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Summary eBioMedicine
Background A number of Neurodevelopmental risk Copy Number Variants (ND-CNVs) and Single Gene Variants ~202%11% 105521
(SGVs) are strongly linked to elevated likelihood of autism. However, few studies have examined the impact on
autism phenotypes across a wide range of rare variant genotypes.
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Methods This study compared Social Communication Questionnaire (SCQ) scores (total and subdomains: social,

communication, repetitive behaviour) in 1314 young people with one of thirty rare variant genotypes (15 ND-CNVs;
n =1005, 9.2 + 3.5 years and 15 SGVs; n = 309, 8.3 + 4.0 years). Comparisons were also conducted with young people
without known genetic conditions (controls; n = 460, 10.6 + 3.4 years) and with idiopathic autism (n = 480, 8.6 + 3.2
years).

Findings The prevalence of indicative autism (SCQ > 22) was higher in those with a rare variant genotype compared
to controls (32% vs 2%; OR = 43.1, CI = 6.6-282.2, p < 0.001) and in those with SGVs compared to ND-CNVs (53% vs
25%; OR = 4.00, CI = 2.2-7.3, p = 0.002). The prevalence of indicative autism varied considerably across the 30 rare
variant genotypes (range 10-85%). SGVs were associated with greater impairment in total, social, communication
and repetitive behaviour subdomains than ND-CNVs. However, genotype explained limited variation in these
scores (> between 11.8 and 21.4%), indicating more convergence than divergence in autism phenotype across
rare variant genotypes. Comparisons with young people with idiopathic autism indicated no differences compared
to those with ND-CNVs, whereas those with SGVs showed greater communication and less repetitive behaviour.

Interpretation The likelihood of autism was higher across all rare variant genotypes, with individuals with SGVs
showing higher prevalence and greater impairment compared to those with ND-CNVs. Despite subdomain-specific
patterns, there was no strong evidence for specific genotype-phenotype associations. This suggests that rare variant
genotypes alone may have limited predictive value for autism phenotypes and that other factors like polygenic risk
and the environment are likely to play a role. Further research is needed in order to understand these influences,
improve risk prediction and inform genetic counselling and interventions.
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Research in context

Evidence before this study

Autism is characterised by impairments in social
communication, restricted interests, and repetitive behaviour.
It is commonly associated with other neurodevelopmental
disorders, such as attention deficit hyperactivity disorder
(ADHD) and learning disabilities. Genetic factors play a
considerable role in autism, with rare Neurodevelopmental
risk Copy Number Variants (ND-CNVs) and Single Gene
Variants (SGVs) exerting larger effects than common genetic
variants. We searched titles and abstracts in PubMed
published until September 2024 for studies in English that
included the terms "autism”, “copy number variants”, and
“single gene variants”, as well as each of the 30 rare variant
genotypes that are part of our study. We found no clear
evidence addressing the question of whether specific rare
genetic variants were associated with specific autism
subdomains. It is also not clear from the current literature
whether autism in individuals with rare variant genotypes
differs from idiopathic autism (i.e., with no known genetic
origin).

Added value of this study

The majority of studies examining genotype-phenotype
relationships within autism to date have included small
samples and limited numbers of rare variant genotypes. Our
international collaboration brought together a relatively large
sample of young people (n = 2243) comprising 1314 with one
of 30 rare variant genotypes, 480 with idiopathic autism, and
460 neurotypical individuals without known genetic
conditions (controls). Indicative autism prevalence and
subdomain scores were compared across rare variant
genotypes and differences with individuals with idiopathic
autism were investigated using the social communication
questionnaire (SCQ).

Introduction

Individuals with autism experience persistent impair-
ment in social interaction and social communication, as
well as an increase in restricted interests and repetitive
behaviour.! The genetic architecture underlying autism
is complex, involving hundreds of common variants of
small effect size** and a range of rare Copy Number
Variants (CNVs) and Single Gene Variants (SGVs) of
relatively large effect size.*” CNVs involve deletions or
duplications of chromosomal segments larger than 1000
base pairs and are present in ~5-10% of individuals
with autism.*'° Recently, the term Neurodevelopmental
risk CNVs (ND-CNVs) has been used to refer to recur-
rent reciprocal CNVs associated with a high risk of

Having a rare variant genotype was associated with a 43-fold
increased likelihood of indicative autism. Individuals with
SGVs had a higher prevalence of indicative autism than those
with ND-CNVs. The prevalence of indicative autism varied
considerably between rare variant genotypes (ranging from
10% to 85%). Similarly, considerable differences were found in
autism total and subdomain scores across rare variant
genotypes. Comparison of autism subdomains between those
with rare variant genotypes and those with idiopathic autism
indicated comparable profiles for those with ND-CNVs,
whereas those with SGVs showed greater impairment in the
communication subdomain and less impairment in the
repetitive behaviour subdomain. An individual’s specific
variant genotype explained between 11.8 and 21.4% of the
variation in indicative autism total and subdomain scores.

