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Abstract

Autism spectrum disorder (ASD) presents a wide range of cognitive and language impairments. In this study, we
investigated the genetic basis of non-verbal status in ASD using a comprehensive genomic approach. We identified
a novel common variant, rs1944180 in CNTN5, significantly associated with non-verbal status through family-
based Transmission Disequilibrium Testing. Polygenic risk score (PRS) analysis further showed that higher ASD PRS
was significantly linked to non-verbal status (p=0.034), specific to ASD and not related to other conditions such
as bipolar disorder, schizophrenia and three language-related traits. Using structural equation modeling (SEM),
we found two causal SNPs, 151247761 located in KCNMAT and rs2524290 in RAB3IL1, linking ASD with language
traits. The model indicated a unidirectional effect, with ASD driving language impairments. Additionally, de novo
mutations (DNMs) were found to be related with ASD and interaction between common variants and DNMs
significantly impacted non-verbal status (p=0.038). Our findings also identified 5 high-risk ASD genes, and DNMs
were enriched in glycosylation-related pathways. These results offer new insights into the genetic mechanisms
underlying language deficits in ASD.
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Background
Autism Spectrum Disorder (ASD) is a serious neuro-
development disorder with core symptoms of deficit in
social relatedness and repetitive behaviors, and patients
have reduced interests, delays in language development,
and sensory abnormalities [1, 2, 3]. To date, the global
prevalence of ASD continues to rise, reaching 1 - 2%, and
it typically occurs in infancy and early childhood [4, 5].
One of the most significant challenges associated with
ASD is the pervasive impairment in communication
abilities, both verbal and non-verbal. Language delays are
among the hallmark features of most ASD, often compli-
cating social interactions and persisting into adulthood
[3]. These language deficits vary significantly across the
spectrum. While some individuals with ASD are non-
verbal, others acquire complex language abilities yet
continue to struggle with pragmatic use in the social con-
texts. The heterogeneity of these language impairments is
further complicated by co-occurring physical and mental
health conditions, such as intellectual disability, epilepsy,
anxiety, and sensory processing disorders [6, 7, 8]. This
variability makes ASD a highly heterogeneous disorder,
with affected individuals displaying a wide range of cog-
nitive, communicative, and behavioral symptoms [6].
Basically, ASD is highly heritable and therefore is
expected to have a substantial contribution from com-
mon and rare variation transmitted from parents to their
autistic offspring [9, 10, 11, 12]. Studies on twins have
shown that the genetic liability of ASD is 64 —91% [13].
Common inherited variants are estimated to account
for approximately 49% of the genetic liability [9], and
21% of diagnoses of ASD are contributed by different de
novo mutations (DNMs) [14]. Furthermore, large-scale
whole-genome sequencing studies have identified hun-
dreds of genes harboring potentially pathogenic vari-
ants, including single nucleotide variants (SN'Vs), small
insertions/deletions (indels), structural variants, tandem
repeat expansions, and DNMs [10, 12, 15, 16, 17], and
they revealed the polygenic nature and high genetic het-
erogeneity of ASD. These studies highlight the complex
interplay between inherited and de novo genetic variants
in shaping the diverse clinical manifestations of ASD.
Despite significant progress in identifying the genetic
underpinnings of ASD, much remains to be uncovered
regarding how genetic variants contribute to language
impairments. Language delay, a hallmark of ASD, is
commonly observed as slower development of language
skills compared to neurotypical peers. Genetic stud-
ies have increasingly focused on exploring the relation-
ship between polygenic risk scores (PRS) and language
delays in ASD [18]. For example, research has established
a significant association between polygenic risk for ASD
and language delays in multiplex families, emphasizing
the genetic contributions to delayed verbal abilities [3].
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However, despite these insights, a critical gap remains in
understanding the genetic contributions to non-verbal
status, defined as the inability to actively produce at least
five spontaneous meaningful words [8, 19].

