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While over 100 genes have been associated with autism, little is known about
the prevalence of variants affecting themin individuals without a diagnosis

of autism. Nor do we fully appreciate the phenotypic diversity beyond the
formal autism diagnosis. Based on data from more than 13,000 individuals
with autism and 210,000 undiagnosed individuals, we estimated the odds
ratios for autism associated to rare loss-of-function (LoF) variants in 185

genes associated with autism, alongside 2,492 genes displaying intolerance

to LoF variants. In contrast to autism-centric approaches, we investigated the
correlates of these variants in individuals without a diagnosis of autism. We
show that these variants are associated with a small but significant decrease
influid intelligence, qualification level and income and an increase in metrics
related to material deprivation. These effects were larger for autism-associated
genes thanin other LoF-intolerant genes. Using brainimaging data from 21,040
individuals from the UK Biobank, we could not detect significant differences
inthe overall brain anatomy between LoF carriers and non-carriers. Our

results highlight the importance of studying the effect of the genetic variants
beyond categorical diagnosis and the need for more research tounderstand
the association between these variants and sociodemographic factors, to best
supportindividuals carrying these variants.

Autismis a heterogeneous condition characterized by atypical social
communication, as well as unusually restricted or stereotyped inter-
ests'. Its geneticarchitecture is highly complex, with contributions from
monogenic factors, for example caused by ade novo variant with large
effect and polygenic factors, which is attributable to the cumulative
effect of multiple common variants, each having asmall effect®. Inthe
past20years, there hasbeen tremendous progress inidentifying genes
robustly associated with autism** and more widely with neurodevelop-
mental disorders (NDDs)*”, including cognitive impairment, delayed
developmental milestones and epilepsy®’.

Little is known about the prevalence of rare LoF variants within
these genes in individuals without a diagnosis of autism. Nor do
we understand the inter-individual phenotypic variability of car-
riers beyond the autism diagnosis'®". In this study, we analyzed
whole-exome sequencing (WES) data from four studies, for a total of
226,649 individuals of genetically inferred European ancestries (Sup-
plementary Fig. 1and Methods); 13,091 individuals diagnosed with
autism, recruited in the Simons Simplex Collection (SSC), the Simons
Powering Autism Research for Knowledge (SPARK) and the Lundbeck
Foundation Initiative for Integrative Psychiatric Research (iPSYCH)
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Fig.1| Gene-level autism odds ratio for rare variantsin autism-associated and
constrained genes. a, Proportion of individuals carrying high-confidence rare
S-LoFsinautism-associated genesin each sample, stratified by status and family
relationship. Error bars correspond to standard errors of the proportions. ORs and
Pvalues from two-sided Fisher exact tests comparing children with autism and their
siblings in SSC and SPARK samples and individuals with autism and undiagnosed
individualsin theiPSYCH sample. Pvalues corrected for multiple testing using
Bonferroni method for each variant type and gene set (SSC, n=2,041individuals
with autism, 1,944 siblings, 2,041 mothers and 2,041 fathers; SPARK, n = 6,239
individuals with autism, 2,344 siblings, 5,559 mothers and 5,559 fathers; iPSYCH,
n=4811individuals with autism, 5,214 undiagnosed individuals; UK Biobank (UKB),

n=188,856 undiagnosed individuals). b, Number of S-LoF carriers amongindividuals
with autismand autism OR, which is the enrichment of S-LoFs among individuals
with autism compared to undiagnosed individuals (based on 100 sub-samplings of
undiagnosed individuals to match the number of individuals with autism; Methods).
Genes with autism ORs significantly higher than expected by chance (empirical

test based on 10,000 bootstraps; Methods) are showninred, othersin gray.

¢, Distribution of gene-level autism OR of S-LoFs in autism-associated genes, S-LoFs
in constrained genes and S-SYNs in autism-associated genes. Box plots representing
minimum, first quartile, median, third quartile and maximum values, with outliers
defined as first quartile minus 1.5 x interquartile range and third quartile plus 1.5 x
interquartile range. Pvalues are from two-sided Mann-Whitney U-tests.

projects, independently from co-occurring cognitive impairment or
other NDDs (henceforth, individuals with autism), 19,488 first-degree
relatives of individuals with autism from the SSC and SPARK projects
and 194,070 individuals identified from unselected population sam-
ples of theiPSYCH and UK Biobank projects (Supplementary Fig.2 and
Methods). We quantified the odds ratios (ORs) of rare LoF variantsin
individuals withautismversus individuals not diagnosed withan NDD
(henceforth, undiagnosed individuals) in genes previously associated
with autism. We then compared the phenotypic profile of LoF carriers
to non-carriers among both diagnosed and undiagnosed individuals.
We show that rare LoF variants are associated with sub-diagnostic
effects in individuals with autism and may also be associated with,
on average, a small but significant effect on cognitive performance
and socioeconomic status among unselected populationindividuals.

Results

Gene-level estimate of the odds ratio for autism

First, we listed a set of 185 autosomal genes with dominant mode of
inheritance that are more frequently mutated inindividuals with autism

thanin undiagnosed individuals (Supplementary Table 1 and Meth-
ods)®. We refer to these genes as ‘autism-associated genes’ despite no
evidence linking these genes specifically to autism compared to other
neurodevelopmental conditions (Extended DataFig.1)>*"> and recent
evidence for association of rare de novo variants in autism-associated
geneswithautismand co-occurring cognitiveimpairment’.Inaddition,
we analyzed 2,492 genes not considered as autism-associated genes,
butwith evidence for intolerance to LoF variantsin reference popula-
tions (hereafter referred to as ‘constrained genes’; Supplementary
Table1and Methods)®.

Second, we identified high-confidence rare LoF variants (fre-
quency <1% in each study) that were absent from the reference Euro-
pean population in the Genome Aggregation Database (gnomAD;
https://gnomad.broadinstitute.org/)". We focused this study on LoF
variants because 80% of known autism-associated genes are consid-
ered asintolerant to LoF variants and 73% are predominantly reported
with LoF pathogenic variants in ClinVar (Extended Data Fig. 2)"".
Because the impact of a LoF variant might depend on its location in
the coding region™", we further selected asubset of these LoF variants

Nature Medicine


http://www.nature.com/naturemedicine
https://gnomad.broadinstitute.org/

Article

https://doi.org/10.1038/s41591-023-02408-2

OR=1.72
No S-LoF P=1.4x10" With S-LoF
Individuals
with autism
OR=1.07
P=1
Siblings of
individuals
with autism
OR=0.96
P=1
Parents of
individuals
with autism
OR=0.88
P=0.12
UKB
individuals
Sex
M Male
B Female

Fig.2|Sex ratio among carriers and non-carriers of S-LoFs in autism-associated
genes. Pie charts of the fraction of male and female individuals among non-carriers
and carriers of S-LoFs in autism-associated genes, stratified by status and family
relationship. ORs for enrichment of S-LoFs among female over male individuals and
corresponding Pvalues from two-sided Fisher exact tests. Pvalues were corrected
for multiple testing using the Bonferroni method.

that fellinan exonretained in >10% of the brain transcripts of the cor-
responding gene and truncated >10% the encoded protein (Methods).
Werefer to this subset as stringent LoFs (S-LoFs). We observed S-LoFs
in autism-associated genes in 4% of individuals with autism (n =523,
95% confidence interval (CI) 3.66-4.33%), 1.13% of their siblings and
parents (n =223, 95% Cl1 0.99-1.29%) and 0.58% of individuals from
UK Biobank (n=1,090, 95% CI 0.54-0.61%; Fig. 1a). We also observed
that 36% of the S-LoFs in autism-associated genes identified among
undiagnosed individuals fall within the same exons as those identified
among individuals with autism (Supplementary Fig. 3), suggesting
that these variants should have very similar consequences on the
encoded protein®.

We then estimated for each gene the OR for autism (autism OR) of
S-LoFs (Fig. 1b), which is the enrichment of S-LoFs among individuals
with autism versus undiagnosed individuals, adjusting for the large
difference in sample size between individuals with autism and undi-
agnosed individuals using a sub-sampling procedure (Extended Data
Fig. 3 and Methods). Prevalence, autism OR and aggregated variant

data can be visualized and downloaded at https://genetrek.pasteur.
fr/ ref.12. Several autism-associated genes such as SCN2A4, ASHIL and
ANK2had the highest number of S-LoFs identified among individuals
with autism (Fig. 1b), but they displayed distinct frequencies of S-LoFs
among undiagnosed individuals, therefore displaying distinct autism
ORs (for example, SCN2A = Inf.; ASHIL =150.1; and ANK2 = 7.4). SCN2A
was among 14 autism-associated genes (Supplementary Table1) such
as CHDS8, GRIN2B and SYNGAPI for which all variantsidentified in indi-
viduals with autism were found de novo" and for which no carriers of
S-LoFswereidentified among the 213,558 undiagnosed individuals. In
contrast, for 134 autism-associated genes, including ASHIL, ANK2 and
SHANK3 (Supplementary Fig. 3), we could identify at least one carrier of
anS-LoF amongthe undiagnosed individuals, suggesting lower effect
sizes on autism diagnosis (Fig. 1b and Supplementary Table 1). We
observed that four genes (AP2S1, GIGYFI1, PTEN and SHANK2) displayed
an autism OR > 8, whereas they were not classified as LoF-intolerant
based onvariant frequency in the general population (Supplementary
Table1)", supporting caution in applying specific cutoffs for LoF intol-
erance metrics'®. We also observed that autism-associated genes also
previously reported as associated with cognitive impairment, epilepsy
or developmental disorders had higher autism ORs than those that
were not (Extended Data Fig. 1), Altogether our results indicate that
an exhaustive investigation of less penetrant variations is warranted
to better understand the association of genes with autism and more
generally with NDDs'*?°,

