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Abstract

Background: Autism spectrum disorder (ASD) is a neurodevelopmental
disorder (NDD) that affects about 1 in 54 children worldwide, imposing
enormous economic and socioemotional burden on families and
communities. Genetic studies of ASD have identified de novo copy number
variants (CNVs) and point mutations that contribute significantly to the
genetic architecture, but the majority of these studies were conducted in
populations unsuited for detecting autosomal recessive (AR) inheritance.
However, several ASD studies in consanguineous populations point towards

AR as an under-appreciated source of ASD variants.

Methods: We used whole exome sequencing to look for rare variants for
ASD in 115 proband-mother-father trios from populations with high rates of
consanguinity, namely Pakistan, Iran, and Saudi Arabia. Consanguinity was

assessed through microarray genotyping.

Results: We report 77 candidate single nucleotide variants and indels, with
62% homozygous, 22% autosomal dominant/de novo, and 16% X-linked, in
55 trios. 56% of the variants were loss of function (LoF) or putative LoF
(pLoF), and 44% nonsynonymous. We found an enrichment of homozygous
variants, both in 16 genes previously reported for AR ASD and/or intellectual
disability (ID) and 32 previously unreported AR candidate genes (including
DAGLA, ENPP6, FAXDCZ2, ILDR2, KSR2, PKD1L1, SCN10A, SHH, and SLC36A1I).

We also identified seven candidate homozygous exonic loss CNVs.
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Conclusions: The significant enrichment for homozygous variants among
individuals with high F.on coefficients, compared with low Fop, either in
known or candidate AR genes, confirms that genetic architecture for ASD
among consanguineous populations is different to non-consanguineous
populations. Assessment of consanguinity may assist in the genetic

diagnostic process for ASD.

Keywords: Autism spectrum disorder; Trio; Autosomal recessive;

Consanguinity; Homozygous; Candidate Genes
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Introduction

Autism spectrum disorder (ASD) is characterized by deficits in social
communication, repetitive/restricted behaviours and interests. Apart from a
small percentage of individuals who recover (1), ASD is a life-long condition
and only about 20% have good outcomes, as reported in a recent meta-
analysis of longitudinal studies (2). Phenotypically, individuals with ASD are
heterogeneous in their level of intellectual functioning, and co-morbid
psychiatric and behavioural problems. These factors play an important role
in the long term end points of the disease (3). In a systematic review the
prevalence of ASD was estimated to be 0.76% internationally (4). In another
systematic review of international data, the median estimate was 62/10,000
(5). In this review, the ASD prevalence showed little variation by geographic

region, ethnic, cultural and socioeconomic factors (5).

The reported prevaience of ASD has increased with time. In the 1960s
it was estimated to affect as few as 1 in 10,000 individuals (5), prevalence
studies from the 1980s suggested that as many as 72 in 10,000 individuals
had ASD, rising to 1% in the 2000s (5,6). More recent studies report
prevalence rates of more than 2%. (7-9). In the United States the prevalence
across eleven sites in 2016 was 18.5 per 1,000 (one in 54) children (10).
This increase is partly due to changes in diagnostic criteria, reporting

practices, and increased awareness (11-14).



Biallelic variants for autism....

A systematic review of literature from South Asian countries reported a
prevalence of ASD in the range of 0.09-1.07 % (15). To date, there has been
no community study of ASD prevalence in Pakistan. Studies from child
psychiatry clinics reported rates of 2.4% and 3.2%, 4.5%, 5% (16-19). Clinical
services and special schools for ASD are available in Pakistan, but are typically
limited to major cities (20). The literature on clinical presentation is limited.
One study with a small sample size shows symptoms consistent with studies

elsewhere in the world (21).

Consanguineous marriages lead to a marked incirease in the frequency
of rare recessive disorders (22,23). Many genetic variants will only be
pathogenic in recessive form; this includes variants for ID, and almost
certainly for ASD too. Populations with a high proportion of consanguinity
have been important for describing autosomal recessive genes in ID in
Pakistan (24,25), Iran (26,27), Syria (28), and Saudi Arabia (29), yet, to date,
relatively few reports of AR genes underlying ASD in consanguineous
populations have been published (30-32). Previous work has highlighted
recessive inheritance as an important component of the genetic architecture
of ASD. For instance, a large study of consanguineous versus non-
consanguineous families in India concluded that consanguinity increases the
risk for ASD with an odds ratio of 3.22 (33). Morrow and colleagues used SNP

microarrays to map homozygous loci in 104 small ASD families from the
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Middle East, Turkey and Pakistan, finding homozygous deletions implicating

SLC9A9, PCDH10, CNTN3 and others (30).

Research in outbred populations also supports AR inheritance as an
important piece of the genetic puzzle for ASD. For example, it has been
estimated that loss-of-function (LoF) recessive mutations contribute 3% of
ASD genetics in two US-based case-control cohorts(34,35). These findings
are not limited to population isolates or ethnic subgroups (36,37).
Identification of recessive genes in outbred populations is problematic, as
the analysis pipelines for WES/WGS data are non-optimal for discovering

compound heterozygous mutations.

Despite the higher prevalence of recessive inheritance in
consanguineous populations, data froim studies of developmental disorder
(DD) suggest that de novo variants are also prominent, albeit in a lower
proportion e.g. in a UK study of 6040 families from the Deciphering
Developmental Disorders (DDD) study, individuals of Pakistani ancestry had
29.8% de novo compared with 49.9% in the European ancestry UK

population (38). In an Iranian ID study, the de novo rate was 27.86% (39).

The genetic involvement in ASD has been clearly established through
twin, family and adoption studies (40), with heritability estimates from 50%
to over 90% (41-43). The heritability of ASD is partitioned across both rare
and common variants in hundreds of genes, each of which explains only a

fraction of the disorder’s heritability (44). ASD etiology is likely the result of a
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high degree of genetic heterogeneity with many rare variants contributing to
the disorder resulting in seemingly heterogeneous clinical manifestations.
Describing the genetic architecture of ASD is an important step towards
understanding the pathogenesis of the disorder. There has been significant
progress to date, and studies of ASD have shown that de novo copy number
variants (CNVs) and point mutations play a prominent role, however, the
majority of these studies have been conducted in outbred populations (45).
Here, we report on a study of 83 genetic and 10 copy number variants
(seven homozygous; 3 heterozygous) from a cohort of 115 ASD trios from
three countries with a high frequency of consanguinecus marriages

(Pakistan, Iran, and Saudi Arabia).

Materials and Methods

Trio Family Ascertainment

Institutional Research Ethics Board approval was received from the Centre
for Addiction and Mental Health (CAMH) and the recruitment sites. All the
subjects were informed about the study objectives, and written consent was
obtained from the subjects and/or their legal guardian(s). All procedures and
methods performed were carried out in accordance with relevant guidelines
and regulations. A summary of the cohorts, collaborator contributions,
ascertainment, and assessment tools, is in Table 1. Overall, we have
collected DNA from 115 trios: 62 trios from Pakistan, 40 trios from Iran, and

13 trios from Saudi Arabia, comprised of 345 individuals. All families are
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simplex, except for Saudi family SA1, for which a cousin with ASD is known,
but for whom no sample is available.

Whole Exome Sequencing, Alignment and Variant Calling

Whole Exome Sequencing (WES) was performed on all samples using the
Thruplex DNA-Seq (Rubicon Genomics) Library Preparation Kit with the
Agilent SureSelect V5 Exome Capture kit. DNA was sheared using a Covaris
ME220 Focused-Sonicator 200 bp, which was verified using a Agilent 2100
Bioanalyzer System for fragment length distribution and quantification. All
trios were sequenced on lllumina HiSeq 2500 or NovaSeq sequencing
systems. Details of read QC, alignment, variant calling and prioritization are
provided in Supplementary Materials, and summarized in Figure 1. Fifteen
trios were previously run using the lon Proton platform/lon Ampliseq™
Exome kit (Life Technologies)- al! were re-run using the lllumina platform
except trio IABB3, for which a causative frameshifting deletion was detected

in the VPS13B/Cohen syndrome gene.

