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Abstract

Background Autistic Spectrum Disorder (ASD) is a neurodevelopmental disorder with a strong genetic component
and high heterogeneity. Essential ASD refers to patients who do not have other comorbidities. This study aimed to
investigate the genetic basis of essential ASD using whole exome sequencing (WES) and array-comparative genomic
hybridization (array-CGH).

Results In a cohort of 122 children with essential ASD, WES detected 382 variants across 223 genes, while array-CGH
identified 46 copy number variants (CNVs). The combined use of WES and array-CGH revealed pathogenic variants

in four patients (3.1% detection rate) and likely pathogenic variants in 34 patients (27.8% detection rate). Only one
patient had a pathogenic CNV (0.8% detection rate). Including likely pathogenic variants, the overall detection rate
was 31.2%. Additionally, 33 de novo heterozygous sequence variants were identified by WES, with three classified as
pathogenic and 13 as likely pathogenic. Sequence variants were found in 85 genes already associated with ASD, and
138 genes not previously included in the SFARI dataset were identified as potential new candidate genes.

Conclusions The study enhances genetic understanding of essential ASD and identifies new candidate genes of
interest. The findings suggest that using both array-CGH and WES in patients with essential ASD can improve the
detection of pathogenic and likely pathogenic genetic variants, contributing to better diagnosis and potentially
guiding future research and treatment strategies.
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Background

Autistic Spectrum Disorder (ASD) includes a diverse
group of neurodevelopmental disorders characterized by
deficits in social communication and interaction, along
with restricted and repetitive behaviors, interests, and
activities. The prevalence of ASD in the general popula-
tion is approximately 1%. Many patients with ASD also
exhibit global developmental delay (GDD) and epilepsy,
leading to the classification of “complex ASD” Other
patients may have specific patterns of abnormalities or
dysmorphic features, referred to as “syndromic ASD’
which includes conditions like Fragile X syndrome, Rett
syndrome, Down’s Syndrome, Phenylketonuria, Angel-
man syndrome, and Tuberous Sclerosis Complex [1-3].
Non-syndromic ASD refers to patients without dysmor-
phic traits, comorbidities, or a characteristic symptom
pattern of a specific syndrome. ASD can be categorized
into three subtypes: essential ASD (three or fewer anom-
alies), equivocal ASD (four or five anomalies), and com-
plex ASD (six or more anomalies) [3]. Males are more
frequently affected than females, with a male-to-female
ratio of 2.5:1 for complex ASD [4] and 4.5:1 for essential
ASD [5].

Array-comparative genomic hybridization (array-
CGH) has been integrated into genetic diagnostics for
ASD, identifying copy number variations (CNVs) that
contribute to approximately 10% of ASD cases [6]. Vari-
ants of uncertain significance (VOUS) are also frequently
identified, with de novo CNVs present in about 4% of
ASD patients [7]. CNVs related to neuronal cell adhe-
sion, ubiquitin pathways [8], and postsynaptic cell adhe-
sion [9] are biologically associated with ASD. The Simons
Foundation Autism Research Initiative (SFARI) database
lists recurrent CNVs associated with ASD [10]. Previ-
ous studies on array-CGH in essential ASD have shown
a causative CNV detection rate (DR) of 9%, with no sig-
nificant difference in cognitive abilities among groups
with and without causative CNVs [11]. However, a higher
number of non-verbal children were observed in the
causative CNV group. High-resolution array-CGH find-
ings in essential ASD have reported lower frequencies of
pathogenic CNVs compared to complex ASD, with no
correlation between genetic results and clinical aspects.
In high-functioning autism (HFA) without epilepsy,
intellectual disability, or known genetic diseases, array-
CGH identified CNVs containing brain-related genes but
found no difference in the number of CNVs compared
to random population samples [12]. In non-syndromic
autism with epilepsy, intellectual disability, and ADHD,
array-CGH identified de novo pathogenic CNVs in 6.25%
of patients [13] .

Next-generation sequencing techniques, such as
whole exome sequencing (WES) and whole genome
sequencing (WGS), have identified hundreds of gene
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variants involved in ASD, highlighting the role of de
novo sequence variants [14, 15]. A combination of WES
and array-CGH in essential ASD has identified clinically
significant variants in 5.9% of cases, with pathogenic
CNVs found in 4.2% and WES-positive findings in 3.1%
of essential ASD patients [13, 16]. Interestingly, while
hundreds of ASD loci have been identified, the genetic
basis of ASD remains elusive, and only a small fraction of
ASD patients have been associated with specific genetic
variants. Other factors, such as rare genetic variations,
epigenetic changes, gene-gene interactions, or environ-
mental factors, may also play a role in the development of
ASD, highlighting the need for continued research to bet-
ter understand the genetic and non-genetic factors that
contribute to the disease.

