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Abstract

Background Whole-genome sequencing (WGS) analyses have found higher genetic burden in autistic females
compared to males, supporting higher liability threshold in females. However, genomic evidence of sex differences
has been limited to European ancestry to date and little is known about how genetic variation leads to autism-related
traits within families across sex.

Methods To address this gap, we present WGS data of Korean autism families (n=2255) and a Korean general popu-
lation sample (n=2500), the largest WGS data of East Asian ancestry. We analyzed sex differences in genetic burden
and compared with cohorts of European ancestry (n=15,839). Further, with extensively collected family-wise Korean
autism phenotype data (n=3730), we investigated sex differences in phenotypic scores and gene-phenotype associa-
tions within family.

Results We observed robust female enrichment of de novo protein-truncating variants in autistic individuals

across cohorts. However, sex differences in polygenic burden varied across cohorts and we found that the differential
proportion of comorbid intellectual disability and severe autism symptoms mainly drove these variations. In siblings,
males of autistic females exhibited the most severe social communication deficits. Female siblings exhibited lower
phenotypic severity despite the higher polygenic burden than male siblings. Mothers also showed higher tolerance
for polygenic burden than fathers, supporting higher liability threshold in females.

Conclusions Our findings indicate that genetic liability in autism is both sex- and phenotype-dependent, expanding

the current understanding of autism’s genetic complexity. Our work further suggests that family-based assessments
of sex differences can help unravel underlying sex-differential liability in autism.
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Background

Autism exhibits a notable sex bias, with a 4:1 male-to-
female prevalence [1-3]. This disparity suggests that
females may have a higher genetic liability threshold
for autism than males [4]. Large-scale whole-genome
sequencing (WGS) analyses have found that females
with autism have a greater incidence of de novo protein-
truncating variants (PTVs) [5-7]. Moreover, the male-
to-female ratio decreased to 3:1, in autistic children with
intellectual disability (ID) [2, 8], a comorbid condition
associated with de novo PTVs [6, 9, 10]. Recent stud-
ies also showed that in cases without ID, females have a
higher polygenic score (PS) than males [11, 12]. These
findings underscore the complexity of the genetic archi-
tecture of autism and its variable phenotypic variability
and association across sexes.

Despite these advancements, the findings predomi-
nantly derive from populations of European ancestry, as
seen in large WGS cohorts such as the Simons Simplex
Collection (SSC), Simons Foundation Powering Autism
Research (SPARK), and MSSNG [9, 13]. These cohorts
are primarily composed of autism families of European
ancestry and were recruited from the USA and Canada
[13-15]. A WGS study from diverse populations would
facilitate cross-ancestry comparisons as to genetic fac-
tors and phenotypic associations and enhance our under-
standing of sex differences in autism.

For a comprehensive study of sex bias in autism, two
key aspects need to be considered. First, it is crucial to
examine the core phenotypes of autism, as sex affects
not only the presence of co-occurring intellectual dis-
ability but also the manifestations and measurements of
core diagnostic features [16—18]. This deeper phenotypic
characterization, especially for core autism symptoms,
has not been extensively explored previously. Second,
comparing different sexes among family members can
provide a better spectrum of genetic factors and pheno-
typic expressions. Unaffected siblings and parents share
a substantial genetic background with autism probands
but have a lower chance of having autism-associated de
novo variants. Analyzing family-wise phenotype datasets
across sex would help investigate the inherited genetic
influence on various clinical phenotypes across sex with
better clarity.

In this study, we present the Korean autism family data,
the largest data of East Asian ancestry, encompassing
WGS data from 673 families of 2255 individuals and deep
phenotyping data from 1499 families of 3730 individuals.

We examined the genetic factors underlying sex differ-
ences in our cohort and compared with SSC and SPARK
of European ancestry. Additionally, we performed a com-
prehensive phenotype analysis of sex differences, par-
ticularly in unaffected siblings and parents, and validated
several findings in SSC and SPARK. Our findings suggest
that comorbid ID and total severity of autism core symp-
toms modulate sex differences in de novo and polygenic
burden and provide evidence of sex-differential liability
threshold for diverse autism-associated clinical features
within families.

Methods

Cohorts comprising Korean autism data

Data for this cohort, comprising of individuals with
autism and their families, was collected from three major
hospital sites in Korea: Seoul National University Bun-
dang Hospital (SNUBH) served as the primary center,
overseeing the study at Soon Chun Hyang University
Hospital Bucheon (SCHBC) and Seoul Child Hospital
(SCH). All recruited families were approved by the eth-
ics committee of SNUBH, SCHBC, and SCH Institu-
tional Review Boards (IRB) (SNUBH: B-1703-388-303
and B-2108-700-107; SCHBC: SCHBC 2018-04-020
and SCHBC 2022-04-016; SCH: P01-201908-BM-02 and
P01-202111-21-003). This study adhered to the ethical
standards of the Helsinki Declaration and informed con-
sent was obtained from all study participants. We aimed
to recruit participants with diverse clinical features and
to achieve a balanced sex ratio among individuals with
autism.

A note on terminology

In this paper, we used the term “individuals with autism’,
“autistic individuals’, or “autism cases/probands” for indi-
viduals clinically diagnosed with autism, according to
Rolland et al. 2023 [19]. We used the term “non-autistic
siblings and parents” to refer to siblings and parents of
individuals with autism, who do not have clinical features
which meet the diagnostic criteria. For the general popu-
lation, we used the term “control population” We must
acknowledge that several of these individuals in the gen-
eral population may also present with autism.

Samples

For the Korean autism cohort, we collected data from
Korean families with at least one child diagnosed with
autism by clinicians. We collected DNA samples from
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whole blood and clinical phenotypes from participants.
All phenotype information was cross validated by clini-
cal specialists. The collected data were fully anonymized
and handled in accordance with the biorepository’s
standard operating procedures. A total of 1400 families
(Mindividuats = 3730) were collected and their clinical data
were used for phenotype analysis. Of these, WGS data
was generated for 673 families, including 696 individuals
with autism, 213 non-autistic siblings and 1346 parents
(Additional file 2: Table S1) used for de novo and poly-
genic score analysis. Compared with the previous release
[20], 39 families were newly added in the Korean autism
WGS dataset. Of the 673 families, 21 (3.1%) were multi-
plex families with more than two autistic children.

For the Korean general population WGS data, we
accessed the Korean Genome and Epidemiology Study
(KoGES; The National Project of Bio Big Data) genomic
resource. The KoGES study had collected data from clini-
cally non-diagnosed adults, aged >40 years from Ansan
and Ansung [21]. We downloaded a joint VCF file and
clinical data from The National Project of Bio Big Data
(www.nih.go.kr/biobank/). A total of 2500 participants
(1272 female and 1228 male individuals) were used for
polygenic score analysis in this study (Additional file 2:
Table S1).

For the SSC, and SPARK cohorts, we downloaded a
joint VCEF file and clinical data from SFARI Base (https://
sfari.org/sfari-base). For the SSC cohort [14], we excluded
twin and ancillary collection and employed only the sim-
plex collection. We used total of 1855 families of Euro-
pean ancestry (7, giviquais =0976) for genetic burden test
and all fully phasable 4318 trios for de novo gene discov-
ery analysis from the WGS data (v2019-05-12). We used
phenotype data (v15.3) from a total of 2644 families (1;,4;.
viduals = 10,456), for subsequent phenotype analysis (Addi-
tional file 2: Table S1). Similarly, for the SPARK cohort
[15], we used total of 2434 families of European ances-
try (Mindividuals = 8863) for genetic burden test and all fully
phasable 5683 trios for de novo gene discovery analysis
from the WGS data (v1.1). We additionally utilized fully
phasable 25,325 trios for de novo gene discovery analy-
sis from SPARK WES data (v2). For phenotype analysis,
108,266 families (#;,giyiquats = 149,547) from SPARK phe-
notype data (v9) were used (Additional file 2: Table S1).