Implications of all the available evidence

Rare variant genotypes are strongly associated with autism,
with large variations in indicative autism prevalence and
subdomain scores. Although rare variant genotypes showed
subdomain-specific patterns, we did not find strong evidence
of specific genotype-phenotype associations. Rather, our
findings indicate a greater degree of convergence than
divergence in autism prevalence and subdomain scores across
rare variant genotypes. This suggests that rare variant
genotypes alone may have limited predictive value for autism
phenotypes and that other factors like polygenic risk and
aspects of an individual’s environment will also need to be
taken into account to better understand the development of
autism. Further study of the role of these factors in the
development of autism in young people with rare variants will
be important for the delivery of improved counselling and
intervention services.

neurodevelopmental disorder.""* Rare SGVs, disrupt-
ing specific genes, also contribute to autism aetiology
and are estimated to be present in around ~10-30% of
individuals with autism."***** The phenotypic presenta-
tion of individuals with rare variant genotypes is com-
plex and involves other psychiatric conditions'*!” as well
as cognitive impairment.®'*°

Whilst the number of rare variants reported to be
associated with autism continues to grow,”*?' under-
standing of the phenotypic presentation is lacking. The
extent to which different genotypes are associated with
different aspects of the autism phenotype remains un-
clear, and predicting specific profiles in individuals with
autism can be complicated by the frequently
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multimorbid presentation as well as incomplete pene-
trance and pleiotropy.'*'"'*** These issues currently
make using genetic information in the clinical setting
highly challenging.”? Although several studies have
described the autism phenotype in individuals with rare
variant genotypes,” > there is a sparsity of studies
examining the extent to which genetic heterogeneity
underpins phenotypic heterogeneity.***”

Several studies have described the phenotypic pro-
files associated with specific rare variant genotypes, but
these reports are limited by small sample sizes and the
small number of variants investigated, e.g.,.”***** Only a
few studies to date******° have examined whether
autism profiles differ between individuals with rare
variant genotypes and those with idiopathic autism (i.e.,
autism of unknown genetic origin). Investigating these
issues will elucidate whether individuals with autism
with rare variant genotypes would benefit from different
types of support compared to those with idiopathic
autism and inform care strategies. Previous work*
recently compared individuals with deletions and du-
plications of 16p11.2 and 22qll1.2 using the semi-
structured research diagnostic Autism Diagnostic
Interview (ADI-R).”! This work found subtle differences
in autism profiles between the genotypes but much
more substantial phenotypic variation within each ge-
notype.** Furthermore, over half (54%) of those who did
not meet the diagnostic criteria for autism still exhibited
clinically significant symptoms.** These findings, how-
ever, focussed on only two genomic loci, and the extent
to which the findings apply to a broader range of ND-
CNVs as well as SGVs remains to be determined.

The Social Communication Questionnaire (SCQ) is a
widely utilised tool to assess autism-related pre-
sentations in clinical practice and research.>** It was
developed based on the ADI-R* and has been shown to
have high specificity (80%)* and an acceptable diag-
nostic accuracy (area under the curve (AUC) = 0.88),*
making it a cost-effective option for autism screening
in large cohorts. A score of >22 on the SCQ indicates a
need for a clinical evaluation of autism.**** However, it
is important to note that the SCQ does not provide a
definitive diagnosis of autism. In this work, we will refer
to individuals who screened positive for autism on the
SCQ as having “indicative autism” and to scores on the
three sub-domains (social, communication, and repeti-
tive behaviour) as “autism subdomain scores”.

Our study aims to investigate differences in indica-
tive autism scores across a range of rare variant geno-
types. To address this question, we have assembled a
sample of 1314 young people with one of 30 rare vari-
ants, including 15 ND-CNVs (comprising losses and
gains of various-sized segments across eight different
chromosomes), as well as 15 SGVs. These 30 rare
variant genotypes were selected because of a strong
documented association with autism.*” SCQ scores of
these young people were compared to those of similar-
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aged neurotypical individuals without a known genetic
condition (controls; n = 460) as well as with individuals
with idiopathic autism (n = 480). We aimed to answer
the following research questions:

 To what extent do autism prevalence and subdomain
scores differ across rare variant genotypes, and what
proportion of variation is explained by genotype?

+ Do the autism subdomain scores of individuals with
rare variant genotypes differ from those with idio-
pathic autism?

Methods

Study cohorts

Individuals with rare variant genotypes

1314 individuals with either one of 15 ND-CNVs
(n = 1005, mean age 9.2 + 3.5 years, 60% male) or 15
SGVs (n = 309, mean age 8.3 + 4.0 years, 50% male)
were identified across four different sites (Table 1). The
ND-CNV cohort consisted of 1005 young people with
one of 15 ND-CNV across 8 chromosomal regions
(9.2 £ 3.5 years, 60% male), which prior studies have
associated with increased autism liability?*2¢*
(Table 2). The SGVs cohort comprised 309 individuals
(8.3 = 4.0 years, 50% males) with variants in one of 15
genes. These variants included single nucleotide vari-
ants (de novo loss-of-function (LoF) variants, nonsense/
frameshift variants) and deletions or duplications within
genes known to be associated with autism**~° (Table 2).

Cohorts Sample size Sex Age Indicative Non-
autism®  verbal
n n % (male) Mean SD n % n %
ND-CNV cohort
Cardiff University cohort 493 310 63 95 31 144 29 28 6
Simons Searchlight cohort 364 209 57 84 37 8 24 39 11
UCLA® cohort 79 40 51 16 35 3 4 1 1
The 3929 project cohort 69 40 58 91 37 18 26 12 17
Total 1005 599 60 92 35 252 25 80 8
SGV cohort
Simons Searchlight cohort 309 153 50 83 40 163 53 176 57
Control cohort
Cardiff University cohort 208 112 54 104 28 8 4 1 0
Simons Searchlight cohort 166 83 50 104 3.7 0 0 0 0
UCLA cohort 45 26 58 120 33 2 4 3 7
The 3g29 project cohort 41 22 54 104 4.2 0 0 0 0
Total 460 243 53 10.6 34 10 2 4 1
Idiopathic autism cohort*
SPARK cohort 480 389 81 86 32 480 100 59 12

ND-CNVs = neurodevelopmental risk copy number variants. SGVs = single gene variants. SPARK = Simons
Foundation Powering Autism Research for Knowledge. *Based on a cut-off score of >22 on the Social
Communication Questionnaire (SCQ). PUCLA University of California at Los Angeles. Idiopathic autism = autism

with unknown genetic origin.