Microarray genotyping and analysis.

Microarrays were run using DNA from 104 of the 115 ASD probands (where
sufficient DNA was available), including 13 using Affymetrix CytoScanHD, 87
using lllumina CoreExome, and four with both arrays. CoreExome data in
PLINK format was used for runs-of-homozygosity (RoH) analysis, using PLINK

1.9 (http://pngu.mgh.harvard.edu/purcell/plink). RoH data was used to

generate an F-coefficient of consanguinity for the probands (and affected
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siblings), Fron, as described in McQuillan et al, 2008 (46), where

Froh = X Lron/Lauto- Autosome size Lyuto Was estimated at 2,673,768 Kb. The
CytoScanHD data was analysed using Chromosome Analysis Suite (ChAS),
and a loss of heterozygosity (LoH) score was generated. For four samples
that were run on both Illlumina CoreExome and Affymetrix CytoScanHD
arrays (probands from trios IABB2, IABB3, IABB4, and IABB5), we were able
to generate both F,,, and LoH scores, which, as the relationship was almost
linear (Pearson R2 = 0.9971) allowed us to convert LoH scores from
CytoScanHD microarrays to Fion (Supplementary Materials) Comparison

statistics were performed using GraphPad (https://www.graphpad.com/).

Copy Number Variant (CNV) analysis

CNV analysis of the CytoScanHD array data was performed using ChAS and
PennCNV; for CoreExome data by the lllumina Genome Suite/CNVpartition
and PennCNV. Evidence of homozygous loss CNVs was cross-references with
WES data, using the Integrated Genome Viewer v2.3.5 (IGV:
https://software.broadinstitute.org/software/igv/; (47), and CNVs
corroborated in this manner were then checked by PCR. Further
analysis/prioritization/validation of CNVs, including using WES data, is given
in Supplementary Materials.

Cross-referencing with other datasets

In order to evaluate the strength of candidacy of the variants/genes

identified here or to find supporting evidence, we cross-referenced our
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findings with other datasets listed below. We identified rare variants in the
candidate genes we report here (Tables 2-4) that were either: 1. De novo, 2.
Heterozygous LoF but status either de novo or unknown; 3. Biallelic (i.e.
homozygous); 4. Putative biallelic (possibly compound heterozygous, but
phasing unknown); 5. X-linked in males, maternally inherited. Data are

shown in Supplementary File 1.

MSSNG: More than 13,000 individuals from the Autism Genetic Research
Exchange (AGRE) repository and other cohorts have been whole-genome
sequenced, through Autism Speaks, and data made available through the
MSSNG database (https://research.mss.ng; db7 (48). MSSNG data was

accessed in May 2024.

SFARI: SSC biallelic: The Simons Simplex Collection (SSC) includes 2,600
simplex autism or related developmental disorder families. WES data is
available for ~2,500 of these families, biallelic variants for our gene list were
searched using the GPF browser
(https://gpf.sfari.org/gpfl9/datasets/SSC/browser). Putative compound
heterozygous variants criteria for minor allele frequency (MAF) in SSC
exome, gnomAD exome and genome frequencies, of <0.001, or, for
missense variants, MCP scores >1 and CADD scores >18. SVIP biallelic: the
autism Simons Variation in Individuals Project (SVIP) dataset was searched
for putative biallelic variants through the browser

gpf.sfari.org/gpfl9/datasets/SVIP/browser. Putative compound heterozygous
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variants checked for criteria including minor allele frequency (MAF) in SSC
exome, gnomAD exome and genome frequencies, of <0.001, or, for

missense variants, MCP scores >1 and CADD scores >18.

Deciphering Developmental Disorders (DDD) study: includes sequence
data for ~14,000 children; this dataset was searched for variants in genes
overlapping with our study through the known developmental genes list
(https://decipher.sanger.ac.uk/ddd#ddgenes), as well as the list of research
variants (https://decipher.sanger.ac.uk/ddd#research-variants), which are
2,723 variants of unknown significance from 4,293 chiidren. For de novo
variants, all are constitutive, unless specifically noted as mosaic here. CNV

variants are not included here.

Autism Sequencing Consortium (ASC): genes with de novo variants,
either in the control set or case set, from ASC exome analysis browser
(https://asc.broadinstitute.org/). This dataset lists numbers of de novo
protein-truncating variants, as well as de novo missense variants with MCP
scores either 1-2 or =2. The ASC dataset includes 6,430 probands, and

includes the SSC data.

ASC+SPARK de novo : de novo mutations from primary data set,

N=47,061 autistic individuals (from Table S7), accessed 14 April 2025(49).
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SPARK, GeneDx, DDD13K and others, de novo (Wang et al, 2022): de
novo mutations, N=46,612 autistic and NDD trios (from Dataset S1),

accessed 14 April 2025 (50).

DeRubeis: genes with de novo variants reported in the DeRubeis et al, 2014
study, with either LoF or missense variants (51). As subject IDs were not

reported, overlap with other studies recorded here is not possible.

AutismKB: additional studies where variants have been reported for the
genes are taken from the Autism Knowledge Base

(http://db.cbi.pku.edu.cn/autismkb_v2/quick search.php), (52).

SysNDD: all candidate genes, recessive, dominant or X-linked, were cross-
referenced with the SysNDD databacse of curated neurodeveleopment

disorder (NDD) genes (sysndd.dbrr.unibe.ch; accessed 14 April 2025).

ASD in other consanguineous populations: we compared the candidate
genes/variants with those reported from similar studies of ASD in other
populations enriched for consanguinity, including from Qatar (53-55), Oman
(56), Iranian (57), Pakistani (58), and Middle Eastern(59) populations. We
also report allele frequencies in control populations from South Asia/Pakistan
and Middle East using gnomAD v4.1.0 (N~45,000 South Asian; N~3,000
Middle Eastern; accessed Mar 2025), also from Regeneron (N~16,000
Pakistani; N~3,900 Middle Eastern; rgc-research.regeneron.com/me/home;

accessed Mar 2025), and from our GenSCRIP study (N=8,430 Pakistani
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controls; accessed May 2025). For an Iranian control population we used the
Iranian variome, “lranome” (iranome.com; accessed Mar 2025), with N=1200

healthy controls (see Supplementary File 1).

Neuroanatomical Enrichment Analysis

The Allen Adult Human Brain Atlas (60), Brainspan (61), and a single-cell
atlas of the mouse nervous system (62) were used to test for
neuroanatomically specific expression. For each gene, expression was
standardized across regions or cell types. For these compartments, each
gene was then ranked from most specific to most depleted. The area under
the receiver operating statistic (AUC) was used to quantify specific
expression for the genes of interest within a region or cell cluster. The Mann-
Whitney U test was used to test statistical significance, and the Benjamini-
Hochberg procedure (63) was used to correct for multiple tests. In addition,
in order to explore whether our candidate genes may contribute to
electrophysiological and morphological phenotypes in neurons we cross-
referenced gene expression correlates with electrophysiological phenotypes

through a dataset published by Bomkamp et al, 2019 (64).

Results

We ascertained, phenotyped, collect blood and/or saliva for DNA extraction,
and performed whole exome sequencing (mean depth: 27.29; average %

coverage at 30X=31.01; average % coverage at 100X=7.32; see
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Supplementary File 1) from 115 ASD proband (91M:24F)/mother/father trios
(62 from Pakistan, 40 from Iran, and 13 from Saudi Arabia), for a total of 345
subjects (Tablel). In addition, microarrays were run on 104 of the ASD

probands, providing data for CNV and ROH analyses.

