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A B S T R A C T

Structural variants (SVs) contribute to the genetic architecture of autism spectrum disorder (ASD), but their 
comprehensive characterization is limited by technological challenges in their detection. Optical genome map
ping (OGM) offers a promising alternative, enabling the identification of large-scale SVs that might be over
looked by traditional sequencing methods. This study aimed to use OGM to identify SVs associated with ASD. We 
generated in-house OGM data from 26 participants diagnosed with ASD, leading to the discovery of 1593 novel 
SVs. Among them, 114 novel SVs were identified in at least two non-sibling participants, with 57 of them pu
tatively overlapping known gene regions. To validate our findings, two novel SVs were confirmed by Sanger 
sequencing. The dataset generated in this study can serve as a novel and valuable resource for future research and 
facilitate the exploration of SVs related to ASD. Our work also underscores the importance of large-scale genomic 
rearrangements in neurodevelopmental disorders and provides insights into SVs as potential molecular diag
nostic and therapeutic targets for ASD.

1. Introduction

Autism spectrum disorder (ASD), also known as autism, is a het
erogeneous neurodevelopmental condition characterized by deficits in 
social interaction and communication and the presence of repetitive 
behaviors [1]. Several comorbid medical conditions, psychiatric disor
ders, and behavioral and motor dyscontrol symptoms, such as attention 
deficit hyperactivity disorder (ADHD), intellectual disability, 
obsessive-compulsive disorder (OCD), and dyslexia, are associated with 
ASD [2,3]. Its prevalence has increased over time and has varied greatly 
within and across sociodemographic groups. Approximately 1/100 
children are diagnosed with ASD worldwide [4], with a male-to-female 
ratio of approximately 4:1 [5]. The increase in the prevalence of ASD is 

likely associated with changes in the diagnostic criteria, improved per
formance of screening and diagnostic tools, and increased public 
awareness [6]. In Hong Kong, the prevalence was 16.1 per 10,000 
among children aged less than 15 years, which is much lower than the 
worldwide statistical data [7]. However, the number of students diag
nosed with ASD has been increasing rapidly [8]. There are currently no 
reliable biomarkers for ASD [9]. Therefore, diagnosis is conducted 
mainly using observational screening tools such as the Diagnostic and 
Statistical Manual of Mental Disorders - Fifth Edition (DSM-5) and 
Autism Diagnostic Observation Schedule (ADOS) [10]. ASD treatment 
mainly focuses on behavioral training aimed at reconditioning target 
behaviors and developing vocational, social, cognitive, and living skills 
[11].
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The etiology of ASD has been reported to be influenced by genetic 
factors. Infants born into families with one or more affected older sib
lings have an estimated 18.7 % elevated risk of developing ASD [12]. 
Furthermore, it is estimated that 74–93 % of the associated ASD risk is 
attributable to heritable genetic factors [13], with up to 1000 genes 
considered to be potentially implicated in the disorder [14]. To date, 
more than 100 ASD risk genes and genomic regions have been identified 
and confirmed, underscoring the substantial heritability of this disorder 
[1].

Studies have consistently recognized the intricacy and diversity of 
genetic variations in ASD risk architecture and reported valuable find
ings, particularly in the realm of ASD-associated single nucleotide 
polymorphisms (SNPs). For instance, an umbrella review of meta- 
analyses of most ASD genetic studies identified that at least 12 SNPs 
within various ASD risk genes have robust significance in ASD [15]. 
Inherited protein-truncating SNPs are also observed to be enriched in 
ASD probands compared with their unaffected siblings [16].

In addition to SNPs, studies have acknowledged that structural var
iations are associated with ASD in a more diverse and complex fashion 
than previously known [17]. In contrast to millions of SNPs, a human 
genome typically comprises an estimated 2500 structural variants (SVs) 
that affect around 20 million nucleotides, exhibiting a remarkably 
greater impact on the aberrant expression of genes and phenotypic 
changes than SNPs, despite their lower prevalence [18–20]. Theoreti
cally, SVs could lead to the loss of function or gene dosage effect of 
protein-coding genes through the deletion of nucleotides or alteration of 
open-reading frames and gain of gene copies by duplication, respec
tively [21,22]. Rare copy number variants (CNVs) have been found to be 
present in 5–10 % of all ASD cases [23], with a significantly increased 
global burden of rare CNVs in ASD-affected individuals compared with 
control individuals [24]. ASD probands are also observed to exhibit an 
enrichment of both inherited rare CNVs and de novo CNVs compared 
with their unaffected siblings, and this enrichment is thought to 
contribute to an elevated risk of ASD [16,25]. Among Chinese, a sys
tematic review including 9 case-control studies reported SVs in genes 
associated with ASD, with all CNVs involving deletions and duplications 
[26]. Apart from protein-coding genes, rare inherited noncoding SVs of 
smaller size also contribute to neurodevelopmental disorder pathogen
esis by altering regulatory element positions and chromatin architec
ture, thereby influencing gene regulation during neurodevelopment and 
predisposing individuals to ASD. [22,27–29].