Table 1: Demographic information and prevalence of indicative autism and being non-verbal

across the cohorts.
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Rare variant Sample size  Sex Age Indicative  Non-verbal
genotypes n autism®
n % male Mean SD n % n %
ND-CNVs”
1q21.1 deletion 47 30 64 8.2 3.5 14 30 2 4.3
1g21.1 67 39 58 87 34 32 48 7 104
duplication
1g21.1 TAR 14 8 57 85 27 3 21 2 14.3
duplication
NRXN1 deletion 19 16 84 8.4 27 8 42 2 10.5
3g29 deletion 61 39 64 9.2 3.8 14 23 10 164
3929 13 5 38 85 33 6 46 3 233
duplication
Kleefstra 13 5 38 1.6 39 7 54 1 77
syndrome
15q13.3 deletion 27 21 78 94 38 1 4 1 3.7
15q13.3 23 15 65 94 32 8 35 1 43
duplication
15q11.2 deletion 42 32 76 9.2 31 16 38 3 7.1
16p11.2 deletion 254 146 57 8.8 3.6 48 19 26 10.2
16p11.2 distal 24 14 58 9.4 31 9 38 5 208
deletion
16p11.2 125 76 61 10.2 3.6 39 31 8 6.4
duplication
22q11.2 deletion 212 114 54 10.1 31 22 10 5 24
22q11.2 64 39 61 10.1 34 14 22 4 6.2
duplication
Total 1005 599 60 9.2 35 252 25 80 8
SGVs®
ADNP 13 8 62 9.5 4.2 1 85 7 538
ASXL3 20 10 50 89 39 14 70 17 &
CTNNB1 16 6 38 91 47 6 38 5 312
DYRK1A 13 9 69 8.5 4.8 1 85 8 61.5
GRIN2B 27 18 67 8.6 4.0 15 56 12 444
HIVEP2 11 8 73 73 2.8 3 27 4 364
HNRNPH2 11 19 105 53 6 55 8 727
MED13L 11 10 91 7.9 4.3 6 55 8 727
PACS1 17 6 35 7.6 4.1 7 41 7 412
PPP2R5D 33 12 36 74 3.6 14 42 15 455
SCN2A 52 23 44 8.1 4.3 31 60 38 731
SETBP1 10 7 70 7.5 35 2 20 7 70
SLC6A1 27 15 56 8.1 3.8 7 26 6 222
STXBP1 26 9 35 8.6 4.1 19 73 23 885
SYNGAP1 22 1 50 7.6 33 1 50 1 500
Total 309 153 50 83 40 163 53 176 57

ND-CNVs = neurodevelopmental risk-copy number variations. SGVs = single gene variants. *Based on a cut-off
score of >22 on the Social Communication Questionnaire (SCQ). °ND-CNV regions included in the study are:
1q21.1 (critical region 145.3-147.3), 2p16.3 NRXN1 (critical region 50.1-51.2), 3q29 (critical region
192.5-198.0), 9934 (critical region 140.5-140.7), 15q11.2 (critical region 22.8-23.1), 15q13.3 (critical region
31.10-32.4), 16p11.2 (critical region 28.8-30.2), and 22q11.2 (critical region 19.0-21.5). “SGVs included in the
study are: ADNP variants (chromosome band 20q13.13); ASXL3 variants (chromosome band 18q12.1); CTNNB1
variants (chromosome band 3p22.1); DYRK1A variants (chromosome band 21¢22.13); GRIN2B variants
(chromosome band 12p13.1); HIVEP2 variants (chromosome band 6¢24.2); HNRNPH2 variants (chromosome
band Xq22.1); MED13L variants (chromosome band 12¢24.21); PACS1 variants (chromosome band 12¢24.21);
PPP2R5D variants (chromosome band 6p21.1); SCN2A variants (chromosome band 2q24.3); 13 SETBP1 variants
(chromosome band 18q12.3); SLC6A1 variants (chromosome band 3p25.3); STXBP1 variants (chromosome band
9g34.11); and SYNGAP1 variants (chromosome band 6p21.32).

Table 2: Demographic information and prevalence of indicative autism and being non-verbal for
the rare variant genotypes.

At Cardiff University, data was collected as part of the
Cardiff University ECHO (Experiences of People With
Copy Number Variants) https://www.cardiff.ac.uk/
centre-neuropsychiatric-genetics-genomics/research/
themes/developmental-psychiatry/copy-number-variant-
research-group and the IMAGINE-ID Intellectual
Disability and Mental Health: Assessing Genomic
Impact on Neurodevelopment https://www.ucl.ac.uk/
child-health/research/population-policy-and-practice-
research-and-teaching-department/cenb-clinical-29
studies (n = 493). These two studies contributed data on
15 ND-CNVs (Supplementary Table S1).

The University of California Los Angeles (UCLA)
contributed data on individuals with 22q11.2 deletion or
duplication (n = 79) (https://www.semel.ucla.edu/bearden-
lab), and the 3q29 Project at Rutgers University on in-
dividuals with 3q29 deletion or duplication (n = 69)
(https://sites.rutgers.edu/mulle/). Finally, Simons Search-
light project contributed data on individuals with 15 SGVs
(n = 309) and 5 CNVs ((1q21 deletion and duplication
(n = 64), 16p11.2 deletion (n = 207), and 16p11.2 dupli-
cation (n = 93)) (https://www.sfari.org/resource/simons-
searchlight/) (Supplementary Table S1)). SGVs included
single nucleotide variants (de novo loss-of-function (LoF)
variants, nonsense/frameshift variants) and deletions or
duplications within genes known to be associated with
autism.