Whole Exome Sequencing: We discovered 77 SNVs or indels through our
analysis pipeline, including 48 homozygous autosomal variants, 17
autosomal de novo variants, and 4 de novo and 8 maternally inherited X-

linked variants.

Biallelic mutations (Table 2): We identified homozygous variants (7 LoF
or pLoF; 9 nonsynonymous; 1 in-frame del) in 16 genes that have been
previously reported to be associated with autosomal recessive non-
syndromic ID, including BTN3AZ2 (29), CC2D1A (MIM 608443; MRT3; (65)),
LINSI (27), MADD (29), MTHFR (28), RSRCI1 (66,67), TECPRZ2 (29) and
ZNF335(26), or for syndromic or metabolic forms of autosomal recessive ID,
including AGA (aspartylglucosaminuria), ASL (arginosuccinic aciduria), ASPA
(aspartoacylase deficiency/Canavan disease), and HTRAZ (3-
methylglutaconic aciduria). Three genes, CC2D1A, DEAFI1, and VPS13B have
also previously been associated with ASD or autistic features (94-96; (71)).
Biallelic mutations in DEAFI are known to cause neurodevelopmental
disorder with hypotonia, impaired expressive language, with or without
seizures (MIM 617171). LoF variants were reported for new candidate genes

ENPEP, DAGLA, FAXDCZ2, GIMAPS, HRNR, ILDR2, SLC36A1, SCN10A, VPSI6,
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ZNF776, and pLoF (such as canonical splice site variants) in CNPY4,
DENNDI1B, LRRC34, PKDI1IL1, and PPP1IR36. VPS16 has previously been
reported for autosomal dominant dystonia (MIM 608559), and PKD1L1 for AR
visceral heterotaxy 8 (MIM 617205). Heterozygous missense and LoF
mutations in SHH are known to be involved in autosomal dominant
holoprosencephaly 3 (HPE3; MIM 142945), and so it is somewhat surprising
to find a homozygous missense variant associated with a milder phenotype
and with no obvious HPE3-related dysmorphic features. The Asn69lle variant
in SHH substitutes an asparagine for isoleucine at a residue that is conserved
across vertebrates, is predicted to be damaging, and is found in
heterozygous form in only 21 out of 1.6E6 gnomAD (v4.1.0) alleles, and no

homozygotes.

In one trio (trio SMPA21) we report a homozygous stop-gain variant in
DAGLA, for which rare heterozygous variants were reported to be associated
with NDDs, including autism (72). SFARI also lists this as a strong candidate
for a ASD disease gene (gene score of 2; https://gene.sfari.org/). We also
report homozygous missense variants in novel candidate genes ANO10,
CABPZ2, CAPSL, CLCA4, CPM, DNAHS, ERMPI1, KSR2, RANBPY9, TMEMZ25, TRIM3,
and WDRI0, plus in EPHB1, for which de novo variants in have been reported
for ASD (73), and are listed respectively as strong candidate and suggestive

evidence in SFARI (scores of 2 and 3, respectively). Two of our novel
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candidate AR genes, SGSM3 and VPS16, have recently been confirmed in

multiple NDD families in other consanguineous populations(74-77).

Although not focused on consanguineous populations, WGS data from
the MSSNG study, as well as WES studies such as DDD and SFARI, support a
number of our candidate AR genes (see Supplementary File 1), with
homozygous rare variants in DNAH7 (MSSNG), DNAHE (MSSNG), CAPSL
(MSSNG), and CYP2A7 (MSSNG), and putative compound heterozygous
damaging rare variants in DNAHSE (in three MSSNG individuals), SCN1I0A
(DDD), and WDR90 (DDD)(see Supplementary File 1). There was also
evidence of disease-causing biallelic variants in known AR NDD genes MTHFR
(three homozygous; DDD), AGA (one homozygous stop gain; DDD), DEAF1
(two homozygous stop gain; MSSNG and DDD), ZNF335 (one homozygous
missense, DDD; one putative compound heterozygous, DDD), ASL (one
homozygous missense; MS5NG), CC2D1A (one homozygous missense,
MSSNG; two homozygous LoF DDD), and VPS13B (six homozygous, nine

putative compound heterozygous).

De novo mutations (Table 3 & 4): De novo dominant mutations have
been shown to be a major causal factor in ASD etiology. We identified and
validated 21 de novo coding variants (17 autosomal and 4 X-linked). Among
these genes, variants in four of them have been identified in previous studies
(MECP2, MYTIL, SCN2A, ZNF292). 13 of the 21 variants were LoF, three were

putative LoF (canonical splice site), and the remainder were nonsynonymous.
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The mutations include genes that have been implicated in other recent
studies of ASD and/or ID, and for other trios there are variants in genes
linked with other nervous system disorders, such as DRPZ in Charcot-Marie-
Tooth disease (78). Several other genes with de novo variants that have not
been associated with ASD (or ID) previously, and may represent novel

putative genes for ASD.

Our study identified a de novo LoF mutation in ZNF292
(NM_015021:c.6159 _6160del; p.Glu2054Lysfs*14) in two trios (IAU-65
(Iranian) and Autism-10 (Pakistani)). These two trios and 26 additional
families (from multiple studies and cohorts) withh mutations in ZNF292 were

reported recently (79).

Cross-referencing with other datasets, there was also support for new
candidate dominant/de novo autosomal genes, notably the nucleolin gene
NCL (8 LoF, 2 missense), but also including ECM1, FAM53C, ADGRF2,
TANGOZ, DGKZ, ATP2B1 (5 individuals), RETN, and PPIL2 (see Supplementary
File 1). There was support for X-linked recessive (in males, maternally
inherited or de novo) candidate gene NVRK (three individuals), MAGEBZ2 (three
individuals), MAGEC1 (12 individuals), MSN (five individuals), and ZNF185
(one individual). Comparison with other studies of ASD simplex families from
populations with higher frequency of consanguineous marriages, there were
no candidate AR genes in common, however an LoF mutation in candidate X-

linked gene MAGECI was also reported in a Qatari cohort (54).



Biallelic variants for autism....

X-linked (inherited; Table 4): Two mutations were identified in well-
established ASD or ID genes, namely, A/FM1 (Cowchock syndrome; MIM

310490), and M/D2 (XLID101: MIM 300928).

Splice site variants

In addition to the detection of variants at canonical splice donor and splice
acceptor sites (Tables 2-4), use of SpliceAl suggests that, for the
homozygous nonsynonymous variant in the known ASD/ID gene ASL (trio
SA7), an alternative explanation could be the generation of an alternative
splice donor by the cytosine to thymine transition at this site. However, other
splice algorithms such as https://www.fruitfly.crg/seq_tools/splice.html do not
support this, and molecular experimental procedures may be needed to

corroborate or refute this prediction.

Copy Number Variants (Table 5 & Table S1)

Seven autosomal homozygous loss CNVs were identified among five trios
using microarray data, that were subsequently validated through inspection
of the WES data using IGV, and through molecular methods, using PCR
and/or Sanger sequencing. Of these implicated genes, mutations/knock-outs
of both DHRS4 and KLK15 have a neurobehavioral phenotype in mouse
models (Supplementary File 1). DNAH7 is highly expressed in brain, and
SHPK (sedoheptulokinase) has high expression in cerebellum. Determining

the ASD causative genetic variation in many of the probands with CNVs is
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difficult. The proband with the CYP2A7, and KLK15 CNVs (trio IABB14) also
has a homozygous splice mutation in the Canavan disease gene ASPA.
Additionally, the proband with the SHPK CNV (trio IABB2) also has a
homozygous LoF mutation in the known ID gene DEAFI, and the proband
with the S/RPB1 CNV (trio IAU79) has a homozygous non-frameshift deletion
in the known ID/spastic paraplegia gene B4GALNTI1, complicating
identification of the molecular causation (see Supplementary File 1). A
homozygous CNV loss implicates the gene SEMGI in trio SMPA4, however
expression of this gene is restricted to the seminal vesicle (see

Supplementary File 1), and thus unlikely to be related to the ASD phenotype.

