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ARTICLE

Contribution of autosomal rare and de novo
variants to sex differences in autism

Mahmoud Koko,1 F. Kyle Satterstrom,2,3,4 Autism Sequencing Consortium,6 APEX consortium,6

Varun Warrier,5,* and Hilary Martin1,*
Summary
Autism is four timesmore prevalent inmales than females. To study whether this reflects a difference in genetic predisposition attributed

to autosomal rare variants, we evaluated sex differences in effect size of damaging protein-truncating and missense variants on autism

predisposition in 47,061 autistic individuals using a liability model with differing thresholds. Given the sex differences in the rates of

cognitive impairment among autistic individuals, we also compared effect sizes of rare variants between individuals with and without

cognitive impairment or motor delay. Although these variants mediated different likelihoods of autismwith versus without cognitive or

motor difficulties, their effect sizes on the liability scale did not differ significantly by sex exome wide or in genes sex-differentially ex-

pressed in the cortex.De novomutations were enriched in genes with male-biased expression in the adult cortex, but these genes did not

show a significant sex difference on the liability scale, nor did the liability conferred by these genes differ significantly from other genes

with similar loss-of-function intolerance and sex-averaged cortical expression. Exome-wide female bias in de novo protein-truncatingmu-

tation rates on the observed scale was driven by high-confidence and syndromic autism-predisposition genes. In summary, autosomal

rare and damaging coding variants confer similar liability for autism in females and males.
Introduction

Large-scale rare variant association studies in autism have

shown that rare protein-coding variants contribute signif-

icantly to autism liability. Genes associated with autism—

particularly those with strong statistical or molecular evi-

dence—are enriched for loss-of-function (LoF)-intolerant

genes expressed in the brain.1–3 It remains unclear whether

rare variants contribute to the sex bias in autism; it is

approximately four times more prevalent in males. This

sex bias is less pronounced when autism is accompanied

by cognitive impairment or motor developmental delay.4,5

The genetic underpinnings of autism include both rare

and common variants.6–8 The collective effect of the

different genetic factors predisposing to autism on the trait

prevalence is typically studied using the liability threshold

model.4 This model is often used to explain how additive

genetic factors relate to a dichotomous diagnosis—by

postulating that the combined effect of these predisposi-

tion factors in the population is normally distributed and

that individuals diagnosed with autism will have exceeded

a certain diagnostic threshold.9 Under this model, a sex dif-

ference in population prevalence may arise either because

there is a higher threshold in females relative to males so

that females require a higher genetic predisposition to be

diagnosed10 or due to a single threshold with sex-biased ef-

fect sizes (gene-by-sex interaction) causing the same set

of variants to push males, but not females, past the
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threshold.11 Unlike comparisons on the observed scale

(e.g., fold enrichment in variant rates in females versus

males), examining effect sizes on the liability scale allows

for a direct comparison between groups with different pro-

portions of individuals with the trait.

Previous work on 12,270 autistic individuals showed

that females have a higher burden of rare damaging vari-

ants.12 However, it was not clarified if those observed dif-

ferences translate into differences in liability. A separate

analysis of overlapping cohorts (11,986 autistic individ-

uals) by the Autism Sequencing Consortium (ASC) sug-

gested that the observed significant sex differences in de

novo mutation (DNM) enrichment did not translate into

differences in the average effect size attributed to these

damaging variants on the liability scale.2 Importantly,

autistic individuals show different rates of DNMs and

over-transmission of damaging rare alleles depending on

the presence of co-occurring cognitive impairment or dys-

morphism.13,14 More recent ASC work on 20,627 autistic

individuals did not show evidence for gene-by-sex interac-

tion among those harboring rare variants in autosomal

genes significantly associated with autism and suggested

that sex and phenotypic severity additively associate

with rare variant burden in these autism-predisposition

genes.1 Given that a larger proportion of autistic females

than males have co-occurring cognitive impairment,

potentially because of an underdiagnosis of autistic fe-

males with otherwise typical cognitive development,15,16
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it is unclear if the observed sex difference in rare variant

rates is simply a reflection of differences in the proportion

of individuals with cognitive impairment between

sexes.17,18

Larger, more recently released cohorts like the Simons

Foundation Powering Autism Research for Knowledge

(SPARK), which includes more than 40,000 autistic indi-

viduals, offer a chance to examine rare variant liability

and its relation to autism and co-occurring conditions in

depth. Here, we meta-analyzed the ASC and SPARK data-

sets1,14 of exome-sequenced samples to explore whether

there is a sex difference in rare variant liability, both exome

wide and in focused gene sets of high-confidence autism-

associated genes and genes with sex-biased expression in

the fetal and adult cortex (Figure S1). We performed sex-

stratified analyses of rare missense and protein-truncating

variants (PTVs) in exonic coding regions in 47,061 autistic

individuals and 25,593 siblings or control individuals not

diagnosed with autism from cohorts curated by SPARK

and the ASC (Table S1). We then explored the relationship

between the sex differences in liability and cognitive or

motor difficulties co-occurring with autism.
Subjects and methods

A note on terminology
We use neutral terminology, including ‘‘autistic individuals,’’

throughout the manuscript, in line with the preferences of a large

number of autistic people. However, we use standard statistical ter-

minology (e.g., liability, liability threshold model, risk ratio, and

gene burden) to be consistent with other literature.

Ethics and approvals
We confirm that the datasets used for this study were obtained

from research projects complying with relevant ethical regula-

tions. The procedures followed were in accordance with the

ethical standards of the responsible committee(s) on human

experimentation (institutional and national), and proper

informed consent was obtained. The ASC studies1,2 were approved

by Mass General Brigham Human Research Committee Institu-

tional Review Board (IRB) protocol nos. 2012P001018 and

2013P000323. Access to SPARK phenotypic and genetic data14

was approved by the Simons Foundation Autism Research Initia-

tive (SFARI). SPARK participants were recruited under Western

IRB protocol no. 20151664.

SPARK cohort
We used the second version of the integrated whole-exome

sequencing data release14 ("iWES2"; Figure S2) which spanned

five sequencing waves (WES1–5) encompassing 106,744 individ-

uals (44,304 of them were diagnosed with autism, and the rest

were non-autistic parents, siblings, and a few extended family

members). These included 25,386 trios (18,172 autistic individuals

and 7,214 not diagnosed with autism), 23,346 samples with one

sequenced parent (17,644 autistic individuals and 5,702 not diag-

nosed with autism), and 58,012 samples without parental se-

quences (8,488 autistic individuals and 49,524 not diagnosed

with autism—with the latter group formed mostly of parents of

other individuals in the trio-/pair-sequenced groups, i.e., few
600 The American Journal of Human Genetics 112, 599–614, March
multi-generational families). (See Tables S3 and S4 for sample

size in the different genetic ancestry groups.)

First, we performed exome quality control (QC) on all samples

in iWES2, as detailed in supplemental methods section 1. Briefly,

we annotated the variant calls with coding consequences on

Matched Annotation from NCBI and Ensembl (MANE) transcripts

(Ensembl release 108; genome build GRCh38) and filtered for var-

iants having synonymous or more damaging consequences, prior-

itizing the most severe consequence when two genes were

affected.We removed variants failing a random forest quality filter

(Figure S3); genotypes with low depth (DP < 10), low genotype

quality (GQ < 10), or low variant allele fraction (VAF < 0.25);

and outlier samples on these metrics: total and singleton variant

count, transition-transversion ratio, insertion-deletion ratio, and

heterozygous-homozygous ratio.