Sequencing data

For Korean autism cohort, DNA was obtained from
whole blood of the subjects and sequenced on Illumina
Hiseq X at sequencing read depth 30x. We processed
WGS data using the Illumina DRAGEN germline pipe-
lines (v4.0.3) [22], and variant calling for the human
reference genome version GRCh38. Multi-sample
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joint genotyping was conducted using iterative gVCF
genotyper.

For KoGES, DNA was extracted from whole blood
of subjects and sequenced on Illumina NovaSeq 6000
with an average of 30xread depth. Sequencing reads
were aligned to human reference genome GRCh38.
Subsequent processing followed GATK Best Practices
(v4.2.4.1). After joint genotyping of individual gVCE, var-
iant quality scores were recalibrated by VQSR.

For SSC, DNA was obtained from whole blood of the
subjects and sequenced on Illumina Hiseq X10. Sequenc-
ing reads were aligned to human reference genome
GRCh38. Subsequent processing of the alignments fol-
lowed GATK Best Practices (v3.5). After joint genotyping
of individual gVCEF, variant quality scores were recali-
brated by VQSR and low-quality genotypes (GQ <20;
DP<10) were converted to missing genotypes. Only
variants with “PASS” entries in the FILTER column were
used for the downstream analysis. For SPARK, DNA was
obtained from saliva of the subjects and prepared with
PCR-free methods and sequenced on Illumina NovaSeq
6000. Sequencing reads were aligned to human reference
genome GRCh38. Subsequent processing of the align-
ments followed GATK Best Practices (v3.5). Joint geno-
typing of individual gVCF was conducted by GLnexus
(v1.4.1).

Quality control for samples and variants

Quality control (QC) for samples and high-quality (HQ)
variants was conducted by Hail 0.2 (https://hail.is/) and
Peddy [23]. For sample QC, we checked the distribution
of SNPs, INDELs, transition/transversion (ti/tv) ratio,
genotype quality, and genotype depth in a sample level
to see if there are outliers. We also calculated relatedness
between individuals in a dataset and imputed biological
sex and ancestry. For Korean autism and KoGES data-
sets, all samples passed the sample QC (Korean autism
n=2255; KoGES=2500). For SSC and SPARK datasets,
we excluded sex/pedigree mismatched samples and used
only European ancestry.

For Korean autism dataset, we retained variants
labelled as “PASS” in the DRAGEN hard-filter and
excluded those occurring within low complexity regions
(LCR). Additionally, multiallelic sites were split into bial-
lelic sites. Prior to this, local allele expressions, including
allele depth (AD) and localized phred-scaled genotype
likelihood (LPL), were transformed into a global format.
For homozygous reference calls, AD were substituted
with an array filled with read depth (DP) for the reference
alleles, with zeros for other alleles, and LPL were replaced
with “NA” Localized alternative alleles (LAA) were con-
verted to local alleles array (LA) by adding zero to the
first element of LAA. Furthermore, the maximum LPL
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value was added to the empty elements of LPL to convert
them into PL. Following the multi-allele split, PL values
for homozygous reference calls, initially marked as “NA;
were annotated with an array consisting of 0, genotype
quality (GQ), and DP multiplied by 3. We also removed
variants with allele length > 50.

For detecting HQ rare variants, quality metrics in
the whole filtering pipeline were optimized, accord-
ing to the previously established practice [24]. We
filtered variant calls with following cutoffs; heterozy-

gous SNPs with QUAL>7.5 GQmean>36, and
DPmean>34, 0.275>allele balance (AB)>0.725;
heterozygous indels with QUAL>10.51, gDP>3,

0.214>AB>0.786; homozygous alternative SNVs with
QUAL>20.3, AN>4312, AB>0.905, GQmean>15.7,
DPmean>12, GQ>9, gDP>11; homozygous alterna-
tive indels with QUAL >24.78, AN > 3504, GQmean > 29,
DPmean >11.55, GQ >1, gDP >5, AB>0.905. We further
filtered variant calls with call rate<10% and a Hardy-—
Weinberg equilibrium P<1x 1072,

For detecting HQ common variants, we filtered vari-
ant calls using following criteria; GQ>20, DP>10, AB
0.2-0.8 for heterozygous calls and AB >0.95 for homozy-
gous calls, call rate >95%, Hardy—Weinberg equilibrium
P>1x107° We then utilized variants with internal unre-
lated AF more than 0.05.

For SSC and SPARK dataset, we excluded variants in
LCR, split multi-allelic sites, and removed INDELs with
allele length > 50. To filter HQ common variants, we used
the same filtering pipeline with Korean autism dataset.
For SSC, we applied further filtering for HQ rare variants
with QC metric cutoffs, referring to the previous work
[24].

Identification of de novo variants

De novo variants (DNVs) were called by the Hail built-
in de_novo() function in the annotated variants with the
internal allele frequency (AF) less than 0.001 and gno-
mAD (v3.1) AF less than 0.001 in the non-psychiatric dis-
ease subset. We used the default cutoffs of Hail de_novo()
function for further filtering: AB, ., <0.1, ABy;4<0.3,
DP 1q/(sum of DP ;) > 0.3 and GQ > 20.

For the Korean autism data, we modified the method to
calculate the de novo probability [25] in Hail de_novo()
function considering the partial origin in which DNV
occurred. The modified approach calculates the probabil-
ity that a DNV has occurred, together with the probabil-
ity that it was inherited from parents. We obtained the de
novo probability, for each of the following five conditions:

« DNV was from mother. ... a
« DNV was from father. ... b
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+ The genotype of the mother was not homozygote,
and the alternative allele was inherited. ... ¢

+ The genotype of the father was not homozygote, and
the alternative allele was inherited. ... d

+ The genotype of the child was not heterozygote. ... e

Among the probabilities obtained, the ratio of the prob-
ability that the variant represents a true DNV (referred to
as the de novo probability) was calculated as follows:

a+b

De novo probability = ThicrdT
a c e

Another consideration was the GQ scale of DRA-
GEN. The DRAGEN uses an algorithm that can reduce
errors in actual data where correlations between reads
are observed [22]. Therefore, DRAGEN genotypes have
lower distribution of GQ than GATK. As such, we tried
to adjust the threshold of de novo probability to rescue
false-negative calls whose confidence was low due to the
lower GQ distribution. To determine the optimal cutoff,
we measured the number of obtained DNVs lowering the
threshold from 0.5 to 0.05 and set the de novo probabil-
ity threshold to 0.1. We further filtered DNVs found in
less than five individual cases. This step identified 47,269
autosomal DNVs in individuals with autism (7=696) and
14,309 in non-autistic siblings (n=213) (Additional file 3:
Table S2). Consistent with the previous genetic studies on
autism [26—29], there was a positive correlation between
paternal age and the number of DNVs for each sam-
ple (0.13 DNVs per paternal age month, P<2.2x 107
(Additional file 1: Fig.S1A).

For the SSC and SPARK data, we filtered high/medium
confidence DNVs using the original cutoffs for the de
novo probability. We excluded samples that presented
with excessive number of DNVs due to pedigree errors.
We filtered DNVs with internal AC=1, unless the DNVs
were identified in monozygotic twins. For SPARK, we
further filtered DNVs with AB<0.8. In the SSC data,
we identified 119,785 autosomal DNVs in autism cases
(n=1838) and 95,874 in non-autistic siblings (n=1504).
In SPARK, we identified 167,623 autosomal DNVs in
individuals with autism (2=2532) and 103,861 in non-
autistic siblings (n=1591). We observed a positive cor-
relation between paternal age and the number of DNVs
per sample in both datasets (SSC — 0.13 DNVs per pater-
nal age month, P<2.2x107'; SPARK — 0.13 DNVs per
paternal age month, P<2.2x1071) (Additional file 1: Fig.
S1A).