There are also three large, multi-genic de novo CNV losses among the

trios, which may also be pathogenic (Supplementary Table S1).

Neuroanatomical Enrichment Analysis

Testing for regional and cell-type specific expression did not indicate
clear anatomical targets with higher expression of the candidate genes.
Enrichment in the cerebellum and cerebral cortex was observed in the
BrainSpan human developmental atlas, but this was not supported by either
the mouse or adult human atlases. We found no consistent neuroanatomical
expression pattern for the identified genes, suggesting heterogeneity of

neural circuits disrupted.
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High consanguinity coefficient correlates with identification of

homozygous variants

Using microarray data we calculated the consanguinity coefficient Frony Using
autosomal RoH for 104 of the 115 trios. This included 13 trios for which LoH
scores were converted to Froy Using the equation Frop=(LoH - 0.0111)/1.034
(see Methods and Supplementary Materials). Comparison of the degree of
consanguinity (using Fron) between 33 trios with homozygous variants
versus 20 trios with de novo and X-linked variants indicated a strongly
significant shift (unpaired ttest (two-tailed): p < 0.0001; df=51; mean Fgren
for homozygous variants= 0.09003, S.E.M.=0.00672, N=33; mean Frey for
autosomal de novo and X-linked = 0.02955, S.E.M. = 0.00737, N=20). This is
also true for variants identified in known ASD/ID genes (p =0.0045; df=22;
mean Froy for homozygous 0.08146, N=13, S.E.M.=0.01019; mean Fgen for
autosomal de novo and X-linked = 0.03282, N=11, S.E.M.=0.01159).(Figure
2A). Comparison a!so showed clear differences in Froy levels between

different cohorts, and country of ascertainment (Figure 2B & C).

Discussion

Many recent studies involving NGS in ASD have involved large cohorts,
focusing predominantly on dominant/de novo inheritance. This focus is

largely driven by the fact that autosomal recessive variants in novel genes
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are more difficult to identify in the outbred population. Identification of
candidate AR ASD genes through the study of consanguineous families
should help streamline the identification of biallelic mutations through
clinical genetic screening in outbred populations. Using whole exome trio
analysis in consanguineous families, we have enriched for recessive variants
to assess the role these variants play in ASD in populations where endogamy
is common. This study of 115 trios has identified WES variants for 31 trios in
genes previously associated with ASD or other NDD disorders (or since
validated), resulting in a diagnostic yield of 27% (16 autosomal recessive,
eight autosomal dominant and six X-linked variants in khnown genes). With a
further three trios with large, multi-genic, loss CNVs validated experimentally
as de novo and putatively pathogenic (Supplementary Table S1), this yield
increases to 30%. There were many other variants identified that met
filtering criteria which could potentially represent novel ASD genes or
targets. We preserit 32 new candidate autosomal recessive variants/genes,
including a homozygous variant in SHH, a gene associated with autosomal
dominant holoprosencephaly. Within this cohort we identified variants in five
genes that are associated with known metabolic syndromes (4.3% of the
diagnosis cohort): AGA, ASL, HTRAZ2, ASPA, and MTHFR. These genes may
represent better clinical management opportunities for patients, and
potentially better therapies.

A number of the known ID genes identified among the 115 ASD trios have

also previously been reported for ASD or ASD-like features, e.g. CC2D1A
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(69,79,80), VPS13B (32), DEAF1 (68), ZNF335(81), ZNF292 (82,83), MYTIL
(83,84), and SCN2A (73,85,86). Of the candidate genes identified here,
MSSNG, SFARI, and other datasets provide putative support for the biallelic
genes, with homozygous variants in DNAH7, ANO10, DNAHS8, CAPSL, CYP2A7,
and S/RPB1, and putative compound heterozygous variants in DNAH?7,
DNAHS8, SCN10A, and WDR90, and for de novo/dominant genes NCL,

ADGRF2, DGKZ, ATP2B1, RETN, and PPILZ (Supplementary File 1).

For three of the known ASD or ID genes reported here, namely ZNF292,
SCNZ2A, and MECPZ2, mutations have been identified in two unrelated trios
from our cohort. Mutations in the known ASD gene SCN2A (85) were
identified in two trios- both de novo. In addition, mutations were identified in
two other voltage-gated sodium channel members, including a homozygous
stop gain mutation in SCN10A, in which heterozygous gain of function
missense mutations have previously been linked to familial episodic pain
syndrome 2 (FEPSZ; MIM 615551)(87), as well as a de novo missense
mutation in SCNEA. The SCN8A variant is predicted as damaging by all
algorithms tested, and mutations in this gene have previously been linked to AD
developmental and epileptic encephalopathy 13 (DEE13; MIM 614558). The Arg267*
mutation identified in MECPZ in trio SMPA78 has been frequently reported in cases
of Rett syndrome. However more C-terminal truncating mutations such as the

Thr412Asnfs*5 mutation in trio IAU54 typically have a significantly milder

phenotype(88).
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For some of the autosomal recessive candidate genes, there is additional
support from animal models. For instance, Vps16 (MGI:2136772) knockout
mice have behavioral/neurological and nervous system phenotypes
(http://www.informatics.jax.org/; Supplementary File 1). Additional
discussion of mouse models relevant to the candidate genes is provided in

Supplementary Materials.

There are several trios for which there are two or more candidate variants
(Supplementary File 1). For some of these, there may be a variant that
clearly delivers a more plausible etiopathological explanation. For instance,
for trio SMPA3 the homozygous change in MTHFR; tor trio IAH2, the
homozygous LoF change in TECPRZ2 (SPG49; MIM 615031; ID (29); hereditary
sensory neuropathy with ID (89)); for trio IABB2, the homozygous LoF variant
in DEAF1 (NEDHELS; MIM 617171); for trio IABB14, the homozygous splice

mutation in ASPA (Canavarn disease; MIM 271900).

Since our initial methodology used relatively stringent MAF cut-off
criteria for biallelic variants (<0.001), we attempted to justify this level by
reiterating the analysis but with lower thresholds (<0.01). Using the more
relaxed criteria resulted in just one additional candidate variant, in the gene
CLCA4 (gnomAD South Asian MAF=1.72E-3), but none in known NDD genes.
Our methodology was particularly stringent regarding de novo
nonsynonymous variants, owing to the large number of likely spurious calls,

and the inclusion of only variants predicted as damaging by all algorithms
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used may have excluded some bona fide mutations. While low read-depth is
less problematic for identification of homozygous variants, it is likely to
impact the identification of de novo variants in our trios. In addition, there
may be genuine autosomal dominant disease-associated variants that are
not de novo, inherited from an unaffected parent and thus excluded, but are
non-penetrant in that parent- we included one such variant in CHDS, as it is a
known ASD gene (MIM 615032), but there may be others that are as yet
unknown. Other variants, particularly intronic or intergenic, would also likely
be missed by our approach. Also, a proportion of exons, and particularly in
GC-rich regions, are either missed or have low coverage in WES. Follow-up
with whole genome sequencing could be considered as a possible next step.
However, parsing and assessing rare nori-coding variants is particularly
challenging. Further, a more gene-level statistical modelling approach would

also potentially benefit the study.