We then excluded all samples that were potentially part of the

ASC cohort (by removing all individuals in SPARK who indicated

their previous participation in ASC studies), parents and siblings re-

ported to have a developmental disorder/motor delay or cognitive

impairment, and autistic parents. We then defined a set of maxi-

mally unrelated probands and maximally unrelated siblings by

incrementally removing individuals with the highest number of

related people (within each of these two subsets) while preferen-

tially retaining females. Following QC, we evaluated the genotypes

of 20,236 trio-sequenced individuals (13,473 with autism and 6,763

not diagnosed with autism) to identify rare DNMs and inherited

variants (SPARK and gnomAD minor-allele frequency < 0.1%; see

supplemental methods section 3.2 for details).

We also did supplementary analyses in which we examined ul-

tra-rare inherited variants (in one SPARK family and not in gno-

mAD) in an additional 18,816 child-parent pairs with one

sequenced parent (13,435 with autism and 5,381 not diagnosed

with autism) and ultra-rare variants (allele frequency < 0.005%)

of undetermined origin in 8,905 individuals without sequenced

parents (6,533 with autism and 2,372 not diagnosed with autism).

Further details on rare and ultra-rare variant filtering are available

in supplemental methods section 4. (See Table S5 for the sample

size after QC.)
ASC cohort
The QC of this dataset is described elsewhere in the context of a

large rare variant association analysis.1 This previous analysis pri-

marily examined both sexes jointly using data from the Simons

Simplex Collection and smaller ASC family-based cohorts

(Figure S4), the SPARK Pilot and first exome sequencing wave

(WES1), and Swedish and Danish case-control cohorts. From the

ASC, we received sex-stratified gene-level rare variant counts1,2

(gnomAD minor-allele frequency < 0.1%) grouped by their

mode of inheritance into DNMs (in probands or siblings) or in-

herited variants (transmitted or untransmitted in the probands).

DNM counts came from 10,488 individuals in the ASC family-

based cohort only (8,028 autistic individuals and 2,460 not diag-

nosed with autism) and did not include those ascertained in

SPARK Pilot and WES1 families and so were independent of the

SPARK iWES2 dataset presented in the previous section. Some of

the DNMs in the ASC cohort were collated from older studies

and did not have accompanying information on inherited alleles.

Therefore, inherited variants were evaluated in 9,929 of the 10,488

individuals for whom we had DNMs (7,570 autistic children and

2,359 siblings). We also obtained ultra-rare variant counts (allele

frequency ¼ �0.005%) from 14,188 individuals from the ASC
6, 2025



case-control cohorts (5,591 autistic individuals and 8,597 not

diagnosed with autism). Table S2 shows the number of probands,

siblings, and parents across the different ASC sites. See supple-

mental methods sections 3.1 (trios dataset) and 4.2 (case-control

dataset) for more details.
De novo and inherited variants
We analyzed DNMs, rare transmitted variants, and rare untrans-

mitted variants annotated as damaging PTVs, damaging missense

variants, or synonymous variants. The analysis was limited to

17,296 protein-coding genes annotated in both the ASC and

SPARK after QC. PTVs were considered damaging if they occurred

in 1,742 highly LoF-intolerant genes in the most-constrained

decile for the LoF observed over expected upper bound fraction

(LOEUF) score, and missense variants were considered damaging

if they had a missense badness, PolyPhen, and constraint (MPC)

score R 2 (in all genes). For additional sensitivity analyses, we

relaxed the filtering threshold to include PTVs in the 2nd or 3rd

LOEUF deciles (1,765 and 1,781 genes, respectively) and missense

variants with MPC scores R1.

We carried out sex-stratified comparisons (autistic individuals

against sex-matched siblings) as well as direct comparisons be-

tween sexes (autistic females versus autistic males) as described

in the next section. The primary analysis of de novo and rare in-

herited variants (allele frequency < 0.1%) was performed in the

trio-sequenced individuals in both SPARK and ASC (21,501

autistic individuals and 9,223 siblings not diagnosed with autism).

(See Table S6 for a list of trio-sequenced samples and Table S7 for

a list of these DNMs.) The remaining data (individuals with

sequence data from one or neither parent) were used for analyses

of ultra-rare variants.
Exome-wide enrichment
The following statistical analyses are described in detail in sup-

plemental methods section 5 and summarized briefly here. We

used the ratio between the rate of DNMs in the probands

(DNMs per sample) and the rate of DNMs in the siblings as a

measure of enrichment.1,2 For inherited variants, we calculated

the ratio between parental alleles transmitted to the probands

and the remaining untransmitted alleles. A ratio of 1 in the

context of DNM analysis means that the probands and

siblings have equal rates of rare DNMs; in the context of trans-

mission analysis, it means that there is transmission equilibrium

(half of the rare parental alleles are transmitted to the pro-

bands). For simplicity, we may refer to both ratios as the ‘‘rate

ratio.’’

To test for the significance of observed deviations from a DNM

rate ratio 1, we used a two-sided binomial exact test to compare

the DNM counts in the probands and the siblings. This tested

whether the proportion of DNMs seen in the probands (from all

DNMs in the probands and siblings) is significantly different

from the proportion expected given their sample size (expected

rate ¼ nprobands/(nprobands þ nsiblings)). For inherited variants, we

used a two-sided binomial exact test to compare the counts of

transmitted and untransmitted alleles in the probands, examining

whether the fraction of parental alleles transmitted to the pro-

bands was significantly different from 0.5. We obtained the confi-

dence intervals (CIs) for the rate ratio from these binomial tests.

Comparisons of variant rates between autistic individuals and

control subjects in the case-control dataset were evaluated the

same way as DNMs.
The Ameri
In direct tests of autistic females and males, we used the same

method described above (a binomial test) to compare the fraction

of total DNM counts (i.e., total in autistic males and females) that

were observed in autistic females with the fraction expected given

the fraction of all autistic individuals that were female. For trans-

mission analysis, we calculated the ratio between the total number

of parental alleles in autistic females and the total number in both

autistic males and females and used this as the expected ratio for a

binomial test comparing the transmitted variant counts in autistic

females and the total transmitted variants (in both autistic males

and females).

We performed these tests separately for each sex in SPARK and

ASC and meta-analyzed the rate ratios for the sex-stratified com-

parisons using the inverse variance-weighted average of the rate

ratios. In these exome-wide comparisons, the p values from the

binomial test were conservatively corrected for 54 tests (using

Bonferroni correction) from these groups: three sex-stratified com-

parisons (males, females, and sex difference), three cohorts (ASC,

SPARK, and meta-analysis of both), three variant classes (synony-

mous, missense, and protein truncating), and two inheritance

models (de novo and transmitted). We also used the Benjamini-

Hochberg false discovery rate (FDR) adjustment, as the Bonferroni

correction is conservative given the non-independence of the

meta-analyzed estimates. We used asterisks in the figures to indi-

cate whether the p values were <0.05 after Bonferroni correction

(***), after FDR adjustment (**), or only before correction (*).

Variant liability
Assuming that autism liability is additive and normally distributed

in the general population, the difference in the average liability in

individuals who harbor particular variants and the average in the

general population is a measure of the average effect size of these

variants, i.e., an estimate of how far this group of variants pushes

individuals harboring them (on average) on the liability scale. This

variant liability can be estimated from variant rates in the study

cohorts, as detailed previously.2 The procedure we used to calcu-

late the estimates is depicted in Figure S5 and detailed in supple-

mental methods section 6.1.

We used an autism population prevalence estimate of 2.5% in

males (1 in 40), with a male-to-female prevalence ratio19 of 4:1.