To compare the effect of S-LoFs in autism-associated genes with
other types of variants and sets of genes, we subsequently measured
the autism OR of synonymous variants in autism-associated genes
(S-SYNs; using similar filters as S-LoFs based on exon usage in brain,
position on encoded protein and frequency) and of S-LoFs in 2,492
constrained genes (Extended DataFig. 4 and Supplementary Table1).
Asexpected, S-LoFsin autism-associated genes displayed higher autism
ORs compared to S-LoFs in constrained genes (nominal P=1x107%)
and S-SYNsinautism-associated genes (nominal P=1x107*; two-sided
Mann-Whitney U-test) (Fig. 1c). Notably, some constrained genes such
as AP2MI and CACNG2, reported in individuals with cognitive impair-
ment, displayed autism ORs >10 without being included in the lists of
autism-associated genes (for example SFARI and SPARK genes).

We found a significant enrichment of female individuals with
autism carrying S-LoFs in autism-associated genes compared to
male individuals with autism (OR 1.72, P=1.4 x 10*, Fisher exact
test), as previously reported®??, but no difference was found among
undiagnosed siblings, parents and individuals from the unselected
population (Fig. 2).

Relationship between biological functions and autism OR

To investigate the relationship between biological functions and the
autism OR, we studied the expression level of autism-associated genes
in four different human brain regions and at eight different develop-
mental periods. We found that the autism OR tended to be positively
correlated with gene expression in early fetal and mid-fetal periods
of cortex development (nominal P < 0.05 in auditory, visual, parietal
and temporal cortex at the early fetal and mid-fetal periods, Fig. 3a,
Supplementary Table 2 and Methods)*.

We also investigated the autism OR of genes in modules of coex-
pressed genes previously reported as significantly different between
autism and control brains®*. We observed that the modules enriched
in neuronal markers included the genes with the highest autism OR
compared to modules enriched for astrocyte and oligodendrocyte
markers (Fig. 3b,c and Methods), with the highest average autism OR
being observed for the module showing the highest correlation with
autismdiagnosis (M12) associated with synaptic functions. Using gene
annotation for the 185 autism-associated genes, we also observed that
genes encoding proteins associated with synapse function/archi-
tecture tended to display higher autism ORs compared to genes not
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Fig.3|Relationship between gene expression profile and autism OR.

a, Correlation between autism OR and gene expression in distinct brain regions
and developmental periods for 130 genes for which at least one variant was
identified among individuals with autism (expression data for early fetal
cerebellum were not available; Methods). Cortical regions were grouped as
follows: posterior inferior parietal cortex, primary auditory cortex, primary
visual cortex, superior temporal cortex and inferior temporal cortex (P/A/V/T
cortex); primary somatosensory cortex, primary motor cortex, orbital prefrontal
cortex, dorsolateral prefrontal cortex, medial prefrontal cortex and ventrolateral
prefrontal cortex (S/M/P cortex). Correlations and P values measured by
two-sided Kendall correlation tests between autism OR and gene expression

Modules of coexpressed genes

Genes in modules only associated
with neurons/interneurons

(*nominal P<0.05; Supplementary Table 2 shows exact values). b, Distribution of
autism OR of autism-associated genes in different brain coexpression modules.
Brain coexpression modules were extracted from Voineagu et al.>*. Modules

are ordered according to average autism OR of corresponding genes. Modules
were mapped to cell types in the original study. ¢, Distribution of autism OR of
autism-associated genes found exclusively in modules associated with neuron
orinterneuron cell types and those in modules associated both with neuron/
interneuron and other cell types. Pvalues are from two-sided Mann-Whitney
U-tests. For a-c, we set infinite autism OR values to the highest measurable
autism ORin the corresponding gene set.

encoding synaptic proteins (nominal P=0.03; Extended Data Fig. 5
and Supplementary Table 3).

Phenotypic effects of variants among individuals with autism
Besidesrare variants with large effect, common variants associated with
autismhavebeenidentified through genome-wide association studies
(GWAS) and canbe aggregated to calculate a polygenic score (PGS) for
autism for each individual (Supplementary Fig. 4 and Methods)>*>*.
Using logistic regression models, we estimated the independent and
interaction effects on autism diagnosis due to the S-LoFs and the autism
PGSfor27,212individuals, including 8,089 individuals with autismand
19,123 relatives from the SSC and SPARK cohorts. We distinguished
S-LoFsingenesbelow and above athreshold of autism OR 0f 10 to quan-
tify their differential effect on the autism diagnosis. We note here that
thisapproach allows to estimate ageneral association between genetic
variants and phenotypic outcomes and not a direct causal relation-
ship. In a subset of 6,910 individuals with available phenotypic data,
S-LoFsingenes with autism OR > 10 were enriched among individuals
with atleast one reported developmental disorder compared to those
without areported developmental disorder (Extended Data Fig. 6).
Associations of S-LoFs, autism PGS and sex with autism status were
all significant (Fig. 4a and Supplementary Tables 4 and 5). The effect
size of S-LoFs with autism status was 1.8-2.3-times higher for S-LoFsin
autism-associated genes thanin constrained genes and 3.4-13.6-times
higher forS-LoFsin autism-associated genes than for anincrease of one
standard deviation of the autism PGS (Fig. 4a,c). We replicated these
results in an independent analysis of the iPSYCH sample (Extended
DataFig. 7, Supplementary Table 4 and Methods).

We performed additional multivariable regression analyses to
investigate the effect of S-LoFs and autism PGS on several traits, includ-
ing age at developmental milestones, the social and communication
questionnaire (SCQ) t-score, the intelligence quotient (IQ) score bins
and six main autism-related factors previously described’ (F1, insist-
ence on sameness; F2, atypical social interaction at age 5 years; F3,
atypical sensory-motor behavior; F4, self-injurious behavior; F5, idi-
osyncratic repetitive speech and behavior; and F6, difficulties in com-
munication) (Fig. 4a and Supplementary Tables 4 and 5). No significant

association of S-LoFs with SCQ ¢-score or autism-related factors were
observed; however, we observed a significant negative association
of S-LoFs in autism-associated genes with 1Q score bins, replicated in
theindependentiPSYCH sample (Extended DataFig. 7) and a positive
association with age at developmental milestones, supporting the
previously reported associations of de novo variants with1Q and devel-
opmental milestones among children with autism””. These effects
were (1) higher for genes with autism OR > 10 (Fig. 4a,b); (2) observed
bothamong individuals with autism with and without developmental
disorders (Extended DataFig. 6); and (3) both among genes proposed
to be associated predominantly with neurodevelopmental disorders
or with autism® (Extended Data Fig. 1 and Supplementary Table 4).
Notably, S-LoFs in constrained genes were significantly associated
with SCQ t-score and autism factors (F1, F3, F4 and F5) but not with 1Q
scorebins and developmental milestones, with the exception of age of
walking (Fig. 4a). The autism PGS was associated with factors related
todifficultiesin speech and communication (F5and F6), suggesting an
effect of the common variants on communication skills and repetitive
speech/behaviorsinindividuals with autism (Fig. 4c,d). Finally, we did
not observe interaction between S-LoF and autism PGS, suggesting
that currently in this setting, the effects of rare and common variants
associated with autism-related traits are mostly independent®.

Phenotypic effects of rare variants among undiagnosed
individuals

We subsequently explored whether, among participants of the UK
Biobank without a recorded diagnosis of autism, carriers of S-LoFs
displayed differencesin any phenotypic trait compared to non-carriers.
We interrogated 18,224 traits in a phenome-wide association study
and found that the most significant associations were observed for
unemployment, income, qualification and Townsend deprivation
index, which is ameasure of material deprivation within a population
(corrected P<1x107% Fig. 5a, Supplementary Table 6 and Methods).
Multivariable regression analysis on fluid intelligence scores, whichisa
simple unweighted sum of the number of correct answers given to the 13
fluidintelligence questions (Methods), qualificationlevels,income and
material deprivation estimated by the Townsend deprivationindex (for