It was recently estimated in the DDD cohort that recessive variants
make up 3.6% of diagnoses, whereas de novo variants contribute 48.6% of
variants (38). The same study also compared homozygous variants in a
narrowly defined group of Pakistani Ancestry in the British Isles (PABI), which
is most like our cohort (38). The PABI cohort had 356 (333 undiagnosed)
probands, 110 of whom (30.9%) had homozygous coding candidate variants,
approximately half of which are in known DD genes and half in novel

candidates (38). For comparison, our study reports very similar yields for
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recessive variants, with 14% of probands with homozygous variants in known
ASD/ID genes (16/115), or 30% including those with homozygous variants in
novel candidate genes (35/115). We report 24 de novo variants (17
autosomal, four X-linked, three CNVs) in 17 of 115 individuals (15%), which is
somewhat lower than those reported for the PABI cohort (29.8%). This
difference is most likely due to differences in the methodologies or
stringency used for calling de novo variants in the respective studies. In a
study of 100 small ASD families from Qatar, while the total yield was 27%,

only 7% were autosomal recessive variants (53).

Comparison of consanguinity (Fron) between trios with homozygous
variants (either known or candidates) versus trios with de novo and X-linked
variants indicated a strongly significant shift. Thus, unsurprisingly, the
chances of finding homozygous rare variants are strongly associated with
higher consanguinity, and should be a consideration for diagnostic genetic

analysis.

Overall, the findings demonstrate the importance of autosomal
recessive mutations in ASD in countries, or in cohorts, with high rates of
consanguinity. In countries where consanguinity is rare, when screening ASD
individuals’ genomes attention should still be paid to the relatedness of the
parents, and, for those with a high F-coefficient, attention should be focused
on homozygous variants. Additionally, the candidate genes reported here

should be examined for both autozygous and allozygous mutations in
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outbred populations, just as would be done for more established autosomal

recessive gene disorders.
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Table 1: Cohort Description and clinical assessment.

Cohort ID Nationality | Number of Proband | Instruments and Assessors
. . Trios diagnostic system
(Recruited | Institute (A Male:
By) ge (Number of Female
range) DNASs)
SMPA (Ansa . . Childhood Autism Rating Physicians with
Rabia, Saqgib gg;?rcsétcyieorfces Scale (CARS)(90) expertise in
Mahmood, ; Pakistan 54 (162) 42:12 neurodevelopmental
. and Children )
Shazia Hospital, Lahore DSM IV disorders
Maqgbool) !
Children’s Health ADI-R (91) and ADOS (92) | Certified Physicians
IAU (Dr and Evaluation Iran
Sasanfér) Project/ Special 27 (81) | 23:4 (DSM-IV-TR) (93); SCQ
Education (4-11) (50)
Organization \
Autism Spectrum Bita Bozorgmehr
. Shahid Beheshti Screening Questionnaire
:éAoBzI(B)r(Dr;.e?]I:)a Medical University, | Iran 10 (30) 9:2 (94)
9 Teheran
o\ DSM IV
ADI-R (91), Autism Laila Al Ayadhi
Diagnostic Observation
Schedule (ADOS) (92) and
SA (Laila Al Autism Treatment | Saudi Arabia 3DI (Developmental,
Ayadhi) Centre, King Saud 13 (39) 12:1 dimensional diagnostic
y University, Riyadh | (2-12) interview) scales (95)
Childhood Autism Rating
Scale (CARS)(90); DSM IV
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Autism Childhood Autism Rating . g
(Raheel Scale (CARS)(90) saimeona siddiql at
Qamar, CO.MSATS 4 (12) Hospitals Limited,
Maleeha University, DSM-5 (96) and ICD-10 Islamabad. et a/
Azam and Islamabad, and Pakistan criteria (97) ! '
Zehra Agha) National Rural )
4:4

Support Program
RQPA (Raheel | and the Ghazi . e
Qamar, Barotha Taraqgiata glr?i:‘r:?r?tne?nsalgglr?aull at
Maleeha iDara 4(12) Hospitals Limited
Azam and Islamabad, et al.
Zehra Agha)
IAH (Abolfazl | Qazvin Medical Iran 3 (9) 2:1 DSM IV Hossein
Heidari) University, Qazvin ' Mojdehipanah
Total 115 (345) 91:24
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Table 2: Biallelic’lhomozygous variants: Genes previously reported as pathogenic for ASD/ID or other
disorder are indicated, with annotation using (in order of priority): OMIM: https://omim.org/; SFARI ASD
genes https://gene.sfari.org/; DDD gene2phenotype genes: https://www.ebi.ac.uk/gene2phenotype/;
Geisinger developmental brain disorder gene database: https://dbd.geisingeradmi.org/; NPdenovo:
http://www.wzgenomics.cn/NPdenovo/; Gened4denovo: http://www.genemed.tech/gene4denovo/search.

Genes previously unreported as definitively disease-causing/pathogenic for ASD or ID are in bold type.

Control population frequencies shown are from gnomAD (all, and for South Asian sub-population). Other
control population datasets, such as the Regeneron Pakistani and Middle Eastern subsets, and Iranome,
were also checked (see Supplementary File 1). No homozygotes were present in the controls. All variants
were validated by IGV (Integrated Genomics Viewer; Broad Institute) and by Sanger sequencing.

Validations are shown in Supplementary Materials. Allele frequencies are from gnomAD v4.1.0
; accessed June 2025). N.R

institute.
AR, but are known for autosomal dominant NDD phenotypes.

SETD2 and SHH are indicated here as novel

\Varia [Famil |ChCoordina Ref. Alt Gene ’ariant Type [cDNA/Amino Acid Change gnomAD gnomAD
nt y r. tes . All Freq. |S. Asian
(hg38) Freq. (or
ME=Midd
le
Eastern)
1 SMPA3 1 (11795347 |C A [MTHFR (28)(MIM nonsynonymo [NM_001330358.2: exon6: c. 905G>T: p. 6.20E-06 |1.10E-04
236250; SFARI score 2) |us Gly302Val
2 IABB16|1 (86563694 |G A |CLCA4 nonsynonymo [NM_012128.3:c.482G>A:p.Argl61GIn 1.93E-05 [2.24E-05
us
3 SMPA4 1 (15222119 GACGTT| |HRNR frameshift del NM_001009931.3: exon3: 2.48E-05 |4.17E-04
9 152221 [TC Cc.423_432del:p.Argl42Glufs*15
208 TG
4 SMPA7 1 [16692261 [CT - |ILDR2 frameshift del NM_199351.3: exon8: ¢.1187_1188del: p. [6.20E-07 |1.10E-05
6 8 166922 Glu396Glyfs*39
619