Despite the evident link between ASD and SVs, the majority of ge
netic research endeavors in ASD have focused on SNPs [15], with large 
genomic SVs being comparatively neglected and understudied [23]. 
However, considering the polygenic nature of ASD etiology, where in
dividual genetic variants substantially contribute to ASD risk via addi
tive genetic effects [30], studies centered on single ASD mutations may 
provide limited insights into the broader ASD landscape. Conversely, 
large genetic variants like SVs, which have greater potential to disrupt or 
rearrange multiple functional elements in the genome [29], are more 
likely to offer a holistic perspective on how genetics contribute to ASD 
risk. Therefore, a greater emphasis on investigating SVs in ASD research 
is pressing, as a more comprehensive understanding of the disorder’s 
genetic basis might be achieved.

To identify potential ASD-associated SVs, two types of strategies, 
namely hybridization-based and sequencing-based approaches, have 
been commonly used for SV detection [31,32]. Hybridization-based 
approaches, such as array comparative genomic hybridization, allow 
high-throughput analysis of several types of SVs for routine clinical 
diagnosis but cannot detect balanced SVs, including translocation and 
inversion [33]. With the resolution of a few kilobases, this type of 
detection method has limited sensitivity to smaller-sized SVs and is not 
able to precisely define the breakpoints and positions of the variants [31, 
34]. With advances in sequencing technologies, SVs could be detected 
by sequencing-based approaches with a higher resolution, i.e., 
single-base resolution [35]. In principle, whole-genome sequencing 

could detect all types of SVs, but this remains a challenge due to the 
limited length of sequencing reads and the repetitive regions across the 
human genome [36,37]. Second-generation sequencing generates 
high-throughput data, but the short read length (300 bp) restricts the 
analysis of large-scale SVs in the complex human genome, which con
tains plenty of repetitive regions 37. In contrast, third-generation 
sequencing, namely Pacific Biosciences (PacBio) and Oxford Nanopore 
Technologies (ONT), generates longer reads (15 kb) but lower 
throughput than other sequencing platforms, limiting the discovery of 
the entire spectrum of SVs [38].

Optical genome mapping (OGM), a light microscope-based imaging 
technology, fluorescently labels specific sequence motifs of DNA mole
cules, captures images of the labelling patterns, and generates single- 
molecule optical maps [37,39]. Although OGM does not provide 
nucleotide-level information, it can overcome the problems associated 
with sequencing-based detection methods by generating 
high-throughput data with an average molecule length of 225 kb, 
allowing it to easily span repetitive and complex genomic regions and 
facilitating the detection of large-scale SVs that are missed by 
sequencing [36,38–40]. Recent studies have demonstrated that OGM 
outcompetes both short-read and long-read sequencing in capturing SVs. 
For instance, OGM was able to detect duplications and inversions that 
were missed by whole-genome sequencing, including both current 
long-read platforms from PacBio and ONT [41]; optical maps resolved 
more than 1000 nonredundant SV clusters, which were not detected in 
the PacBio phased assemblies [42]; and a more complex SV pattern 
showing an inversion with inverted segmental duplication was identi
fied by optical maps compared with the single deletion detected by 
PacBio assemblies [42]. Therefore, in this study, we investigated the 
genome-wide SVs of 26 participants with ASD using OGM to achieve a 
comprehensive SV profile of the human genome and further unravel the 
etiology of genetic disorders related to ASD. A schematic overview of the 
workflow of this study is illustrated in Fig. 1.

2. Materials and methods

2.1. Participants selection and blood collection

This study was approved by The Joint Chinese University of Hong 
Kong - New Territories East Cluster Clinical Research Ethics Committee 
(Reference number: 2022.425) and registered at International Standard 
Randomised Controlled Trial Number (ISRCTN79375633). Autistic 
participants diagnosed by medical doctors in the Department of Paedi
atrics at Prince of Wales Hospital were recruited. The inclusion criteria 
were participants who had received a valid assessment and met cutoffs 
for autism spectrum or autism (e.g. the newest ADOS algorithms to be 
used for Modules 1–3 and the original cutoff algorithms to be used for 
Module 4 or a clinical “Best Estimate Diagnosis” of Autistic Disorder, 
Asperger’s Disorder, or PDD-NOS according to the DSM-IV-TR) and were 
of Chinese ethnicity regardless of age and gender. Individuals with a 
major injury, abnormality, or disorders that had effects on the brain; 
extensive complications during birth or pregnancy; considerable nutri
tional and psychological deprivation; a known genetic disorder; or a 
psychiatric disorder requiring medication were excluded. During 
recruitment, 47 subjects who met the criteria were approached. Nine
teen subjects were refused and twenty-eight were recruited. All the 
recruited participants were of Chinese ethnicity in Hong Kong.