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02408-2

a S-LoFs in autism-associated genes b S-LoFs in autism-associated genes
100 24 ] (o ii
o 03 : 2 1
= [}
S 104 ® 14 1 1
2 = ¢ > 021 ! 157 \':
2 1o | §oloo 200000l ‘ 3 1
= = [7] 7
= = a (Sl 1
= o -1 + (:) ® 0.1 i ;,\
O 014 04— 7777¢77Q7¢<L [ 0.5 1
I [}
2 = o i
0 - [ 0 —— Ll
R T T T T T T T T T T T T T T
S-LoFs in constrained genes
100 A 2 0.20 i
8 27 I
— 7 ]
T 10+ - " 015 - A
3 * 5 P8 o0 858 z e \J
@ g 1 X ® i =
2 e | 2 0 + 80079 000 80-9,-00 4 % 0.10 - 14 R
= = AN
a4 o -1 (=) i\
i B I\
S o1 o ,‘(:J__ _.»4204}00& 0.05 05 | N
-2 J
0 <-/ 1" N~
T T T T T T T T T T T T T T 0+ —r m
— P P
2 S58523287%¢8 T2 8883 ' 1 100
~ ¢ 2 5 B 2 z & = 283 3 £ Age of first words in months
W P8 g ST g G2 =& o
" c o g & 2 o o E @
S T 0O % E Q0= T £ — Autism OR <10
2] =~ § = c¢c 3 £ ¢ Q .
2 3 8 o g2 gog [ — Autism OR >10
s ? 8§ 8235 % 3 No S-LoF
@ hod £ o E 829
§ 8 538 =35 n=4,722
= @ 23 @5 E
< = 2 5 o £
bt 8
N é’ O Autism OR <10
O Autism OR >10
n=4,180
Autism PGS d Autism PGS
15 1
0.2 0.20
s 0.5 A
0 — 014 >~ 0.15
% 1.2 © % ¢ ¢ o Y I ——— = :
2 ] 109 ., 068 899 () 2
3 £ ° © -0 -0.5 4 o ¢ © $ o010
x 1 Q -0.1 a
o) 14 0.05
-0.2 A
08 T T T T T T T T _15 ) T T T T T T 0 T T T T T T I T T T T T T T
o T £ @< T < @ $ 3 3T T & 3F 1234567891 1 10 100
= S 282828282 IR bi £ fi dsi h
S © g S g 2 3 8 =] S = g 2 (% 1Q score bin Age of first words in months
~ 3 E 2 I @ @ 2 ° 18}
,Il_ £ 2 g ‘2 g ﬁ RS % 2 Autism PGS
s © @ £ 2 8% 2 5 — First decile
S 8 © @ ¢ 2 G o € ]
5 @ 825 ¢ % Q Fourth decile
5 “ E 3 o 2 3 o _ Tenth decil
o g - L F 9 ¢ enth decile
§> O RZENS1 < g =] n=4,722
= 172} 2 3 2 5 €
= L £
< = < o
— O
w )
N ©
[
n=4,180

Fig. 4 | Phenotypic effects of rare variants in autism-associated and
constrained genes among diagnosed individuals. a, OR (for logistic
regressions) and B values (for linear regressions) associated with variant
presence from multivariable regression analyses of autism diagnosis, SCQ
t-score, IQ score bin, autism factors and developmental milestones, stratified by
gene type and autism OR of genes carrying the variants (Methods). Regressions
performed onindividuals from the SSC and SPARK samples. To correct for

the biased sex ratio among individuals with autism, with approximately one
female to four males, sex was added as a covariate. Error bars correspond

to 95% CI. Pvalues associated with each S value were corrected for multiple
testing using the false discovery rate (FDR) method (full circles correspond to
corrected P< 0.05). The number of individuals with available data is shown for
eachregression. For age at developmental milestones, age is given in months
and higher valuesindicate higher age. b, Distribution of trait values for 1Q
score bin and age of first words for carriers and non-carriers of S-LoFs. Vertical

linesindicate average values. ¢, S values associated with autism PGS from
multivariable regression analyses of autism diagnosis, SCQ t-score, IQ score
bin, autism factors and developmental milestones. S values associated with
autism PGS correspond to regression analyses with S-LoFs in constrained genes
withautism OR > 10 considered as covariates (Supplementary Tables 4 and 5
show complete results). Regressions performed on individuals from the SSC
and SPARK samples. To correct for the biased sex ratio among individuals with
autism, with approximately one girl to for boys, sex was added as a covariate.
Error bars correspond to 95% CI. Pvalues associated with each S value were
corrected for multiple testing using the FDR method (full circles correspond to
corrected P < 0.05). The number of individuals with available datais shown for
eachregression. For age at developmental milestones, age is given in months and
higher valuesindicate higher age. d, Distribution of trait values for IQ score bin
and age of first words for individuals in the first, fourth and tenth decile of the
autism PGS distribution. Vertical lines indicate average values.

example, unemployment and non-home ownership) (Supplementary
Table 5), showed thatindividuals carrying S-LoFs in autism-associated
genes displayed on average lower fluid intelligence (estimated §=-0.19

and-0.37for S-LoFsingenes withautism OR <10 and >10, respectively),
qualification (estimated OR = 0.82 and 0.49), income (estimated
OR=0.62and 0.51) and higher material deprivation (estimated §=-0.2
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Fig. 5| Phenotypic effects of rare variants in autism-associated and
constrained genes among undiagnosed individuals. a, Phenome-wide
association study of the effect of S-LoFs in autism-associated genes using the
PHESANT software on 18,224 traits from the UK Biobank (Methods). Pvalues
were corrected for multiple testing using the FDR method and shown for all
tested phenotypes (complete results shown in Supplementary Table 6). Traits
were classified according to the broad category defined in the UK Biobank
database. FVC, forced vital capacity; FEV,, forced expiratory volumein1s; PEF,
peak expiratory flow. b, OR (logistic regressions) and standardized g values
(linear regressions) associated with variant presence and autism PGS from
multivariable regression analyses of socioeconomic traits and fluid intelligence,
stratified by gene type and autism OR of genes carrying the variants (Methods).

The Townsend index measures were reversed so that higher material deprivation
was indicated with anegative sign. The f values associated with autism PGS when
S-LoFsin constrained genes with autism OR > 10 are considered in the regression
analysis are shown (Supplementary Tables 4 and 5 show complete results).

Error bars correspond to 95% CI. Pvalues associated with each S value were
corrected for multiple testing using the FDR method (full circles correspond to
corrected P< 0.05). The number of individuals used in the regression analyses
was as follows: fluid intelligence, n = 112,614; income, n = 162,968; qualification,
n=156,483; and Townsend deprivation index, n =188,630. ¢, Distribution of
incomes and fluid intelligence scores are shown for carriers and non-carriers of
S-LoFsinautism-associated genes among undiagnosed UK Biobank individuals.

and -0.15 for reversed Townsend index) compared to non-carriers
(Fig. 5b,c). These associations were stronger for S-LoFs in
autism-associated genes thanin constrained genes. We further inves-
tigated the effect of S-LoFs within more homogeneous subgroups
based on their cognitive and socioeconomical scores and observed
that the highest effect sizes of S-LoFs were found for the subgroups of

individuals with lower scores of fluid intelligence, income, qualification
and higher scores of the Townsend deprivationindex (Extended Data
Fig.8).Notably, in contrast to theimpact of S-LoFs, the autism PGS was
positively associated with fluid intelligence and qualification level;
however, as for S-LoFs, the autism PGS was also associated with
increased level of the Townsend deprivationindex (Fig. 5b). Altogether
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Fig. 6 | Effect of genetic variants on brain anatomy and participation to
questionnairesin the UK Biobank. a, Distribution of total cortical surface
area and thickness for carriers and non-carriers of S-LoFs in autism-associated
or constrained genes (left). The values shown were corrected for age, sex and
scanningsite. Gene symbols are indicated for individuals with surface area or
thickness values over 2 standard deviations from the mean (z-scored values <-2
or >2) and carrying S-LoFs in autism-associated genes. Standardized S values
associated with variant presence and autism PGS from multivariable regression
analyses of brain anatomy among UK Biobank undiagnosed individuals (right).
Error bars correspond to 95% Cl. Total values for cortical thickness, surface area

and volume were measured as the sum of all 68 regions (Methods). S-LoFs in
autism-associated and constrained genes were grouped to increase sample size
(Supplementary Table 7 shows complete results). P values were corrected for
multiple testing using the FDR method. b, OR of participation when carrying a
variant among UK Biobank undiagnosed individuals (n = 188,856 individuals) for
S-LoFsinautism-associated and constrained genes and for S-SYNs in autism-
associated genes. Error bars correspond to 95% CI. Pvalues were corrected

for multiple testing using the FDR method for each gene set and variant type
independently (full circles indicate corrected Pvalues < 0.05).

our results on a large sample of individuals with autism and undiag-
nosed individuals indicate that S-LoFs mostly affect the cognitive
skills of individuals rather than their socio-communication abilities,
as previously reported for large copy-number variants or de novo
single-nucleotide variants”*™,

Several autism-associated variants have been shown to modify
brain structure®** and we finally questioned whether S-LoFs or the
autism PGS had an impact on brain anatomy using magnetic reso-
nance imaging (MRI) data from 21,040 UK Biobank individuals. To
increase our prediction power, we grouped the 1,675 carriers of S-LoFs
in autism-associated or in constrained genes and tested whether car-
riers of S-LoFs displayed differences in global and regional cortical
volume, thickness and surface area, as well as global and regional
subcortical volume, using multivariable linear regression analyses
(Supplementary Table 7and Methods). The age, sex and scanning site
of individuals were added as covariates to account for their effect on
the variation in brain structure. We observed that neither S-LoFs nor
autism PGS was associated with differences in distribution of global
cortical or subcortical metrics (Fig. 6a) and that S-LoFs carriers did
not display higher deviation in these metrics than non-carriers (Sup-
plementary Table 7). We found significant associations of S-LoFs and
autism PGS with some specific brain regions (Extended Data Fig. 9),
which seemed largely independent from environmental factors such
as early-life trauma, which were previously shown to contribute to
brain anatomy differences® (Supplementary Fig. 5 and Supplemen-
tary Table 7). Notably, partitions of the autism PGS based on specific
gene sets were associated with anatomical metrics of different brain
regions (Supplementary Fig. 6). The investigation of the genetic and
environmental context that contribute to such brain structure differ-
ences would, however, require larger sample sizes®®.