In this study, we analyzed 122 children with essential
ASD and their parents using array-CGH and WES. We
report the molecular findings from this dual testing strat-
egy and discuss the potential pathogenicity and clinical
significance of the results.

Methods

Participants

We enrolled 122 patients (104 males and 18 females)
with a diagnosis of essential ASD. These patients had
no epilepsy, dysmorphic features, intellectual disabil-
ity, microcephaly, six or more minor anomalies, or sys-
temic congenital malformations such as congenital
heart defects. Patients were recruited from the Child
Neuropsychiatry Unit and the Cytogenetics and Medi-
cal Genetics Unit of “ASST Sette Laghi’; Varese, Italy. A
clinical geneticist assessed heritability for neuropsychi-
atric disorders and neurodevelopmental diseases and
excluded multiple congenital abnormalities, malforma-
tions, or syndromes. Subjects aged from three to 12
years, with an ASD diagnosis based on DSM-5 criteria,
were included. Exclusion criteria were: (a) demonstrated
syndromic ASD with a genetic basis or up to six other
clinical features (complex ASD); (b) absence of one or
both parents; (c) known syndromes related to specific
genetic causes; (d) presence of epilepsy or use of epilep-
tic pharmacological therapy, or febrile seizures within six
months prior to medical counseling; (e) other psycho-
pharmacological therapies. Written informed consent for
genetic and clinical ASD tests and the use of biological
results for research in an anonymous form was provided
by the parents and relatives of the probands. The con-
sent model and procedure were approved by the Institu-
tional Review Board (“ASST Sette Laghi” Code MOD09
I0S01SSDGM).

Genetic investigation
DNA from peripheral blood cells has been selected as
elective tissue for the genetic investigations. As a matter
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of fact, even if limited tissue mosaicism has been associ-
ated to syndromic neurodevelopmental disorders, it has
not been confirmed in ASD affected patients [17, 18].

To identify submicroscopic chromosomal rearrange-
ments, array-CGH technology was performed after DNA
extraction from peripheral blood cells (QIAmp DNA
Blood Maxi Kit, Qiagen, Hilden, Germany). The array-
based comparative genomic hybridization was performed
using the CytoSure ISCA V3 4x180 K platform, with a
backbone resolution of 1 probe/22 Kb for high-priority
backbone, 1 probe/24 Kb for medium-priority backbone,
and 1 probe/54 Kb for low-priority backbone, using
the human genome reference GRCh37/hgl9 and sex-
matched normal human DNA pool (Kreatech, Amster-
dam, Holland) as control. The InnoScan 710 Microarray
Scanner (Carbonne, France) and Mapix (Innopsys, Car-
bonne, France) were used to detect and analyze fluores-
cence levels. Results were interpreted using Cytosure
Interpret Software (Oxford Gene Technology, Begbroke,
Oxfordshire, United Kingdom). QC metrics required
were SD<1.0 and DLR spread <0.3.

Whole exome sequencing

WES was performed in trios using the Twist Human
Core Exome Kit (Twist Bioscience, San Francisco, USA)
according to the manufacturer’s protocol and sequenced
with the Illumina NovaSeq 6000 platform. The BaseSpace
pipeline (Illumina, San Diego, USA) and TGex software
(LifeMap Sciences, Alameda, USA) were used for vari-
ant calling and annotation, respectively. Sequencing
data were aligned to the GRCh37/hg19 human reference
genome. Variants with a coverage lower than 10x, qual-
ity score (GQ) lower than 15, and gnomAD minor allele
frequency (MAF) lower than 5% were excluded. WES
results were interpreted according to ACMG guidelines
[19]. The prediction of the effect of a single base variant
on protein structure and functionality was determined
by the CADD score, using genome build GRCh37/hg19
vl.4 as reference. Annotations were performed using
gnomAD, GeneCards, UniProtKB/Swiss-Prot, OMIM,
GTEx, SFARIL, CADD, and HGNC databases.