We took the p values obtained from a binomial test comparing

the variant counts in the probands and siblings (outlined above)

and estimated the standard errors of the average liability estimates

and, subsequently, the 95% CIs. These calculations were per-

formed separately for each sex and each cohort and then meta-

analyzed between cohorts. To directly compare autistic females

and males, we calculated the difference between the variant liabil-

ity estimates obtained separately in female and male probands (Z

score difference).We corrected the p values formultiple testing in a

similar manner to the exome-wide enrichment (54 tests).

Moreover, we explored whether removing 354 high-confidence

and syndromic autosomal genes curated by the SFARI20—hereafter,

SFARI genes—would uncover any sex-biased exome-wide variant li-

ability. Under a model where females have a higher liability

threshold than males (a "different-threshold" model), the sex ratio

of damaging mutations in a gene or group of genes (i.e., higher

rates in females) would be inversely correlated with the penetrance

of those mutations,4 with highly penetrant mutations being more

prevalent in females. Because SFARI genes constitute a group of

genes with higher autism penetrance relative to the remaining

genes, they would be expected to show a higher sex bias on the

observed scale (but similar effects on liability). Removing them
can Journal of Human Genetics 112, 599–614, March 6, 2025 601



would thus enrich the analysis with genes mediating lower risk for

autism, helping to highlight any underlying sex bias in effect sizes

on the liability scale if it exists. PTVs in SFARI gene set were consid-

ered damaging if they occurred in 218 SFARI genes that are highly

LoF intolerant (in the most-intolerant LOEUF decile), whereas

missense variants were considered damaging if they had an MPC

score R 2 (in all 354 genes).

Autism with co-occurring cognitive difficulties
To explore how genetic architecture differed by phenotype, we

split the autistic individuals in the ASC and SPARK cohorts

into those with autism with co-occurring cognitive impairment

and those with autism who otherwise had typical cognitive

development or did not have reported information to allow

classification (see supplemental methods section 2). We then

compared each of these with siblings not diagnosed with autism

as control subjects.

In the ASC cohort, we leveraged predefined categories of coexist-

ing cognitive difficulties. Here, we separately tested rare variant

enrichment in autistic individuals with co-occurring cognitive

impairment (defined by the ASC as a full-scale intelligence quo-

tient (IQ) score < 70, a Human Phenotype Ontology term indi-

cating intellectual disability/cognitive impairment, or an Interna-

tional Classification of Diseases code indicating this diagnosis).

The remaining autistic individuals with unknown cognitive

impairment status and those with borderline and average IQs

were grouped together. For the DNM analysis, there were 1,519

autistic males and 387 females with cognitive impairment

(�23% of 6,615 autistic males and�27% of 1,413 autistic females;

relative risk of cognitive impairment in females versus males ¼
1.19). For the over-transmission analyses, which did not include

data from previously published work focused on DNMs, there

were 1,357 autistic males and 335 females with cognitive impair-

ment (�22% of 6,249 autistic males and�25% of 1,321 autistic fe-

males; relative risk¼ 1.17). (See Figure S4 and Table S11 for the per-

centage of autistic individuals with cognitive impairment across

the contributing ASC sites.)

We classified SPARK individuals in a roughly similar manner to

the ASC, i.e., one group for those with cognitive impairment (re-

ported diagnosis of cognitive impairment or an IQ < 70) and

another group for those without cognitive impairment or with

an unknown cognitive impairment status. The proportions of

those with cognitive impairment in SPARK trios were �23%

among 10,482 males (n ¼ 2,424) and �26% among 2,991 females

(n ¼ 775), with a relative risk of 1.12.

When estimating liability in the group with autism and cognitive

impairment, we scaled the sex-specific population prevalence using

the observed percentages of autistic individuals with cognitive

impairment, i.e., using prevalence estimates of �0.58% in males

(23%3 2.5%) and �0.16% in females (26% 3 0.625%) for liability

calculations; we subtracted these estimates from the total autism

prevalence for each sex to estimate the liability in the second group

of autistic individuals without cognitive impairment or with un-

knowncognitive impairment status.Male-specificZ scoreswere sub-

tracted from female-specific estimates to assess the sex difference.

This phenotypic grouping did not consider motor delay,

another important co-occurring condition.2 To address these defi-

ciencies, we performed a separate analysis in SPARK, in which we

had more detailed phenotype data. Specifically, we defined two

groups of autistic individuals with cognitive or motor impairment

or without these conditions, excluding those with unknown sta-

tus (see supplemental methods section 2.2).
602 The American Journal of Human Genetics 112, 599–614, March
Here, SPARK individuals reported to have an IQ < 80, cognitive

impairment (reported professional diagnosis of an intellectual

disability, cognitive impairment, global developmental delay, or

borderline intellectual functioning), or motor delay (reported pro-

fessional diagnosis of delay in walking or developmental coordina-

tion disorder) constituted the ‘‘autism with motor or cognitive

impairment’’ group (4,209 trio sequenced, 4,714 with one

sequenced parent, and 1,778 without sequenced parents). We

chose the IQ cutoff of 80 since it was previously suggested that

defining cognitive impairment in SPARK based on this cutoff min-

imizes the grouping of average and borderline IQ individuals

together and that a diagnosis of an intellectual disability does not

necessarily require an IQ < 70.21 Individuals reported not to have

any of these co-occurring conditions formed the ‘‘autism without

motor or cognitive impairment’’ group (7,420 trio sequenced,

6,938 with one sequenced parent, and 2,141 without sequenced

parents), whereas those with missing data on these phenotypes

(1,844 trio sequenced, 1,756 with one sequenced parent, and

2,615 without sequenced parents) were considered unclassified.

Among 11,630 autistic individuals in SPARK who could be classi-

fied, �36% fell in the autism with motor or cognitive impairment

group (among trios: 35% in males and 40% in females). The liabil-

ity was estimated using prevalence estimates of �0.88% in males

(35%3 2.5%) and 0.25% in females (40%3 0.625%) in the autism

with motor or cognitive impairment group; for the autism without

motor or cognitive impairment group, we used prevalence esti-

mates of �1.63% in males (2.5%–0.88%) and �0.38% in females

(0.625%–0.25%). Male-specific Z scores were subtracted from fe-

male-specific estimates to assess the sex difference.
Gene set burden
We evaluated the rare variant burden in SFARI genes and genes

with sex-biased expression derived from meta-analyses of two

bulk RNA sequencing (RNA-seq) datasets of human fetal cortical

tissues22 or two bulk RNA-seq datasets of adult human cortical tis-

sues.23 We examined these gene sets directly and also gauged the

extent of the observed enrichment against the burden expected

for a similarly sized gene set selected from the remaining pro-

tein-coding genes. For each tested gene set, we selected a random

gene set matched for LoF constraint, brain expression, and coding

sequence length distribution (described further in supplemental

methods section 7.3) and counted DNMs, transmitted variants,

and untransmitted variants. We repeated this procedure 10,000

times with replacement and took the average ratio (rate ratio be-

tweenDNM counts in probands and siblings or transmitted-to-un-

transmitted ratio in the probands) and then used this ratio as the

expected ratio in a binomial test as described above. Specifically,

we tested the difference between the rate of DNMs between pro-

bands and siblings against the permutation-averaged expected ra-

tio for this gene set (instead of the sample size ratio used in the

exome-wide analyses), and we similarly tested rare variant over-

transmission against the permutation-averaged expected trans-

mitted-to-untransmitted ratio for the given gene set (instead of

0.5 as used in the exome-wide analysis). We also used the average

variant rates across these 10,000 permutations instead of the rate

in siblings to estimate the variant liability attributed to a gene

set in excess of what is expected for matched genes.
Liability to coexisting developmental difficulties
Co-occurring cognitive and motor difficulties are more prevalent

among autistic females, and a direct comparison between autistic
6, 2025



individuals with co-occurring motor/cognitive difficulties versus

those without coexisting difficulties could help understand

whether there is sex-biased liability to having such phenotypes.