Individuals with idiopathic autism

The idiopathic autism cohort was recruited through the
Simons Foundation Powering Autism Research for
Knowledge (SPARK) project (https://www.sfari.org/
resource/spark/). The SPARK registry comprises a
cohort of approximately 99,000 children and adults with
a clinical diagnosis of autism.” For the current paper,
we first excluded adults and individuals with incom-
plete/missing items on the SCQ and incomplete IQ
data. Finally, we excluded all individuals with known
rare pathogenic CNVs/SGVs. We did not include this
latter excluded group in our rare variant cohort because
recruitment differences could have biased our findings.
The idiopathic autism cohort included in this study thus
comprised 480 young people (8.6 + 3.2 years (81%
male)) who were comparable to the rare variant geno-
types cohort in age and sex (Table 1).

Neurotypical control participants

All sites that contributed individuals with rare variant
genotypes also recruited neurotypical participants,
resulting in a combined sample of 460 controls
(10.6 + 3.4 years, 53% male) (Table 1). These were either
siblings of individuals with rare variant genotypes
(familial controls, n = 329, age (8.3 + 4.0 years, 51%
males)) or unrelated children (community-based con-
trols, n = 138, age (11.6 + 3.5 years, 56% males)).>>* 3+
The absence of neurodevelopmental risk variants in the
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siblings was confirmed through medical records and/or
genotyping in the laboratories of the contributing sites.
This information was, however, not available for the
community-based controls. Both groups were compa-
rable to the rare variant genotype cohorts in age and sex
and were assessed with the same measures. Indicative
autism prevalence (2% in familial controls and 1% in
community-based controls) was comparable between
the two control groups (OR = 1.6, CI = 0.36-8.1,
p = 0.736 (mixed effects logistic regression)) as were
autism subdomain scores (familial control mean total
SCQ score 3.7 + 4.1, community-based controls mean
total SCQ score 4.3 = 5.6, p = 0.910). We, therefore,
combined these two groups into one control cohort.

Phenotype assessments

Indicative autism prevalence and subdomain scores

In this study, all primary caregivers of participants—
including those with rare variant genotypes, idiopathic
autism, and controls—were requested to complete the
SCQ to screen for autism. The SCQ consists of 40 yes/
no questions that are scored based on the presence or
absence of autism features.”” The social subdomain
score assesses the child’s ability to interact socially,
including their facial expressions, play, and ability to
form friendships. This subdomain contributes 20 points
to the total score. The communication subdomain score
evaluates the child’s use of language and nonverbal
communication and contributes 11 points to the total
score. The repetitive behaviour subdomain score as-
sesses whether the child has restricted interests and
engages in repetitive behaviour and contributes 8 points
to the total score. These scores are commonly referred to
as “autism subdomain scores”.*

The SCQ distinguishes between verbal and
nonverbal children, asking, “Is she/he now able to talk
using short phrases or sentences?” There are 7 ques-
tions that are only applicable to verbal children. There-
fore, the total SCQ score ranges from 0 to 39 for verbal
children, whereas for nonverbal children, it ranges from
0 to 32. Numbers and percentages of non-verbal par-
ticipants were: ND-CNV (n = 80 (8%)); SGV (n = 176
(57%)); idiopathic autism (n = 48 (10%)). We used a
previously published method** to adjust the total and
communication subdomain scores for non-verbal par-
ticipants to take into account the 7 missing items. We
also performed a sensitivity analysis to assess how
excluding nonverbal participants affected our findings.

A higher SCQ score usually indicates an increased
likelihood of autism. We utilised the established cut-off
of >22 as a positive indicator for autism screening.*
This threshold effectively predicts autism, particularly
in clinical populations,”* and serves as a clinical
reference for further evaluation using the ADI-R. It is
worth noting that prior research frequently used a cut-
off of >15 to indicate potential autism spectrum
traits.”**> The SCQ has two versions: lifetime and
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current.” The lifetime version queries observed behav-
iour across the child’s lifespan, whereas the current
version focuses on symptoms during the last three
months. Although the two versions are functionally and
psychometrically similar, the current version is used
mainly for follow-up and evaluation of any in-
terventions.** The lifetime version was administered in
three cohorts (Cardiff, Simons Searchlight, and SPARK;
individuals with rare variant genotypes n = 857, controls
n = 374, idiopathic autism n = 469) and the current
version in two (the 3q29 Project and UCLA; individuals
with rare variants n = 148, controls n = 86). The two
versions were combined in analyses, and we conducted
a sensitivity analysis to evaluate whether the findings
were influenced by which version was used.

Cognitive profile

IQ assessments were conducted for individuals with
ND-CNVs and controls from Cardiff University, as well
as the Simons Searchlight and UCLA cohorts, but not
the 3929 Project cohort. IQ data was not available for
individuals with SGVs. The sites that contributed 1Q
data used either the Wechsler Abbreviated Scale of In-
telligence (WASI)* or the Wechsler Intelligence Scale
for Children (WISC-V).” Full-scale IQ (FSIQ), Perfor-
mance IQ (PIQ), and Verbal IQ (VIQ) scores were
derived from these scales.** The SPARK cohort obtained
data on IQ for children with idiopathic autism from
health records.