To address the significant gap in understanding the
genetic contributions to non-verbal status in ASD, this
study employs a comprehensive and innovative approach
integrating multiple advanced genomic methodolo-
gies, as outlined in Fig. 1. We conducted whole exome
sequencing (WES) on 54 ASD families (53 trios and 1
quad), incorporating both de novo mutation and com-
mon variant analysis to explore their potential contribu-
tion on non-verbal status. Strict quality control measures
were applied to ensure high accuracy in variant detec-
tion and genotype quality. We utilized a family-based
Transmission Disequilibrium Test (TDT) to investigate
whether specific ASD risk genes were over-transmitted to
probands. Additionally, both polygenic risk score (PRS)
analysis and polygenic TDT were employed to assess the
cumulative genetic burden of common variants and their
relationship to clinical traits, particularly non-verbal
ability. Genomic structural equation modeling (genom-
icSEM) was applied to investigate causal relationships
between genetic variants and non-verbal status, adding
depth to our analysis of the genetic factors underlying
language impairments in ASD. Furthermore, the Trans-
mission and De Novo Association (TADA) model was
used to identify high-confidence ASD risk genes. Finally,
gene set enrichment analysis was conducted to uncover
biologically relevant pathways, linking genetic variants to
functional outcomes.

This multi-layered approach, combining cutting-edge
genomic techniques with statistical models, allows for
a comprehensive investigation of both inherited and de
novo mutations. By integrating these methodologies, our
study offers novel insights into the genetic architecture of
non-verbal status in ASD, while also providing a frame-
work for future research into the genetic mechanisms
underlying complex traits in ASD.

Methods

Study sample description

We recruited 54 families (53 trios and 1 quad), com-
prising 55 children diagnosed with ASD and their unaf-
fected parents, between June 2018 and August 2020,
from Guangzhou Women and Children’s Medical Cen-
ter, Guangzhou Medical University. The eligible chil-
dren, met the inclusion criteria consisting of Diagnosis
and statistical Manual of Mental Diseases version-5
(DSM-5), Autism Diagnostic Interview-Revised (ADI-
R) [20], and Autism Diagnostic Observation Schedule
(ADOS) [21]. For patients who were initially diagnosed
before two years old should be followed up to make the
definitive diagnosis at least at age of two years. We made
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Fig. 1 Overview diagram of study analyses. VCF =Variant Call Format, QC=Quality Control, VQSR=Variant Quality Score Recalibration, PRS=polygenic

risk score, SEM = structural equation model

extensive clinical evaluations including relevant demo-
graphic data, neurological assessments, developmental
quotient (DQ) assessment by Gesell Development Diag-
nosis Scale (GDDS) [22, 23]/ intelligence quotient (IQ)
assessment by Chinese Wechsler Intelligence Scale for
children- IV Version (CWISC-1V) [24, 25] or by Chinese
Wechsler Young Children Scale of Intelligence-IV Ver-
sion (CWYCSI-IV) [26, 27, 28]. The Childhood Autism
Rating Scale (CARS) was applied to evaluate the sever-
ity of autism [29]. The patients with less than five spon-
taneous functional words were defined as non-verbal
autistic patients [8, 19]. An autistic patient who had a
language degeneration, was defined when he/she had
a normal development for the first one to two years of
life, followed by a loss of previously acquired language
skills [30, 31]. Common evaluations in patients includ-
ing hematological, biochemical, and metabolic tests and
brain MRI, showed no abnormalities. Metabolic diseases,
intoxications and any diagnosis of syndromic autism
(X-Fragile, Tuberosis Sclerosis, Angelman Syndrome et

al.) were ruled out. The study was approved by the Clini-
cal Research Ethics Committee of Guangzhou Women’s
and Children’s Medical Center, and informed consent
for participation was obtained from their parents/guard-
ians. Blood samples of the patients and their parents were
obtained from who gave informed consent.