Here, we used a different-threshold model where these coexisting

conditions were the trait, autistic individuals with these condi-

tions were the probands, and autistic individuals without these

conditions were the control subjects. We performed these com-

parisons in SPARK only (i.e., removing those with unknown

information) rather than comparing those with cognitive

impairment in SPARK and ASC to those without cognitive

impairment or with unknown cognitive impairment status, as

this grouping would probably underestimate the differences be-

tween the two groups (making the interpretation of results diffi-

cult). We estimated the sex-stratified liability of having motor or

cognitive impairment among autistic individuals assuming prev-

alences of 0.4 in females and 0.35 in males (the observed preva-

lences in SPARK trios). To validate the conclusions from this anal-

ysis that may be confounded by the use of autistic probands as

control subjects (e.g., collider bias), we leveraged published

DNMs from 31,565 children ascertained for various neurodeve-

lopmental disorders (NDDs)14 and compared the observed

counts of damaging protein-truncating and missense DNMs to

the expected counts from a mutational model (see supplemental

methods section 3.1) in order to estimate the liability attributed

to these variants assuming NDDs have population preva-

lences24,25 of 2% in males and 1.5% in females (the observed

sex ratio in this NDD cohort was �1.3).
Results

We examined the burden of autosomal de novo and rare

inherited variants (minor-allele frequency < 0.1%) exome

wide and in specific gene sets in a cohort of 21,501

autistic individuals (13,473 from SPARK and 8,028 from

ASC) and 9,223 siblings (6,763 from SPARK and 2,460

from ASC) (see Figure S1 for an outline of all analyses).

In these trio-sequenced individuals, the sex-stratified syn-

onymous variant rates (variants per sample) were compa-

rable between the autistic probands and siblings not diag-

nosed with autism (i.e., rate ratio not significantly

different from 1), whereas the rates of de novo high-confi-

dence PTVs in highly LoF-intolerant genes (hereafter,

damaging PTVs) and missense variants with an MPC score

R 2 (damaging missense) were higher in autistic pro-

bands. Autistic females showed higher rates of damaging

variants than autistic males, particularly those occurring

de novo, albeit to different degrees in SPARK and ASC

(see Table S12 and supplemental results section 1 for

details). Over-transmission was most noticeable in

damaging PTVs (Figure S6). Additional analyses of ultra-

rare variants in 13,435 autistic individuals with sequence

data from one parent and 12,125 autistic individuals

without parental sequence data also showed an enrich-

ment in damaging PTVs (Figure S7; Table S13).

Our comparisons of DNMs and inherited variants be-

tween sexes (Figure 1; Table S8), which we describe in

more detail in supplemental results section 2, recapitulated

the known sex-differential patterns of enrichment of

damaging PTVs (in the 1st LOEUF decile) andmissense var-
The Ameri
iants (MPC R 2) in these cohorts.1,2,12,14 Previous work in

a subset of the current ASC cohort2 showed that the sex

bias in DNM rates was strongest when examining PTVs

in highly LoF-intolerant genes (defined in that work as a

probability of LoF intolerance [pLI] R 0.995) but not sig-

nificant in less intolerant genes. Similarly, we do not find

a significant sex bias on the observed scale when testing

other genes in the 2nd and 3rd LOEUF deciles or missense

DNMs with lower MPC scores (MPC R 1) (Figure S8;

Table S14). However, these comparisons (rate ratios) do

not take into account the differences in trait prevalence.

Therefore, we next examined whether the sex differences

on the observed scale translate into sex differences in lia-

bility, which allows comparing effect sizes between groups

with different trait prevalences.

Sex differences in genetic liability conferred by rare

variants exome wide

Here, we focus on the meta-analyzed (ASC and SPARK)

cohort (Figure 1A) with a total sample size of 4,404

autistic females (versus 4,707 female siblings) and

17,097 autistic males (versus 4,516 male siblings). Despite

the relatively higher enrichment (rate ratio) of damaging

protein-truncating and missense DNMs in autistic females

compared to males (Figure 1B), we did not find statisti-

cally significant differences between the male-derived

and female-derived liability estimates, neither when

testing damaging PTVs in the 1st LOEUF decile and

missense variants with MPC scores R 2 (Figure 1) nor

when using relaxed filters to include PTVs in the 2nd

and 3rd LOEUF deciles and missense variants with MPC

scores R 1 (Figure S8).

Specifically, the effect sizes of damaging protein-trun-

cating DNMs (1st LOEUF decile) on the liability scale

were not significantly different between autistic females

and autistic males (Zsex-difference ¼ 0.90; 95% CI ¼
�0.0684 to 0.25; p ¼ 0.27), nor were the effect sizes of

damaging missense DNMs (MPC R 2) (Zsex-difference ¼
0.093; 95% CI ¼ �0.014 to 0.20; p ¼ 0.087). Similarly,

the liability was not significantly different between sexes

when comparing DNM rates between autistic probands

and all siblings (instead of sex-matched siblings) or sex-

discordant siblings (Figure S9; Table S15).

Rare inherited damaging PTVs conveyed significant

liabilities in females and males, but these effect sizes

were not significantly different between the two sexes

(Zsex-difference ¼ 0.013; 95% CI ¼ �0.037 to 0.062; p ¼
0.62). Inherited damaging missense variants had higher

liability in males compared to females. However, the differ-

ence was small and only significant before correcting for 54

multiple tests (Zsex-difference ¼ �0.013, 95% CI ¼ �0.00052

to �0.026; p ¼ 0.041; FDR-adjusted p ¼ 0.096; Bonferroni-

corrected p ¼ 1). As detailed in supplemental results section

2.2.3, there was a small imbalance in transmitted and un-

transmitted synonymous alleles in males (Zmales ¼ 0.0016;

95% CI ¼ 0.0007 to 0.0026), but it is unlikely to affect the

main conclusions (i.e., no significant sex differences).
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Figure 1. Exome-wide rare variant burden and liability in SPARK and ASC trio-sequenced cohorts
(A) The sample size of the trio-sequenced individuals in the Simons Foundation Powering Autism Research for Knowledge (SPARK) study
and the Autism Sequencing Consortium (ASC) cohorts.
(B) Sex-stratified DNM enrichment and liability. To obtain sex-specific effect sizes on the observed scale, the average DNM rate per trio in
autistic males (green dots) or females (blue dots) was divided by the average rate in sex-matched siblings not diagnosed with autism (rate
ratio; left). Corresponding effect sizes on the liability scale (Z score; right) were measured as explained in Figure S5A and supplemental
methods section 6. For sex differences in enrichment (red dots), the observed DNM rate in autistic females was divided by the rate in
autisticmales (a rate ratio> 1 thus indicates that females show a higher enrichment). The sex difference in variant liability was estimated
by subtracting the Z scores of the male-only analysis from the female-only Z scores (a Z score > 0 indicates that females show a higher
effect size on the liability scale).
(C) Over-transmission and liability of inherited variants. These were assessed using similar comparisons between parental alleles trans-
mitted to autistic individuals and untransmitted alleles (see subjects and methods). Error bars show 95% confidence intervals. See sup-
plemental results sections 2.1.3 and 2.2.3 for further details on synonymous variant imbalances.
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The sex-stratified cohort-level effect sizes in Figure 1

were generally consistent with the meta-analyzed esti-

mates except for inherited damaging PTVs; these conveyed

significant liability only in SPARK (Figure 1C). Although

the ASC cohort did not show a significant enrichment in

inherited damaging PTVs exome wide, it was significantly

enriched for inherited damaging PTVs in known autism-

predisposition genes (i.e., high-confidence PTVs in 218

highly LoF-intolerant genes among 354 SFARI genes;

Figure S11; supplemental results section 2.2). Conversely,

removing SFARI genes did not change the overall conclu-

sions regarding the (lack of) sex differences in the average

liability of DNM (Figure S10) and rare inherited variants

(Figure S11). (See Table S16 for details.)