https://omim.org/
https://gene.sfari.org/
https://www.ebi.ac.uk/gene2phenotype/
https://dbd.geisingeradmi.org/
http://www.wzgenomics.cn/NPdenovo/
http://www.genemed.tech/gene4denovo/search
https://gnomad.broadinstitute.org/
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5 SMPA4 19765223 |C A |DENND1B Splicing NM_001195215.1: exon7: c.447+1G>T 0 0
0 4
6 Autism 74532659 |G T |HTRA2 (MIM 617248) Nonsynonymo [NM_013247.3: exon7: c.1156G>T: p. 3.72E-06 |(3.30E-05
8 us ASp386Tyr
7 SMPA1 38760694 C A |[SCN1OA Stopgain NM_001293306.2: exon7: c.937G>T; p. 6.82E-06 |1.21E-04
9 Gly313*
te] SMPA7 43551578 |C A IANO1O (spinocerebellariNonsynonymo [NM_001346463.2:exon11:c.1679G>T:p.Cysi4.38E-06 [3.10E-05
6 ataxia 10, MIM 613728) [us 560Phe
9 SA15 47122939 G C |SETD2 (LLS (AD) MIM  |Nonsynonymo [NM_001349370.3: exon2:c.1565C>G: p. [3.72E-06 [0 (1.66E-
616831; SFARI score 1; |us Ser522Cys 06 ME)
Geisinger Tier 1)
10 SMPA2 13519281 [T C [EPHB1 (SFARI score 3) [Nonsynonymo [NM_004441.3: exonll: c.2122T>C: p. 6.20E-07 [1.10E-05
7 5 us Phe708Leu
11 Autism 15812221 |C T |RSRC1 (MRT70; MIM Stopgain NM_001271834.2: exon2:c.109C>T: p. 1.25E-06 |0
3 3 618402; SFARI score S) Arg37*
12 SMPA8 16980684 |C T |LRRC34 Splicing NM_001172779.1: exon5: c.528+1G>A 1.90E-06 [3.41E-05
7
13 SMPA4 11055967 |C T |[ENPEP Stop gain NM_001977.4: exonl9: c.2671C>T; 8.48E-05 |1.19E-03
0 5 p.Arg891*
14 RQPA1l 17743966 G A |AGA (MIM 208400) Nonsynonymo [NM_000027.3: exon3: c.302C>T: p. 4.35E-06 (4.39E-05
2 3 us Alal01Val
15 SMPA3 18411277 |CAT C |[ENPP6 frameshift del NM_153343.3: exon6: c.886_887del: 0 0
5 8 184112 p.Met296Aspfs*28
779
16 IABB11 35910482 C T |CAPSL Nonsynonymo [NM_144647.3:c.200G>A:p.Gly67Arg 3.60E-05 |0
us
17 Autism 15146726 |- CT |[SLC36A1 frameshift ins NM_001308150.2: exon6:c.487_490dup: p. [5.59E-06 [9.92E-05
8 6 151467 GG Aspl64Glyfs*2
269
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18 IAUS56 |5 (15482040 |C - [FAXDC2 frameshift del NM_032385.3: exon9: c.915delG: 3.35E-05 |4.50E-04
4 p.Thr306Profs*100
19 SMPA4 6 (13634491 C G |[RANBP9 Nonsynonymo [NM_005493.3: exonll: c.1735G>C: p. 0 0
8 us Gly579Arg
20 IABB8 |6 (38883898 |A T |DNAH8 Nonsynonymo [NM_001206927.2: exon56: c.8159A>T: p. [3.15E-06 |5.77E-05
us Asp2720Val
21 IAU7 |7 (47905327 [T C |PKD1L1 (AR laterality [Splicing NM_138295.3: exonll: c.1523-2A>G 0 0
defects; MIM 616205)
22 SA7 |7 66086640 |C T |ASL (MIM 207900)# Nonsynonymo [NM_001024943.2: exon6:¢c.502C>T: p. 6.20E-06 [0
us Arg168Cys
23 IABB7 |7 (10012238 |G C |CNPY4 Splicing NM_152755.1: exon2: ¢.245+1G>C 4.15E-05 |0
6
24 IAU79 |7 (15047773 TCC T |GIMAP8 frameshift del NM_175571.3: exon5: ¢.1952_1953del: p. |0 0
5 150477 GIn652Serfs*6
736
25 SMPA1 |7 |15581191 T A |SHH (HPE3 (AD) MIM Nonsynonymo [NM_000193.4: exonl: c.206A>T: p. 1.30E-05 [2.20E-4
1 7 142945) us Asn69lle
26 IABB3 [8 (99143151 |AG A [VPS13B (COH1 MIM frameshift del NM_015243.3: exonl13: ¢.1829delG: p. 0 0
216550; SFARI score 1; Ser610Thrfs*3
Geisinger AR)
27 SA4 9 |5805613 [T C [ERMP1 Nonsynonymo [NM_024896.3: exon9: c.1721A>G: 1.102E-05|0 (1.694E-
us p.His574Arg 04 ME)
28 IABB2 11679703 |G GA |DEAF1 (MIM 617171; frameshift ins NM_001293634.1: exon6: c.845dupT: p. 0 0
SFARI score 1; Geisinger Ala283Argfs*20
AR)
29 SMPA1 11 [6456659 |C A [TRIM3 Nonsynonymo [NM_033278.3:exon6:c.1067G>T:p.Arg356L[0 0
1 us eu
30 SMPA2 11 47284198 |A G [MADD (26,29) Nonsynonymo [NM_001135943.2: exonll: c. 1883A>G: p. |6.82E-06 [1.21E-04
0 us Tyr628Cys
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31 SMPA2 11 61728163 |C G |[DAGLA (SFARI score 2) |Stopgain NM_006133.3: exon7:c.647C>G: p. 0 0
1 Ser216*
32 SMPAS8 11 67522557 |C T |CABP2 (Deafness, MIM [Nonsynonymo [NM_016366.3: exon2: c.202G>A: p. 1.87E-05 [2.02E-04
0 607314) us Ala68Thr
33 SMPAS8 (11 11853314 |A G [TMEM25 Nonsynonymo [NM_001144036.2: exon3: c. 302A>G: p. 1.81E-05 [2.75E-04
8 us Asn101Ser
34 IAU79 |12 57627731 |GGGAA |G |B4GALNT1 (Spastic nonframeshift NM_001276468.2: exon9: ¢.1094_1114del: |0 0
| 5762775 |GCCGAC paraplegia 26; MIM del p.His365_Phe372del
1 GAGCTC 609195 ID reported in
GTGGT some cases)
35 IABB10|12 (68869360 |C G |CPM Nonsynonymo [NM_001005502.2: exon6: c.752G>C: p. 1.86E-06 [1.10E-05
us Gly251Aia
36 IABB11|12 11776123 |G A [KSR2 Nonsynonymo [NM_173598.6:exon4:c.763C>T:p.Arg255Tr [2.92E-05 [2.53E-05
4 us p
37 SMPAS8 (14 64565356 |G C [PPP1R36 Splicing NM_172365: exon5: ¢.270-1G>C 3.73E-06 [6.63E-06
38 IAH2 |14 [10249709 [TGTGGG|T [TECPR2 Anazi et al, frameshift del NM_014844.3: exonl18: ¢.3904_3917del: p. |0 0
4 102497 (GACCGC 2017 PMID 27431250), \Vall302Glyfs*60
107 CTG Neuropathy, hereditary
sensory and autonomic,
type IX, with
developmental delay
(HSAN9): MIM 615031
39 IABB4 |15 (10057375 T - |LINS1 (MRT27; MIM frameshift del NM_001040616.3: exon5: c.1116delA: p. |0 0
3 614340; Geisinger AR) Glu372Aspfs*9
40 SMPA7 16 666004 |C T |WDR90 Nonsynonymo [NM_145294.4: exon36: c.4489C>T: p. 4.37E-06 [2.20E-05
6 us Argl497Trp
41 IABB14|17 3489343 |G T |ASPA (Canavan disease; [Splicing NM_001128085: exon5: c.634+1G>T 4.40E-06 [2.21E-05
MIM 271900)
42 SA2 19 (13913639 |G T |CC2D1A (MRT3; MIM Splicing NM_017721: exon6: c.748+1G>T 6.25E-07 |0 (1.704E-
608443; SFARI score 2; 04 ME)
Geisinger AR)
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43 IABB16|19 49818402 MED25 (BVFYS; MIM Nonsynonymo [NM_030973.3: exonl: c.61G>A: p. 1.24E-06 |0
616449) us Val21Met

a4 SA1l1 [19[57754064 ZNF776 Frameshift del[NM_173632.4:c.934delC: p.Arg312Glufs*80(6.82E-06 [0 (1.155E-

03 ME)

45 IABB16{20 2866555 VPS16 (Dystonia (AD) [Nonsynonymo |[NM_080413.3: exon20: c.2069C>A: p. 1.67E-05 [2.20E-05
MIM 619291; NDD us Ala690Glu
(AR))(76,77)