Other conditions associated with autism and medication use
Information on other conditions associated with autism
was available for a subset of individuals with rare variant
genotypes. These included attention deficit hyperactivity
disorder (ADHD), seizures, oppositional defiant disor-
der, conduct disorder, depression, and tic disorder, as
well as sleep problems as derived from semi-structured
psychiatric interviews (Child & Adolescent Psychiatric
Assessment (CAPA) at Cardiff University*) or clinical
notes, and/or other primary carer-reported measures at
the other sites**** (Supplementary Table S2 for
details).

Data on medication use (antipsychotics, anticonvul-
sants, mood stabilisers or ADHD treatment)
(Supplementary Table S2), socioeconomic status (in-
come and education), and ethnicity were obtained for
those with ND-CNVs, SGVs, idiopathic autism and
controls. Medication use, socioeconomic status, and
ethnicity were included as covariates in sensitivity
analyses.

Statistical analysis

Indicative autism prevalence across individuals with rare
variant genotypes

Mixed effects logistic regression models* were used to
determine whether the prevalence of indicative autism
(outcome) differed by rare variant genotype (predictor).
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These comparisons were conducted between 1) in-
dividuals with rare variant genotypes versus controls; 2)
individuals with rare variant genotypes (either ND-
CNVs or SGVs) versus controls; 3) individuals with
ND-CNVs versus those with SGVs; and 4) each of the 30
rare variant genotypes versus controls.

In each model, age and sex (self-reported by study
participants or, where applicable, their caregiver) were
included as fixed effects. In line with previous studies,
study site (Europe versus United States) and family
status (accounting for that fact that a subset of partici-
pants with rare variant genotypes and controls came
from the same family) were included as random ef-
fects.?**° The outcome of each model represented the
odds of having indicative autism in each group
compared to the other group. For comparison of the 30
rare variant genotypes versus controls, post hoc com-
parisons were subsequently conducted to determine
group contrasts. All p-values were corrected for multiple
comparisons using Tukey’s Honest Significant Differ-
ence (HSD) adjustment.”

Autism total and subdomain scores across individuals with
rare variant genotypes

We used mixed-effects linear regression models® to
compare autism total and subdomain scores (the out-
comes) first between individuals with ND-CNVs versus
those with SGVs and then across the 30 different variant
genotypes. We included study site and family status as
random effects and age and sex as fixed effects. Post-hoc
contrasts were conducted to determine between-group
contrast estimates with Tukey’s HSD adjustment of p-
values.”!

Variation in autism total and subdomain scores explained by
rare variant genotypes

To examine the variation in autism total and domain
scores between rare variant genotypes, we conducted
analysis of covariance (ANCOVA). In each ANCOVA
model, the outcome (SCQ total and each of the three
subdomain scores) was predicted by rare variant geno-
type with age, sex, and study site as covariates. We
determined the proportion of variance in these scores
that is attributable to rare variant genotype (between-
genotype variation) using eta-square (%), as in previ-
ous studies.” The within-genotype variation was then
calculated as the variation remaining after accounting
for between-genotype variation and variation attributed
to covariates (age, sex, and study site) (the three sources
of variation summing to 100).

Autism total and subdomain scores in individuals with rare
variant genotypes who screen positive for autism and
individuals with idiopathic autism

We conducted comparisons between individuals with
rare variant genotypes who tested positive for autism
(SCQ score > 22): ND-CNVs with indicative autism

(ND-CNVs_ia; n = 238) and SGVs with indicative
autism (SGVs_ia; n = 120) compared to individuals with
idiopathic autism (n = 480). Mixed-effects linear
regression models were conducted, as explained above.
We also assessed whether specific rare variant genotypes
yield different total and subdomain scores when
compared to individuals with idiopathic autism. This
analysis included rare variant genotype groups that had
a minimum of 10 participants who scored positively for
autism, specifically 14 rare variant genotypes (9 ND-
CNVs_ia; n = 199 and 5 SGVs_ia; n = 70). Post-hoc
contrasts were conducted to determine between-group
contrast estimates with Tukey’s HSD adjustment of p-
values.”*

Sensitivity analyses

Ethnic background, socioeconomic status, other conditions
associated with autism and medication use

Sensitivity analyses were performed by including ethnic
background, socioeconomic status, relevant conditions,
and medication use (Supplementary Table S2) as cova-
riates in the models outlined earlier to determine if
these factors influenced our findings.

Inclusion of 1Q as a covariate

We accounted for FSIQ, VIQ, and PIQ individually in
each model mentioned above. Since not all sites
assessed IQ, this analysis was confined to a subsample
of 701 individuals with rare variant genotypes (53.3%),
320 controls (69.6%), and 480 individuals with idio-
pathic autism (100%).

Analysis of data using the lifetime SCQ version only

The Cardiff, Simons Searchlight, and SPARK cohorts
used the SCQ lifetime version (individuals with rare
variants n = 1166, controls n = 374, idiopathic autism
n = 469), while the current version was used by the 3q29
project (individuals with rare variants n = 69, controls
n =41) and UCLA (individuals with rare variants n =79,
controls n = 45). To evaluate if the inclusion of both
versions in our analysis impacted the findings, we ran
our models excluding data collected with the SCQ cur-
rent version (administered by the 3q29 project and
UCLA). This analysis was based on 1166 individuals
with rare variant genotypes (84.9% of the total sample)
and 374 controls (81.3% of the total sample).

Exclusion of nonverbal individuals

The ND-CNV cohort included 80 (8%), the SGV cohort
176 (57%), and the idiopathic autism cohort 48 (10%)
nonverbal individuals. To evaluate the impact of
including nonverbal participants, we reran the models,
excluding those who were nonverbal. This analysis was
based on n = 925 individuals with ND-CNVs (92% of the
total cohort with ND-CNVs), n = 133 (43%) individuals
with SGVs, and n = 421 (90%) individuals with idio-
pathic autism.
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All analyses were performed using R version 4.4.1.
An alpha level of 0.05 was used to calculate multiple
testing thresholds.