For those subjects who agreed to participate in the study, their par
ents were asked to provide signed informed consent and fill out a 
questionnaire about the participants’ family history of ASD, environ
mental exposure, medication, ASD-associated symptoms, and other de
mographic data. Whole blood samples (5–10 mL) were collected from 
the participants and frozen at − 80◦C until the genomic DNA extraction.

From December 2022 to March 2024, 28 participants with autism 
were recruited, including two pairs of twin brothers (C16 and C22 
pairs). OGM analysis and data statistics were conducted exclusively on 
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one individual from each twin pair. Thus, all statistical results reported 
in this paper are based on a sample size of 26. The demographic char
acteristics of the participants are shown in Table 1. The male-to-female 
ratio was 4.2:1, which is close to the 2020 global male-female preva
lence estimate of 4:1 [5]. The participants’ ages ranged from 3 to 27 
years with the average age being 6.6 ± 5.0 years, and the mean age at 
diagnosis was 2.9 ± 1.3 years. The participants with autism were also 
reported to have ADHD (34.6 %), delayed development (11.5 %) and 
dyslexia (3.8 %). According to the Centers for Disease Control and 
Prevention, people with ASD often have problems with social commu
nication and interaction, in addition to restricted or repetitive behaviors 
or interests [43]. Most of our participants exhibited common signs and 
symptoms of autism, such as no eye contact (76.9 %), poor conversation 
(69.2 %), poor social skills (69.2 %), not sharing interests (69.2 %), and 
repetitive behavior (65.4 %) and narrow interests (65.4 %). Overall, 
34.6 % of the participants had at least one sibling diagnosed with autism 
or another mental/developmental disorder.

2.2. Optical genome mapping

Ultra-high molecular weight (UHMW) DNA was extracted from the 
frozen whole blood samples using the SP Blood and Cell Culture DNA 
Isolation Kit (Bionano Genomics, Cat No. 80042) or the SP-G2 Blood & 
Cell Culture DNA Isolation Kit (Bionano Genomics, Cat No. 80060) ac
cording to the manufacturer’s protocol. The number of white blood cells 
(WBCs) was counted by HemoCue WBC Analyzer (Fisher Scientific, Cat 
No. 22–601–017). For each sample, 1.5 million WBCs were used for the 
extraction of UHMW DNA. Briefly, the WBCs were lysed and digested, 
followed by the binding of genomic DNA to the Nanobind disk. The 
extracted UHMW DNA was quantified by Qubit Fluorometer (Thermo 
Fisher Scientific), and 750 ng of UHMW DNA was then fluorescently 
labelled using the Direct Label and Stain (DLS) Kit (Bionano Genomics, 
Cat No. 80005) following the Bionano Prep DLS Protocol (Bionano 
Document No. 30206, Rev G). Briefly, the UHMW DNA molecules were 
labeled with DL-green fluorophore using the Direct Label Enzyme (DLE- 
1) to generate sequence-specific patterns, followed by overnight fluo
rescent staining of DNA backbones to visualize the full length of the DNA 

molecules. The labelled UHMW DNA was then loaded onto Saphyr Chip 
G1.2 (Bionano Genomics, Cat No. 20319) and run on the Bionano 
Saphyr system (Bionano Genomics) for 36 h.

De novo assembly and variant annotation were performed using 
Bionano Solve software V3.8.1 (Bionano Genomics, Inc.). The analysis 
used the hg38 reference genome with the Y chromosome pseudoauto
somal regions (Y-PAR) masked. Filtering was conducted with the min
imum confidence value: insertion/deletion/inversion = 0.8, 
duplications = -1, intra-fusion/inter-translocation = 0.05, CNV = 0.8, 
and aneuploidy = 0.8. Filtered variants were cross-compared with the 
Bionano control human samples database (Bionano Genomics, Inc.). 
Duplicate SVs between individuals were filtered, and novel SVs absent 
from the database of 285 phenotypically normal individuals were 
retained for further analysis (Bionano Solve Theory of Operation; CG- 
30190). These SVs were then compared against participant informa
tion and the annotated genes in hg38. Novel SVs that overlapped with 
those of non-sibling participants were ultimately selected.