46 IABB16{20 [16380092 KIF16B (PMID Nonsynonymo [NM_001199865.2: exonl19: c. T1910T>C: p.|0 0
29736960) us \Val637Ala

47 IABB5 20 [45950360 ZNF335 Hu et al, 2019; |[Nonsynonymo [NM_022095.3: exon22: c.3346G>A: p. 3.77E-06 [1.14E-05
MCPH10; MIM 615095; |us Glyl1l16Arg
Geisinger Tier 4)

48 IABB1122 40407248 SGSM3 (SFARI score 2; [Nonsynonymo [NM_001350039.2:¢.1288G>C:p.Glu430GIn [6.26E-06 [8.78E-05
Geisinger Tier 4)(74,75) |us

# SpliceAl predicts the generation of a splice donor

site.
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Table 3: De novo variants. Genes previously reported as pathogenic for ASD/ID or other disorder are
indicated, with annotation using (in order of priority): OMIM: https://omim.org/; SFARI ASD genes

https://gene.sfari.org/; DDD gene2phenotype genes: https://www.ebi.ac.uk/gene2phenotype/; Geisinger
developmental brain disorder gene database: https://dbd.geisingeradmi.org/; NPdenovo:

http://www.wzgenomics.cn/NPdenovo/; Gened4denovo: http://www.genemed.tech/gene4denovo/search.

Genes previously unreported for ASD or ID are in bold type. Control population frequencies shown are from
gnomAD (all, and for South Asian sub-population). Allele frequencies are from gnomAD v4.1.0

(https://gnomad.broadinstitute.org/; accessed June 2025). All variants were validated by IGV (Integrated

Genomics Viewer; Broad Institute) and by Sanger sequencing. Validations are shown in Supplementary

Materials.
Varia Family |Ch|Coordinat Ref. |Alt. Gene (previously [Variant |EDXIA/Amino Acid Change gnomA gnomAD
nt r |es (hg38) reported) Type D All S. Asian
Freq. [Freq.
1 RQPA20 1 (28592734 G A [RAB42 inonsynonymo|NM_001193532.3: exonl: c. 223G>A: p. 3.26E- |0
lus Glu75Lys 06
2 RQPA20 (1 [111488692/A - TMIGD3 frameshift del[NM_001302680.2: exon2: c.286delT: p. 0 0
Trp96Glyfs*36
3 RQPA20 [1 [150511490G [T [ECM1 (DDDG2P: Stopgain NM_001202858.2: exon7: c.823G>T: p. 3.10E- |4.39E-05
i ipoid proteinosis, Glu275* 06
IAR)
4 IAU29 2 1943094 |[C - MYT1L (MRD39: MIM |frameshift del[NM_001303052.2: exon9: c.394delG: p. 0 0
616521; SFARI score Glul32Argfs*42
1; MYT1L)
5 SMPA53 2 (165310448|C T |SCN2A (DEE11: MIM [Stopgain NM 001040143.2: exon6:c.823C>T: p. 1.56E- [6.20E-0
6137219; SFARI Arg275* 05
score 1; Geisinger
Tier 1)



https://omim.org/
https://gene.sfari.org/
https://www.ebi.ac.uk/gene2phenotype/
https://dbd.geisingeradmi.org/
http://www.wzgenomics.cn/NPdenovo/
http://www.genemed.tech/gene4denovo/search
https://gnomad.broadinstitute.org/
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6 SMPA38 2 |165344646|C SCN2A (DEE11: MIM |Nonsynonym |NM_001040143.2:exon15:c.2654C>A:p.Thr8(0 0
6137219; SFARI ous 85Asn
score 1; Geisinger
Tier 1)
7 IAUG6 2 |231455467|C NCL frameshift del|[NM_005381: exon13: c.1991delG: p. 0 0
Gly664Glufs*70
te] SMPA75 |5 (138344944} FAM53C frameshift ins|NM_001135647.2: exon4: c.256dupT: p. 0 0
Ser86Phefs*14
9 SMPA75 |6 47679135 |G ADGRF2 Splicing NM_153839.7: exon5: c.267+1G>A 1.86E- [3.29E-05
06
10 Autism10|6 |87259789- |AG ZNF292 (MRD64: frameshift delNM_015021.3: exon8: c.6159_6160del: p. [1.25E- |0
87259790 MIM 619188; SFARI Glu2054Lysfs*14 06
score 1; Geisinger
Tier 1)
11 IAU6GS 6 [87259789- |AG ZNF292 (MRD64: frameshift del|[NM_015021.3: exon8: c.6159 6160del: p. [L.25E- |0
87259790 MIM 619188; SFARI Glu2054Lysfs*14 06
score 1; Geisinger
Tier 1)
12 RQPA20 (11 46368000 |A DGIKZ Splicing NM 201533: exon4: c.379-2A>C 1.24E- [2.20E-05
06
13 Autism9 (12 51794454 G SCN8A (DEE13: MIM |Nonsynonym [NM 014191.4:c.4608G>A: p.Met1536lle 0 0
614558; SFARI score |ous
1)
14 SMPA73 |12 |89604231 |G ATP2B1 (MRD66: Stopgain NM 001001323.2: exonl5:c.2558C>G: p. [0 0
MIM 619910; SFARI Ser853*
score 3S)
15 SMPA75 |19 [7669338- [CT RETN frameshift del|[NM_001193374.1: exon2: c.8_9del: p. 2.48E- |4.28E-05
7669339 Cys5Serfs*13 05
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16 RQPA20 |22 20061537 |C G [TANGO2 Stop gain NM 152906.7:exon7:c.459C>G: p.Tyrl53* [0 0
(Geisinger AR)
17 RQPA20 |22 21696745 A G [PPIL2 Splicing NM_148175: exon21: c.1570-2A>G 6.49E- |1.10E-05
07
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Table 4: X-linked variants. Genes previously reported as pathogenic for ASD/ID or other disorder are
indicated, with annotation using (in order of priority): OMIM: https://omim.org/; SFARI ASD genes

https://gene.sfari.org/; DDD gene2phenotype genes: https://www.ebi.ac.uk/gene2phenotype/; Geisinger
developmental brain disorder gene database: https://dbd.geisingeradmi.org/; NPdenovo:
http://www.wzgenomics.cn/NPdenovo/; Gened4denovo: http://www.genemed.tech/gene4denovo/search.

Genes previously unreported for ASD or ID are in bold type. Control population frequencies shown are from
gnomAD (all, and for South Asian sub-population). Allele frequencies are from gnomAD v4.1.0

(https://gnomad.broadinstitute.org/; accessed June 2025). All variants were validated by IGV (Integrated
Genomics Viewer; Broad Institute) and by Sanger sequencing. Validations are shown in Supplementary