Variant annotation

HQ variants were annotated with Hail vep() function
with Ensembl variant effect predictor (VEP) version
109.3. With the most severe consequence term annotated
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by VEP, we classified variants into three categories, PTV,
missense variant (MIS), and synonymous. PTV included
the “frameshift_variant,’ “splice_acceptor_variant,’
“splice_donor_variant, and “stop_gain” variants with
high confidence by LOFTEE plugin [30] with no LOFTEE
flags other than “SINGLE_EXON? The “missense_vari-
ant,” “stop_lost,” “start_lost,” and “protein_altering_vari-
ant” were labelled as missense. Lastly, we defined the
“synonymous_variant,”  “stop_retained_variant, and
“incomplete_terminal_codon_variant” as synonymous.

Computation of PS

Using HQ common variants, we calculated the PS for
autism. For autism, we used two European-ancestry
Genome Wide Association Study (GWAS) summary sta-
tistics, one from Grove et al. [31], which includes SSC and
iPSYCH data (n=46,350), and the other which includes
only the iPSYCH dataset (unpublished) (n=58,948).
We used the former base data for calculating PS in the
Korean and SPARK cohorts and the latter for calculating
PS in SSC, as the overlaps between the target data and
the base data could inflate the polygenic signal.

To match the SNP format between the input data used
for PS calculation, we conducted SNP matching for the
target data and GWAS summary statistics. Prior to SNP
matching, we carried over the target data from GRCh38
to GRCh37 to match the genome build of GWAS sum-
mary statistics. Then SNP matching was conducted as
described below. We united the allele representation as
“1st to 13th nucleotide + (length of allele — 13)” when the
allele was longer than 13 bp. The INDELs which local-
ized in the same locus but were reverse of each other, as
well as ambiguous SNPs, {“A”, “T"}, {“T", “A”}, {“C’, “G”},
{“G% “C”}, were excluded. We then matched those with
the SNPs list from the linkage disequilibrium (LD) ref-
erence comprised of HapMap3 SNPs from UKBB Euro-
pean individuals, provided from PRScs [32]. We used the
European LD reference as it more closely matched the
ancestry with the GWAS summary statistics. For target
data which had different ancestry other than European,
Korean autism, and KoGES, we harmonized AF by the
chi-square test. If the AF difference of one SNP between
the target and the reference was significantly different
from the mean by more than 1 SD of all matched SNPs,
the SNP was excluded.

We computed the PS using four different calculation
methods: PRScs [32], SBayesR [33], LDpred2 [34], and
PRSice [35]. The PRScs, SBayesR, and LDpred2 calculate
PS by implementing Bayesian shrinkage of beta effect size
of SNPs weighed by LD, whereas PRSice calculates PS
by using several SNPs that pass the optimal P-value cut-
offs. Given that the adjustment for polygenic risk using
PRScs improved the prediction the most [36], we used
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PRScs as the primary calculation tool. Parallel computa-
tion of 22 autosomes was performed with default param-
eter: gamma distribution for local shrinkage (1, 0.5) and
phi value for global shrinkage 1.0x 1072, The results of
PS were consistent across four different methodologies
(Additional file 1: Fig. S2). The correlation coefficients
were especially high between shrinkage methods (PRScs,
SBayesR, and LDpred2), on average 0.8, but between
shrinkage methods and P-value cutoff method the corre-
lations were lower than that, 0.6.

Sex-specific gene analysis

To identify autism-associated genes, we ran transmitted
and de novo association gene discovery (TADA) analysis,
Bayesian association algorithm [6, 37]. We used de novo
PTVs and damaging MIS in all genes from full phasable
trios with autistic child in Korean WGS (n=696), SSC
WGS (n=2380), SPARK WGS (n=3496), and WES (not
overlapped with WGS samples; n=17,473). We per-
formed TADA in females (total 4885) and males (total
19,160) respectively and identified female genes and male
genes. Next, we conducted Gene Ontology set enrich-
ment test and visualized network of enriched pathways
using clusterProfiler package (v4.11.1) in R.

Clinical phenotype data

To investigate sex differences in clinical features, we
assessed core symptoms including total symptom sever-
ity (summed score of social communication deficits and
restricted/repetitive behaviors), social communication
deficits, and restricted/repetitive behaviors and cog-
nitive/adaptive function. Higher phenotypic scores of
autism core symptoms reflect a clinical outcome with
more distinct features of autism, whereas lower phe-
notypic scores of cognitive/adaptive functions indicate
more impaired cognitive/adaptive ability.

Total symptom severity

Overall severity of autism-related symptoms was
assessed using a variety of instruments. The Autism
Diagnostic Observation Schedule-2 (ADOS-2) [38] was
administered to children and their siblings, utilizing dif-
ferent modules tailored to each participant’s age and ver-
bal language ability. For comparison across the different
modules, the total calibrated severity scores (CSS) were
used for analysis. For the Korean autism cohorts, we
used the Korean-translated version [39] of ADOS-2 that
was approved by the Western Psychological Services.
Additionally, caregivers completed the social respon-
siveness scale (SRS) [40] and the Social Communication
Questionnaire (SCQ) [41, 42], which measure the over-
all severity of autistic symptoms. For the SRS, T-scores
were used, while for the SCQ, scores from both the
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current and lifetime versions were included in the analy-
sis. Parents also completed self-reported questionnaires,
including the Autism Quotient [43] and the broad autism
phenotype questionnaire (BAPQ) [44]. Across all instru-
ments, higher scores were indicative of greater severity in
autism-related symptoms.

Social communication deficits

To evaluate social communication skills, social affect
CSS scores from the ADOS-2 (ADOS SA) were uti-
lized, alongside the autism diagnostic interview, revised
(ADIR) [41] social interaction (ADIR A) and communica-
tion domains (ADIR B). The ADI-R, consisted of a semi-
structured interview with caregivers, was administered
by trained professionals who rated each question item.
Based on the diagnostic algorithm, four domain scores
were aggregated. Considering each participant’s develop-
mental trajectory, the communication domain within the
ADI-R was further divided into subdomains, specifically
catering to individuals with and without fluent verbal
communication (ADIR B verbal and non-verbal). Con-
sistent with the scoring approach of the ADOS-2 CSS,
higher scores on the ADI-R indicated greater difficulties
in social communication.

Restricted interest and repetitive behavior

Restricted interest and repetitive behaviors (RRB) were
measured using both the RRB CSS from the ADOS-2 and
the RRB subdomain of the ADI-R (ADIR C).

Cognitive ability

Intelligence was assessed using the Wechsler Pre-
school and Primary Scale of Intelligence (WPPSI) [45],
Wechsler Intelligence Scale for Children (WISC) [46],
and Wechsler Adult Intelligence Scale. For individuals
with limited verbal language abilities, the Leiter interna-
tional Performance Scale-Revised (non-verbal 1Q) [47]
was administered to measure non-verbal 1Q.

Adaptive behaviors

The Vineland adaptive behavior scale (VABS)-II [48] was
utilized to assess adaptive functioning in children and
their siblings. The VABS-I1 is a caregiver-report question-
naire covering various domains, with each item inquiring
whether the child can perform the specified task. Four
domain scores—socialization, communication, daily liv-
ing, and motor skills—along with a composite score, were
calculated and standardized based on age-matched nor-
mative control individuals. Lower scores in each of these
domains were indicative of developmental delays.