2.3. Breakpoint polymerase chain reaction (PCR) and Sanger sequencing

The MAU2 and ZFHX3 genes were selected for breakpoint PCR and 
Sanger sequencing confirmation. The following unique primers were used 
for PCR amplification of the entire SV regions detected by OGM: MAU2_SV 
(forward 5′-AGACTCATCCAATCCCACAATGCT-3′, reverse 5′-GGA
CATTTAATGGATGATTCTTTCAAAGTTAGTTGACT-3′) and ZFHX3_SV 
(forward 5′-CCCTAAAGTCATAAGGTTTTGGCACAAG-3′, reverse 5′- 
AAGGCTTGGGGACCCAATGA-3′). PCR reactions were conducted using 
Q5® Hot Start High-Fidelity 2 × Master Mix (New England BioLabs, Cat 
No. M0494S) with 0.8 µL of template DNA and 0.5 µL of 10 µM primers 
under the following conditions: 98◦C for 30 s (initial denaturation), fol
lowed by 45 cycles of 98◦C for 10 s, 65◦C for 30 s, and 72◦C for 3 min 30 s, 
with a final extension at 72◦C for 2 min. The PCR products were separated 
by gel electrophoresis. For samples with heterozygous deletions, bands 
representing deletion (smaller in size) and wild-type bands were excised 
separately. All excised bands were purified using the PureLink™ Quick 
Gel Extraction Kit (Invitrogen™, Cat No. K210012). Subsequently, Sanger 
sequencing was performed starting from the beginning of the fragment 

Fig. 1. Workflow of OGM for SV detection in the ASD cohort.
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until the breakpoint was detected, and the primer sequences covering the 
breakpoint were MAU2_sanger (5′- GCGGGCTCCTTGCAAGATCTGGGCT- 
3′) and ZFHX3_sanger (5′- CCCTAAAGTCATAAGGTTTTGGCACAAG-3′). 
The Sanger sequencing results were mapped to the human genome hg38 
using Minimap2 v2.28-r1209 [44] and converted to BAM files using 
SAMtools v1.15.1 [45]. BAM files were visualized using Integrative Ge
nomics Viewer (IGV) v2.12.2 [46].

3. Results

3.1. OGM reveals novel SVs in the ASD cohort

Saphyr optical mapping molecules that were 150 kbp or longer with 
at least nine DLE-1 labels were used in the subsequent analysis. The 
molecules had an average N50 of 258.8 kbp, with a range of 200.6 kbp to 
315.8 kbp across all participants (recommended: > 150 kb). On average, 
92.3 % of the molecules were successfully mapped to the reference 
genome, with percentages ranging from 81.7 % to 95.2 %. The average 
amount of total DNA collected from the participants was 1253.8 Gbp, 
ranging from 200.6 Gbp to 1472.2 Gbp. The average effective coverage 
of usable data was 374.41X, with a range of 117.5X to 446.7X (recom
mended 80X) (Table 2).

In total, 99,424 raw SVs were identified, encompassing deletions, 
duplications, insertions, inversions, and translocations, with sizes 
ranging from 500 bp to 6 Mbp. Among the raw SVs, 1593 novel SVs did 
not overlap with the control database, which ranged in size from 500 bp 

to 6 Mbp. The size distribution of both raw SVs and novel SVs is illus
trated in Fig. 2a-b. SVs larger than 80 kbp (3 %) are omitted from the 
figures for clarity and readability. The majority of both novel and raw 
SVs were individual-specific SVs. Among raw SVs, a substantial portion 
also represented common SVs that occurred in multiple participants. 
Among novel SVs, apart from individual-specific SVs, the number of 
identical SVs among siblings was notably higher than that among non- 
sibling participants (Fig. 2d-f). 51 novel SVs were exclusively shared 
by one pair of siblings. Detailed information on all raw and novel SVs is 
provided in Supplementary Tables 1 and 2, respectively.

Among the 1593 novel SVs, to eliminate the impact of familial re
lationships, novel SVs that overlapped between non-sibling participants 
were selected as potential ASD-associated candidate SVs. Altogether, 
114 novel SVs were identified in at least two non-sibling participants, 57 
of which putatively overlapped known gene regions (Fig. 2f). Around 
half of the detected SVs overlapped genes in different categories 
(Fig. 2c). Among the 114 identified novel SVs, there were 47 deletions, 
36 insertions, 19 inversions, and 12 duplications. Fourteen of these 
novel SVs (12.3 %) were shared not only within siblings but also with 
non-sibling participants. Among all human chromosomes, chromosome 
12 contained the highest number of novel SVs, amounting to 14. In 
contrast, no novel SVs were detected on chromosomes 13, 17, 22, and 
the Y chromosome. As a potential response to the gender bias in ASD, 
seven novel SVs were detected on the X chromosome, which had the 
sixth highest number of novel SVs among all chromosomes (Fig. 3). The 
detailed information regarding all 114 and 57 novel SVs is provided in 
Supplementary Table 3 and Table 3, respectively.