UK Biobank individuals are not a perfectly accurate representa-
tion of the general population® and participation bias has a genetic
component®**’, We observed a significant negative effect of S-LoFs
on response to questionnaires exploring qualification level, income
and fluid intelligence (Fig. 6b, Supplementary Table 8 and Methods).

This effect was higher for S-LoFs in autism-associated genes than for
constrained genes and was absent for S-SYNs in autism-associated
genes. Participation in brain MRI scanning showed the same trend,
suggesting that the imaging subsample also presents a participation
bias*’. These results provide additional support that the UK Biobank
sample may suffer from a ‘healthy volunteer bias’, which alters our
ability to quantify the actual effect of genetic variants.

Discussion

Insummary, by systematically analyzing WES data of more than 13,000
individuals with autism and 210,000 undiagnosed individuals, we
estimated the autism OR of rare LoF variants in 185 genes associated
with autism. As expected, the genes with the highest autism ORs (for
example DYRK1A, GRIN2B, SCN2A and SYNGAPI) were those repeatedly
identified as affected by de novo variantsinindependent genetic stud-
ies of autism. The reasons why some individuals carrying the S-LoF
will have a diagnosis of autism and some do not, probably depend on
additional genetic, societal and environmental factors. In addition,
the location of the variant in the encoded protein can be critical*'. We
found two undiagnosed individuals who carried S-LoFs impacting
SHANK3 (Supplementary Fig. 3), but these variants were identified in
exonslocatedinthe 5’ region of the gene and affected the a-isoform of
SHANK3, which was known to be associated with milder phenotypes*
compared to otherisoforms*. Hence, inaddition to agene-level estima-
tion, an exon or even site-specific estimation might be more accurate
toassess the penetrance of the LoF variants**, but this level of accuracy
will require even larger sample size cohorts.

In the unselected (or undiagnosed) population, we observed a
correlation between carrying aS-LoFs and having lower income, quali-
fication level and fluid intelligence and higher material deprivation
(Fig. 5b, Supplementary Table 9 and Methods). This small effect on
the socioeconomic status of the carriersis expected for LoF variantsin
genes known to be associated with cognitive impairmentinindividu-
als with autism (Fig. 4a,b)’. The underlying mechanisms linking the
presence of genetic variants to the various social and health-related
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outcomes are complex and our findings do not represent causal rela-
tionships. For instance, these relationships could reflect generational
effects (differencesin expectations betweenindividuals from different
generations) or thefact thatsociety does not provide adequate support
to individuals with increased genetic likelihood for autism. Of note is
the inverse relationship between autism PGS and fluid intelligence
andincome. Increasing autism PGSis associated with increase in fluid
intelligence scores but reduced income, in stark contrast to the posi-
tive correlation observed betweenintelligence and income®. Although
speculative, this could be indicative of the lack of social support that
does notenable this group of individuals to flourish economically. The
UK Biobank s also not entirely representative of the general population
andtheresultswarrantreplicationinanexternal cohortand additional
research should be made toidentify genetic, social and environmental
resilience factors that influence how individuals with certain charac-
teristics can flourish better.

Sex could be a factor modulating the penetrance of genetic vari-
ants. For some specific genes or pathways, penetrance of genetic
variants could be different in males and females"*®. For example,
inherited variants in autosomal genes such as SHANKI have been
reported to be more frequently transmitted by mothers and lead to
autism preferentially or exclusively inmales*. In our study, we observed
a significant enrichment of females with autism carrying S-LoFs in
autism-associated genes compared to males with autism, as previously
reported”?’. While our sample size was relatively large, it was not large
enough torobustly investigate the gene-level autism OR of S-LoFs for
males and females independently (Extended Data Fig. 10). We did not
observe overall differences in sex ratio among non-autistic carriers of
S-LoFs affecting autism-associated genes, as previously reported for
parents of children with NDDs*® or for non-autistic siblings®*®. These
results suggest that males and females are equally sensitive to S-LoFs in
autism-associated genes. A potential explanation could be that S-LoFs
are more prevalent genetic factors of autism in females because they
may be less sensitive to lower loads of rare genetic variations and lower
autism PGS compared to males (Extended Data Fig.10)"*.

The genetic background could also modulate the penetrance of
LoFs as recently reported in carriers of the 22q11 deletion in schizo-
phrenia®. In our study, we observed significant independent effects
of S-LoFs and autism PGS on autism-related traits, but could not detect
asignificantinteraction between them, suggesting these two genetic
factors act independently on autism?. Interactive effects, however,
aredifficult to demonstrate and we might be underpowered to detect
suchinteraction®, especially if the interplay between rare and common
variants diverges from one gene to another. Integration of additional
polygenic scores based on functional gene sets and for other traits (for
example attention deficit hyperactivity disorder, IQ or educational
years), as well as data related to expression levels (expression quanti-
tative trait loci) in larger samples, is warranted to better understand
the modifier effects of common variants on the phenotype of carri-
ers’®**and to enhance our understanding of the biological pathways
associated with autism?***, Epigenetic/environmental and stochastic
factors mightalso modulate the penetrance of the genetic variants, but
large-scale data to detect their impactare lacking so far**.

Finally, social environments also influence whether people with
autistic traitsreceive adiagnosis and thereis still progress to be made
onasocietal level to enable people with all different neurological and
developmental diversities to thrive. For example, educational settings
might not be always tailored to the needs of individuals with autistic
traits, which could have important consequences on their chances
later in life. Such confounding factors should be considered in future
studies investigating the association of genetic variants with autistic
and, more generally, neurodevelopmental traits.

To conclude, we show that LoF variants in autism-associated genes
donotalways resultinaclinical diagnosis of autismin individuals but
could influence the global functioning of the carriers as indicated by

cognitive and socioeconomic metrics. Such fine-grained investigation
ofthe effect of variants in autism-associated genes hasimportant con-
sequences for clinical counseling as they supportacomplexinterplay
between gene-level variations and clinical outcome®*¢, Genetic varia-
tions might directly affect protein function, but thereis along develop-
ing process shaped by environmental and stochastic factors that will
ultimately lead to socioeconomic and cognitive phenotypes. Future
large-scale studies integrating environmental data and sub-diagnostic
criteriashould allow a better understanding of how some individuals
cancopewiththe consequences of carrying such variations. Large-scale
projects such as UK Biobank or the ‘All of us’ research program® will
enable the investigation of individuals with similar genetic variants,
but with different outcomes. Such projects should contribute to a
better understanding of both risk and resilience in a larger context
taking into account developmental diversity and genetic, social and
environmental factors.
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Methods

Ethical approval

Informed consents from all individuals were obtained according to
following ethics clearances. The SSC is a multisite effort gathering
12 recruitment sites and informed consents were obtained from all
participantsincludedin eachsite at the time of their initial enrollment
and centralized by the Columbia University Institutional Review Board
(IRB) under the protocol AAAC6306(MO00Y17). All SPARK participants
were recruited under a centralized IRB protocol (WCG IRB protocol
no. 20151664) and provided written informed consent to take partin
the study. Participants of the UK Biobank study provided informed
consentand ethical approval was provided by the UK’s National Health
Service, National Research Ethics Service (Ethics Committee refer-
ence no.11/NW/0382). Data analyses were conducted in accordance
with the following research projects that have been deemed exempt
under 45 CFR 46.104.d(4)(ii) by Institut Pasteur IRB: IRB-DB_2019-01
(SSC cohort), IRB2020-K-Exempt (UK Biobank) and IRB-DB_2019-03
(SFARI). The authors confirmthat the manuscript complies with cur-
rent policies on vulnerable groups and uses current language related
to autism’s,

A note on terminology

Throughout the manuscript, we use the term ‘individuals with autism’
torefer toindividuals who have adiagnosis of autism. This person first
terminology is preferred by many but not allindividuals with autism. We
use the term ‘undiagnosed individuals’ to refer to parents and siblings
ofindividuals with autismwho do not have a diagnosis and individuals
from the UK Biobank who also have not indicated that they have an
autism diagnosis. We note that some of these individuals may have an
autism diagnosis thatis not recorded in the datasets used. We further
note that some of these individuals may be autistic but may not have
received aformal diagnosis.

Samples

For the SSC, SPARKv1 and SPARKv2 cohorts, we downloaded genetic
and clinical data from SFARI Base (https://sfari.org/sfari-base). For
the SSC cohort, we selected 10,141 individuals with both WES and
single-nucleotide polymorphism (SNP) array data, who were not twins
and did not show a high number of erroneous variant calls (families fil-
tered out,12958,14572 and 11037). For the SPARKv1 cohort, we selected
19,671 individuals with both WES and SNP array data, who were not
withdrawn, not twins and not showing excessive number of variants
or abnormal age, and from families in which both parents were undi-
agnosed and had available genetic data. For the SPARKv2 cohort, we
selected 5,970 individuals with both WES and SNP array data, who were
not withdrawn and from families in which both parents were undiag-
nosed and had available genetic data. For simplicity, the SPARKv1 and
SPARKv2 samples were merged into one SPARK sample.