Page 6 of 18

Statistical analyses

For the DNV association tests, we prioritized DNVs with
loss-of-function observed over expected upper bound
fraction (LOEUF) score [30] for PTV and missense bad-
ness, PolyPhen-2, and constraint (MPC) score [49] for
MIS. The de novo PTV with LOEUF <0.37, and MIS with
MPC>2 were used for association test. We estimated
the power in DNV association test for de novo PTV and
MIS in Korean autism cohort and compared the result
with that from a previous report [7] in more than 20,000
samples in European-ancestry autism cohorts. Although
we lacked the statistical significance threshold during
the DNV analysis for the Korean autism cohort, power
estimation revealed that this was likely due to a limited
sample size (Additional file 1: Fig. S3; Additional file 3:
Table S2). The burden of de novo PTV and MIS was com-
pared between individuals with autism and non-autistic
siblings, and between autistic females and males, using a
one-sided binomial test. For comparing the percentage
of samples with de novo PTVs between individuals with
autism * ID, and siblings, we used the Fisher’s exact test.

For polygenic burden association tests, we compared
the PS across groups and sexes, using two-sample ¢ tests.
To assess the relative difference of polygenic burden, we
compared the OR and P-value from the logistic regres-
sion as follows:

Group (cases with certain phenotype severity versus
siblings) ~ PS.

We compared clinical phenotypes across groups and
sexes, using two-sample ¢ tests and two-way ANOVA
tests, followed by Tukey’s test for multiple comparisons.
To ensure the sex differences in clinical phenotypes in
cases, siblings, and parents, we adjusted P-values from
two-sample ¢ tests with the number of clinical features
for each domain.

Results

Overview of autism family data of East Asian and European
ancestry

The Korean autism WGS data consists of 673 families of
total 2255 individuals, encompassing 21 multiplex fami-
lies with more than two autistic children. The Korean
autism WGS data is the largest autism WGS data of East
Asian ancestry (Fig. 1A). This data set outnumbers not
only the published Chinese autism cohort (354 individu-
als) [50] but also includes a greater number of individuals
of East Asian ancestry than are represented within major
global autism WGS datasets including SSC (272 individu-
als) [14], SPARK [15] (294 individuals), and MSSNG [13]
(485 individuals) (Fig. 1A). The Korean autism cohort
extensively collected deep phenotype data from these 673
families and an additional 826 families of 1475 individuals
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A Worldwide autism WGS cohorts with individuals n = 100
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Fig. 1 Overview of WGS and phenotype datasets used in this study. A Worldwide distribution of autism WGS cohorts with individuals > 100.

The largest published autism GWAS data, to date, is also illustrated in the map. The size of each cohort is illustrated by the size of bands

and the composition of ancestries are represented by colors in bands (peach, European; yellow, East Asian; lavender, American; turquoise, African;
blue, Admixed; orange, South Asian; gray, Unknown ancestry). Red points mark the location of each consortia/cohort and colored areas further
delineate the geographic breadth of participant recruitment. Created with BioRender.com. B Comparison of assessable phenotypic scores in autism
families in Korean, SSC, SPARK data. Phenotypic scores investigated consist of autism core symptoms including total symptom severity, social
communication deficits, and restricted/repetitive behaviors (higher, more autistic) and developmental scores including cognitive/adaptive scores
(lower, more impaired). The percentage of phenotypes assessed in each cohort are represented by shades of red (redder, higher coverage). C
Overview of the WGS datasets used in this study. Composition of samples, including groups and sexes, is displayed with pie plot. Male-to-female
ratio in children with autism is depicted in red letters. For replication cohorts, we subset samples with European ancestry. Groups are represented
by colors in inner rings (green, autism cases; purple, non-autistic siblings; apricot, parents) and sexes are represented by colors in outer rings (pink,
female cases; light blue, male cases; dark pink, female siblings; blue-green, male siblings; red, mothers; blue, fathers)

(total 1499 families of 3730 individuals) (Fig. 1B). In this
paper, we categorized 19 phenotypes into three different
domains including (1) total symptom severity (summed
score of core autism features [51, 52]—social communi-
cation deficits and restricted/repetitive behaviors), (2)
social communication deficits, (3) restricted/repetitive
behaviors, and development-associated features includ-
ing cognitive/adaptive function domain.

We compared the number and the coverage of phe-
notype collected in Korean autism cohort with the SSC
(2644 families, 10,456 individuals) and SPARK (108,266
families, 149,547 individuals) cohorts (Fig. 1B) (Addi-
tional file 2: Table S1). The number and depth of each
phenotype assessed in the Korean autism cohort were
comparable to SSC and higher than SPARK. Of note, 16
different features were measured for siblings and eight
for parents in the Korean dataset, which was twice as
rich as the SSC dataset, and many of these measures were
absent in the SPARK dataset.

The Korean autism WGS data includes 696 children
with autism, 213 non-autistic siblings and 1346 parents
(Fig. 1C) (Additional file 2: Table S1). We found a high
male to female ratio in children with autism, but this was
not observed in siblings, consistent with previous reports
[2, 3]. Of the 696 individuals with autism, 590 were males

and 106 were females (5.6 male-to-female ratio). Siblings
included 90 male and 123 female individuals (0.74 male-
to-female ratio). For replication cohorts, we analyzed
individuals of European ancestry from the WGS data of
SSC [14] (1855 families, 6976 individuals) and SPARK
initiative [15] (2434 families, 8863 individuals). Both
datasets included a greater number of males with autism
than females with autism (male-to-female ratio 6.2 in
SSC; 3.8 in SPARK) (Fig. 1C).

Sex differences of autism-associated genetic burden

We conducted a quality control assessment for the
WGS datasets as per previous WGS studies [24, 53,
54] and prioritized high-quality variants for de novo
and common variant analyses (Fig. 2A). We restricted
de novo analysis to PTVs in genes of LOEUF scores
[30] <0.37 genes and MIS with MPC scores [49] >2.
Our WGS analyses revealed a higher rate of de novo
PTVs and MIS in children with autism compared to
non-autistic siblings (Fig. 2B;Additional file 1: Fig.
S1; Additional file 3: Table S2). Consistent with exist-
ing findings [6, 7, 55, 56], de novo PTVs were found
to be significantly enriched in children with autism in
both Korean and replication cohorts (Fig. 2B). In chil-
dren with autism, de novo PTVs were observed more
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Fig. 2 Autism-associated de novo and polygenic burden and their sex differences. A Data analysis workflow. DNV calling and PS calculations

were conducted separately for each cohort, with the exception of the Korean autism and KoGES datasets, where SNP intersection and PS
calculations were carried out jointly. For the Korean autism and the KoGES cohort, AF harmonization was performed to align with European-derived
associations. For Korean autism data, preprocessing of raw reads, and multi-sample genotyping were conducted by DRAGEN. B, C Comparison

of the de novo PTVs in constrained genes (LOEUF < 0.37), adjusted for paternal age at birth across the Korean autism, SSC, and SPARK cohorts; B
between children with autism and non-autistic siblings; C between sex among children with autism. The y axis indicates the average number

of variants. The P-values were computed by one-sided exact binomial test. Groups and sexes are represented by colors (green, autism cases; purple,
non-autistic siblings; pink, female cases; light blue, male cases). D The Korean continuum of polygenic burden for autism in the general population
and families with autism cases. Group differences are standardized using the distribution of PS in KoGES samples and P-values were computed

by two-sample t tests. Deviations and P-values are depicted for only the nearest group comparisons within a continuum of polygenic score. Groups
are represented by colors (green, autism cases; purple, non-autistic siblings; apricot, parents; gray, KoGES adults). E, F The distribution of PS; E

in children with autism and non-autistic siblings; F in female and male cases in Korean autism families. Dashed lines and colored bar in zoomed area
correspond to mean PS of each group in Korean families, and colored bars under the zoom-in box correspond to group differences of PS in SSC

and SPARK. The direction of arrows represents the direction of enrichment E from cases to non-autistic siblings and F from females to males. Group
differences are standardized using the distribution of PS in families and P-values were computed by two-sample t tests. Significance level is denoted

by asterisk (“***", P<0.001;**" P<0.01;"*", P<0.05). Groups and sexes are represented by colors (green, autism cases; purple, non-autistic siblings;

pink, female cases; light blue, male cases)

frequently in females than males in Korean cohort
(RR=2.0; 0.066 variants per female and 0.033 per male;
P=0.11), SSC (RR=1.8; 0.104 per female case and 0.058
per male case; P=1.1x1072), and SPARK (RR=1.2;
0.052 per female case and 0.045 per male case; P=0.32)
(Fig. 2C; Additional file 4: Table S3). Although the dif-
ference was only significant in SSC, these results are
consistent with a higher liability threshold in autistic
females than males.