3.2. Validation of novel SVs in MAU2 and ZFHX3 genes

Two novel SVs, MAU2_SV and ZFHX3_SV, overlapping MAU2 and 
ZFHX3 genes, respectively, were selected for breakpoint PCR and Sanger 
sequencing confirmation. The selection was based on four criteria: 
prevalence among participants, the correlation of their overlapping 
genes with ASD, recurrence among sibling participants, and suitable size 
for reliable breakpoint PCR amplification. Five initial candidates were 
selected for PCR, three of which failed due to highly repetitive nearby 
sequences. Eventually, MAU2_SV and ZFHX3_SV were successfully 
validated by Sanger sequencing.

The MAU2 protein is an essential protein for the assembly of a het
erodimeric cohesin loader (also known as the kollerin complex) with the 
NIPBL protein [47]. This cohesin loader complex enables the attachment 
of cohesin to DNA, thereby contributing to various chromatin-related 
processes such as sister chromatid cohesion, DNA repair, transcrip
tional regulation, and chromatin structural organization [48]. Recently, 
deletions in MAU2 have been suggested to disrupt the heterodimeriza
tion of the cohesin loader subunits and cause Cornelia de Lange syn
drome (CdLS) [47]. CdLS is a rare congenital developmental disorder 
characterized by psychomotor delay and/or intellectual disability and is 
usually associated with ASD [49]. SVs overlapping the MAU2 gene have 
been noted in individuals with neurodevelopmental disorders (NDD). De 
novo microdeletions ranging from 0.7 to 5.2 Mb have been detected in 
individuals with NDD, frequently overlapping the chromosomal region 

Table 1 
Demographic characteristics of the participants.

Characteristics N ¼ 26

Sex ​
Male 21 (80.8 %)
Female 5 (19.2 %)
Age (years) ​
Range 3–27
Average 6.6
Father’s age (years) ​
Range 20–52
Average 36.0
Mother’s age (years) ​
Range 19–37
Average 31.7
Age at diagnosis (years) ​
Range 1.5–7
Average 2.9
Other diagnosed mental/developmental diseases ​
Attention deficit hyperactivity disorder 9 (34.6 %)
Delayed development 3 (11.5 %)
Dyslexia 1 (3.8 %)
Family history ​
Have siblings with autism 8 (30.8 %)
Have siblings with other diagnosed mental or developmental diseases 1 (3.8 %)
Mother with diagnosed mental/developmental diseases 2 (7.7 %)
Father with diagnosed mental/developmental diseases 0
Signs and symptoms of ASD ​
Poor conversation 18 (69.2 %)
Poor social skills 18 (69.2 %)
No eye contact 20 (76.9 %)
Poor nonverbal skills 14 (53.8 %)
Not sharing interests 18 (69.2 %)
Abnormal sensory sensitivities 13 (50 %)
Repetitive behavior 17 (65.4 %)
Reluctance for change 15 (57.7 %)
Narrow interests 17 (65.4 %)
Hyperactivity 15 (57.7)
Anxiety 9 (34.6 %)
Cognitive impairment 13 (50 %)
Delayed development 16 (61.5 %)
Poor coordination 9 (34.6 %)
Sleep problem 7 (26.9 %)
Seizure 2 (7.7 %)
Attack or self-harm 8 (30.8 %)

Table 2 
Statistics of raw OGM molecules and detected SVs.

Characteristics N ¼ 26

N50 (kbp) 258.8
Mapping rate (hg38) 92.3 %
Throughput (Gbp) 1253.8
Maximum molecule length (Mbp) 2.8
Effective coverage (X) 374.4
Raw SVs 99,424
Novel SVs (0 % overlapping with control database) 1593
Novel SVs with overlapping between non-siblings 114
Novel SVs with overlapping between non-siblings overlapping genes 57
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19p13.11p12, which includes the MAU2 gene [50]. Despite the associ
ation with neurodevelopmental processes, there have been no reports on 
the direct relationship between SV in MAU2 and ASD.

Our optical mapping results revealed MAU2_SV as a novel hetero
zygous deletion, with an estimated size of 941 bp, in four male partici
pants with ASD (15.4 % of all participants, 19.0 % of all male 
participants) but not in the control database. Both gel electrophoresis 
and Sanger sequencing results supported the optical mapping predic
tion, ultimately confirming a deletion of 964 bp located at chr19: 
19321705–19322670. All four participants exhibited the same break
point, with the deletion encompassing 198 bp of the exon 1 region (5′- 
UTR) and 766 bp of the intron 1 region of MAU2 (Fig. 4a).