For the UK Biobank cohort, we downloaded genetic, demographic
and brainimaging data from the UK Biobank database (project 18584).
We sselected 200,428 individuals with both WES and SNP array data, not
twins (kinship < 0.4 fromrelationship file of UK Biobank) and who did
notreportautism-related symptoms (based onICD10-F84 index or the
autism diagnostic questionnaire).

For the aggregated iPSYCH sample, we downloaded tabular files
for each gene of interest from the Autism Sequencing Consortium
website (https://asc.broadinstitute.org/) and calculated the maximum
allele numbers per status for all variants, corresponding to 4,811 indi-
viduals with autism and 5,214 undiagnosed individuals.

Autism and constrained gene sets

We focused on coding exons of 220 autism-associated genes: genes
fromthe SFARI Gene database withascore of 1 (https://gene.sfari.org/
database/human-gene/), 102 genes from a recent case—control study
of rare variations® and 157 genes robustly associated with autism in

multipleindependent studies and unrelated individuals by the SPARK
committee (http://sparkforautism.org) (Supplementary Table 1).

Constrained genes were defined based on suggested thresholds
ofthe LoF observed/expected upper bound fraction < 0.35or the prob-
ability of LoF intolerance > 0.9, both extracted from the gnomAD web-
site (https://gnomad.broadinstitute.org)™.

The present study focused on autosomal genes and we filtered out
the genes with an evidence of recessive type of inheritance'.

For sex-specific analyses of autism OR, all autism-associated genes
onthe X chromosome were also considered for male-specific analyses
and only if they had no evidence of a recessive type of inheritance for
female-specific analyses (dominant, ARHGEF9, CASK, CDKLS, DDX3X,
FMRI1, HNRNPH2, IQSEC2, MECP2, NEXMIF, PCDH19 and USP9X; and
recessive, AFF2, ARX, ATRX, KDM5C, NLGN3, NLGN4X, PTCHD1, SLC9Aé6,
SYNIand UPF3B).

Other neurodevelopmental and functional gene sets
Cognitive impairment, epilepsy and neurodevelopmental disorder
genes were extracted from our previous work™. Briefly, cognitive
impairment genes were those identified as ‘primary’in the SysID data-
base (https://sysid.cmbi.umcn.nl/), epilepsy genes extracted from six
databases (The Lafora Gene Mutation Database, The Epilepsy Genetic
Association Database, CarpeDB, EpilepsyGene, GenEpi and MeGene)
and NDD genes from the Gene2Phenotype genes classified as associ-
ated with NDDs, restricted to those annotated as ‘brain’ or ‘cognition’.

Functional annotation of synaptic proteins were taken from
SynGO* and transcription proteins were extracted from Gene Ontol-
ogy term transcription, DNA templated®’.

Microcephaly and macrocephaly genes were extracted from our
previous work® and are available at https://genetrek.pasteur.fr/.

Gene coexpressionmodules in autism versus control brains were
extracted from previous work by Voineagu et al.**. Module annotations
to cell types were also extracted from this study.

SNP arrays

For the SSC sample, the GRCh36-based SNP array data for the three
different technologies (Illumina OmnilMvl, n =1,354; OmnilMv3,
n=4,626;and Omni2.5, n = 4,240) were downloaded from SFARI Base
(https://sfari.org/sfari-base) and 15 individuals were removed because
they were twins. Arrays from each technology were mapped onto
the GRCh37 human genome version separately. We downloaded the
preprocessed GRCh37-based genotyping files 0f 26,879 SPARKv1 and
15,904 SPARKV?2 participants from SFARI Base. SSC and SPARK geno-
typing files were filtered from ambiguous SNPs (A/T and G/C SNPs if
minor allele frequency (MAF) > 0.4; SNPs with differing alleles; SNPs
with >0.2allele frequency difference; and SNPs not in reference panel)
andimputed onthe Haplotype Reference Consortium panel v.rl.1(ref.
62) onthe Michigan servers with default parameters®. GRCh37-based
imputed genotyping files for 200,080 UK Biobank individuals were
downloaded fromthe UK Biobank database (projects 51869 and 18584).
After imputation we kept only variants with ar? > 0.8 and merged the
three different SNP array technologies from the SSC sample keeping
only SNPs shared between all three technologies.

Admixture

We used the 1000 Genomes sequencing data of 2,504 individuals as
a reference group of individuals of known ancestry®*. We selected
the 1000 Genomes SNPs that were present in the SSC, SPARKv1 and
SPARKV2 datasets to perform a combined admixture for SFARI Base
samples and 1000 Genomes SNPs that were presentin the UK Biobank
dataset to perform aseparate admixture, using the Admixture v.1.3.0
tool®* onone to eight clusters. SSC, SPARKv1 and SPARKv2 genotypes,
aswellasUK Biobank genotypes, were projected on the corresponding
admixture models based on 1000 Genomes data and we selected five
clustersfor separating the individuals by ancestry, corresponding toa
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low cross-validation error in both admixture models (Supplementary
Fig.1).Based onthereference EUR super-population, we used afraction
ofeachindividual’s SNPs predicted as European ancestry threshold of
>60%to define individuals as being of European ancestry, resultingin
8,067,15,360, 4,346 and 188,856 individuals in SSC, SPARKv1, SPARKv2
and UK Biobank samples, respectively.

Whole-exome sequences

We downloaded the GRCh37-aligned BAM files of 8,960 SSC partici-
pants from SFARI Base (https://sfari.org/sfari-base). We then called
the variants using GATK v.3.8 following the Broad Institute Best
Practices®® and lifted over all variants to the GRCh38 human genome
version. We downloaded the preprocessed GRCh38-based pVCF
files of 27,270 SPARKv1 and 16,004 SPARKv2 participants from
SFARI Base. All functional-equivalent GRCh38-based pVCF files for
200,642 UK Biobank participants were downloaded from the UK
Biobank database (projects 51869 and 18584). All variants from
SSC, SPARK and UK Biobank samples were filtered for call rate > 0.9,
genotype quality > 30, depth > 20, allelic fraction > 0.25 (and <0.75
for autosomal variants). Tabular lists of variants from the aggregated
iPSYCH samples were downloaded from the Autism Sequencing
Consortium website (https://asc.broadinstitute.org) and mapped
tothe GRCh38 human genome version (using chain file hg19toHg38.
over.chain.gz).

We used VEP® (using Ensembl 101) to annotate the variants.
Non-neuro (individuals who were not cases of a few particular neu-
rological disorders), non-Finnish European population frequencies
were extracted using gnomAD exomes r2.1.1 (ref. 13). Variants with a
MAF > 1%, presentin >1% of each sample or affecting genes that were
recurrently found mutated across different individuals in different
families (MUC4, MUCI12,HLA-A, HLA-B, HYDIN, TTN, PAXS, OR2T10 and
MYH4), were filtered out. We used Loftee” to filter low-confidence
variants or variants corresponding to ancestral alleles, as well as
variants annotated with any flag by Loftee. All LoF variants affect-
ing autism-associated genes were visually validated with Integra-
tive Genomics Viewer® on BAM/CRAM files for SSC, SPARK and UK
Biobank samples.

We also performed further quality control for S-LoF annotation
by visualizing the phase of variants for individuals carrying multi-
ple nucleotide variants (MNVs) in the close vicinity of the originally
reported S-LoF variants. SuchMNVs, ifin phase with the original S-LoF,
could modify the effect of the variant on the encoded protein (changing
from LoF to missense or synonymous variants). We filtered out 111 and
3,787 S-LoFsinautism-associated and constrained genes, representing
1.9% and 3.6% of the initial dataset, respectively.

For the independent regression analyses on autism status in
the iPSYCH sample, we performed additional quality control (QC)
steps on the 236 S-LoFs in autism-associated genes and 1,345 S-LoFs
inconstrained genes. Theinitial QC steps for the iPSYCH Danish Blood
Spot WES data have been described previously®. Briefly, after the
firstround of sample-level and variant-level QC, three call-rate filters
were used subsequently, (1) remove variants with a call rate < 90%;
(2) remove samples with a call rate < 95%; and (3) remove variants
with a call rate < 95%. Between the sample call-rate filter and the final
variant call-rate filter, one of each pair of related samples (related-
ness as a pi-hat value > 0.2) was removed. Subsequently, we selected
for this study the individuals diagnosed with autism no later than
by the end of 2016. This gave us a study sample of 4,622 cases and
4,753 undiagnosed individuals. We defined rare variants as having
anallele count no greater than five across our dataset (n = 9,375) and
the non-Finnish Europeans from non-psychiatric exome subset of the
gnomAD (n =44,779). We matched these S-LoFs to the original S-LoFs
and identified 138 out of 236 S-LoFs in autism-associated genes and
767 out of 1,345 S-LoFs in constrained genes in iPSYCH. Replication
analyses were based on these S-LoFs.