Data quality control and common variant calling

Genomic DNA was extracted from peripheral blood
using QIAamp® Blood Mini Kit (Qiagen, Germany),
and fragmentized by Covaris ultrasonicator followed by
library preparation. High throughput sequencing was
then performed on Illumina Novaseq6000 platform with
150 bp paired-end reads.

WES was conducted on all samples with a cov-
erage depth of >100xreads. Initial quality filter-
ing of raw sequencing reads was performed using
Trimmomatic-0.39, after which the high-quality reads
were aligned to the human reference genome (hg38)
using BWA. Variant calling followed the Genome
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Analysis Toolkit (GATK) best practices pipeline, includ-
ing key steps like BaseRecalibrator, HaplotypeCaller,
VariantRecalibrator [32]. A total of 4,275,216 variants
were initially identified. For genotype quality control, we
filtered genotypes with a genotype quality score below
25 and removed the variants on the X and Y chromo-
somes. The accuracy of variant calls was estimated using
the GATK VQSR approach with GATK version 4.3.0.0.
Low-complexity regions and variants that failed VQSR
were removed, resulting in a high-quality set of 3,824,296
unique variants. After variant calling, ANNOVAR was
applied to annotate variants’ related genes and reveal
the potential functions [33]. Meanwhile, we leveraged an
ASD related project ClinVar[34] to identify variants that
were discovered to be related to ASD.

To define a set of common exonic variants, we used
PLINK v1.9 [35] with the following options and param-
eters: --maf (minor allele frequency) 0.05, --mind
(maximum per-person missing) 0.2, --geno (maximum
per-SNP missing) 0.2, --hwe (Hardy-Weinberg disequi-
librium P-value) 1 x 107'°, Applying the scaling described
above, we leaved 37,360 variants passed the filters. Since
our samples consist entirely of trios and 1 quad, family-
based Transmission Disequilibrium Test (TDT) was uti-
lized to detect the significant loci using PLINK with the
parameter: --tdt [35, 36].

We performed polygenic Transmission Disequilibrium
Test (pTDT) [37] using the ASD-associated PRS in two
groups: verbal and non-verbal. pTDT deviation distri-
bution indicates the over-transmission of polygenic risk
from parents to probands. P values denote the probabil-
ity that the mean of the pTDT deviation distribution is
0 (two-sided, one-sample t test), indicating the signifi-
cance of the over-transmission of PRS from parents to
probands.

De novo detection, annotation and filtering
DNMs were called using GATK PossibleDeNovo [38, 39]
based on the hg38 reference genome, as these mutations
were found only in the children of our trios and 1 quad.
For DNM quality control, variants with call rate <10% or
a Hardy-Weinberg equilibrium p value less than 1 x 10~ !>
were excluded, leaving 74,436 unique variants.
Furthermore, to minimize false positives, DeNovoGear
v1.1.1 [40] was further employed following the initial fil-
tering procedures. The GATK VCF file for each family
was used as input to DeNovoGear. Variants that failed
GATK FILTER, had a non-reference parental genotype,
or had filtering allele frequency>1% in the ExAC data (
https://gnomad.broadinstitute.org/downloads) were
removed. Putative DNMs were defined as those with
PP_DNM>0.95 and GQ 99. In the end, 285 DNMs were
identified and used in the following study.
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With these DNMs, we employed Ensembl Variant
Effect Predictor (VEP) to define the High-impact, Mod-
erate-impact, and Loss of Function (LoF) categories
[41]. Possible-damaging missense DNMs were defined
as the variants predicted to be damaging by at least two
of the twenty prediction algorithms: SIFT, SIFT4G, Poly-
Phen2 HDIV, Polyphen2 HVAR, LRT, Mutation Taster,
Mutation Assessor, FATHMM, PROVEAN, MetaSVM,
MetaLR, MetaRNN, PrimateAl, DEOGEN2, BayesDel
addAF, BayesDel noAF, ClinPred, LIST.S2, fathmm.MKL,
fathmm.XF annotated by dbNSFP4.2a.