ZFHX3, alternatively known as AT motif-binding transcription factor 
1, encodes a zinc-finger homeodomain transcription factor [51], which 
is classified within the C2H2-type zinc finger protein family [52]. ZFHX3 
has been identified to be a key regulator of various biological processes, 
encompassing embryonic development, cell proliferation, tumorigen
esis, neuronal differentiation, and neuronal death [51,53]. With its 
ubiquitous expression, notably prominent in the developing brain [53], 
ZFHX3 is significantly involved in neurodevelopment by regulating 
genes associated with neuron development [51]. Chromatin immuno
precipitation sequencing of ZFHX3 coupled with subsequent functional 
enrichment analysis and gene ontology analysis has revealed its pre
dominant binding to the promoters of genes that engage in neuro
developmental processes such as axonogenesis, axon development, and 

neurogenesis [51]. The proteins encoded by these neuron-related genes 
modulate neurodevelopment through diverse pathways, including the 
Wnt, Hippo/YAP, and mTOR signaling pathways [51,53].

Given its important role in neural development, ZFHX3 has been 
implicated in the pathogenesis of multiple neurodevelopmental disor
ders. Loss-of-function variations in ZFHX3 have been identified as the 
underlying cause of syndromic intellectual disability [51]. Furthermore, 
de novo variants of ZFHX3 have occasionally been detected in in
dividuals with neurodevelopmental disorders, such as developmental 
disorder and developmental and epileptic encephalopathy [53]. Studies 
have revealed a potential association between ZFHX3 and ASD, with 
multiple ZFHX3 variants being identified in individuals with ASD [51, 
53–55]. Based on the neurodevelopmental disorder risk gene prediction 
tool mantis-mL, ZFHX3 is among the top 5 % of genes associated with 
monoallelic ASD and/or developmental delay [51].

Our optical mapping data revealed a novel SV in the intron region of 
ZFHX3. ZFHX3_SV is a novel heterozygous deletion, with an estimated 
size of 2171 bp, that existed in two sisters and one male participant in 
our study (11.5 % of all participants, 4.8 % of all male participants, 
40.0 % of all female participants) but not in the control database. Both 
gel electrophoresis and Sanger sequencing results supported the optical 
mapping prediction as well, confirming a deletion of 2207 bp (chr16: 
73389202–73391408) in the intron 3 of ZFHX3. All four participants 
also exhibited the same breakpoint (Fig. 4b).

Fig. 2. Identification and characterization of SVs detected in the ASD cohort. (a)Size distribution of raw SVs detected in 26 participants with ASD (N = 99,061). SVs 
larger than 80 kbp (363) are omitted from the figure. (b) Size distribution of raw SVs detected in 26 participants with ASD (N = 1539). SVs larger than 80 kbp (54) 
are omitted from the figure. (c) Proportions of SVs relative to known genes in different categories: raw SVs (N = 99,424), novel SVs (N = 1593), and novel SVs in at 
least two non-sibling participants (N = 114). (d) Upset plot showing the overlap of raw SV positions across 26 samples. Sets with overlap count less than 10 are 
omitted from the figure. (e) Upset plot showing the overlap of novel SV positions within individuals or between siblings. (f) Upset plot showing the overlap of novel 
SV positions between non-sibling participants. The sets representing MAU2 and ZFHX3 are highlighted in red and orange, respectively.
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4. Discussion

In this study we used OGM to identify structural variations in an ASD 
cohort, underscoring the importance of large-scale genomic rearrange
ments in neurodevelopmental disorders and offering insights into SVs as 
potential molecular diagnostic and therapeutic targets for ASD. Our 
findings underscore the potential involvement of novel genes, including 
MAU2 and ZFHX3, in ASD pathogenesis, potentially through disruptions 
in neurodevelopmental regulatory mechanisms. These discoveries not 
only expand our understanding of the genetic architecture underlying 
ASD but also highlight new avenues for exploring its etiology.

The validation of structural variations by Sanger sequencing re
inforces the reliability of OGM as a robust method for detecting ASD- 
associated SVs. This accuracy is crucial, given the challenges in identi
fying and validating pathogenic variants due to the heterogeneity of 
ASD and the difficulties in recruiting well-characterized cohorts [56]. 
While our study yields perspectives on the involvement of SVs in ASD, it 
also emphasizes the necessity for further validation in larger and more 
diverse cohorts to ensure the generalizability of these findings. During 
participant recruitment, we encountered challenges due to the limited 
research on SVs in ASD and the prospective nature of OGM for this field. 
A notable obstacle was the lack of familiarity among parents with these 
concepts, which led to refusal of blood collections. In addition, due to 
social limitations in communication, blood draws became a stressful 
event for both participants and parents. This underscores the urgency of 
our research in facilitating participant recruitment and advancing the 
study of SVs in ASD.