Ethics

All procedures involving human subjects/patients were
approved by the appropriate local ethics committees or
institutional review boards.2¢*#442535¢  Recruitment
and assessment protocols for the ECHO study were
approved by The South-East Wales Research Ethics
Committee (09/WSE04/22),>* while those of the IMA-
GINE-ID* were approved by the NHS London Queen
Square research ethics committee (14/L0O/1069). The
3q29 project was approved by Emory University’s
Institutional Review Board (IRB00064133) and Rutgers
University’s Institutional Review Board
(Pro2021001708). The UCLA Institutional Review Board
approved the UCLA Study.** Further details on Simon’s
Searchlight and the SPARK cohorts’ ethical approval can
be found at the website https://www.sfari.org/resource/
simons-searchlight/.***!

Before recruitment, written consent or assent was
obtained from each participant and, where applicable,
their caregiver. The presence of rare variant genotypes
was confirmed through microarray analysis at the lab-
oratories of participating clinical research sites and/or
collected via medical records.

Role of funders
None of the funders had any role in study design, data
collection, data analyses, interpretation, or the writing of
this manuscript.

Results

Indicative autism prevalence across individuals
with rare variant genotypes

Individuals with rare variant genotypes had a higher
prevalence of indicative autism than controls (32% vs
2%; OR =43.1, CI = 6.6-282.2, p < 0.001 (mixed effects
logistic regression)). Those with SGVs were more likely
to have indicative autism compared to those with ND-
CNVs (53% vs 25%; OR = 4.00, CI = 2.2-73,
p = 0.002 (mixed effects logistic regression)). We also
calculated these prevalences using a cut-off of >15 on
the SCQ to allow for comparison with other studies that
used the same threshold. As anticipated, the rates in-
crease with the less strict cut-off; however, the pattern
remains consistent (Supplementary Table S3).

The prevalence of indicative autism was variable
across the 30 rare variant genotypes, being highest in
individuals with ADNP variants (85%, OR in compari-
son to controls = 489.8, CI = 80.08-2995.41, p < 0.001
(mixed effects logistic regression)) and lowest in in-
dividuals with 22q11.2 deletion (10%, OR in comparison
to controls = 4.2, CI = 1.94-9.02, p = 0.042 (mixed ef-
fects logistic regression)) (Fig. la, Supplementary

www.thelancet.com Vol 112 February, 2025

Table S4). However, it should be noted that wide and
overlapping confidence intervals existed for these esti-
mates (Fig. 1b). Comparing the prevalence of indicative
autism across the 30 rare variant genotypes revealed
several significant differences (34 out of 435), mostly
showing lower prevalence in those with 22q11.2 de-
letions or duplications or 16p11.2 deletions or duplica-
tions compared to those with SGVs (Supplementary
Table S5).

Autism total and subdomain scores across
individuals with rare variant genotypes

Individuals with SGVs had higher SCQ total scores than
those with ND-CNVs (group contrast estimates = 6.9,
CI=4.6-9.3, p < 0.001 (mixed effects linear regression)),
indicating greater social disability in these groups. They
also showed greater impairment in the social (group
contrast estimates = 3.9, CI = 2.6-5.3, p < 0.001 (mixed
effects linear regression)), repetitive behaviour (group
contrast estimates = 0.9, CI = 0.3-1.4, p = 0.009 (mixed
effects linear regression)) and communication sub-
domains (group contrast estimates = 1.9, CI = 1.3-2.7,
p < 0.001 (mixed effects linear regression)) (Fig. 2a,
Supplementary Table S6).

Comparisons of total and subdomain scores across
rare variant genotypes showed that individuals with
22q11.2 deletion generally showed the least impairment,
whereas the opposite was true for those with ADNP
variants (Fig. 2b, Supplementary Table S7). Subdomain-
specific patterns were also present; for example, in-
dividuals with STXBP1 were relatively impaired in the
communication subdomain, those with SCN2A variants
in the social, and those with MED13L variants in the
repetitive behaviour subdomain. On the other hand,
individuals with 1q21 TAR duplication showed relative
strength in the communication subdomain, those with
HNRNPH?2 variants in the repetitive behaviour, and
those with SETBPI variants in the social subdomain
(Fig. 2b, Supplementary Table S7).

Variation in autism total and subdomain scores
explained by rare variant genotypes

Rare variant genotypes contributed to variation in
autism total as well as the three subdomain scores.
However, the proportion of variance explained was
relatively low (<22%). Indeed, the variation in autism
total score within rare variant genotypes was substan-
tially greater than between-genotype (> = 73.7% vs
7 = 21.4%, p < 0.0001 (analysis of covariance)) .Simi-
larly, the within-genotype variation for the three sub-
domain scores (7 = 75% for social subdomain,
7’ = 788% for communication subdomain, and
n* = 84.6% for repetitive behaviour subdomain) was
considerably greater than between-genotype variation
(#* = 17.9% for social subdomain (p < 0.0001 (analysis of
covariance)), #* = 19.4% for communication subdomain
(p < 0.0001 (analysis of covariance)) and, n> = 11.8% for
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Fig. 1: Prevalence and odds ratios of indicative autism in individuals with rare variants genotypes. a. Prevalence of indicative autism in
individuals with rare variant genotypes. The figure illustrates the percentages of individuals who passed the autism cut-off of SCQ > 22
(indicative autism) in the 30 rare variant genotypes. ND-CNVs = neurodevelopmental risk-copy number variants. SGVs = single gene
variants. b. Odds ratios of having indicative autism in individuals with rare variant genotypes compared to controls. The figure
illustrates the odds of having indicative autism in individuals with rare variant genotypes compared to controls. The ORs were derived
from mixed-effects logistic regression models. All p-values were significant after correction for multiple testing except for the com-
parisons of 121 TAR duplication and SETBP1 with the control sample. ND-CNVs = neurodevelopmental risk-copy number variants.
SGVs = single gene variants.
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Fig. 2: Autism subdomain scores across individuals with rare variant genotypes. a. Autism total and subdomain scores in individuals
with ND-CNVs compared to those with SGVs. This figure shows the mean total and subdomain scores in individuals with SGVs compared to
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repetitive behaviour subdomain (p < 0.0001 (analysis of
covariance))) (Fig. 2¢, Supplementary Table S8).