Polygenic risk scores (PRS)

A PRS was calculated to estimate the genetic predispo-
sition for ASD in the probands, using summary statistic
from the meta-analysis of ASD by the Lundbeck Foun-
dation Initiative for Integrative Psychiatric Research
(iPSYCH) and the Psychiatric Genomics Consortium
(PGC) released in November 2017'°. Considering the
ethnic differences between discovery and target dataset,
Polygenic Risk Score-Continuous Shrinkage (PRS-CS)
was applied to eliminate this discrepancy and improve
cross-population polygenic prediction [42]. Addition-
ally, summary statistics for four language-related abilities
[43], educational attainment [44], schizophrenia [45], and
bipolar disorder [46] were included to rigorously validate
disease specificity (Tabel S3). Associations between con-
dition-specific PRS and phenotypes were analyzed using
linear models, adjusting for covariates such as age and
Sex.

Gene set enrichment analysis

Gene set enrichment analysis was employed using the R
packages clusterProfiler [47] to explore functional anno-
tations based on Gene Ontology (GO). The core function
enrichGO was utilized to provide species-specific GO
annotation, relying on human genome-wide annotation
package (org.Hs.eg.db) [48] released by the Bioconduc-
tor project. This approach allowed for the identification
of biologically meaningful gene sets enriched in the data-
set, offering insights into the functional pathways poten-
tially involved in the observed phenotypes. In addition,
we performed further pathway enrichment analysis using
the Enrichr [49] web tool.

Genomic structural equation modeling

To investigate the genetic causal relationships between
ASD and three language-related traits, we used Genomic
Structural Equation Modeling (GenomicSEM, ver-
sion 0.0.5¢) [50] to model their joint genetic architec-
ture. The common factor model was applied to explore
how a common factor, defined by genetic indicators, is
regressed onto a single nucleotide polymorphism (SNP).
This allows for estimation of a set of summary statistics
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for the common factor that represent the SNP effects on
the common factor. To better investigate the causality
between ASD and language-related traits, we adopted a
powerful extension - multivariate GWAS - of Genomic
SEM to run user specified models that include SNP
effects.

Transmission and De NovoAssociation Test (TADA)

The Transmission and De Novo Association Test (TADA)
is a Bayesian model used to estimate the risk associ-
ated with genetic mutations based on WES data [15,
51]. TADA requires a mutational model which accounts
for gene size and sequence composition to predict the
expected number of mutations per gene, given the sam-
ple size. We utilized TADA to evaluate two categories of
de novo variation, namely missense variants and frame-
shift variants. The genes with a Bayes Factor greater
than 100 were considered as significant results under the
TADA model.

Results

Clinical data

Amount to 55 ASD patients (53 trios and 1 quad) includ-
ing two twins from 54 families were collected in this
study. Of 55 patients, 44 were male and 11 were female,
with a median age of 3.00 (range from 1.67 to 11.50)
years at first diagnosis. Based on the DSM-5, ADIR and
ADOS, all 55 patients were diagnosed with ASD. All 55
patients had CARS scores above 30, indicating clinically
significant ASD. Among them, 94.7% (52/55) were clas-
sified as having mild to moderate ASD, and 5.3% (3/55)
as severe. Children with DQ/IQ scores below 70 were
considered to have developmental delay or intellectual
disability of varying severity. Using a DQ/IQ cutoff of
70, 21.8% (12/55) were categorized as high-functioning,
while 78.2% (43/55) as low-functioning. Additionally,
63.6% (35/55) were nonverbal, and 7.3% (4/55) showed
signs of language or social regression (Table SI1). We
observed a modest but statistically significant correlation
between nonverbal status and autism severity (CARS) in
our cohort (correlation coefficient=0.31, p value =0.020)
(Table S2).