Further details on cohort-level sex differences in variant

rates and liability among trios are presented in supple-

mental results sections 2.1 and 2.2. We note that synony-

mous DNMs in autistic females in SPARK showed an asso-

ciation with autism (Z ¼ 0.046; 95% CI ¼ 0.01 to 0.082;

p ¼ 0.011) that did not persist in the meta-analysis

(Z ¼ 0.036; 95% CI ¼ 0.0055 to 0.067; p ¼ 0.052) (see ‘‘li-

ability’’ in Figure 1B). Restricting to ultra-rare alleles in

SPARK (Figure S12; Table S17) controlled this spurious

signal in synonymous DNMs (see supplemental results sec-

tion 2.1.4).

An exome-wide analysis in other subsets of the SPARK

and ASC cohorts reiterated the findings from the trio anal-

ysis. In brief, the average effect size of ultra-rare inherited

variants in autistic individuals with sequence data from

one parent in SPARK did not differ significantly between

sexes after correction for multiple testing (Figure S13;

Table S18; supplemental results section 2.3.1). Similarly,

there was no significant sex difference in the average liabil-

ity conferred by ultra-rare variants in the ASC case-control

cohorts or in the autistic individuals without parental

sequence data in SPARK (Figure S14; Table S19; supple-

mental results section 2.3.2).

To test whether there are differences between mothers

and fathers in the burden, transmission, and liability of ul-

tra-rare parental alleles (seen in one parent and not in gno-

mAD), we leveraged data from trio-sequenced child-parent

pairs in ASC (n ¼ 7,570 3 2) and SPARK (n ¼ 13,473 3 2),

along with other duo-sequenced pairs in SPARK

(n ¼ 13,435), and evaluated parent-of-origin effects in

55,521 autistic-child nonautistic-parent pairs. Although

the mothers of autistic individuals had a significantly

higher burden of damaging ultra-rare protein-truncating

(rate ratio ¼ 1.15, 95% CI ¼ 1.08 to 1.22, p ¼ 2.67 3

10�6) and damaging missense ultra-rare (rate ratio ¼
1.06, 95% CI ¼ 1.03 to 1.09, p ¼ 3.0 3 10�5) variants

compared to the fathers (Figure S15; Table S20), the trans-

mission ratios and the effect sizes of inherited alleles on the

liability scale did not differ significantly by the sex of the

parent (p> 0.05) (Figure S16; Table S21). (See supplemental

results section 2.3.3 for details.)

To recapitulate, the average liability conferred by

damaging de novo protein-truncating and missense muta-
The Ameri
tions as well as inherited PTVs did not show a significant

sex difference in a meta-analysis of trio-sequenced individ-

uals from ASC and SPARK. Inherited damaging missense

variants conferred higher liability in males, but this differ-

ence was very small in magnitude and only significant

before accounting for multiple testing. It was also not

seen when examining the transmission of ultra-rare vari-

ants in a separate set of autistic individuals from SPARK

with sequence data from one parent, when examining all

trio-/duo-sequenced child-parent pairs together, or in the

remaining case-control analyses (ASC case-control cohorts

and autistic individuals without parental sequence data in

SPARK). Next, we examined whether rare variant liability

differs when accounting for co-occurring cognitive

difficulties.

Exome-wide burden in autistic individuals with or

without cognitive difficulties

Both SPARK and ASC cohorts included amixture of autistic

individuals with varying degrees of cognitive diffi-

culties.1,14 There is a higher likelihood of co-occurring

cognitive impairment among autistic females compared

to autistic males (relative risks of 1.17 in the ASC cohort

and 1.12 in SPARK); autistic individuals with cognitive

impairment, in turn, have a higher likelihood of harboring

high-impact DNMs than those without cognitive impair-

ment.14 We hypothesized that the sex differences in

damaging DNM rate ratios seen when examining a mix

of individuals with and without cognitive difficulties

may reflect a difference in the relative frequency of cogni-

tive impairment between the sexes. We thus performed

exome-wide comparisons in ASC and SPARK trios stratified

by co-occurring cognitive impairment. Specifically, we

compared a group of autistic individuals with coexisting

cognitive impairment and another group of individuals

without cognitive impairment or with an unknown status

(since these could not be distinguished using the available

ASC data) to the same set of siblings and then meta-

analyzed the outcomes between ASC and SPARK

(Figure 2A).

In this meta-analysis (Figure 2; Table S9), damaging pro-

tein-truncating DNMs showed sex differences on the

observed scale among those with cognitive impairment

(rate ratiosex-difference ¼ 1.68, 95% CI ¼ 1.28 to 2.20,

p ¼ 1.8 3 10�4, Bonferroni-corrected p ¼ 0.02) and, to a

lesser extent, those without cognitive difficulties (rate ra-

tiosex-difference ¼ 1.4, 95% CI ¼ 1.14 to 1.71, p ¼ 0.0012,

FDR-adjusted p ¼ 0.0037, Bonferroni-corrected p ¼ 0.12).

There was no significant sex difference in damaging

missense DNM rates between those with cognitive impair-

ment (rate ratiosex-difference ¼ 1.06; 95% CI ¼ 0.80. to 1.39;

p ¼ 0.69). However, damaging missense DNMs showed

significantly higher rates in females than males without

cognitive impairment (rate ratiosex-difference ¼ 1.27, 95%

CI¼ 1.06 to 1.51, p¼ 0.0080, FDR-adjusted p¼ 0.021, Bon-

ferroni-corrected p¼ 0.86). On the liability scale, the meta-

analyzed effect sizes of damaging protein-truncating and
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Figure 2. Sex differences in the associa-
tion between exome-wide burden of
damaging de novo and rare variants and
co-occurring intellectual disability in ASC
and SPARK
Trio-sequenced individuals from the
Autism Sequencing Consortium (ASC)
and Simons Foundation Powering Autism
Research for Knowledge (SPARK) study co-
horts were divided into those who have
co-occurring cognitive impairment (cog.
imp.; solid dots) and those who do not
have cognitive impairment or have
missing information (no cog. imp. or un-
known; blank diamonds). The sample
size of these subgroups is given in (A). In
each group, we examined the risk ratio
and average liability attributed to
damaging DNMs (versus the same group
of siblings) (B) and rare inherited variants
(transmitted versus untransmitted) (C).
Variant burden and liability estimates
were meta-analyzed between ASC and
SPARK. Sex differences in DNM rate ratios
were estimated by direct comparisons of
autistic females and males (ratio > 1
means that females have a higher DNM
rate), and sex differences in the effect sizes
on the liability scale were estimated by
subtracting the Z scores (score > 0 means
that females have a higher effect size).
missense DNMs did not differ significantly between the

two sexes after stratifying by cognitive impairment

(p > 0.05) (Figure 2B). Rare inherited variants did not

show significant sex differences in over-transmission and

liability (Figure 2C). The cohort-level analyses revealed

more nuanced patterns, which we discuss in detail in sup-

plemental results section 3.1.