Gene filtering

WES was used to investigate 825 neurodevelopmental
genes from the SFARI database (2018 Q3 version). Addi-
tionally, all other genes, whether included in the OMIM

Table 1 Classification of compound heterozygosity conditions

Variant 1 Variant 2 Classification
p PorlLP p

LP LP or VOUS LP

VOUS LB or VOUS VOUS

LB LPorP VOUS

LB LB LB
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database or not, and not reported in the SFARI database,
were considered if the analytic software detected de novo,
compound heterozygous, truncating, frameshift, or splic-
ing variants with MAF less than 1% in the general popu-
lation (gnomAD database v2.1.1 and v3.1).

Sequence variant filtering

All synonymous variants and inherited heterozygous
variants were excluded. Hemizygous, homozygous,
compound heterozygous, and de novo variants with <10
homozygotes in the general population or not annotated
in the gnomAD database (v2.1.1 and v3.1) were consid-
ered. Additionally, compound heterozygous variants
were included if one variant was classified as likely patho-
genic (LP) and the second variant was classified as vari-
ant of uncertain significance (VOUS), LP, or pathogenic
(P), regardless of the number of homozygotes in popula-
tion databases.

Pathogenic evaluation criteria of sequence variants
Variants were classified as likely benign (LB), VOUS, LP,
or P according to the following criteria:

Variants in SFARI genes were classified as P if they had
a CADD score>20 (criterion 1), an ACMG evaluation of
P or LP (criterion 2), and were not found in the gnomAD
database or had zero or one homozygote in the general
population (criterion 3).

A variant was considered LP if it had two to ten homo-
zygous subjects in the general population and satisfied
criterion 1, with ACMG evaluation of P, LP, or VOUS,
and involvement in neurodevelopment, nervous system
function, synaptic transmission, or epigenetic transcrip-
tion regulation (criterion 4).

Variants with a CADD score<15 and ACMG evalua-
tion of LB were classified as LB or B.

Variants not meeting these criteria were classified as
VOUS.

For genes not in the SFARI database, variants were
classified as LP if they met criteria 1, 2, and 4. They were
classified as LB or B with ACMG evaluation of B, LB, or
VOUS and a CADD score<15. Variants in non-SFARI
genes were conservatively not classified as P due to their
unknown implication in the ASD phenotype.

Compound heterozygous conditions were defined by
considering the combination of the pathogenicity classi-
fication of single variants as shown in Table 1.

Considering that most variants in neurodevelopmental
disorders are susceptibility factors with incomplete pen-
etrance [20, 21], we considered incomplete penetrance
for variants found in all patients to determine their
pathogenicity.



Granata et al. BMC Genomics (2024) 25:1186

Copy number variants (CNVs) interpretation and
classification

CNVs were interpreted using public databases like DECI-
PHER (including dosage sensitivity scores and sam-
pling probability) and the Database for Genetic Variants
(DGV). Classification followed the American College
of Medical Genetics (ACMG) Joint Consensus [22] and
Cytogenetic European and International Guidelines [23],
categorizing CNVs as P, LP, VOUS, LB, or B. CNVs clas-
sified as B or LB and those present in more than 1% of
healthy subjects in the DGV database were excluded.

Criteria for “Genes of interest” definition in CNVs

Genes involved in monogenic CNVs were considered of
interest. In multiple-gene CNVs, candidate genes were
selected based on SFARI score, function, involvement in
neurodevelopment, brain expression levels (TGEx), and
dosage sensitivity.

Data processing

All WES and array-CGH data were analyzed consider-
ing variant effects, pathogenicity classification, zygosity,
recurrence, and gene families identified via GeneCards
[24]. Non-annotated variants in the gnomAD database
and genes not reported in SFARI were emphasized.
Detection rates for the two combined tests in the 122
patients with Essential Autism were estimated based on
P and LP variants.

Selection of genes for gene families

Gene families with more than five genes were analyzed.
Genes that were recurrent and not annotated in the
SFARI database were considered. Family identification

Table 2 Detection rates of sequence and copy number variants

Category This study Other
Studies
Pathogenic variants 3.3% (4 cases) 5.9% (25)
6.3% (16)
- Pathogenic sequence variants 2.5% (3 cases) 3.1% (16)
- Pathogenic CNVs 0.82% (1 case) 3.1%(11)
9% (2),
4.2% (16)

Likely Pathogenic (LP) variants

- LP sequence variants

-LP CNVs

- LP sequence variants & CNVs
Variants of Uncertain Significance

27.9% (34 cases)
19.7% (24 cases)
6.5% (8 cases)
1.6% (2 cases)
57.4% (70 cases)

(VOous)
-VOUS sequence variants 44.3% (54 cases)
-VOUS CNVs 2.5% (3 cases)

10.6% (13 cases)
11.5% (14 cases)
30.8% (

-VOUS sequence variants & CNVs
No variants or benign/likely benign

Overall Detection Rate with LP
variants

32 cases)
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and selection were performed using information from
GeneCards (genecards.com) and UniProt (uniprot.com).