Common variants are associated with language ability

To identify the significant loci associated with ASD
in our study, we applied the family-based TDT. One
SNP, rs1944180, surpassed exome-wide significance
(0.05/37,360=1.34 x 10~°), a novel variant, located in the
intronic region of CNTN5 on chromosome 11 which has
not been previously reported in ClinVar (Fig. 2A, Table
S4). However, no significant correlation (p>0.05) was
found between CNTNS5 and language ability, suggesting
a polygenic regulatory effect on language ability in ASD.
Based on the PGC ASD summary statistics, we calculated
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PRS and conducted the pTDT analysis to explore the
relationship between ASD associated PRS and non-ver-
bal status. Although the pTDT did not show significant
over-transmission of PRS across the three groups, includ-
ing all ASD children, non-verbal ASD children, and ver-
bal ASD children, it revealed a trend of increased genetic
risk transmission in the non-verbal group (Fig. 2B).
Importantly, higher PRS was significantly associated
with non-verbal status after adjusting for age, sex, sever-
ity of autism and DQ/IQ scores (Nagelkerke’s R?=0.421,
p=0.034) (Fig. 2C). To further assess the specificity of
this finding, we calculated PRS calculated based on sum-
mary statistics from related disorders and language traits,
including bipolar disorder, schizophrenia, educational
attainment and three types of language ability (non-word
reading, word reading, spelling) (Fig. 2D). None of these
disorders or traits, except for ASD, exhibited a signifi-
cant correlation between PRS and the non-verbal status
in probands. Furthermore, we conducted GO pathway
enrichment analysis using the SNPs underlying the PRS
associated with the non-verbal status. The result showed
significant enrichment in pathways related to transporter,
neuronal and synaptic functions (Fig. 2E). In addition,
non-verbal status was modestly but significantly associ-
ated with severity of autism (CARS) (correlation coef-
ficient=0.31, p value=0.020) and cognitive ability (DQ/
IQ) (correlation coefficient = -0.28, p value =0.036) (Table
S2), suggesting that individuals with severe ASD may be
more likely to exhibit language impairment.

SEM infers new insight into ASD with Language
impairment

To better understand the genetic overlap and relation-
ship between ASD and non-verbal status, we applied
SEM with ASD PGC summary statistic along with three
language ability summary statistics (Fig. 3). ASD PGC
summary statistics were filtered by the SNPs significantly
associated with non-verbal status, resulting in a total of
617 SNPs (Table S5). This method modeled the shared
genetic architecture of ASD with language-related traits
such as word reading, non-word reading and spelling.
Exploratory factor models with 2 factors were fitted to
the data. The two-factor model explained the majority of
the variance and standard error in parentheses. Multivar-
iate GWAS followed the model specification and calcu-
lated the significance of SNPs affecting the factor. In the
final model, the first factor explained 66% of the variance
of ASD incidence, while the second factor explained 34%,
38%, and 35% of the variance in language-related traits,
respectively. All results met the exome-wide significance
threshold, indicating a genetic overlap between ASD
and language-related ability. On the other hand, lan-
guage-related traits were found to be highly consistent.
Although ASD shows genetic overlaps with these traits,
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the model indicates that they also have unique unshared
components, aligning with genetic correlation estimates
lower than one. Multivariate GWAS results identified 80
SNPs exceeding the significance threshold of 0.05, with
two SNPs (rs1247761 and rs2524290) achieving exome-
wide significance based on Bonferroni-corrected thresh-
old for the tested SNPs (0.05/617 =8.10 x 10~>) (Table S7).
Moreover, the multivariate GWAS results highlighted
a complex interplay between the two key factors, with
two high significant SNPs influencing the second factor

through the first. The high correlation between factor 1
(ASD) and factor 2 (language-related traits) suggested
a directional effect, where the first factor played a more
significant role in shaping the second. Intriguingly, this
pattern was not reciprocated, with factor 2 showing a
less significant impact on factor 1. This observation sup-
ports a unidirectional causal relationship, indicating ASD
is more likely to be the cause of language impairments
rather than be a consequence of them.
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Identification of de novomutation in ASD probands

