcriptional regulation genes in GSEA, should be 
viewed with caution until replicated in a different sample 
from the same ethnic group, as they may reflect a sampling 
bias. Second, parents were not collected and analyzed, so 
we cannot define whether CNVs are de novo or inherited. 
This limitation is especially relevant considering that over 
20% of parental pairs are consanguineous. Furthermore, 
this study is focused on aCGH and does not represent a 
broad-spectrum genetic assessment. Small CNVs and sin-
gle nucleotide mutations potentially responsible for the 
appearance of some core symptoms in our patients are not 
detected by aCGH technology. WES will thus be necessary 
to obtain a more complete picture of the genetic architec-
ture of ASD in Tunisia (Srivastava et al., 2019). Finally, the 
contribution of gene–environment interactions to ASD 
etiology is receiving growing attention (Bai et al.,  2019) 
and falls outside the scope of the present study. We have 
recently found altered plasma levels of some heavy met-
als and rare-earth elements in a large subgroup including 
89 children of this cohort, compared to a control group 
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(Chehbani et al., 2020). The absorption, storage, manage-
ment, transportation, and elimination of these elements 
from the body of these children could be altered and inter-
act with genetic underpinnings in clinically meaningful 
ways (Bai et al., 2019).

4.1  |  Conclusion

To our knowledge, this is the first genetic investigation 
applying aCGH technology in a Tunisian sample of pa-
tients with ASD. Despite the limitations discussed above, 
our results support the use of aCGH as a first-tier genetic 
test for ASD, both (a) to identify recurrent CNVs and ge-
netic syndromes associated with ASD, and (b) to detect 
rare or “unique” pathogenic and likely pathogenic CNVs. 
This level of genetic characterization can, at least in 
some cases, foster a better understanding of phenotype–
genotype correlations and improved management at the 
clinical level (Butler et al., 2022). At the same time, these 
results confirm that despite using the most advanced 
technologies, only a minority of cases with ASD finds a 
satisfactory monogenic explanation to their disorder. Our 
understanding of the genetic maze in ASD is still limited. 
Gene–environment interactions may represent the plausi-
ble explanation for CNVs currently with unknown clinical 
significance, as well as for cases of ASD due to genetics 
and epigenetics jointly deranging their prenatal and early 
postnatal neurodevelopment.
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