Results

Genetic analysis of DNA samples extracted from blood
tissue of 122 ASD subjects revealed a positive result for a
genetic variant based on variant calling exclusively from
WES in 74 samples, while 30 showed positive results
from both WES and array-CGH.

Five individuals tested positive only on array-CGH, and
13 had negative results on genetic testing. The cohort
consisted of 104 males and 18 females, resulting in a
male-to-female ratio of 5.8:1. Descriptive statistics and
detection rates are reported in Table 2, compared with
previous studies.

A total of 381 sequence variants across 223 genes were
identified in 104 patients using Whole Exome Sequenc-
ing (WES), including 317 non-synonymous missense
variants, 16 frameshift, seven indels, 32 splicing variants,
four start codon changes, and five stop codon changes
(see Supplementary Table 1). Table 3 reports a summary
of WES data.

Moreover, 46 CNVs were detected in 36 patients (see
Supplementary Table 2). A summary of these variants is
shown in Table 4. Combining the 259 genes with selected
variants detected across both genetic tests, 32 gene fami-
lies were represented (see Table 5).

Discussion

Detection rate

The overall detection rate (DR) of 3.3% for pathogenic
variants in this cohort matches prior findings but is lower
compared to some studies [2, 11, 16, 25]. The dispar-
ity in DR between different studies may be attributed to
varying classification criteria and testing methodologies.
When likely pathogenic variants (LP) are included, the
detection rate increased substantially to 30.8%, reflecting
the potential clinical relevance of LP variants in under-
standing ASD etiology. P or LP variants were found in
patients A013, A016, A017, A022, A037, A041, A044,
A050, A052, A054, A065, A075, A076, A078, A080, A082,
A088, A096, A097, A100, A102, A105, A108, A110, A112,
A118, A120, A121, A124, A125, A130 and A132.

Whole exome sequence variants

A total of 381 variants were identified using WES, as
summarized in Table 2. A summary of genes showing
variants observed here is reported in Table 6.

Within the 317 non-synonymous coding variants, four
were recurrent. For instance, the maternal hemizygous
variant ¢.181G>A in the intronless gene MAGEE2 was
present in three siblings (A057, A058, A059). This vari-
ant was classified as VOUS (CADD score of 8.5). It is
worthy of note that this variant is the unique recurrent
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Table 3 Summary of sequence variants identified by WES

Category

Number of Variants

Total Variants Identified (WES)

- Non-synonymous Missense

- Frameshift

- Indels

- Splicing Variants

- Start Codon Changes

- Stop Codon Changes

Classification of Variants

- Pathogenic

- Likely Pathogenic (LP)

- Variants of Uncertain Significance (VOUS)
- Likely Benign (LB)

de novoHeterozygous Variants

- Pathogenic

- Likely Pathogenic (LP)

- Variants of Uncertain Significance (VOUS)
Hemizygous Variants

- Likely Pathogenic (LP)

- Variants of Uncertain Significance (VOUS)
- Likely Benign (LB)

Homozygous Variants

- Likely Pathogenic (LP)

- Variants of Uncertain Significance (VOUS)
- Likely Benign (LB)

Compound Heterozygous Variants

- Pathogenic

- Likely Pathogenic (LP)

- Variants of Uncertain Significance (VOUS)
- Likely Benign (LB)

Private Variants (Unique)

- Pathogenic

- Likely Pathogenic (LP)

- Variants of Uncertain Significance (VOUS)
- Likely Benign (LB)

381
317
16
7
32
4

5

4
34

289

54

33 variants (28 cases)
3

13

17

91 variants (56 cases)
10

66

15

14 variants (10 cases)
2

12

1

240 variants (70 cases)
1

6

102

10

95 variants (61 patients)

2 (2.1%)
24 (25.3%)
61 (64.2%)
8 (8.4%)