We further aimed to identify autism-associated genes
in autistic females and males separately according to
the previous framework with de novo variants [6, 37]
(Additional file 1: Fig. S4A) (Additional file 5: Table S4).
We identified 98 autism-associated genes in females and
461 genes in males, of which 58 genes overlapped. Iden-
tified genes were enriched for biological pathways asso-
ciated with regulation of chromatin regulation, histone
modification, synaptic functions, and cytoskeleton, in
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line with the previous study [6, 55] (Additional file 1: Fig.
S4B). Female-specific genes were enriched for chromatin
regulation and histone modification, whereas male-spe-
cific genes were highly observed in synaptic functions.
Nonetheless, none of the pathway groups was exclusively
affected by female- or male-specific genes.

Next, we calculated the PS for autism using the recent
GWAS data of European ancestry [31]. To compare the
polygenic burden with the general population, we uti-
lized the Korean Genome and Epidemiology Study
(KoGES; The National Project of Bio Big Data) dataset,
which consists of WGS for 2500 Korean adults (Fig. 1C).
To minimize potential bias caused by different ances-
try, we harmonized allele frequency of those SNPs with
European LD reference (Fig. 2A). European-derived PS
performed similarly in Korean as in European ancestry
[9, 11, 31, 57], with autistic children showing significantly
higher PS than KoGES adults (0.32 SD; P=3.74x10"1%)
and also siblings (0.31 SD; P=5.2x107°) (Fig. 2D,
E; Additional file 3: Table S2). Unlike de novo PTVs,
the PS enrichment for the two sexes was not consist-
ent across the Korean, SSC and SPARK cohorts. While
male children with autism showed significantly higher
PS than female children in the Korean cohort (0.23 SD;
P=2.3%x1072), the opposite pattern was observed in SSC
(0.078 SD; P=0.24), and no sex bias was found in SPARK
(0.002 SD; P=0.97) (Fig. 2F; Additional file 4: Table S3).

Intellectual disability and total symptom severity affect sex
differences in genetic burden
While a higher burden of de novo PTVs in autistic
females than autistic males were consistently observed
in the Korean, SSC, and SPARK cohorts, the SPARK
cases exhibited less pronounced female enrichment of
de novo PTVs compared to the Korean and SSC cohorts.
For polygenic burden, the three cohorts showed differ-
ent patterns of sex-biased enrichment among individuals
with autism. To further investigate the sex differences in
genetic burden in the Korean, SSC, and SPARK cohorts,
we compared the clinical phenotypes associated with de
novo and polygenic burden in autistic females and males.
The presence of de novo PTVs has been reported to
be associated with lower cognitive and adaptive func-
tion, measured by full-scale and non-verbal IQ, and
VABS [6, 9, 10]. Using these scores, we stratified cases
into those with and without ID. In line with previous
findings [58], we observed an average twofold higher
proportion of individuals with a de novo PTV among
autism cases with ID compared to those without ID
in both females and males (Fig. 3A; Additional file 6:
Table S5). The incidence of ID was higher in female
cases than in male cases in all three cohorts (Fig. 3B;
Additional file 6: Table S5). However, the relative
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difference in ID co-occurrence between sexes was
smaller in SPARK (OR=1.29, 95% CI=0.94—1.76) than
in the Korean (OR=1.72, 95% CI=1.09-2.76) and SSC
(OR=1.90, 95% CI=1.42-2.52) cohort, which sup-
ported the less prominent enrichment of de novo PTVs
among females with autism in SPARK.

Recent studies have observed that high polygenic
score is associated with high SRS [9, 12, 59] and lower
chance of comorbid ID. The SRS is a summed score for
social communication deficits and restricted/repetitive
behaviors which is commonly used as a clinical meas-
ure for core symptom severity of autism [40, 60]. We
assessed the relative difference of polygenic burden
across the degree of total severity of autism core symp-
toms, measured by SRS (normative SRS <60; mild to
moderate SRS 60-75; severe SRS >75) [61], and comor-
bid intellectual impairments. We found polygenic bur-
den in cases relative to siblings increases when total
symptom severity increases (normative, OR=1.26,
95% CI=0.97-1.67; mild to moderate, OR=1.30, 95%
CI=1.05-1.63; severe, OR=140, 95% CI=1.14—
1.73) in the Korean cohort (Fig. 3C; Additional file 6:
Table S5). On the other hand, polygenic burden in cases
relative to siblings decreased as comorbid intellectual
impairments increased (i.e., as IQ decreased; FSIQ > 90,
OR=1.53, 95% CI=1.20-1.97; without ID, OR=1.42,
95% CI 1.15-1.75; ID, OR=1.27, 95% CI=1.05-1.54) in
the Korean cohort (Fig. 3C; Additional file 6: Table S5).
These results were consistently observed in SSC. We
also observed significant positive correlations of PS
with SRS and FSIQ (Additional file 6: Table S5), con-
sistent with previous reports [9, 12, 59].

While both the Korean and SSC cohorts exhibited
an association of polygenic burden with higher total
symptom severity and lower likelihood of co-occurring
ID, there were different distributions of total symp-
tom severity of autism and comorbid ID in females
and males. The Korean cohort had significantly higher
proportion of autistic individuals without ID in males
than females but the proportion of cases with high total
symptom severity was not significantly different across
sexes (Fig. 3D; Additional file 6: Table S5). While the
SSC cohort also had significantly higher proportion of
autistic individuals without ID in males than females,
the proportion of cases with high total symptom sever-
ity was significantly higher in females, which accounts
for the reversed sex differences compared to the Korean
cohort (Fig. 3D; Additional file 6: Table S5). Further,
there were no significant sex differences in PS when
correcting for SRS and IQ (Additional file 6: Table S5).
This finding suggests that variations in comorbid ID
and total symptom severity drive varying sex differ-
ences of PS across cohorts.
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Fig. 3 Effects of ID and total symptom severity on sex differences in de novo and polygenic burden. A The percent of autism cases carrying

a de novo PTV in females and males, with or without ID. The P -values were calculated using a one-sided Fisher’s exact test and 95% confidence
intervals (Cls) were calculated using a binomial test with siblings. Dashed line displays the percent of siblings carrying a de novo PTV. Significance
level is denoted by asterisk (“***, P <0.001;"**, P <0.01;,"*, P <0.05). Sex is represented by colors and shapes (light blue circle, female cases;

pink diamond, male cases). B Proportion of individuals with and without ID among autistic females and autistic males. The OR and P- values

were calculated using two-sided Fisher's exact test. Sex is represented by colors (pink, female cases; light blue, male cases) and co-occurring ID
state is displayed by patterns (autism with ID, slashed; autism without ID, no pattern). C The relative difference of PS depending on the degree

of total symptom severity of autism and comorbid intellectual impairments between individuals with autism and siblings. The OR and P- values
were calculated using a logistic regression. Error bars represent the 95% Cls of OR. Significance level is denoted by asterisk (“***, P <0.001;