Autism total and subdomain scores in individuals
with rare variant genotypes who screen positive for
autism and individuals with idiopathic autism
Individuals with ND-CNVs_ia (n = 252) showed similar
total and subdomain scores to those with idiopathic
autism (Fig. 3, Supplementary Table S9). Individuals
with SGVs_ia (n = 163) also showed comparable total
score to those with idiopathic autism. However, they
showed greater impairment in the communication
subdomain (group contrast estimates = 0.46,
CI = 0.17-0.75, p = 0.012 (mixed effects linear regres-
sion)) and less impairment in the repetitive behaviour
subdomain (group contrast estimates = -1.18,
CI = -1.51 to -0.88, p < 0.001 (mixed effects linear
regression)) (Fig. 3, Supplementary Table S9).

Post hoc analysis comparing individuals with rare
variants who scored positive for autism with those with
idiopathic ~autism showed several differences
(Supplementary Table S10). Individuals with SCN2A
variants showed more social impairment (group
contrast estimates = 2.71, CI = 1.59-3.83, p < 0.001
(mixed effects linear regression)) but less impairment in
the repetitive behaviour subdomain (group contrast es-
timates = -2.23, CI = -2.85 to —1.61, p < 0.001 (mixed
effects linear regression)). Those with GRIN2B variants
and 22q11.2 deletion showed less impairment in the
repetitive behaviour subdomain (group contrast esti-
mates = —-2.43, CI = -3.3 to 1.56, p < 0.001; group
contrast estimates = —1.37, CI = -2.09 to —0.64, p = 0.028
(mixed effects linear regression)) respectively. Further-
more, individuals with 22q11.2 deletion showed less
impairment in the communication subdomain
compared to those with idiopathic autism (group
contrast estimates = —1.48, CI =-2.18 to —-0.78, p = 0.006
(mixed effects linear regression)) (Supplementary
Table S10).

Sensitivity analysis

Ethnic background, socioeconomic status, other conditions
associated with autism and medication

All findings remained consistent after adjusting for
ethnicity, socioeconomic status, medication usage, and
other conditions (Supplementary Table S11).

Inclusion of 1Q as a covariate
The inclusion of FSIQ, Verbal IQ, or PIQ as a covariate
in the analysis did not change the findings comparing
between ND-CNVs and controls or across ND-CNVs
(Supplementary Table S12).

Analysis of data using the lifetime SCQ version only

The exclusion of individuals assessed with the SCQ
current rather than the lifetime version also did not
impact the results (Supplementary Table S13).

Exclusion of nonverbal individuals

After excluding nonverbal individuals, the results stayed
consistent, except for the loss of difference in the re-
petitive subdomain between individuals with SGVs_ia
and those with idiopathic autism (Supplementary
Table S14).

Discussion

Elucidation of the contribution of different rare variant
genotypes to variability in autism phenotype requires
sufficient numbers of participants across a range of
genotypes assessed with the same measures.”>*"*%
Through international collaboration, this study allowed
the comparison of autism subdomain scores in a cohort
of 2254 participants, including 1314 young people with
one of 30 distinct ND-CNVs or SGVs that have previ-
ously been robustly associated with autism, alongside
480 individuals with idiopathic autism and 460 neuro-
typical controls of comparable age.

The presence of a rare variant genotype was associ-
ated with a 43-fold increased likelihood of indicative
autism compared to controls. Our findings highlighted
differences in indicative autism prevalence and sub-
domain profiles between rare variant genotypes. Spe-
cifically, individuals with SGVs had a higher prevalence
of indicative autism and were more impaired in the
social, communication and repetitive behaviour sub-
domains compared to those with ND-CNVs. Further-
more, individuals with SGVs who screened positive for
autism (SGVs_ia) showed a higher burden of commu-
nication difficulties and a lower burden of repetitive
behaviour compared to those with idiopathic autism.
Genotype explained between 11.7% and 21.4% of the
variation in autism total and subdomain scores, whereas
the variation within the genotypes was substantially

those with ND-CNVs. ND-CNVs = neurodevelopmental risk-copy number variants. SGVs = single gene variants. **p < 0.01, ***p < 0.001 (mixed
effects linear regression). b. Autism total and subdomain scores variation across individuals with rare variant genotypes. This heatmap
plot was generated by standardising the total and subdomain scores of each rare variant genotype (compared to the mean score of all variants)
using z scores. Darker colours indicate relatively higher scores in a domain (more autism symptoms are endorsed—greater impairment). It shows
subdomain-specific patterns across the 30 rare variant genotypes. c. Variation in autism total and subdomain scores explained by rare
variant genotype. The figure illustrates the between-group and within-group variation in autism domain scores. The within-group variation is
considerably larger than the between-group variation. Between-genotype variation: variation explained by rare variant genotype, as measured
i7” (eta-squared). Variation explained by covariates: age, sex, and study site. Within-genotype variation: Variation remaining within each variant
genotype after considering the between-genotype variation and variation explained by other covariates (see Methods for further explanation).
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Fig. 3: Autism subdomain scores in individuals with rare variant genotypes compared to those with idiopathic autism. This figure shows
the mean total and subdomain scores in individuals with ND-CNVs and SGVs compared to those with idiopathic autism. ND-CNVs_ia: in-
dividuals with ND-CNVs who passed the cut-off of >22 for autism on the SCQ. SGVs_ia individuals with SGVs who passed the cut-off of >22 for
autism on the SCQ. *p < 0.05, ***p < 0.001 (mixed effects linear regression).