To follow up on the finding that there was no significant

exome-wide sex difference in DNM burden when

removing SFARI genes in our analysis of all autistic individ-

uals (Figure S10B), we performed a similar analysis

(i.e., removing SFARI genes) in those with and without
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cognitive impairment. For this, we

meta-analyzed ASC and SPARK and

included additional relaxed variant

filters to examine variants with

smaller effect sizes. We did not find

any significant sex differences in the

burden of damaging de novo and rare

inherited variants, neither on the

observed nor the liability scale, reiter-

ating that the observed exome-wide

differences in DNM rates are driven

primarily by SFARI genes (Figure

S17; Table S22).

On the other hand, SFARI genes—

when examined separately—had

significantly higher damaging DNM

rates in females versus males with
cognitive impairment (also in those without cognitive dif-

ficulties but to a lesser extent), and the sex bias in DNM

rates was significantly higher than what is expected from

matched genes (Table S23). Still, on the liability scale, the

meta-analyzed effect sizes of these DNMs did not differ

significantly between the two sexes (Figure S18), nor did

the liability conveyed by rare inherited variants in

this gene set (Figure S19). Further details are given in sup-

plemental results section 3.2. Moreover, we did not find

any significant sex differences in the liability conveyed

by de novo and rare inherited variants in sex-biased differ-

entially expressed genes in the human fetal cortex (117



female-biased and 305 male-biased genes) or adult cor-

tex (2,427 female-biased and 2,852 male-biased genes)

after correction for multiple testing (Figures S20–S27;

Tables S24–S27). The average effect sizes of these sex-differ-

entially expressed genes (on both scales) were not signifi-

cantly higher than what are measured in similarly sized

gene sets matched for coding length, LoF constraint, and

sex-averaged expression levels (see supplemental results

section 3.3).

We repeated the exome-wide comparisons in SPARK sub-

cohorts stratified by co-occurring cognitive difficulties and

motor delay (both versus the same set of siblings not diag-

nosed with autism in SPARK) while removing those with

unknown motor/cognitive impairment status (Figure 3A).

These comparisons are detailed in supplemental results

section 4.1. In brief, among those with motor/cognitive

difficulties (Figure 3; Table S10), we found similar results

(i.e., comparable effect sizes on the liability scale) to those

seen in probands with cognitive impairment (Figure 2).

The results in SFARI genes (Figure S29; Table S29) were

also congruent with what we saw when stratifying by

cognitive impairment (Figure S18; Table S22) (for details,

see supplemental results section 4.2).

Compared to sex-matched siblings, synonymous DNMs

were more prevalent in autistic females without motor or

cognitive impairment (Z ¼ 0.069; 95% CI ¼ 0.028 to

0.11; p ¼ 9.9 3 10�4) but not in autistic females with these

conditions (Z ¼ �0.018; 95% CI ¼ �0.068 to 0.033;

p ¼ 0.50) (see ‘‘liability’’ in Figure 3B). This spurious associ-

ation was not seen when evaluating ultra-rare DNMs in

samples well-matched on genetic ancestry (Z ¼ 0.029;

95% CI ¼ �0.041 to 0.099; p ¼ 0.42) (see Figure S28,

Table S28, and supplemental results section 4.1.3).

In SPARK, there was no significant sex difference in

damaging DNM rates (observed scale) after stratification

by coexisting cognitive impairment despite the more strin-

gent grouping (removing those with unknown status and

considering motor difficulties) (SPARK in Figures 2B and

3B). As this is different fromwhat is seen in the ASC cohort

(ASC in Figure 2B), we ran a permutation analysis in SPARK

(see supplemental results section 4.2.3 for details), which

suggested that the difference in rates of coexisting

difficulties between males and females does not drive

the sex differences in DNM rates on the observed scale

(Figure S30; Table S30). The liability conveyed by

damaging rare inherited variants when considering both

cognitive and motor difficulties (Figure 3C) was compara-

ble to when we stratified the cohort by cognitive impair-

ment only (Figure 2C). Similarly, there were no significant

sex differences in the effect sizes of these variants after ac-

counting for multiple testing. We did not observe signifi-

cant sex differences in the rate ratios of ultra-rare damaging

variants in the remaining autistic individuals in SPARK

with one sequenced parent (Figure S31; Table S31) or

without sequenced parents (Figure S32; Table S32) after

stratifying by cognitive or motor impairment (see supple-

mental results section 4.3).
The Ameri
In summary, we have seen in a meta-analysis of SPARK

and ASC family-based cohorts that the exome-wide effect

sizes of damaging de novo and rare inherited variants on

the liability scale did not differ significantly between

autistic males and females—either before or after strati-

fying by coexisting cognitive difficulties. Sex differences

in the genetic burden on the observed scale were most

prominent for damaging protein-truncating DNMs and

among those with coexisting cognitive impairment. These

differences were driven by high-confidence and syn-

dromic-autism-predisposition genes, which had signifi-

cantly higher effect sizes than similarly sized genes

matched for LoF constraint and brain expression.

Rare variants are insufficient to reach the liability

threshold for autism

A key question is whether the genetic predisposition

conveyed by damaging de novo and rare variants is suffi-

cient by itself to cause autism, which would require

crossing a liability threshold of �2 units in males and

higher in females. For this, we consider here the effect sizes

of protein-truncating DNMs in the 1st LOEUF decile (the

most impactful class) (Figure 2B). In those with autism

and cognitive impairment, the exome-wide average effect

sizes were 0.66 in females (95% CI ¼ 0.54 to 0.78) and

0.53 in males (95% CI ¼ 0.42 to 0.64), and the effect sizes

in SFARI genes were 1.34 units in females (95% CI ¼ 1.1 to

1.57) and 1.26 in males (95% CI ¼ 1.03 to 1.50). Smaller

effect sizes were observed in those without cognitive

impairment or with an unknown status (�0.5 exome

wide and �1 in autism-predisposition genes). We obtained

similar estimates when we examined autistic individuals

with or without motor/cognitive difficulties in SPARK

(Figures 3B and S29). Thus, in none of these groups of in-

dividuals are these rare variants sufficient to cause autism

by themselves.

To gain a better understanding of the sex differences in

genetic predisposition to cognitive and motor difficulties

co-occurring with autism, we compared probands with

motor/cognitive impairment to those without these coex-

isting difficulties in SPARK. In contrast to the former com-

parisons against non-autistic siblings, which tested the lia-

bility conferred to autism per se, this analysis measures the

extent of the liability to coexisting difficulties in those

already diagnosed with autism and whether it differs by

sex. Here, we used a different-threshold model where these

coexisting difficulties have prevalences of 0.35 among

autistic males and 0.40 among females, i.e., females have

a lower threshold because there are more females than

males with motor/cognitive impairment.