P <0.01;" P <0.05). Sex is represented by colors and shapes (green rectangle, total cases; light blue circle, female cases; pink diamond,

male cases). D Enrichment of phenotype subset, autistic individuals without comorbid ID and with high total symptom severity, across sexes. The
OR and P- values were calculated using two-sided Fisher's exact test. The direction of enrichment is represented by colors (pink, female-enriched;
light blue, male-enriched), phenotype subset is displayed by shapes (up-pointing triangle, without ID; down-pointing triangle, high total symptom
severity), and the magnitude of enrichment is represented by the size of triangle

Intellectual disability and total symptom severity together with the sex-differential liability thresh-
in male-to-female autism prevalence old, we may expect that as the phenotype’s sever-
Associations between de novo PTVs and PS with ity increases (autism with comorbid ID or high total
comorbid ID and total symptom severity of autism, symptom severity), the male-to-female sex ratio will
support the relationship between genetic liability and  decrease [8, 62, 63] (Additional file 1: Fig. S5). As per
phenotypic severity. Considering these correlations hypothesis, we observed lower male-to-female sex ratio
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Fig. 4 Male-to-female sex ratio in children with autism depending on comorbid ID and total symptom severity. A,B The number of females

and males and male-to-female ratio; A in children with autism across ID comorbid state; B in children with autism depending on total symptom
severity and ID comorbid state. The y axis and bar plot represent the percentage of female and male samples. Dashed lines correspond to the sex
ratio in children with autism of each group (total cases, cases without ID, or cases with ID). The P -values were calculated using two-sided Fisher’s

exact test across phenotype subgroups and 95% Cls were computed by two-sided exact binomial test with base male-to-female ratio in each
subgroup in each cohort. Sex and groups are represented by colors of stacked bar plot (pink, female cases; light blue, male cases). Phenotypic

severity is displayed by shades of red (redder, more severe)

in autistic individuals with comorbid ID than those
without comorbid ID across two of our three cohorts
(Fig. 4A; Additional file 7: Table S6). In Korean cohort,
the male-to-female ratio was 5.3 in autistic individu-
als without comorbid ID, and 4.2 in autistic individu-
als with ID (OR=1.26; 95% CI=0.94-1.70). Similarly,
a decrease in the sex ratio was observed in the SSC
cohort (8.0 for autism without ID; 4.5 for autism with
ID; OR=1.79; 95% CI=1.41-2.27), whereas a mar-
ginal increase in the sex ratio was noted for the SPARK
cohort (3.2 for autism without ID; 3.6 for autism with
ID; OR=0.89; 95% CI=0.84-0.95).

When examining the male-to-female ratio based
on total symptom severity, previously unexplored, the
SSC cohort displayed an expected decrease in the ratio
among individuals with autism with increasing severity
(19.3 for normative cases; 5.4 for severe cases; OR = 3.6;
95% CI=1.58-10.11) (Fig. 4B; Additional file 7:
Table S6). This trend was consistent in cases either with
or without ID. Although we were not able to identify a
decrease in the sex ratio depending on increasing total
symptom severity in a consistent manner in the Korean
cohort, we observed a decreasing trend in that ratio
for individuals with autism and ID (6.2 for normative
cases; 3.3 for severe cases; OR=1.91; 95% CI=0.88—
4.63) (Fig. 4B). Additionally, the male-to-female ratio
was the lowest for cases with ID and high total symp-
tom severity in both the Korean and SSC cohorts
(3.3 in the Korean, and 4.0 in the SSC cohort). Taken
together, these findings suggest that males and females
have different liability thresholds, therefore resulting in
different sex ratios depending on ID and total symptom
severity.

Tolerance of polygenic burden for multiple autism traits

in females within families

To elucidate sex-differential liability further, we com-
pared phenotypic scores and polygenic burden across
sexes within families. We compared the phenotypic
scores in siblings, dividing them into four groups based
on the sex of sibling-case pairs: female siblings of female
cases (F¢-Fc), male siblings of female cases (Mg-F(),
female siblings of male cases (Fg-M(), and male sib-
lings of male cases (Mg-M). For a sex-differential liabil-
ity threshold to exist, there would be a higher inherited
genetic burden in families with female cases than those
with male cases. Consequently, male siblings, who are
less tolerant to this shared burden, would exhibit more
severe clinical outcomes [64]. As expected, siblings in the
Mg-F . pairs showed the most severe phenotypic scores,
particularly for ADIR social interaction domain (ADIR A,
P=9.6x1073, two-way ANOVA), and verbal sub-score in
communication domain (ADIR B verbal, P=9.4x107%,
two-way ANOVA), implicating lower social commu-
nication ability (Fig. 5A, B; Additional file 8: Table S7).
This pattern was also observed in the replication cohort
(Additional file 1: Fig. S6A-C; Additional file 8: Table S7).
While these findings align with previous research [64],
our analysis notably extends the scope by testing multiple
subdomains of core features and development-associated
features.

Next, we compared the clinical phenotypes between
female and male siblings. Male siblings had significantly
higher scores for seven out of nine clinical phenotypes
related to autism core symptoms (total symptom severity,
social communication and restricted interest and repeti-
tive behaviors) and significantly lower scores for five
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Fig. 5 Effects of polygenic burden for various phenotypes in female and male siblings. A B Comparison of social communication deficit

scores across four groups of sibling-case sex pairs in siblings. Phenotypic scores include A abnormalities in reciprocal social interaction (ADIR

A); B abnormalities in verbal communication (ADIR B verbal). Two-way ANOVA test, followed by Tukey's multiple comparisons, was conducted

and only adjusted P -values < 0.05 are displayed. Sex is represented by colors (dark pink, female siblings; blue-green, male siblings). C Comparison
of z-transformed phenotypic scores including total symptom severity, social communication, restricted/repetitive behaviors, and cognitive/
adaptive scores across sex in siblings. Two-sample t tests were used for the comparisons. Points represent mean scores and error bars represent
the 95% Cls. Sex is represented by colors and shapes (blue-green circle, female siblings; dark pink diamond, male siblings) and the significance level
is denoted by asterisk (“***" FDR < 0.05;"*’, P <0.05). D The distribution of PS in female and male siblings. The dashed lines and colored bar in the
zoomed area correspond to the mean PS of each group in Korean families, while colored bars under the zoom-in box correspond to the group
differences regarding PS in the SSC and SPARK cohorts. The direction of arrows represents the direction of enrichment from females to males.
Group differences are standardized using the distribution of PS in families, and P- values were computed by two-sample t tests. Significance level
is denoted by asterisk (“***, P <0.001;"**" P <0.01;"*’, P <0.05). Groups and sexes are represented by colors (dark pink, female siblings; blue-green,

male siblings)

out of seven cognitive/adaptive behaviors than female
siblings (Fig. 5C; Additional file 8: Table S7), although
sub-diagnostic. We observed the same pattern in the
replication cohort (Additional file 1: Fig. S6C; Additional
file 8: Table S7). These findings indicate that male siblings
tend to exhibit more prominent autistic symptoms and
encounter greater difficulties in cognitive and adaptive
domains than their female counterparts.

Despite showing less severe scores on clinical pheno-
types, female siblings displayed higher polygenic burden

compared to that of male siblings, consistent with a pre-
vious finding [11] (0.091 SD, P=0.49) (Fig. 5D; Additional
file 8: Table S7). Regarding the SSC data, a significantly
higher PS was observed for female siblings compared to
that of male siblings (0.12 SD, P=1.9x107?).