Table 4 Summary of copy number variants identified by aCGH

CNV Type Total Variants (%)
Deletions 16 (34.8%)
Duplications 30 (65.2%)
Pathogenic/Likely Pathogenic 12 (9.8%)
VOUS 34 (73.9%)

variant among our cohort and segregates in the fam-
ily (it is present in the mother and the maternal grand-
father who showed autistic traits). MAGEE2 encodes
a member of the E subfamily of MAGE (melanoma
antigen-encoding gene) family involved in the negative
regulation of transcription by RNA polymerase II bio-
logical process (GO:0000122). Siblings A071, A072, and
A073 carried two variants in compound heterozygos-
ity in the AGBL4 gene: ¢.101G>T (CADD score=24.6)
and c.41 C>T (CADD score=11.7). Both variants were
inherited from healthy parents. AGBL4 is involved in
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biological processes such as anterograde and retrograde
axonal transport of mitochondria (GO:0098957) and cen-
tral nervous system neuron development (GO:0021954).
Variant ¢.5101G>A in the EPPKI gene is recurrent in
compound heterozygosity in two unrelated patients
(A038 and A068). The encoded protein is involved in the
organization of cytoskeletal architecture (GO:0005856).
Sequence variants were identified in 223 genes.
Among them, 85 genes were already known to be asso-
ciated with ASD in the SFARI database. Actually, 20
genes were recurrent (ABCA13, AGBL4, AKAP9, CAC-
NAIF, CDKLS5, CIC, DDX53, DST, EP400, EPPKI,
FATI1, ILIRAPLI, KDM6B, LRP2, NEXMIF, PLXNA3,
PTK7, SYNI, SYNEI and TAF6) and 138 genes were
not included (six genes were recurrent: KCNDI,
LOC101059915, MAGEE?2, PDE4DIP, SOX3 and SYTL4).
Therefore, a total of 27 genes were recurrent (see Table 6)
and showed different zygosities among patients. Recur-
rent genes with homozygous variants were AKAPY,
EP400, LRP2, PTK7 and TAF6. ABCA13, AGBL4, CIC,
DST, EP400, EPPK1, FATI, KDM6B, PDE4DIP, PTK7
and SYNE1I showed variants in compound heterozygos-
ity. Hemizygous variants were observed in CACNAIF,
CDKLS, DDX53, ILIRAPLI, KCND1, LOCI101059915,
MAGEE2, NEXMIF, PLXNA3, SOX3, SYNI and SYTL4.
Eventually, recurrent genes showing de novo heterozy-
gous variants were AKAP9, CIC, LRP2, SYNE1 and TAF6.
Genes KCNDI and PDE4DIP were noteworthy because
of their function related to nervous system develop-
ment or functional regulation, and the MAGEE2 gene,
since the variant was also present in other affected fam-
ily members. KCNDI showed two different hemizygous
private variants in two patients: the splice site region
variant ¢.1368+1G>A was found in patient A132 as its
unique candidate variant and was classified as LP; the
second variant is ¢.1373G>A in patient A020, classified
as LB. The gene KCNDI encodes a component of a mem-
brane voltage-gated A-type potassium channel necessary
for membrane repolarization. The activity of voltage-
gated potassium channels (GO:0005249) is important
in physiological processes such as the regulation of neu-
rotransmitter release, heart rate, insulin secretion, and
smooth muscle contraction and the gene provides potas-
sium ions transmembrane transport (GO:0071805) and
monoatomic ions transmembrane passage regulation
(GO:0034765). PDE4DIP showed the compound het-
erozygous VOUS variants ¢.907G>C and ¢.6905 A>T
in patient A052 and c.1546 C>T and c.5341 C>T
in A094. PDE4DIP encodes a protein involved in
microtubule assembly and nucleation (GO:0030953-
GO0:0090063), in the regulation of Golgi apparatus orga-
nization (G0:1903358) and in the centrosome cycle
(GO:0007098), contributing to cell migration, mitotic
spindle orientation and cell-cycle progression. Moreover,
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Table 6 (continued)

Known CADD

ASD

GO Terms

Gene Function

Zygosity

Patients

Variant

Gene

Score

(HGVS Coding)

Gene

(SFARI)
Yes

185

GO:0007165 (signal transduction), GO:0035238 (neuron

development)