Under this model, the observed 2-fold enrichment of

protein-truncating DNMs (in the 1st LOEUF decile) in

autistic individuals with versus without motor or cognitive

impairment translates to 0.39 units on the liability scale in

females (95% CI ¼ 0.11 to 0.66) and 0.45 units in males

(95% CI ¼ 0.30 to 0.61) (Figure 3B)—a sufficient amount

to reach the threshold to have motor or cognitive
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Figure 3. Rare variant burden in autistic
individuals with and without cognitive
impairment or motor delay in SPARK
trio-sequenced cohort
(A) The sample size in two sub-cohorts
of trio-sequenced individuals from the
Simons Foundation Powering Autism
Research for Knowledge (SPARK) study
divided based on the presence of co-occur-
ring motor developmental delays or cogni-
tive impairment (‘‘motor or cog. imp.’’).
(B) Sex-stratified observed DNM rates (left)
and average liability (right) (see subjects
and methods). In addition to the compar-
isons versus siblings, autistic probands
with motor or cognitive difficulties were
compared directly to sex-matched autistic
individuals without these co-occurring
conditions (‘‘with versus without’’).
(C) Over-transmission of rare inherited
variants (left) and their average liability
(right) (see subjects andmethods). See sup-
plemental results section 4.1.3 for details
on the imbalance of synonymous variants.
Limiting the analysis in (B) to ultra-rare
DNMs in ancestry-matched autistic fe-
males and siblings showed well-balanced
synonymous DNM burden (p ¼ 0.42;
Figure S28).
impairment in autistic individuals (�0.25 units in females

and �0.39 in males). In SFARI genes, the effect sizes were

0.67 in females (95% CI ¼ 0.30 to 1.03) and 0.57 in males

(95%CI¼ 0.35 to 0.80) (Figure S29). The sex difference was

not significant, either exome wide (p ¼ 0.66) or in SFARI

genes (p ¼ 0.67). Seeking further validation, we estimated

the liability conferred by damaging DNMs in SFARI genes

in 31,565 trios diagnosed with NDDs not specifically ascer-

tained for autism14 (see supplemental results section 4.4).

The effect sizes were indeed sufficient to reach the liability

threshold for NDDs and not significantly different be-

tween the sexes in this independent cohort (Figure S33;

Table S33).

To sum up, damaging protein-truncating DNMs in SFARI

autism-predisposition genes confer similar liabilities in

both sexes that are enough to reach the threshold for hav-

ing neurodevelopmental conditions in general or coexist-

ing motor and cognitive difficulties in autistic individuals
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in particular. However, they do not

confer enough liability to reach the

threshold for autism per se in either

sex, regardless of whether these indi-

viduals have coexisting motor or

cognitive difficulties or not.

Discussion

We examined the sex differences in

rare autosomal coding variant rates

both exome wide and in specific

gene sets in 47,061 autistic individ-
uals from two large autism cohorts,1,14 showing that the

average liability attributed to damaging rare variants

exome wide and in genes with sex-biased expression in

the cortex is not statistically significantly different be-

tween males and females.

The sex differences in DNM rates on the observed scale

did not translate into differences in variant liability be-

tween sexes (Figure 1B) and were driven by known

autism-predisposition genes (Figure S10), which also in-

crease the chance of other developmental disorders

affecting motor and cognitive skills (Figure S33). We did

not find evidence that the sex differences in damaging

DNM rate ratios seen when examining amix of individuals

with and without motor and cognitive difficulties reflect a

difference in the relative frequency of these endo-pheno-

types between the sexes. Autistic individuals in the ASC

cohort still showed enrichment of DNMs in females versus

males even when restricting to those with cognitive



impairment (Figure 2B). Although we did not see a signifi-

cant sex difference in the rates of damaging protein-trun-

cating DNMs in SPARK when autistic individuals were

stratified by coexisting cognitive impairment (Figure 2B)

or motor/cognitive difficulties (Figure 3B), a permutation

analysis suggested that co-occurring difficulties—alone—

cannot account for the sex differences on the observed

scale (Figure S30). Thus, it seems likely that the difference

in damaging DNM rates between the sexes is, instead, a

reflection of the different thresholds under the liability

threshold model, which we discuss further below.

SFARI high-confidence and syndromic-autism-predispo-

sition genes drove the exome-wide female bias in DNM

burden on the observed scale (Figure S10), showing sub-

stantially higher DNM rates compared to matched genes

with comparable constraint and brain expression

(Figure S18). This is consistent with our recent observation

(in a smaller subset of SPARK and Simons Simplex Collec-

tion) that the female excess in damaging DNMs is ex-

plained by a small set of developmental genes and is not

accounted for fully by co-occurring difficulties.26 The effect

sizes of damaging variants in these genes on the liability

scale were also higher than those estimated for matched

genes but did not differ significantly by sex (Figure S18).

On the other hand, the liability attributed to damaging

de novo and rare variants in a small set of sex-differentially

expressed genes in the fetal cortex22 or a larger set of genes

with sex-biased expressed in the adult cortex23 did not

differ significantly from what is expected from matched

genes (Figures S20–S27). Among these differentially ex-

pressed genes, the strongest enrichment and female bias

on the observed scale (rate ratios) was seen in protein-trun-

cating DNMs in genes showing male-biased expression in

the adult cortex, but this was attributable to their overlap

with LoF-intolerant genes and genes with high expression

in brain (Figure S20). This is in line with previous findings

that long highly brain-expressed genes overlap signifi-

cantly with autism-predisposition genes and explain their

over-representation among Fragile X messenger ribonucleo-

protein 1-binding targets27 (FMR1 [MIM: 309550]). The

enrichment of sex-differentially expressed genes in

damaging DNMs is likely a reflection of their enrichment

in neuronal genes, which has been previously noted.23

The findings of these analyses of differentially expressed

genes should be interpreted cautiously, as there are several

caveats, which we discuss briefly in supplemental results

section 3.3.4.

Protein-disrupting alterations confer the highest predis-

position for autism among rare short coding variants.1,12,14

Since genes implicated through de novo association are

generally developmental disorder genes (e.g., SFARI genes),

it is unclear whether they increase the predisposition

for autism per se. Under a different-threshold liability

threshold model, in which autism predisposition is

assumed to be additive and normally distributed

(Figure S5), an autism prevalence of 2.5% among males

in the general population puts the threshold for autism
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diagnosis at 1.96 standardized units (2.5 units in females

assuming �4:1 ratio). (See Figure S5 and supplemental

methods section 6.1.) We estimate that the liability

conveyed by protein-truncating DNMs (in highly LoF-con-

strained genes) alone is insufficient to reach the threshold

for autism diagnosis in the absence of other factors such as,

for example, a high polygenic score for autism. This was

true for the liabilities estimated in those with autism and

motor/cognitive difficulties or without these coexisting

conditions in SPARK (Figure 3), when meta-analyzing

SPARK and ASC stratified by cognitive impairment

(Figure 2), and when considering protein-truncating

DNMs in SFARI genes in all these groups (Figures S18

and S29).

On the other hand, the analysis we carried out in SPARK

to estimate the liability to co-occurring motor and cogni-

tive difficulties suggests that damaging protein-truncating

DNMs have an average effect size that conveys enough risk

to cause these co-occurring difficulties when they are seen

in approximately one-third of the SPARK cohort of autistic

children—a proportion similar to that of the whole popu-

lation of autistic individuals.4 Protein-truncating DNMs in

SFARI genes conferred enough predisposition to cognitive

and motor difficulties among autistic individuals in SPARK

so that an autistic individual harboring such a variant will

have exceeded the liability threshold for these co-occur-

ring difficulties (Figure S29), reflecting how cognitive or

motor difficulties are key phenotypic presentations associ-

ated with harboring damaging variants in these genes. This

was corroborated by observations in an independent

cohort of trios ascertained for various NDDs rather than

autism specifically—where these genes conferred genetic

predisposition on par with genes curated for their associa-

tion with developmental disorders (DDG2P genes28)

(Figure S33). Thus, our results suggest that damaging

DNMs are insufficient by themselves to cause autism, but

they can cause cognitive or motor impairment (NDDs).

This fits with the observation that most autism-predisposi-

tion genes are known to cause motor disorders or intellec-

tual disability with high penetrance (most are DDG2P

genes), but the penetrance of autism inmost of these genes

is often low to moderate.4,29 Hence, autism is likely an

incompletely penetrant, complex phenotype within the

phenotypic spectrum of these developmental genes.