After variants filtering described in Method, we discov-
ered 285 DNM:s which was distinct between parents and
probands. We classified DNMs into three categories,
High-impact, Moderate-impact, and LoF. Typically, the
High-impact variants lead to the truncation of protein
products, and we found 20 High-impact DNMs which
were frameshift variants and 11 Moderate-impact disrup-
tive variants (Table S8). Moderate-impact variants have
changes, but didn’t get truncating the protein sequence,
like missense SNVs and disruptive in-frame variants.
Among 20 High- and 11 Moderate-impact variants, we
discovered 19 LoF variants, and 4 possible damaging
variants defined by at least two of twenty prediction algo-
rithms (Table S9).

To discover the risk effect of gene discovered via
DNMs, TADA model [15, 51] was applied to integrate
protein-truncating and missense variants, stratifying
autosomal genes by FDR for association. 5 genes were
defined by TADA model, revealing the high risk of can-
didate genes (Fig. 4A, Table S10). To further investigate
the functional relevance of these genes, we performed
enrichment analysis, which revealed that the implicated

DNMs were significantly associated with biological path-
ways related to O-linked glycosylation (Fig. 4B-D).

Association between ASD related DNMs and non-verbal
status

To evaluate the impact of de novo mutation on the non-
verbal status, we computed the associated between the
number of DNMs from TADA risk genes and non-verbal
status in ASD patients. However, no significant result
was found (p=0.12). We then examined the interaction
effects of common variants and DNMs on verbal status.
We employed the PRS and count of TADA DNMs to rep-
resent this interaction using a logistic regression model.
Adjusting for age and sex, the interaction effects were
found to have a marginally significant impact on non-
verbal status (p=0.124, z=1.54). When further adjusting
for age, sex, CARS, and DQ/IQ, the p-value reached sta-
tistical significance at 0.038, accompanied by a z-value of
2.07. This finding suggests that the interaction between
common and de novo polygenic mutation is significantly
associated with non-verbal status.
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Discussion

In this study, we investigated the genetic factors contrib-
uting to non-verbal status in ASD through a comprehen-
sive genomic approach. Our findings revealed significant
associations between common and de novo mutations
and language ability in individuals with ASD. Notably,
we identified a common variant in CNTNS5 significantly
associated with non-verbal status through family-based
Transmission Disequilibrium Testing. In addition, we
found strong correlations between polygenic risk scores
and language abilities, highlighting the cumulative

influence of common variants on verbal ability. Using
SEM, we discovered two causal SNPs, rs1247761 and
1r$2524290, linking both ASD and language traits. We also
identified de movo mutations associated with glycosyl-
ation-related pathways, as well as significant interactions
between these mutations and common variants impact-
ing non-verbal status in ASD. These results provide a
novel understanding of the genetic underpinnings of
language deficits in ASD, particularly in relation to non-
verbal status.

Our results align with previous studies indicating the
polygenic nature of ASD and the involvement of common
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genetic variants in its clinical presentation [3]. The iden-
tification of CNTNS as associated with ASD extends pre-
vious research on this gene’s role in neural development
[52, 53]. Prior studies on polygenic risk have primar-
ily focused on general ASD susceptibility [16]; however,
both population-based PRS and polygenic TDT directly
connects these common variants to language impair-
ments, offering a more refined understanding of their
contributions to specific nonverbal status within ASD.