We next compared the clinical phenotypes between
mothers and fathers. The fathers presented with higher
scores for six out of eight core symptoms compared with
mothers, except for the mean scores of BAPQ pragmatic
language (PL) and BAPQ aloof (Fig. 6A; Additional file 9:
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A Phenotypic scores in parents

B Polygenic score for autism in parents
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Fig. 6 Effects of polygenic burden for various phenotypes in mothers and fathers. A Comparison of z -transformed phenotypic scores,
including total symptom severity, social communication, and restricted/repetitive behaviors. Two-sample t tests were conducted

for the comparisons between groups. Points represent mean scores and error bars represent the 95% Cls. Group and sex are represented

by colors and shapes (red circle, mothers; blue diamond, fathers), and the significance level is denoted by asterisk (“*', FDR < 0.05;"*", P <0.05).
B The distribution of PS in parents. Dashed lines and colored bar in zoomed area correspond to the mean PS of each group in Korean families,
while the colored bars under the zoom-in box correspond to the group differences regarding PS in the SSC and SPARK cohorts. The direction
of arrows represents the direction of enrichment from females to males. Group differences are standardized using the distribution of PS in families
and P-values were computed by two-sample t tests. The significance level is denoted by asterisk ("***', P <0.001;"**" P <0.01;"*, P <0.05). The
sex of parents is represented by different colors (red, mothers; blue, fathers). C Comparison of PS between parents and control individuals
from the general population. Two-sample t tests were conducted for group comparisons. Error bars represent the 95% Cls. Group and sex are
represented by colors (red, mothers; blue, fathers; light gray, control female population; dark gray, control male population)

Table S8). This observation is similar to the results for the
SSC data (Additional file 1: Fig. S6D; Additional File 9:
Table S8). Higher core symptom in fathers than mothers
was also observed in the past study conducted with the
NHS II cohort but limited to SRS only [61].

Both parents of children with autism carried an ele-
vated PS burden relative to the general population (0.16
SD, P=1.6x107%) (Fig. 2D). However, the mothers had
a higher polygenic burden than that of fathers (0.05 SD,
P=0.34) (Fig. 5B; Additional file 8: Table S7), consistent
with a previous finding [11]. A higher PS in mothers than
in fathers was also observed in the SSC cohort, and the
difference was more pronounced relative to our own data
(0.10 SD, P=2.7x107%). Both parents carried an elevated
PS compared to control female (P=3.8x10"%) and con-
trol male individuals (P=1.1x107%) of the general popu-
lation (Fig. 6C; Additional file 9: Table S8); however, the
difference was larger among mothers. Collectively, our
findings first demonstrate that while females carried a
higher polygenic burden than males, they exhibited rela-
tively milder symptoms in families with autistic individu-
als. These results support the higher liability threshold in
females, which makes females more tolerant to polygenic
burden for autism core features and development-associ-
ated features.

Discussion

Large-scale genetic studies of sex differences in autism
have primarily been based on individuals of European
ancestry. This study employed the WGS dataset and deep
phenotyping collection of autism families of East Asian
ancestry, broadening both the ancestral and the pheno-
typic diversity available for autism genetics studies. Our
study covers the largest autism gene-phenotype data and
the first investigation of sex differences of genetic factors
and phenotype patterns in East Asian ancestry.

We provided evidence supporting a higher liability
threshold in females, with a higher rate of de novo PTVs
in females with autism than males with autism. We also
observed female family members of autism cases exhibit
less severe core symptoms and less impaired cognitive/
adaptive ability even with a higher polygenic burden than
males within families (Additional file 1: Fig. S7). In indi-
viduals with autism, we found that male-to-female ratio
decreases when co-occurrence of ID or total symptom
severity increases. Per cohort studied, polygenic bur-
den in autistic individuals was enriched towards a sex
of which has higher proportion of higher total symptom
severity but lower chance of co-occurring ID. These find-
ings corroborate the importance of taking into account
not only comorbid ID but also total symptom severity of
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autism core symptom when examining sex differences in
autism (Additional file 1: Fig. S7).

The female enrichment of de novo PTVs in individu-
als with autism was consistently observed across dif-
ferent cohorts. We found that the degree of female
enrichment of de novo PTVs correlates with the presence
of co-occurring ID. Notably, SSC exhibited the highest
female bias in co-occurring ID (Fig. 3B) and, correspond-
ingly, the most robust female enrichment of de novo
PTVs (Fig. 2C). This trend was similarly observed in the
Korean cohort, although it did not reach the statistical
significance. However, the power analysis estimates that
a threefold increase in the number of female samples
would achieve 80% statistical power for this difference
(Additional file 1: Fig. S3).

In contrast, the SPARK cohort, which showed the
least female bias in co-occurring ID, did not show sig-
nificant female enrichment of de novo PTVs even with
an increased sample size up to 5000 female cases (Addi-
tional file 1: Fig. S3). This disparity across cohorts can
be in part be attributed to a greater rate of diagnoses
among females with ID than without ID [2, 65], which
may result from current diagnostic biases in the content
or implementation of clinical diagnostic instruments.
These results reflect the influence of ascertainment biases
and females’ masking behaviors, as evidenced by varying
male-to-female ratios in autistic children (5.6 in Korean,
6.2 in SSC, and 3.8 in SPARK) (Fig. 1C). However, a weak
female bias in de novo PTVs persisted even in cases with-
out ID (Additional file 1: Fig. S8).

We showed that European-derived polygenic score
successfully separates autistic individuals from non-
autistic individuals of East Asian ancestry (Fig. 2D, E).
Though we confirmed consistent patterns of PS across
different methodologies (Additional file 1: Fig. S2), gen-
eralizability of European-derived PS still warrants fur-
ther evaluation in diverse cohorts and ancestries. Sex
differences in PS varied across cohorts. We found that
inconsistency across cohorts stemmed from varying
proportions of severe core symptoms and non-ID condi-
tions between sexes. These findings highlight the impor-
tance of accounting for phenotypic heterogeneity when
evaluating sex differences in genetic predispositions.
After correcting for FSIQ and SRS, no sex differences in
PS were found, which contradicts the expectations from
sex-differential liability model. This result supports the
possibility of other liability model which hypothesizes
that sex differences can be attributed to not only a higher
threshold in females but also a greater genetic variabil-
ity in males [63, 66, 67]. For more definite conclusions,
the increased sample size of female cases is needed, espe-
cially when stratifying by phenotypes. Additionally, there
lies a possibility that the GWAS datasets utilized for PS
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calculation, predominantly comprising males, might
result in an underestimation of PS in autistic females.

In a subset of autism cases with a more severe clinical
presentation, comorbid ID or high total symptom sever-
ity, the male-to-female sex ratio decreased. This result
aligns with the principal assumption of a sex-differential
liability threshold in autism [63]. We selected two fun-
damental clinical features that have known associations
with genetic variants [6, 9, 10, 12, 59]; ID and total symp-
tom severity, measured by SRS. However, deconvolu-
tion of other clinical measures or various comorbidities
would give us an invaluable perspective on the relation-
ship between neurodiversity and genetic liability. Though
SRS was not assessable in the SPARK dataset, we assume
that individuals with autism in that cohort would have a
rather distinct clinical landscape given the smaller male-
to-female autism ratio. Considering the large number
of female probands that comprise the SPARK cohort,
exploring sex differences in SPARK would be important
for better understanding the sex-differential liability in
autism.

Among unaffected family members, female siblings and
mothers harbor elevated polygenic burden but exhibit
less severe symptoms compared to male siblings and
fathers. These results show that females have a higher lia-
bility threshold for autism than males, implying a female-
specific biological mechanism that buffers polygenic
burden, which was not observed in autism cases. Con-
sidering that siblings and parents are less likely to carry
autism-associated de novo variants, investigation of their
sex differences may have enabled the approximate com-
parison across sexes with the same variance [63, 66, 67],
hinting the underlying sex-differential liability model.