The identification of recurrent SVs overlapping known gene regions 

suggests that structural variations may play a significant role in ASD by 
disrupting critical neurodevelopmental pathways. Specifically, the 
involvement of MAU2 and ZFHX3 genes points to potential mechanisms 
by which these variants could contribute to the disorder. Future research 
should aim to expand the scope of investigations through larger cohort 
studies, integration of whole-exome sequencing to evaluate SV impacts 
at the transcriptome level, and functional validation using animal 
models to characterize downstream biological effects. Given the male 
bias in ASD, sex-linked SVs warrant investigation as well. Among the 57 
novel SVs we identified, 35 were found only in male participants, 
including the validated MAU2_SV. However, due to the difficulty in 
recruiting ASD participants, especially females, our cohort had limited 
female participants (N = 5), which was insufficient to draw accurate 
sex-based conclusions. Nevertheless, the SVs reported in this study can 
serve as evidence in future sex-linked studies in larger ASD cohorts. 
Family-based recruitment is also promising to study the inheritance of 
SVs related to ASD. For instance, in our study, we prioritized recruiting 
participants with ASD-diagnosed siblings, successfully enrolling 4 sib
ling pairs (8 individuals) out of 26 total participants. Notably, ZFHX3_SV 
was detected in a pair of sisters, suggesting its potential hereditary 
pattern. These efforts will be instrumental in establishing a more 
comprehensive understanding of how structural variations contribute to 
ASD pathology and in identifying novel diagnostic and therapeutic 
targets. By addressing the challenges associated with participants 
recruitment and sample heterogeneity, researchers can build upon this 
foundation to uncover new insights into the genetic and biological un
derpinnings of ASD.

Fig. 3. Circos plot illustrating the locations of the 114 novel SVs existing in at least two non-sibling participants.
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Table 3 
Characteristics of the 57 novel SVs identified in at least two non-sibling participants and overlapping genes.

Participants Chr Start End Type SV size (bp) Overlap Genes Positive participant 
number

C03M/C08M/C11F/ 
C13M/C14_2M/ 
C20M

16 18909935 18924619 deletion 6136/6169/6152/ 
6143/6135/6117

SMG1 6

C01_2M/C03M/ 
C06M/ 
C14_2M/C22M

11 108694034 108695145 inversion_paired 24250/24250/24250/ 
24250/24250

DDX10 5

C01_2M/C03M/ 
C06M/ 
C14_2M/C22M

11 108713881.5 108723799 inversion_paired 24250/24250/24250/ 
24250/24250

DDX10 5

C01_2M/C14_1M/ 
C19M/C20M

19 19320522 19326334 deletion 954/934/940/934 MAU2 4

C09M/C12_1M/ 
C15M/C19M

16 22478974.5 22491631 deletion 504/531/504/509 SMG1P1 4

C03M/C09M/ 
C15M/C20M

1 65598245 65614302 deletion 542/546/577/538 LEPR 4

C01_2M/C17M/ 
C18M/C21M

2 80005448 80012015 deletion 668/616/683/705 CTNNA2 4

C04_2F/C07M/ 
C10F/C15M

1 184428737 184432814 insertion 674/702/710/684 C1orf21 4

C10F/C16_1M/C21M 18 6104531 6116210 deletion 2518/2421/2435 L3MBTL4 3
C13M/C16_1M/C17M 3 6698131 6707261 insertion 572/549/609 GRM7-AS3 3
C01_2M/C15M/C18M 4 7831067 7841016 insertion 612/599/569 AFAP1 3
C07M/C11F/C21M 7 8258610 8259674 insertion 981/911/972 ICA1 3
C07M/C18M/C22M 15 20628640 20689014 duplication_inverted 60374/60374/60374 NBEAP1 3
C03M/C05M/C19M 16 22433445 22438802 duplication_inverted 5357/5357/5357 RRN3P3; SMG1P1 3
C01_1F/C01_2M/C11F 21 35495648 35528547 insertion 6390/6373/6289 LOC100506403 3
C09M/C18M/C21M 12 40785645 40796735 deletion 607/510/596 CNTN1 3
C05M/C06M/C09M 10 46334173 46839937 duplication_inverted 505764/505764/ 

505764
AGAP14P; FAM25BP; 
ANXA8L1; LINC00842; 
HNRNPA1P33; NPY4R; 
GPRIN2; SYT15; 
SYT15-AS1; SHLD2P1; 
GLUD1P2; BMS1P1; 
AGAP13P

3

C14_1M/C17M/C20M 7 67012574 67024171 deletion 2335/2245/2235 TYW1 3
C11F/C12_2M/C15M 11 67704392 67980926 deletion 251621/251547/ 

251658
FAM86C2P; LINC02754 3

C04_1F/C04_2F/C20M 16 73383124 73391548 deletion 2153/2199/2161 ZFHX3; LINC01568 3
C01_1F/C02M/C10F 10 77913100 77921771 insertion 829/975/978 DLG5 3
C11F/C14_1M/ 