Involved in synapse formation and neuronal

A075 Compound
development

c2110C>A

HMCN2

Heterozygous

15.8

No

GO:0006355 (regulation of transcription), GO:0045664

(neuron differentiation)

Transcriptional activator involved in cell differentia-

tion and proliferation

Hemizygous

A072

c181G>A

HIVEP3

(2024) 25:1186

229

Yes

GO:0030814 (vesicle-mediated transport), GO:0006886

(vesicle transport)

Motor protein involved in vesicular transport

A071, Compound

c126G>C

KIF13B

Heterozygous

A076

19.3

Yes

G0:0006913 (nuclear transport), GO:0006606 (nuclear

Involved in nuclear-cytoplasmic transport
import)

Hemizygous

A037

RANBP17 c.3045G>A

12.7

Yes

GO:0006355 (regulation of transcription), GO:0000122

(negative regulation of transcription)

Transcription factor involved in the regulation of

A100 Compound
gene expression

c181G>A

TAF1

Heterozygous

255

No

G0:0003677 (DNA binding), GO:0006396 (RNA processing)

Zinc finger protein involved in transcription

A063, Compound
regulation

c.1903G>A

ZNF462

Heterozygous

A066
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A052 showed two additional variants in compound het-
erozygosity: ¢.2380G>A and ¢.1399G>C in the HMCN2
gene encoding a protein with involvement in cell adhe-
sion mediated by integrins (GO:0007155) and hemosta-
sis regulation (GO:1900047). The variant ¢.2380G>A
has been classified as LP and ¢.1399G>C as LB. Patient
A094 showed a second compound heterozygosity in the
TRPM?2 gene: c.52G>A and c.4654G> A, both classified
as LB. TRPM2 is a non-specific cation channel that medi-
ates calcium influx (GO:0005262).

Ninety-five private variants (i.e., unique variants) in
89 genes were identified in 61 patients. Among them,
two were pathogenic (2.1% in the sample of private vari-
ants), 24 LP (25.3%), 61 VOUS (64.2%), and eight likely
benign (8.4%). Among the identified private pathogenic
variants, A132 showed the hemizygous ¢.1368+1G>A
variant in the KCNDI gene, inherited from his healthy
mother, as its unique selected candidate variant. This
variant is a splice site alteration with predicted loss of
function of the gene product. It has been classified as
LP (CADD score=34), but, considering that it is the
only genetic candidate and the presence of neurodevel-
opmental phenotypes in other patients with variants in
the KCNDI gene, it can be classified as pathogenic. The
gene product is part of the voltage-gated A-type potas-
sium channels (GO:0034765) and has functional rel-
evance for potassium ions transmembrane transport
(G0O:0071805) in neurons and for the regulation of neu-
rotransmitter release and membrane repolarization after
action potential. The gene has already been included in
the SFARI genes database as 2B gene (Strong candidate).
The remaining 24 LP variants are mostly compound het-
erozygous, with three homozygous variants, two de novo
heterozygous and two hemizygous.

Copy number variants

A short summary of CNVs observed here is reported in
Tables 3 and 7. Parental transmission was equally distrib-
uted between paternal and maternal sources.

A total of 46 CNVs were identified in 35 out of 122
patients (28.68%). No differences in ratios between males
and females were observed: 28.9% of males (30 out of
104) and 27.8% of females (5 out of 18) tested positive
for array-CGH. Among the CNVs, 16 deletions (34.8%)
and 30 duplications (65.2%) were found. A total of 11
CNVs (8 deletions and 3 duplications) were intragenic
(24%). When considering pathogenic and likely patho-
genic CNVs, deletions were more frequent, with 9 dele-
tions and 3 duplications. In the VOUS CNVs subgroup, 7
deletions and 27 duplications were identified, totaling 34
CNVs. One de novo CNV was found in cytoband 14q31.1
in patient A120 (0.82% of patients). The 14q31.1 microde-
letion, classified as pathogenic, resulted in an intragenic
deletion in the NRXN3 gene (MIM *600567). Diseases
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associated with NRXN3 mutations include ASD. NRXN3
is involved in neuronal cell adhesion, axon guidance,
learning, and social behavior. This CNV may be consid-
ered a candidate variant for Essential ASD. Annunziata et
al. [11] found 3.1% of patients with pathogenic CNVs in
an Essential Autism cohort, while Pinto et al. [26] found
pathogenic rearrangements in 2.8% of non-syndromic
autistic patients. Noticeably, the frequency of pathogenic
CNVs in essential ASD patients is significantly lower than
in complex ASD patients (estimated around 10%) [6].