Relative position on encoded protein and pext score

We annotated therelative position of the variants on the encoded pro-
tein using the Loftee coding sequence (CDS) position when available
or VEP CDS position otherwise and the CDS size for each transcript
from BioMart (https://www.ensembl.org/biomart/martview/). To
measure exon usage in different isoforms of each gene within brain
tissues, we downloaded the base-level pext score from the gnomAD
website (https://gnomad.broadinstitute.org)®. Briefly, the pext score
summarizes the isoform expression values across tissues and allows
measurement of the expression status of exonic regions across tis-
sues, at the exon level. For each exon of each gene, we selected the
maximum value of the pext measures from 13 brain tissues (amygdala,
anterior cingulate cortex BA24, caudate basal ganglia, cerebellar
hemisphere, cerebellum, cortex, frontal cortex BA9, hippocampus,
hypothalamus, nucleus accumbens basal ganglia, putamen basal
ganglia, spinal cord and substantia nigra). For splice-site variants, we
measured the relative position and pext score based on the closest
codingexon (position of the variant 3 bp). We finally filtered variants
using the pext score, reflecting how much the corresponding exon
was expressed in brain tissues.

Gene-level autism odds ratio

Theautism ORwas measured to estimate the strength of the association
betweenoutcome (autismdiagnostic) and geneticrisk factors (carrying
an LoF variant) for each gene, using the following formula:

N_Cartiers i, nosed X 1_NONCAITIErS ; giponosed

autism OR =

n_carriers, RS n_noncarrlersdiagnased

undiagnose:

Given the large difference in sample size between diagnosed
and undiagnosed individuals and given that the definition of rarity of
variants depends onthe sample size, we performed 100 iterations of a
sub-sampling procedure: (1) randomly selecting as many undiagnosed
individualsasdiagnosedindividuals and (2) selecting singletons among
diagnosed individuals and among undiagnosed individuals separately.
We then used the average number of carriers among undiagnosed
individuals to estimate the autism OR for each gene. To compare the
autism OR to what would be expected by chance given our samples,
we also performed abootstrapping procedure, randomly selecting as
many individuals as diagnosed individuals, artificially labeling them
as diagnosed and labeling the rest of the sample as undiagnosed and
measuring the autism OR using the same algorithm. We ran this pro-
cedure10,000times, measured for each gene the number of times (M)
the expected autism OR was higher or equal to the observed autism
OR, divided it by the number of bootstraps performed (N) and used
the (M+1) /(N +1) ratioasanempirical Pvalue. The 95% Cl around this
empirical Pvalue was measured using the following formula to assess
the degree of certainty of the empirical Pvalue:

95%Cl = P+196 x | LXA=P)
N+1

We verified that all reported signals for the analyses described
in the manuscript were similar when restricting the analyses to genes
with autism ORs significantly higher than expected by chance (upper
fraction of the 95% Cl of the empirical Pvalue < 0.05), with the excep-
tion of the significance of the brain anatomy results that were insuf-
ficiently powered.

Developmental brain gene expression

The developmental brain transcriptome data from 42 specimen and
up to 16 brain structures were downloaded from the Allen Brain Atlas
BrainSpan database (https:/www.brainspan.org/). Only expression
reads per kilobase of exon model per million mapped reads values >1
were considered for expression analysis. Values for each gene were
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averaged across four brain regions and eight developmental periods
as previously described”. Brain regions were defined as follows: R1,
posterior inferior parietal cortex, primary auditory cortex, primary
visual cortex, superior temporal cortex, inferior temporal cortex; R2,
primary somatosensory cortex, primary motor cortex, orbital prefron-
tal cortex, dorsolateral prefrontal cortex, medial prefrontal cortex,
ventrolateral prefrontal cortex; R3, striatum, hippocampus, amyg-
dala; and R4, mediodorsal nucleus of the thalamus, cerebella cortex.
Developmental periods were defined as follows: P1, early fetal; P2, early
mid-fetal; P3, late mid-fetal; P4, late fetal; P5, infancy; P6, childhood;
P7,adolescence; and P8, young adult. Note that only one individual was
available for PIR4 inthe BrainSpan database; the corresponding period/
region was therefore not investigated in this study. For the analysis of
the correlation between gene expression and autism OR, we artificially
replaced infinite autism OR values by the highest measurable autism
ORin the gene set and the Pearson correlation test was performed in
thelog,,space for both expressionand OR of autism-associated genes.

Autism polygenic score computation

SSC, SPARKvV1, SPARKv2 and UK Biobank imputed genotyping data
were filtered separately from variants absent from >1% of individuals
(geno001 parameter), then variants present in all four samples were
merged with PLINK v.1.9 (ref. 70). The PGS for autism was computed by
using the GWAS summary statistics from iPSYCH and the Psychiatric
Genomics Consortium (PGC)>. To exclude overlap in participants from
thetestand discovery datain the PGS analysis, the GWAS meta-analysis
summary statistics reported” were recalculated with the SSC data
excluded. We used the SBayesR” method of the GCTB tool v.2.02 with
the banded linkage disequilibrium matrix and suggested options
(https://cnsgenomics.com/software/gctb) on the PGC-ASD summary
statistics to estimate the posterior statistics of SNP effects. We finally
computed the autism PGS using PLINK v.1.9 based on SBayesR-derived
statistics for common SNPs (MAF >10%).

We performed a principal-component analysis using PLINK v.2.0
and extracted the four first principal components to control for popu-
lation structure when using the autism PGS in regression analyses.

We also calculated autism PGS values for subsets of genes.
First, we selected the SNPs that fall in a window of +20 kb from the
minimum protein-coding transcript start and stop, to calculate the
gene-specific autism PGS. Transcript start and stop positions were
based on Ensembl annotationv.107. Next, we further selected subsets of
the protein-coding genes corresponding to those presentin the lists of
autism-associated genes, constrained genes, SynGO genes or micro-or
macrocephaly genes. Allnumbers arereportedin Supplementary Fig. 4.

For the iPSYCH replication sample, we used our best genetic pre-
dictor as measure of common variant load, which is generated in part
internally through a 50-fold cross-validation process, where the full
iPSYCH2015 sample”was pruned for related individuals (at pi-hat 0.2)
and splitatrandomin 50 subsets of almost equal size. For each subset,
the index subset, a GWAS was run on the complement using PLINK
v.1.9. Theresults were then meta-analyzed using METAL” with the PGC
summary statistics for autism”. The resulting summary statistics were
filtered for MAF 1% and info-score 0.9 and transformed using LDpred2
tocreatea PGS ontheindex subset™.

Psychiatric, developmental, cognitive and socioeconomic data
The SCQ results for SSC and SPARK samples were downloaded from
SFARI Base (https://sfari.org/sfari-base) and were available for 8,235
probands and 4,176 non-autistic siblings of European ancestry. Sex
assigned at birth was available for 19,706 individuals from the SPARK
sample and 7,809 individuals from the SSC sample. The autism factors
and IQ score bins for SSC and SPARK samples were available for 4,180
probands froma previous study’. Briefly, in the SPARK study, full-scale
IQ scores were available based on parent reports on ten IQ score bins:
<25,25-39,40-54,55-69,70-79,80-89,90-109,110-119,120-129 and

>130. For the SSC samples, full-scale IQ scores were converted into 1Q
bins to match what was available from the SPARK study’. The resulting
IQscorebins were treated as continuous variables. The developmental
milestones for SPARK samples were downloaded from SFARI Base
(https://sfari.org/sfari-base) and were available for 4,722 probands.
The number of developmental disorders was available for 6,910 SPARK
individuals, including 5,630 individuals with autism.

FortheindependentiPSYCH replication cohort, sex was extracted
from the Danish registry database, corresponding to biological sex.
The diagnoses of autism and cognitive impairment were conferred
by the end of 2016 based on the psychiatric central register. We used
theICD10 codes F70-F79 for cognitive impairment diagnoses. There
were 1,017 individuals diagnosed with both autism and cognitive
impairment (with IQ < 70) and 3,605 individuals with autism only
(with1Q > 70).

For the UK Biobank individuals, age when attending assessment
center and genetic sex were available for all 188,856 unselected Euro-
pean individuals. The fluid intelligence test is a simple unweighted
sum of the number of correct answers given to the 13 fluid intelligence
questions and was completed by 112,614 individuals. More information
on the touch-screen fluid intelligence test, along with the questions
asked, is available at the UK Biobank website (https://biobank.ndph.
ox.ac.uk/showcase/refer.cgi?id=100231). A comparative analysis of
this test and other reference tests has been performed”. We used
the highest qualification an individual had achieved (for example
university/college degree and A levels), excluded participants with
only ‘other professional qualifications’ and those who did not provide
ananswer to this question, retaining data for 156,483 individuals and
categorizingin five bands (Certificate of Secondary Education (CSEs)
or equivalent, O levels/General Certificate of Secondary Education
(GCSEs) or equivalent, National Vocational Qualification (NVQ) or
Higher National Diploma (HND) or Higher National Certificate (HNC)
or equivalent, A levels/AS levels or equivalent and college or uni-
versity degree). Annual income was categorized by the UK Biobank
sample in five bands (<£18,000, £18,000-30,999, £31,000-51,999,
£52,000-100,000 and >£100,000) and was available for 162,968
participants. The Townsend deprivationindex isameasure of material
deprivation withinapopulation, assigned to each individual as ascore
corresponding to the output area in which their postcode is located
and was available for 188,630 individuals.