The difference in the proportion of autistic females

versus autistic males with cognitive impairment could be

explained by the presence of genetic risk factors with

similar effect sizes in the two sexes that are highly pene-

trant for cognitive impairment but are more frequent in

autistic females than autistic males due to the different

thresholds for autism. In particular, as noted above, pro-

tein-truncating DNMs in highly LoF-intolerant genes or

SFARI genes have—on average—moderate penetrance for

autism but high penetrance for cognitive impairment.

The liability threshold for diagnosing cognitive impair-

ment is relatively similar between the sexes, as suggested

by the low sex bias in neurodevelopmental conditions
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featuring profound cognitive difficulties.24,25,30,31; For

instance, there are 1.6 males for every female in the Deci-

phering Developmental Disorders study.32 Females reach-

ing the (high) threshold on the liability scale for autism

diagnosis are more likely than both non-autistic females

and autistic males to harbor damaging protein-truncating

DNMs (evidenced by the higher risk ratio for carrying these

DNMs on the observed scale; Figure 1B), and in turn, more

autistic females than autistic males are likely to have

reached the threshold for cognitive impairment as well

(given the high penetrance of these DNMs for cognitive

impairment in both sexes). It is plausible that the sex dif-

ference in the rates of autism with coexisting cognitive

impairment may partly reflect biased diagnostic sensitiv-

ities, e.g., because females typically show autistic traits

that are less likely (than autistic traits seen typically in

males) to prompt clinical evaluation if they have otherwise

typical cognitive development.33 However, epidemiolog-

ical data suggest that the higher proportion of autistic fe-

males with cognitive impairment (relative to autistic

males) is more likely a true property of the autistic spec-

trum,34 and this was observed to various degrees in several

autism cohorts with different ascertainment strategies,

e.g., in SPARK and amongmost of the ASC sites (Figure S4).

Our analysis relied on a standard liability threshold

model assuming equal variance of the liability distribution

in males and females.4,10 This model is easily interpretable

and allows direct comparisons between the two sexes on

the same scale. Under this different-threshold model, fe-

males require a higher load of additive risk elements to

reach their higher threshold; the equal effect sizes on the

liability scale, and the sex-differential rates of highly pene-

trant variants, are consistent with the assumptions of the

different-thresholdmodel. However, the liability conveyed

by rare variants alone is not sufficient to reach the

threshold for autism diagnosis in the absence of other fac-

tors, even when lower thresholds in females (sex ratios of

3:1 and 2:1) are considered (Figure S34; Table S34). The ge-

netic predisposition from rare variants could be comple-

mented by other factors, e.g., common variants. It has

been postulated that common variants may drive most of

the genetic predisposition for autism,35 although this

varies substantially between cohorts and methodologies.

Common variants, as measured by polygenic indices,

may play a larger role among phenotypic groups that

show relatively more male bias; we have previously shown

that the association between an autism diagnosis and an

autism polygenic score capturing a proportion of the pre-

disposition from common variants is more pronounced

in autistic individuals with few motor and cognitive devel-

opmental difficulties than in those with several develop-

mental disabilities.26 Moreover, we previously saw that

the sex difference in polygenic over-transmission (i.e.,

higher deviation from mid-parental polygenic scores in fe-

males) was evident only when examining autistic individ-

uals without cognitive impairment,26,36 the groupwith the

more pronounced difference in liability thresholds.
610 The American Journal of Human Genetics 112, 599–614, March
Notably, we find significantly higher rates of damaging ul-

tra-rare variants in the mothers compared to the fathers of

autistic individuals (Figure S15), similar to what was shown

for common inherited alleles.36 However, we do not see

significant differences in the effect sizes of these alleles

when transmitted to their children (Figure S16).

Although our results are consistent with the different-

threshold liability threshold model, alternative models

with less restrictive assumptions, e.g., higher variance in

males,4,37 may better capture the true underlying distribu-

tion of autism predisposition in the population. While sex

differences in autism prevalence may result from com-

bined differences in the mean and variance of the liability

(Figure S5B), the observations made in a population-based

analysis in �1 million Swedish individuals best fitted a

model with higher variance in males—and also suggested

that autism heritability may be lower in females than

males.38 Curiously, the effect sizes of rare inherited

damaging variants on the liability scale were significantly

higher in males when we tested a model that assumes

that the variance in males is �2–3 times higher than in fe-

males (Figure S35; Table S35), although DNMs did not

show any significant difference in their effect sizes. We

take from this that the effect sizes of damaging DNMs are

indeed similar between males and females, whereas better

modeling of liability may uncover more nuanced differ-

ences in the liability attributed to inherited variants.

With all models, the contribution of any sex differences

in the effect size of rare and common variants—or lack

thereof—to the sex-biased prevalence of autism should

be interpreted in light of the small phenotypic variance

they explain.39 The high familial and twin heritability of

autism38,40,41 (�70%–90%) suggests a major genetic

contribution. Rare protein-coding variants, variants in

conserved non-coding regions, copy-number alterations,

and tandem repeats explain�10% of the variance.1,12,42–44

Additive SNP heritability from common variants as esti-

mated from a recent autism genome-wide association

study (GWAS)45 is also �10%. Finding where the missing

heritability lies (e.g., with more powerful association

studies across the spectrum of allele frequencies and cod-

ing/non-coding variation types) is therefore essential to

develop reliable proxies for genetic liability and model

sex differences properly. Furthermore, it is also essential

to understand non-additive effects and the role of non-ge-

netic predisposition like prenatal exposures (sex hor-

mones), postnatal (social) environment, sex differences

in autism presentations, and biases in assessment tools,

referral, and diagnosis leading to under-/mis-diagnosis

in females.33,39,46–48 Further insights may be gleaned

from studying quantitative autistic traits in population

samples.49,50

A strength of this study is that we included samples from

diverse populations. In theory, since our core analyses were

focused on within-family analyses of DNMs and inherited

variants, the inclusion of individuals of different ancestries

should not create spurious stratification effects. However,
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in practice, this resulted in a subtle association of synony-

mous DNMs with autism diagnosis in SPARK (Figure 1A),

discussed in supplemental results sections 2.1.3 and

4.1.3. The imbalance in synonymous DNMs was most

prominent between autistic females without motor delay

or cognitive impairment and sex-matched siblings not

diagnosed with autism (Figure 3B). It is unlikely that this

subtle imbalance biased the outcomes for damaging pro-

tein-truncating DNMs. Another limitation of our study is

that we only examined rare variants on the autosomes,

ignoring the sex chromosomes. We note that recent

large-scale gene association studies from the ASC did not

include sex chromosomes,1,2 so the contribution of sex-

linked genes may be underestimated. Nonetheless, it

seems unlikely that large-effect rare variants on the sex

chromosomes are a major driver of the sex difference in

autism,17 at least among those with co-occurring motor

and cognitive impairments, since our previous work in

the Deciphering Developmental Disorders cohort found

that rare Mendelian-acting coding variants in the X chro-

mosome contributed similarly in males and females and

did not explain the observed 1.6:1 male bias.32

To summarize, deleterious de novo and rare inherited

autosomal coding variants confer similar liability for

autism in females and males under a different-threshold

model. These variants, particularly de novo protein-trun-

cating mutations, increase the liability for co-occurring

motor or cognitive impairment significantly more than

autism with otherwise typical motor and cognitive devel-

opment. Autosomal DNMs with large effect sizes are there-

fore unlikely to explain the observed sex differences in

autism prevalence. Future studies with larger sample sizes,

considering the contribution of both autosomal and sex-

linked alleles across the frequency spectrum of rare and

common variants, may capture additional predisposing

variants with small effect sizes that contribute to the sex

differences in autism.
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