In this study, 11 likely pathogenic CNVs were found
in 11 patients (9% of the total). Ten CNVs were inher-
ited from a healthy parent (six maternal, four paternal);
one CNV had a de novo origin. The CNVs were ranked
by chromosome: 1q21.1q21.2 paternal deletion in patient
A050, 1q21.1q21.2 paternal duplication in patients A054
and A124, 2q23.1 maternal deletion in patient A110,
7q11.22 maternal deletion in patient A013, 9q33.1 mater-
nal deletion in patient A065, 11q14.1 maternal deletion
in patient A080, 16p13.11 de novo deletion in patient
A016, 16g21 maternal deletion in patient A017, 16p13.3
paternal deletion in patient A082, and Xp22.33 maternal
duplication in patient A022.

A total of 34 CNVs were classified as VOUS in 27 ASD
patients (22%). The co-occurrence of a likely pathogenic
CNV and a VOUS CNV was observed in four patients
(4% of the cohort). Pathogenic and likely pathogenic
CNVs in 12 out of 133 essential ASD patients (9%) were
previously reported by Napoli et al. [2]. Discovering P
and LP CNVs in 12 patients out of 122, the results are
overlapping (9.8% in our cohort). A 1q21.1q21.2 micro-
deletion in one patient suggests a predisposing factor
for Essential Autism. The 1q21.1q21.2 reciprocal micro-
duplication was found in two patients. This duplica-
tion is the unique recurrent CNV classified as LP in the
cohort. Overlapping genes include PRKAB2, FMOS,
BCL9, CHDIL, ACP6, GJAS, GJAS, and GPR89B. The
1q21.1q21.2 microduplication and reciprocal micro-
deletion show the same phenotype as reported in the
literature. The prevalence in developmental delay and
intellectual disability patients is 0.12%, compared to 0.2%
for the reciprocal microdeletion. Reduced penetrance
and variable expressivity were reported [27]. The intra-
genic microdeletion in the MBDS5 gene (2q23.1) found in
patient A110 could be considered a susceptibility factor
for essential ASD. Deletions in this gene were reported in
0.18% of cases as responsible for autism and other neu-
rodevelopmental diseases [28]. About 90% of individu-
als with MBDS5 haploinsufficiency show a de novo 2q23.1
microdeletion. Additionally, partial and complete MBDS5
microdeletions were inherited from a mildly affected
parent [29, 30]. MBDS is involved in nervous system
development, regulation of behavior, and regulation of
multicellular organism growth. The 2q23.1 microdeletion

Type of gene rearrangement

INT START
DUPLICATED

INT END
DUPLICATED

SFARI Score

Genes of Interest

EDA2R

MAPKAPK5

Genes
ACADI10
ALDH2
EDA2R

CNV classification
118.83 kb VOUS
VOUS

Size
155.7 kb

Inheritance

pat
mat

12024.12924.13(112184121_112302954)x3

Table 7 (continued)
CNV - ISCN 2020
Xq12(65768203_65926180)x2



Granata et al. BMC Genomics (2024) 25:1186

in the cohort is inherited from an apparently healthy
mother, supporting incomplete penetrance.

The 7q11.22 deletion (patient A013) is an intragenic
deletion in AUTS2, reported in the SFARI database
(SFARI score=1). This gene is known to be expressed in
the brain and involved in neurodevelopmental disorders
including ASD. AUTS2 plays a role in axon and den-
drite extension, neuron migration, and actin cytoskel-
eton reorganization. Most pathogenic variants reported
to date are de novo intragenic deletions [31], but inher-
ited AUTS2 rearrangements are also reported [32]. In
the analyzed patient, the same AUTS2 deletion is pres-
ent in the healthy mother and grandmother. The 9q33.1
microdeletion (patient A065) causes the deletion of the
TRIM32 gene and the intragenic deletion of ASTN2. Dis-
ruptions or deletions of TRIM32 are more frequent in
male patients with Neurodevelopmental Disease (most
common diagnoses: Autism, ADHD, speech-language
delay). TRIM32 is highly expressed in the brain during
early prenatal development, particularly in the cerebel-
lar cortex [33]. It is involved in neurogenesis and neuron
differentiation. Deletions or disruptions of ASTN2 are
significantly enriched in male subjects with neurode-
velopmental defects, with known reduced penetrance.
ASTN2 is involved in neuron cell-cell adhesion and
migration. A microdeletion in 11q14.1 found in patient
A080 interrupted the DLG2 gene, reported in the SFARI
database. DLG2 is involved in axonal protein transport,
chemical synaptic transmission, receptor localization to
synapse, and synaptic stability at cholinergic synapses.
DLG2 deficiency induces autism-related behavioral phe-
notypes [34-36]. A de novo 16pl3.11 microdeletion
in patient A016 predisposes to cognitive impairment,
autism, seizures, and microcephaly. This variant shows
variable expression and incomplete penetrance [37, 38].