For brain anatomy analyses, early-life trauma variables were
downloaded from the UK Biobank database. Whether individuals were
adopted withayes/no answer was available for 188,443 individuals and
whether individuals felt loved, felt hated, were physically abused by
family or had someone to take them to doctor when needed as a child
for 65,104 individuals. We excluded participants who responded ‘do
not know’ or ‘prefer not to answer’ to these questions.

For participation analyses of qualification level, we considered as
respondent participants who answered ‘other professional qualifica-
tions’,‘CSEs or equivalent’, ‘O levels/GCSEs or equivalent’, 'NVQ or HND
or HNCorequivalent’, ‘A levels/ASlevels or equivalent’ or ‘college or uni-
versity degree’. For participation analyses ofincome, we considered as
respondent participants who answered ‘<£18,000’,‘£18,000-30,999’,
‘£31,000-51,999’,£52,000-100,000’ and >£100,000".

Phenome-wide association study in UK Biobank

We performed aphenome-wide association study of 18,224 phenotypes
presentinthe UKBiobank database (listed in Supplementary Table 6),
for a total of 188,736 individuals. We used the PHESANT software
(https://github.com/MRCIEU/PHESANT)’ with default parameters
and presence of a S-LoF in an autism-associated gene as a trait of
interest (binary trait with ‘genetic = TRUE” and ‘standardize = FALSE’
arguments). Each regression analysis used sex (National Health Ser-
vice recorded or self-reported), age at recruitment and type of array
(BiLEVE or Axiom) as covariates. We extracted the 8 coefficients from
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the combined result output, as well as P values that were further cor-
rected for multiple testing using the FDR method. S coefficients for the
followingtraits were reversed so that lower levels were indicated with
anegative sign: ‘qualifications’, ‘alcohol intake frequency’, ‘education
score (England)’, ‘employment score (England)’, ‘health score (England)’
and ‘income score (England)’.

Brain structural anatomy

Imaging-derived phenotype (IDP) data were downloaded from the UK
Biobank database (projects 40980 and 18584). A total of 68 metrics
for cortical regions and 16 metrics for subcortical regions, calculated
using FreeSurfer and FSL software using the Desikan-Killiany Atlas,
were provided for 21,040 individuals with genetic data. Details of the
acquisition protocol and imaging processing toolbox are available
on the UK Biobank website at https://biobank.ctsu.ox.ac.uk/crystal/
crystal/docs/brain_mri.pdf. Four global IDPs were investigated: total
cortical volume, total cortical thickness, total cortical surface area
and total subcortical volume. The total brain IDPs were obtained by
summing left and right hemisphere global measures. Carriers of S-LoFs
have a slightly lower age distribution compared to non-carriers in
the subsample with imaging data available, although both are in the
40-70-year age range (P=0.015, Mann-Whitney U-test).

Multivariable regression analyses

We performed ordinal logistic regression analyses for autism status

using the below formula. The same formula was used for autism status

and cognitive impairment in the iPSYCH replication sample.
Response ~ By + B;LoF + B,PGS + B;sex + B4LoF x PGS

+ BsPCl + BsPC2 + ,PC3 + BgPC4 + €

We performed linear regression analyses for SCQt-score, IQ score
bins, autism factors and developmental milestones onindividuals with
autism using the following formula:

Response ~ Bg + B;LoF + B,PGS + S;sex + B4LoF x PGS

+ BsPCl + BcPC2 + 3,PC3 + BgPC4 + €

We performed linear regression analyses for fluid intelligence
score and Townsend deprivation index on UK Biobank individuals
using the following formula:

Response ~ Bg + B;LoF + B,PGS + B;sex + 84LoF x PGS

+ Beage + B7PClL + BgPC2 + BoPC3 + B,oPC4 + €

We performed ordinal logistic regression analyses forincome and
qualification level on UK Biobank individuals.

Response ~ B;LoF + ,PGS + B3;sex + B4LoF x PGS
+ fBeage + B;PCL + BgPC2 + BoPC3 + BoPC4 + €

For brain anatomy among UK Biobank individuals, multivariable
linear regressions were performed separately for global cortical thick-
ness, surface area, volume and subcortical volume z-scored IDPs with
the following formula, with the site variable representing the location
where the scan was performed:

Response ~ B + B;LoF + B,PGS + B3sex + B,age + BsLoF : PGS

+B6LOF : sex + B,LoF : age + Bgsex : age + Boage? + Pigsite + &

Multivariable linear regressions were performed separately for
each 68 cortical regions and 16 subcortical regions using the follow-
ing formula, adding the total measure for each metric (for example
global cortical volume for the volume of the 68 cortical regions) as
acovariate:

Response ~ B, + f;LoF + B,PGS + f3sex + §,age
+ BsLoF : PGS + S¢LoF : sex + B;LoF : age

+Bssex : age + Poage? + Bypsite + By total + €

Multivariable regressions on brainanatomy were also performed
with early-life trauma and Townsend deprivation index as covariates,
using the following formula:

Response ~ By + B;LoF + B,PGS + B3sex + B age + BsLoF : PGS
+B6LOF : sex + B;LoF : age + Bgsex : age + Boage?
+ Piosite + fyitrauma/Townsend index
+ B LoF : trauma/Townsend index

+ B13PGS : trauma/Townsend index (+f4total) + €

Forregressions notinvolving brainanatomy, PC1-4 represent the
first four principal components of the principal-component analysis
based on genotyping data. Results were presented as standardized
B coefficients. To evaluate the significance of results, we used the Ben-
jamini-Hochberg FDR method for Pvalue correction. Multiple testing
correctionwas applied separately for each covariate and independently
for (1) autism status, SCQ ¢-score, IQ score bins and autism factors; (2)
developmental milestones; and (3) socioeconomic and fluid intelli-
gence features. For multivariable analyses of brain anatomy, multiple
testing correction was applied to all regressions together.

For the estimation of the effect size of S-LoFs on socioeconomic
status among UK Biobank individuals, we used the linear regressions
described above for fluid intelligence score and Townsend depri-
vation index. For income, we assigned with each category the mid-
point of the range: <£18,000 = £15,000; £18,000-30,999 = £24,500;
£31,000-51,999 = £41,500; £52,000-100,000 = £76,000; and
>£100,000 = £150,000. For education years, we assigned years of
completion to each qualification level as follows: CSEs or equivalent = 0
years; O levels/GCSEs or equivalent = 2 years; NVQ or HND or HNC or
equivalent =2 years; A levels/AS levels or equivalent = 3 years; and
college or university degree = 6 years. All linear regressions used to
estimate the effect of S-LoFs used the following formula:

Response ~ By + BiLoF + B,PGS + B3sex + B4LoF x PGS + Bsage
+ B7PC1 + BgPC2 + BoPC3 + B1oPC4 + €

Statistical analyses

Most of the statistical analyses in this work were performed using
statistical test implementations from Python libraries scipy’” and
statsmodels’. If not otherwise stated, analyses, including adjusting
P values for multiple testing, used the Benjamini-Hochberg control
for FDR”.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Researchers can obtain the whole-exome and SNP genotyping data
from the SSC and SPARK cohorts used in this study by applying at
https://base.sfari.org. The UK Biobank whole-exome, SNP genotyping,
phenotypicand brainimaging data can be obtained by applying at the
UK Biobank database (https://www.ukbiobank.ac.uk/). The humanneu-
rodevelopmental transcriptome dataset is available on the BrainSpan
database (http://www.brainspan.org). Functional annotations can be
obtained from SynGO (https://syngoportal.org/) and Gene Ontology
(http://current.geneontology.org/annotations/goa_human.gaf.gz).
Human reference genomes were obtained from https://www.ncbi.
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nlm.nih.gov/grc/human. Electronic health records and healthcare
claims data used in the present study for the UK Biobank individuals
arenot publicly available due to patient privacy concerns. Prevalence
and autism OR measures can be visualized and downloaded on https://
genetrek.pasteur.fr/.

Code availability

Code used to implement the post-processing analyses in this
paper is available at https://github.com/thomas-rolland/
subdiagnostic-autism-variants.
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Extended Data Fig. 2| Comparison of autism OR with LoF deleteriousness
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are shown. (d) Fraction of autism-associated genes passing the thresholds for
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Two-sided Pearson correlation coefficients and p values when comparing autism

with autism OR

OR, pLIscores, LOEUF scores and fraction of LoFs among ClinVar pathogenic
variants. P values were corrected for multiple testing using the FDR method.

The ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/) was downloaded
inJuly 2022, variants annotated as ‘pathogenic’ were extracted and separated
between LoF (‘nonsense’, ‘splice_acceptor_variant’, ‘frameshift_variant’, ‘splice_
donor_variant’, ‘stop_lost’) and missense variants based on the consequence field.
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Extended DataFig. 3| Gene-level autism OR as a function of number of
carrying individuals or families, average pextin brain tissues and relative
positionin encoded protein. Proportion of individuals carrying S-LoFs
stratified by autism status (top), and corresponding gene-level autism ORs
(bottom) as a function of thresholds in pext score, relative position on encoded
protein and number of individuals or families. The fraction of undiagnosed
individuals carrying S-LoFs corresponds to the average fraction of individuals
inthe 100 sub-sampling (Methods). Error bars correspond to standard errors

Proportion of S-LoF carriers (%)

autism OR

Mann-Whitney U-tests.

ofthe proportions. The thresholds correspond to S-LoFs that were presentin
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more than 10% of the brain-expressed transcripts, truncating more than10%

of the encoded protein, thatis not in the last 10% of the protein sequence, and/
or found in only one family or individual. The number of genes for which we
find at least one diagnosed individual carrying a variant is indicated. Box plots
representing minimum, first quartile, median, third quartile, maximum values,
with outliers defined as first quartile minus 1.5 times the interquartile range
and third quartile plus 1.5 times the interquartile range. P values from two-sided
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bars correspond to standard errors of the proportions. P values corrected for
multiple testing using Bonferroni method for each variant type and gene set.
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SSC: Simons Simplex Collection (n = 2,041 individuals with autism, 1,944 siblings,
2,041 mothers and 2,041 fathers), SPARK: Simons Powering Autism Research

for Knowledge (n = 6,239 individuals with autism, 2,344 siblings, 5,559 mothers
and 5,559 fathers), iPSYCH: The Lundbeck Foundation Initiative for Integrative
Psychiatric Research (n = 4,811 individuals with autism, 5,214 undiagnosed
individuals), UKB: UK Biobank (n = 188,856 undiagnosed individuals).
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Extended Data Fig. 7| Regression analysis for the effect of S-LoFs and autism
PGS on autism status and cognitive impairment in the iPSYCH sample.

Odds ratio associated to variant presence and autism PGS from multivariable
regression analyses of autism status and cognitive impairment (Methods).

The odds ratio associated to autism PGS when S-LoFs in constrained genes with

autism OR >10 are considered in the regression analysis are shown. Error bars
correspond to 95% confidence interval. P values associated with each beta value
were corrected for multiple testing using the FDR method (full circles indicate
corrected p < 0.05). The number of individuals with available data is shown.
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Extended Data Fig. 8 | Regression results for socioeconomic and cognitive fluid intelligence, the median of the distribution of values among S-LoF carriers
traits in different socioeconomic and cognitive strata. Odds ratio (logistic was used to split the dataset (respectively z-scored reversed Townsend index of
regressions) and standardized beta values (linear regressions) associated to 0.12092671 and fluid intelligence score of —0.10951938). For income, we chose to
variant presence and autism PGS from multivariable regression analyses of splitindividuals below and above £31,000, and for qualification below and above
socioeconomic traits and fluid intelligence, stratified by gene type and autism OR  Alevels or equivalent. This procedure allowed to splitindividual carrying S-LoFs
of genes carrying the variants, alternatively focusing on individuals within low into two partitions of approximately the same size. Error bars correspond to 95%

and high range of values for each feature (Methods). For the Townsend index and confidenceinterval. Legend asin Fig. 5b.
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Extended Data Fig. 9 | Brain maps showing the standardized beta coefficients
associated to variant presence and autism PGS. Standardized beta coefficients
associated to variant presence and autism PGS from multivariable linear
regression analyses of brain sub-regions. P values were corrected for multiple
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Extended Data Fig. 10 | Autism OR among male and female individuals. (a) For
each autism-associated gene, the autism OR among male individuals is compared
to the autism OR among female individuals. Some genes were not found mutated
among either male or female individuals with autism. The gene-level autism
ORwas measured using the sub-sampling procedure described in Methods,
randomly selecting 1,596 and 6,683 individuals, that is the total number of female
and male individuals with autism in the studied sample, for each autism status

100 times. For genes on the X chromosome (highlighted in red), we selected
genes with dominant mode of inheritance for female individuals (for example
MECP2), and we did not filter for inheritance mode for male individuals. (b)
Fraction of individuals with autism (left) and male:female ratio (right) stratified
by S-LoF presence and autism PGS. S-LoFs were divided between those identified
ingenes with autism OR below or above 10, and autism PGS was divided into
terciles. For male/female ratios, the estimated numbers are shown.

Nature Medicine


http://www.nature.com/naturemedicine

nature portfolio

Corresponding author(s): Thomas Rolland, Thomas Bourgeron

Last updated by author(s): May 11, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  We used the Globus v.3.2.0 software to download data from the Simons Foundation for Autism Research Initiatite cohorts SSC and SPARK.

Data analysis We called the variants using GATK 3.8 for the SSC cohort. We used VEP (using Ensembl 101) to annotate the variants for all cohorts. We
visually validated variants with IGV. We used the Admixture software to predict the ancestry of SSC, SPARK and UK-Biobank individuals, based
on the 1000genomes reference populations. For autism PGS calculation, we used plink to merge the cohorts and SBayesR with the banded LD
matrix to measure the PGS. For the phenome-wide association study, we used the PHESANT v1.1 software. Most of the statistical analyses in
this work were performed using statistical test implementations from the scipy and statsmodel python library. Code for post-processing
analyses is available at https://github.com/thomas-rolland/subdiagnostic-autism-variants.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Lc0c Y21o




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Approved researchers can obtain the whole-exome and SNP genotyping data from the SSC and SPARK cohorts used in this study by applying at https://
base.sfari.org. The UK-Biobank whole-exome, SNP genotyping, phenotypic and brain imaging data can be obtained by applying at the UK-Biobank database (https://
www.ukbiobank.ac.uk/). The human neurodevelopmental transcriptome dataset is available on the BrainSpan database (http://www.brainspan.org). Functional
annotations can be obtained from SynGO (https://syngoportal.org/) and Gene Ontology (http://current.geneontology.org/annotations/goa_human.gaf.gz). Human
reference genomes were obtained from https://www.ncbi.nlm.nih.gov/grc/human. Electronic health records and healthcare claims data used in the present study
for the UK-Biobank individuals are not publicly available due to patient privacy concerns. Prevalence and autism OR measures can be visualized and downloaded on
https://genetrek.pasteur.fr/.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex assigned at birth was used for the SPARK sample, and sex from undetermined source for the SSC sample. Genetic sex was
used for the iPSYCH sample. Genetic sex was used for the UK-Biobank sample. The fraction of variant carriers was analysed by
sex, and sex-specific analysis of autism OR was performed.

Population characteristics For SSC, SPARK and iPSYCH samples, in addition to rare LoF variant and autism PGS features, we used the sex (see above) and
the four first principal components of the PCA based on genotyped SNPs as covariates. For the UK-Biobank sample, in
addition to rare LoF variant and autism PGS features, we used the sex (see above), the age, the age-square and the four first
principal components of the PCA based on genotyped SNPs for socioeconomic/cognitive analyses, and scanning site for brain
imaging analyses.

Recruitment Recruitment was managed by the SFARI and UK-Biobank consortia. We note that individuals from the UK-Biobank suffer from
the "healthy individual bias", that may alter our ability to quantify the actual effect of genetic variants.

Ethics oversight Informed consents from all individuals were obtained according to following ethics clearances. The Simons Simplex Collection
is a multisite effort gathering 12 recruitment sites, informed consents were obtained from all participants included in each
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AAAC6306(MO0Y17). All SPARK participants were recruited under a centralized IRB protocol (WCG IRB Protocol no.
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(Ethics Committee reference number: 11/NW/0382). Data analyses have been conducted in accordance to following research
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Sample size We used all samples from the SSC, SPARK and UK-Biobank for which whole-exome sequencing and SNP arrays were available and predicted
from European ancestry, for a total of 226,649 individuals. We also downloaded the variants identified by the Autism Sequencing Consortium
in 10,025 individuals. Finally, we filtered out the variants identified among the 44,779 european non-neuro individuals from gnomAD. This is,
to our knowledge, the largest study of this kind to date.

Data exclusions  SSC, SPARK and UK-Biobank individuals that did not match our criteria for European ancestry were removed from the analysis. Three families
from the SSC cohorts were filtered out due to a high number of erroneous variant calls. Nine families from the SPARK cohort were filtered out
due to withdrawal from the cohort. In the UK-Biobank cohort, 3,395 individuals were removed because the corresponding SNP arrays did not
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pass our quality control and 198 individuals were withdrawn from the original dataset, 134 individuals were removed because they reported
ASD-related symptoms, and 12 because they were twins.

Replication We replicated the effect of S-LoFs in autism or constrained genes on autism status in one independent analysis of the iPSYCH sample. The
replication analysis involved additional quality control steps and different filtering of genetic variants, and provided similar results as the
analysis based on SSC and SPARK cohorts.

Randomization  Toimprove the robustness of our estimation of the odds ratio for autism, we used a sub-sampling procedure iteratively and randomly
selecting as many undiagnosed individuals as diagnosed individuals, 100 times. The selection of a sub-sample of undiagnosed individuals was
random to reflect the entire population of undiagnosed individuals. The robustness of the p-value associated to the autism-OR was assessed
using a bootstrapping procedure, shuffling the labels between diagnosed and undiagnosed individuals, 10,000 times.

Blinding The calling and quality control of genetic variants in all samples were blind from the phenotype of the individuals. Data collection was blind

from genetic variants and polygenic scores for all diagnosed and undiagnosed individuals. For the association studies among undiagnosed
individuals, we blindly tested more than 18,000 phenotypes.
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