C14_2M
X 101011018 101026650 insertion 1099/1148/1187 TRMT2B 3

C04_1F/C04_2F/C17M 7 107345835 107362573 deletion 5599/5575/5587 COG5 3
C05M/C12_1M/ 

C12_2M
2 112065427 112069329 insertion 532/579/531 TMEM87B 3

C02M/C20M/C22M 6 124525899 124536552 deletion 530/679/546 NKAIN2 3
C08M/C11F 12 1704751 1705901 insertion 1015/1096 ADIPOR2 2
C04_2F/C09M 3 5167874 5171913 insertion 2798/2839 ARL8B 2
C01_2M/C06M 12 8230346 8238848.5 duplication 8502/8502 FAM86FP; LINC02449 2
C10F/C12_1M 2 10629719 10639034 deletion 816/744 NOL10 2
C01_1F/C07M 10 18258429 18263616 insertion 1541/1533 CACNB2 2
C14_2M/C15M 12 21623450 21641776 inversion_paired 22556/22556 LDHB 2
C04_1F/C12_1M 7 21917405 21922834.8 deletion 558/615 CDCA7L 2
C04_2F/C07M 7 22167581 22181734 deletion 651/574 RAPGEF5 2
C02M/C05M 14 30704057 30714012 insertion 567/551 SCFD1 2
C14_1M/C18M 15 33610425 33626110 deletion 4176/4185 RYR3 2
C07M/C18M 9 34065848 34088597 deletion 3356/3361 DCAF12 2
C03M/C12_1M X 38621628 38629703 deletion 981/956 TSPAN7 2
C03M/C12_1M X 38634354.5 38640891 insertion 1060/922 TSPAN7 2
C02M/C05M 12 40739132 40757795 deletion 2583/2619 CNTN1 2
C03M/C09M 2 42284920 42293451 insertion 503/506 EML4 2
C02M/C10F 21 44562105 44577003 deletion 575/526 TSPEAR; KRTAP10–4 2
C04_1F/C19M 2 54861627 54866802 insertion 4168/4153 EML6 2
C04_2F/C17M 20 56395918 56405599 insertion 783/917 CSTF1 2
C06M/C09M 1 62108157 62139884 insertion 2541/2585 PATJ 2
C19M/C21M 4 70025175 70032349 insertion 2186/2196 HTN3 2
C02M/C18M 10 73327612 73341231 insertion 3103/3033 CFAP70 2
C06M/C21M 7 75468275 75521168 deletion 41348/41352 POM121C; SPDYE5; 

PMS2P3
2

C07M/C19M 16 80637333 80667034 deletion 1799/1759 CDYL2 2
C14_2M/C18M 5 95582130.5 95587973 insertion 805/679 ARSK 2
C04_2F/C10F 11 97871977 97882191 insertion 515/520 LINC02713 2
C03M/C13M 8 99051914 99058259 insertion 2950/2914 VPS13B 2
C09M/C20M 9 105720930 105736728 deletion 3350/3408 TMEM38B 2

(continued on next page)
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Participants Chr Start End Type SV size (bp) Overlap Genes Positive participant 
number
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AS1
2

C03M/C15M 3 185215768 185246141 deletion 832/903 EHHADH 2

Fig. 4. Validation of SVs in MAU2 and ZFHX3 genes.(a) OGM detected an estimated 941-bp heterozygous deletion in MAU2 (representative sample with deletion: 
C01_2M, without deletion: C06M). PCR and Sanger sequencing confirmed a 964-bp deletion. The Sanger signal channel shows the sequencing result of the deletion- 
containing gel band, with the breakpoint illustrated by the dotted line. (b) OGM detected an estimated 2,171-bp heterozygous deletion in ZFHX3 (representative 
sample with deletion: C04_1F, without deletion: C11M). PCR and Sanger sequencing confirmed a 2,207-bp deletion. The Sanger signal channel shows the sequencing 
result of the deletion-containing gel band, with the breakpoint illustrated by the dotted line.
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detected by optical mapping with long-read next-generation sequencing. 
Bioinformatics 2021;37(20):3398–404.

[42] Ebert P, Audano PA, Zhu Q, Rodriguez-Martin B, Porubsky D, et al. Haplotype- 
resolved diverse human genomes and integrated analysis of structural variation. 
Science 2021;372(6537):eabf7117.

[43] Signs and symptoms of autism spectrum disorder. Centers for Disease Control and 
Prevention. Published online July 19, 2024. Accessed January 14, 2025. 〈https 
://www.cdc.gov/autism/signs-symptoms/index.html〉.

[44] Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 
2018;34(18):3094–100.

[45] Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, et al. The sequence alignment/ 
map format and SAMtools. Bioinformatics 2009;25(16):2078–9.
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