The CDHS8 gene was completely deleted in the 16q21
microdeletion (patient A017). CDH8 haploinsufficiency
is an autism and intellectual disability susceptibility fac-
tor, playing a key role in cerebellar development. Patho-
genic variants in CDH8 cause overgrowth diseases [39,
40]. A 16p13.3 microdeletion in patient A082 involved
the RBFOXI gene, reported in the SFARI database.
RBFOX1I haploinsufficiency causes neurodevelopmental
phenotypes including autism, intellectual disability, and
epilepsy. Inherited RBFOX1 variants from healthy par-
ents raise doubts about RBFOXI CNVs pathogenicity
[41-43]. An Xq21.1 duplication found in patient A045
is a novel finding in ASD patients, with no prior reports
concerning autism. The CNV is maternally inherited,
suggesting possible hemizygosity effects. The recurrent
CNVs found (see Supplementary Table 2, Genome build
GRCh37/hgl9) differ from those reported by Annunzi-
ata et al. [11]: 2p16.3 microdeletion in two patients and
15q11.2 microduplication in two patients. The recurrent
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CNVs in this cohort were the 1q21.1q21.2 microduplica-
tion and two microduplications, 13q12.11 (patients A006
and A113) and Yp11.32 (patients A088 and A119), which
are not reported in the literature as associated with ASD.
Despite their recurrence, the genes in these rearrange-
ments do not appear central to ASD pathogenesis.

Conclusions

Our study’s comprehensive genetic analysis revealed a
high prevalence of genetic variants detected through
WES and array-CGH. We identified a significant number
of pathogenic and likely pathogenic variants, emphasiz-
ing the importance of thorough genetic testing in under-
standing the etiology of autism spectrum disorders. The
overall detection rate for pathogenic variants was compa-
rable to or slightly lower than previously reported rates in
the literature, while the inclusion of LP variants signifi-
cantly increased the DR, suggesting their potential clini-
cal relevance.

Pathogenic and LP variants Our findings highlighted
several recurrent genes and variants, suggesting potential
new susceptibility factors for ASD. Variants in genes such
as MAGEE2, AGBL4, and EPPKI1, among others, were
recurrent and involved in biological processes critical for
neuron differentiation, axonal transport, and cytoskeletal
organization.

Copy number variants (CNVs) We detected CNVs in a
significant portion of our cohort, including both deletions
and duplications. Pathogenic and LP CNVs were identi-
fied in several genomic regions containing genes impli-
cated in neurodevelopmental and synaptic functions.
VOUS CNVs also revealed potentially significant genetic
alterations requiring further investigation.

Clinical implications The study’s results underscore the
utility of combining WES and array-CGH in detecting
genetic variants associated with ASD. The high number
of variants of uncertain significance (VOUS) suggests the
need for functional studies to elucidate their roles. Fur-
thermore, the identification of recurrent variants and
genes provides insights into potential genetic mecha-
nisms underlying ASD, contributing to the growing body
of knowledge necessary for improved diagnostic and
therapeutic strategies. As a limitation, non-coding vari-
ants and regulation of genes were not considered, even
though non-coding regions could account for a significant
percentage of the ASD genetic diagnosis [44].

Future directions Future research should focus on
expanding cohort sizes and conducting functional stud-
ies to validate the clinical relevance of identified variants.
Larger cohorts will help confirm new susceptibility genes
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and improve our understanding of ASD’s genetic archi-
tecture, ultimately aiding in the development of more
targeted and effective interventions for affected individu-
als. Moreover, the landscape of DNA sequencing is con-
tinuously advancing, with new players and techniques
to decode genetic information emerging, including the
entire Genome Sequencing with short and long reads,
which will provide a marginal, but important, increase in
diagnostic yield for ASD patients.
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