Materials.
Varia | Family | Mode of | Coordina | Re | Alt | Gene Variant [ cDNA/Amino Acid Change gnom | gnomAD
nt Inherita | tes f (previous | Type AD All | S. Asian
nce (hg38) reports) Freq. Freq.
1 SMPA3 | Recessiv | 30218663 | C - MAGEEB?2 frameshift del | NM_002364.4:c.83delC:p.Pro28L | 0 0
e eufs*84
2 IAUGG Recessiv | 48814541 | A G HDAC6 Nonsynonym | NM _006044.4:c.908A>G: 0 0
e ous p.Tyr303Cys
|
3 IAU45 Recessiv | 65727856 | C A MSN Nonsynonym | NM_002444.3: exon3: c.139C>A: | 0 0
e ous p. Leud7Met
4 SMPA1l | Recessiv | 10594959 | C T NRK Stopgain NM 198465.4: exon27: 0 0
5 e 6 Cc.4375C>T: p. GIn1459*
5 IAU47 Recessiv | 10792686 | A G MID2 nonsynonym | NM _012216.4:c.2003A>G:p.Tyr6 | 1.65E- | O
e 8 (MRX101; ous 68Cys 06
MIM
300928)
6 IAU24 Recessiv | 13015647 | C T AIFM1 nonsynonym | NM_001130847.4: exon2: c. 3.30E- |0
e 2 (Cowchock | ous 238G>A: p. Ala80Thr (ClinVar 06



https://omim.org/
https://gene.sfari.org/
https://www.ebi.ac.uk/gene2phenotype/
https://dbd.geisingeradmi.org/
http://www.wzgenomics.cn/NPdenovo/
http://www.genemed.tech/gene4denovo/search
https://gnomad.broadinstitute.org/
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syndr.; MIM variant ID 643584, variant of
310490) uncertain significance)
7 IAU51 Recessiv | 14190687 MAGEC1 frameshift ins NM_005462.3:c.1471_1472insA; 7.87E-
e 5- p.Leu491Tyrfs*10 05
14190687
6
8 IABB8 Recessiv | 15293807 ZNF185 Splicing NM 001178110: exonl3: c.942- 4.26E-
e 2 2A>G 06
9 SMPA7 | De Novo | 63706329 ARHGEF9 nonsynonym | NM_015185.3: exon3:c.310C>T: | 0O
1 (3%%%%:7M|M ous :p.Arg104Trp (ClinVar variation
SFARI Score !D 501568;. conflicting
1s: interpretations of
Geisinger pathogenicity)
Tierl)
10 SMPA8 | De Novo | 10125261 DRP2 nonsynonym | NM _001171184.2: exonl5: c. 0
4 2 (CMTX1 ous 1639A>C: p. Ser547Arg
MiM
302800;
PMID
26227883)
11 IAU54 De Novo | 15403063 MECP2 frameshift ins | NM_001110792.2:exon3:c.1234d | 0
0 (RTT; MIM up:p.Thr412Asnfs*5
312750;
SFARI score
1; Geisinger
Tierl)
12 SMPA7 | De Novo | 15403106 MECP2 Stopgain NM 001110792.2:exon3:c.799C> | 0
8 5 (RTT; MIM T:p. Arg267* (ClinVar: known
312750; pathogenic variant)
SFARI score
1’ Geisinger
Tierl)
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&MutationTaster predicts splice donor created
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Table 5: CNV summary: validated homozygous loss CNVs called by CNVpartition or ChAS. Homozygous

losses called from microarray data by PennCNV and from WES data by CLAMMS (98)) did not validate using
IGV, and hence are not included. Comparison with control population CNVs used the Database of Genomic

Variants (DGV) Gold, accessed through the Decipher genomic browser (www.deciphergenomics.org), also
through gnomAD. Coordinates given using hg38.

Fami | Mode of | (hg38) Cytoba | Size | CN | CNV Genes FREQ IN DGV GOLD IGV | PCR
ly Inherita nd (Kb) confide STANDARD, gnomAD,
nce nce or rare?
DHRS4 exon Partial overlap with Y Y
SMPA . 14:23985715- 9.40 . 0 gssvL33876
a Recessive 23995116 14911.2 > 0 345.9659 | §; )Hc SZLZ
O L FREQ 0.0029
PR ¢ Partial overlap with Y Y
20:45208144- ‘ SEMGI exon
‘SlMPA Recessive 45208323 20913.12 | 0.18 |0 228.5597 | 2, 180bp, 60 gssvL72784
amino acids FREQ 0.0038
SMPA . 2:195934670- 1.96 ) DNAH7 exon Y Y
8 Recessive | 195936638 2q32.3 9 0 139.6294 20-21 NONE
. . ~ 14 10.07 Partial OVERLAP WITH Y Y
IAU79 | Recessive | 20:1578613-1578684 | 20p13 > 0 171.6751 | SIRPB1 exon 2 COMMON CNV (0.0894)
. ] WY 0.19 Partial OVERLAP WITH 80Kb Y Y
IABB2 | Recessive | 17:3610562-3610760 | 17pl13.2 8 0 318.3258 | SHPK exon 7 gesvL47583 (0.00274)
IABB1 . 19:40850414- 29.7 CYP2A7 6 gssvL58578 0.002 Plus Y Y
4 Recessive 40880128 19q13.2 14 0 >79.0146 exons gssvL58575 0.0017
IABB1 . 19:50827695- 0.11 Overlap with gssvL59230 Y Y
4 Recessive 50827807 19913.33 2 0 579.0146 | KLK15 exon 2 0.02



http://www.deciphergenomics.org/
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Figure Legends

Figure 1: Variant prioritization methods where variants that pass
GATK best practices would be filtered for MAF less than or equal to
10-4 and then categorized into recessive or homozygous variants.
Variants are then prioritized based on assessment of potential damage to the
protein, and then filtered based on scoring algorithms to predict

pathogenicity.

Figure 2: Violin plots comparing consanguinity coefficient F,,,, for A:
different categories of variant identified: Ail bialielic variants (N=27
observations), variants in known AR ID and/or ASD genes (N=10
observations), variants in novel candidate genes (N=17 observations), all X-
linked (XL) variants plus de novo autosomal dominant (AD) variants (N=18
observations), variants in known XL and AD genes (N=11 observations), and
variants in novel candidate XL and AD genes (N=7 observations). Unpaired ¢
test (2-tailed) for comparison of means showed comparison for i) all
homozygous versus all de novo autosomal plus X-linked to be extremely
significant (p<0.0001, £=5.8309, d.f.=51), ii) known AR versus AD ID and/or
ASD genes to be strongly significant (p=0.0045, £=3.1642, d.f.=22), iii) novel
candidate AR versus AD genes to be strongly significant (p<0.0001,
t=5.4795, d.f.=26). No significant difference in mean F,,, was seen for

comparisons between known and novel candidate AR genes, or between
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known and novel AD plus XL genes; B: different cohorts, categorized by last
name of principal investigator for each collection (Agha, N=3, Ansar, N=52,
Heidari, N=2, Al Ayadhi, N=13, Bozorgmehr, N=10, Sasanfar, N=24
observations). While F,o, distribution was similar for most cohorts, the Iranian
cohort from Sasanfar had a significantly lower mean than most other
cohorts; C: grouped by country of origin (Pakistan, N=55, Iran, N= 36, Saudi
Arabia=13 observations). Comparison of mean F,, was non-significant for
Pakistan versus Iran and versus Saudi Arabia, but significant for Iran versus
Saudi Arabia, but non-significant after correction for multiple testing
(p=0.0206, t=2.396, d.f.=36). Plots were prepared using R software using

ggplot2, and show mean, standard deviation, and outliers marked by “X”.



Microarray genotyping proband (lllumina
CoreExome or Affymetrix CytoScanHD)

Consanguinity
analysis: PLINK,
RoH

CNV: 1. hom exonic del
2. Phenocopies

PCR screen for
Fra(X)- exclude

WES: lllumina NovaSeq/Agilent
SureSelect V5; Filter variants as per
GATK v4 Best Practices

Heterozygous
WELELS
must pass all

Homozygous
(Variants
must pass

filtering 4{% ing
criteria) @ )

T : g

Non-

Stop-gain Splice synonym

'
variants IK , variants ous

variants

Filtered Stop Filters
Polyphen2 > Frameshift + FATHMM
0.8, > 20 reads > 0.8,
Mutation and on +/- dbscSNV > Assessor >
Taster > 0.8, strand reads 0.8, SpliceAl 0.8, M-CAP >
CADD > 20 =5 0.025

Stop Filters,
FATHMM >
0.8, Mutation

Validation/segregation on IGV and Sanger sequencing

Cross reference datasets: controls (gnomAD) and disease (ClinVar,
MSSNG, DECIPHER, SFARI, ASC, AutismKB, de Rubeis et al, DGV);
neuroanatomical transcription, electrophysiological phenotypes.
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