The application of structural equation modeling in our
study to uncover causal relationships between genetic
variants, ASD, and language traits is novel. We identi-
fied two key SNPs, rs1247761 and rs2524290, which
play significant roles in both ASD and language defi-
cits. rs1247761, as an intron variant of KCNMAI, has
been linked to neurodevelopment [54, 55], specifically
in potassium channel activity and neuronal excitability,
which is critical for both ASD and language processing.

rs2524290 is an intron variant of RAB3IL1, which can
promote the exchange of GDP to GTP and encode gua-
nine nucleotide exchange factor (GEF) which may acti-
vate RAB3A, a GTPase that regulates synaptic vesicle
exocytosis [56]. By demonstrating the pleiotropic effects
of these SNPs, our study not only deepens the under-
standing of ASD’s genetic architecture but also opens up
new possibilities for therapeutic interventions. Targeting
these shared genetic factors could provide an integrated
treatment strategy to address both social and communi-
cation deficits in ASD.

In terms of de novo mutations, our findings contrib-
ute to the growing evidence that spontaneous genetic
changes play a critical role in more severe ASD pheno-
types. The association between de novo mutations and
O-linked glycosylation pathways adds a new dimension
to understanding the mechanisms implicated in ASD and
suggests possible links between glycosylation processes
and ASD [57].

Further evidence of the effect of DNMs was observed in
our correlation analysis of DNMs and non-verbal status.
Though no significant result was found (p = 0.12) between
the number of DNMs from TADA risk genes and non-
verbal status in ASD patients, the interaction effects of
common variants and DNMs on non-verbal status was
found to be significant after adjusting (p=0.038). We
observed that the interplay between common and de
novo polygenic mutations is significantly linked to non-
verbal status. These results not only align with prior
research conclusions but also underscores the role of de
novo mutations in ASD, which may play an indispensable
role in the pathogenesis of ASD [3, 18].

By identifying key genetic variants linked to non-verbal
status, we open the door for more precise genetic screen-
ing methods that could be employed in early diagnosis,
particularly for individuals at risk of severe verbal or
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communication impairments [3, 18]. These genetic mark-
ers may also serve as valuable targets for personalized
therapeutic interventions aimed at improving language
skills, especially in non-verbal or minimally verbal indi-
viduals [8]. Furthermore, the discovery of de novo muta-
tions related to glycosylation pathways suggests that
interventions targeting glycosylation may have meaning-
ful downstream effects on outcomes in ASD [57], provid-
ing a new direction for clinical practice.

Despite these significant findings, there are limita-
tions to our study that should be acknowledged. First,
our sample size, though informative, is relatively small,
which may limit the generalizability of our results. While
the familial and de novo mutations identified provide
valuable insights, larger cohorts with more diverse pop-
ulations will be necessary to validate our findings and
uncover additional relevant genetic factors. Addition-
ally, while we identified significant associations between
genetic variants and language impairments, the precise
biological mechanisms by which these variants influ-
ence neural circuits and behavior remain unclear. Future
functional studies will be needed to elucidate how these
genetic variants disrupt language-related pathways in the
brain.

Our study opens several new avenues for future
research. First, expanding the sample size to include
more diverse populations could help validate our find-
ings and uncover additional genetic factors related to
non-verbal status in ASD. Second, longitudinal or inter-
ventional studies that track the developmental trajectory
of language abilities in individuals with known genetic
variants could provide deeper insights into how these
mutations influence language acquisition over time.
Functional studies examining how CNTN5 and other
identified variants affect neural connectivity could also
clarify their roles in ASD phenotypes. Moreover, future
research could investigate gene-environment interactions
to understand how epigenetic or environmental factors
might exacerbate or mitigate the genetic risk for language
deficits.

In conclusion, our study significantly advances the
understanding of the genetic basis of non-verbal status
in ASD, highlighting the roles of both common vari-
ants and de novo mutations. By identifying key genetic
factors associated with language impairments, we pro-
vide a foundation for future diagnostic and therapeutic
developments tailored to individuals with severe verbal
deficits. These findings have the potential to shift the
research paradigm by linking glycosylation processes and
communication deficits at the genetic level, ultimately
contributing to more effective, personalized treatments
for individuals on the autism spectrum.
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