Our analysis provides evidence to support the differ-
ing liability threshold for autism across sexes. We also
found that the varying phenotype severity in female and
male individuals with autism is a latent factor that shapes
the associated sex differences regarding genetic bur-
den. Future GWAS studies with a more balanced repre-
sentation of autistic females and diverse ancestries and
large-scale investigation on sex differences, along with
the collection of data from clinically diagnosed and sub-
diagnostic females are warranted to better understand
female-specific autism biology. We believe that address-
ing these questions will provide vital insights into the
neurobiological mechanisms contributing to sex bias in
autism.

Conclusions

Our work supports a complex model of sex-differen-
tial liability in autism, where combinatorial effects of
comorbid ID and total symptom severity affect sex dif-
ferences of genetic burden in autistic individuals. Within



Kim et al. Genome Medicine (2024) 16:114

family, we observed higher tolerance of inherited risk in
females for multiple clinical features than males, imply-
ing the higher liability threshold in females. These results
first exemplify and emphasize the importance of taking
phenotypic heterogeneity and family-based study into
account to understand sex differences in autism.
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MIS Missense variant

DNV De novo variant
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SRS Social responsiveness scale

VABS Vineland adaptive behavior scale
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Additional file 1: Fig. S1 Correlation between de novo burden and paternal
age and de novo MIS burden test. A, Correlation of paternal age with the
number of de novo variants. The number of DNVs was adjusted with pater-
nal age of birth for comparison of DNV burden across groups and sexes.
R? and P-values were computed from a linear regression. B-C, Comparison
of the de novo MIS in MPC > 2 genes adjusted for paternal age at birth
across Korean, SSC, and SPARK cohorts; B, between individuals with autism
and non-autistic siblings; C, between sex in individuals with autism. The

y axis indicates the average number of variants. P-values were computed
by one-sided exact binomial test. Groups and sexes are represented by
colors. Fig. S2| PS from different methodologies. A, Correlation of PS across
4 different methodologies for calculating PS. R? and P-values were com-
puted from a linear regression. Autism status is represented by colorsand
the significance of P < 1.0x107'? is denoted by ***' Fig. 53| Power calcula-
tion of de novo burden test. A-B, Power estimation for risk ratioin Korean,
SSC, and SPARK cohorts; A, for de novo PTVs and MIS across individuals
with autism and non-autistic siblings; B, for de novo PTVs in individuals
across sex. The power of RR was computed by binom.powerfunction in R.
The success probabilities under the null hypothesis are the ratio of indi-
viduals with autism out of total samples. The success probabilities under
the alternative hypothesis are the ratio of DNVs. The number of independ-
ent trials is the sample size. Power estimation was iterated followed by the
increase in sample size. X axis of the figure was calculated by multiplying
the ratio of individuals with autism to the sample size. Red vertical lines
display the total number of cases in the current datasets. Type of variant

is represented by colors. Fig. S4| Sex-specific autism-associated genes. A,
TADA workflow for identification of sex-specific autism-associated genes.
B, Biological pathways enriched for TADA female genes, male genes, and
both genes. Each row represents a different biological pathway, and the
size of the circle in each column corresponds to the gene ratio involved

in each pathway, colored by the adjusted p-value significance. C, The
network of enriched biological pathways of female-only genes, male-only
genes and both genes. The number of genes involved is represented by
size of circle and whether the pathway is enriched by female-only genes,
male-only genes or both genes is represented by colors. Fig. S5| Sex-
differential liability threshold model. A, Sex-differential liability threshold
for autism. Sexes are represented by colors. B, Relationship between
sex-differential liability threshold and male-to-female sex ratio. Fig. S6| Sex
differences of phenotypic scores in siblings and parents in the replication
cohort. A-B, Comparison of total symptom severity and developmental
age across 4 groups of sibling-case sex pairs in siblings in SPARK. Pheno-
typic scores include A, SCQ lifetime; B, age of first word. Two-way ANOVA
test, followed by Tukey's multiple comparisons, was conducted and only
adjusted P-values < 0.05 are displayed. Sex is represented by colors. C,
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Comparison of z-transformed phenotypic scores including total symptom
severity, social communication, restricted/repetitive behaviors, and cogni-
tive/adaptive scores across sex in siblings in SSC, and SPARK. Two-sample t
tests were used for contrasts. Points represent mean scores, and error bars
represent the 95% Cls. Sex is represented by colors and shapesand the
significance level is denoted by asterisk. D, Comparison of z-transformed
total symptom severity scores across sex in parents in SSC. Two-sample t
tests were used for contrasts. Points represent mean scores, and error bars
represent the 95% Cls. Sex is represented by colors and shapesand the sig-
nificance level is denoted by asterisk. Fig. S7| Key findings under the sex-
differential liability threshold model. A, Key findings in this study under the
sex-differential liability threshold model. Sexes are represented by colors.
Fig. S8| Effects of ID and total symptom severity on sex differences in de
novo and polygenic burden. A-B, Comparison of the de novo PTVs in con-
strained genes, adjusted for paternal age at birth across Korean autism,
SSC, and SPARK cohorts between sex; A, among children with autism and
ID; B, among children with autism and without ID. The y axis indicates the
average number of variants. The P-values were computed by one-sided
exact binomial test. Groups and sexes are represented by colors.

Additional file 2: Table S1. This table contains data overview including the
number of samples (Table S1A), phenotype coverage (Table S1B), and
phenotype and genetic burden per sample (Table STC-E) in Korean, SSC,
and SPARK cohorts

Additional file 3: Table S2. This table lists de novo variants identified in the
Korean cohort (Table S2A) and contains the comparison results of genetic
burden across groups in Korean, SSC, and SPARK cohorts: comparison

of de novo burden across groups (Table S2B), power estimation for
comparison of de novo burden across groups (Table S2C-E), comparison
of polygenic burden between Korean autism and KoGES (Table S2F), and
comparison of polygenic burden across groups (Table S2G)

Additional file 4: Table S3. This table contains the results of sex differences
in autistic individuals in Korean, SSC, and SPARK cohorts: comparison of de
novo burden across sexes (Table S3A), power estimation for comparison
of de novo burden across sexes (Table S3B-D), comparison of polygenic
burden across sexes (Table S3E), and comparison of phenotypic scores
across sexes (Table S3F)

Additional file 5: Table S4. This table contains the results of TADA gene dis-
covery in females and males and downstream GO functional analysis: the
number of autistic individuals used in TADA analysis (Table S4A), results
of TADA in females (Table S4B) and males (Table S4C), and GO results for
identified genes (Table S4D)

Additional file 6: Table S5. This table contains the results of gene-phe-
notype associations in Korean, SSC, and SPARK cohorts: comparison of
de novo burden across groups depending on comorbid ID (Table S5A),
relative enrichment of autistic females than autistic males with comorbid
ID (Table S5B) or with high SRS severity (Table S5C), comparison of poly-
genic burden across groups depending on comorbid ID and SRS severity
(Table S5D), and correlation results of polygenic burden across sexes
correcting for 1Q and SRS (Table S5E)

Additional file 7: Table S6. This table lists male-to-female sex ratios in
autistic individuals across ID co-occurrence (Table S6A) and SRS severity
(Table S6B) in Korean, SSC, and SPARK cohorts

Additional file 8: Table S7.This table contains the results of sex differences
in unaffected siblings in Korean, SSC, and SPARK cohorts: comparison of
phenotypic scores across sibling-case sex pairs (Table S7A), and across
sexes of themselves (Table S7B), and comparison of polygenic burden
across sexes (Table S7C)

Additional file 9: Table S8. This table contains the results of sex differences
parents in Korean, and SSC cohorts: comparison of phenotypic scores
across sexes (Table S8A), and comparison of polygenic burden across
sexes (Table S8B)
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