larger (between 73.7% and 84.6%). Although our find-
ings indicate that individual rare variant genotypes vary
in prevalence and subdomain scores, overall, there is
greater evidence of convergence of phenotype across
genotypes rather than divergence. It is important to
emphasise, however, that considerable heterogeneity
existed within the genotypes, highlighting that these
rare variants are not fully penetrant for autism and that
other factors will also be important for the prediction of
phenotypic variability.

Many ND-CNVs and SGVs have now been impli-
cated in autism liability.**'"” However, a limited number
of studies to date have compared autism phenotypes
across a range of variants.”**** We observed consider-
able variation in indicative autism prevalence across
ND-CNVs and SGVs, with the presence of SGVs being
associated with a higher prevalence of indicative autism
than ND-CNVs. Although there was considerable vari-
ation across SGV genotypes, 9 of the 10 most penetrant
variants were SGVs (Fig. 2b). This might be expected
since the specific SGVs we studied were selected based
on their strong association with autism.” The lowest
prevalence of autism was found in individuals with
22q11.2 deletion (10%, OR = 4.19; CI = 1.94-9.02,
p = 0.042 (mixed effects logistic regression)), consistent
with reports comparing autism prevalence in in-
dividuals with 22q11.2 to those with other ND-
CNVs.»?+% These findings are similarly consistent with
previous research that has reported that autism pene-
trance varies across genetic aetiologies.?**4%°¢:>7
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Previous studies have reported qualitative and
quantitative differences in autism phenotype in in-
dividuals with rare variant genotypes.**** Our findings
indicate that individuals with SGVs were more impaired
in terms of having higher autism domain scores than
those with ND-CNVs. SGVs are known to impact
cognitive function, and our findings are consistent with
recent research reporting individuals with SGVs are
more likely to exhibit severe autism symptoms and
suggest higher comorbidity with intellectual disability
compared to those with ND-CNVs.?*** Our findings
stress the need for further detailed comparative studies
encompassing individuals with both SGVs and ND-
CNVs. This is a research area of growing importance
as SGVs are increasingly diagnosed in clinical settings.

We observed distinct patterns across the 30 rare
variant genotypes, as illustrated in Fig. 2b. Those with
22q11.2 deletion were generally least impaired across
total and subdomain scores, while those with ADNP
variants tended to be most impaired. Subdomain-
specific patterns were also found, indicating relative
strengths for those with 1q21 TAR duplication in the
communication subdomain, those with 16p11.2 dele-
tion in the social subdomain and those with 16p11.2
deletion and HNRNPH2 variation in the repetitive
behaviour subdomain. Relative weaknesses were found
in the communication subdomain for those with
STXBP1 variation, the social subdomain for those with
SC2NA variation, and the repetitive behaviour sub-
domain for those with 15q11.2 deletion and ASXL3
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variation. These findings underscore the importance of
comprehensive phenotypic assessments of rare variant
genotypes beyond categorical autism diagnosis to allow
fine-grained phenotypic characterisation.

Earlier research compared autism profiles in in-
dividuals with deletions or duplications of 16p11.2 and
22q11.2 to those with idiopathic autism, reporting subtle
differences.”*** Our findings, including a considerably
broader range of ND-CNVs, also indicate differences in
autism subdomain scores of individuals with ND-CNVs
who scored positive for autism (ND-CNVs_ia) compared
to those with idiopathic autism, although these were
generally not significant. We did, however, find that
individuals with 22q11.2 deletion exhibited less
impairment in the communication and repetitive
behaviour subdomains, which is in line with previous
findings.******** Regarding comparisons between in-
dividuals with SGVs_ia and those with idiopathic
autism, we did, uncover differences which indicated
relative weaknesses in communication and relative
strengths in the repetitive behaviour subdomain in
those in the SGVs_ia. Our findings also show that the
social subdomain scores of individuals with the SGV
SC2NA indicated greater impairment compared to those
with idiopathic autism. These findings may be partially
explained by the large number of non-verbal individuals
in the SGVs_ia group.

We found the within-genotype variation in autism
domain scores to be greater (73.7-84.6%) than the
between-genotype variation (21.4% for the total score,
17.9% for the social, 19.4% for the communication, and
11.8% for the repetitive behaviour subdomain scores).
This aligns with and extends previous research
comparing autism domains across a more limited
number of rare variant genotypes (deletion and dupli-
cation at 22q11.2 and 16p11.2).* This goes against the
notion that rare variants lead to distinct autism subtypes
and generally provides greater evidence of phenotypic
convergence rather than divergence across genotypes.
The picture is, however, complex, and it should be noted
that the between-genotype variation was significant and
that the reported effect sizes can be considered large
(e.g., eta-squared > 0.14) as defined by Cohen,” indi-
cating that genotype-specific patterns also exist.

The findings have implications for the clinical setting
as well as for future research in this area. Clinically, a
generalised approach to assessing autism and providing
support to individuals with different rare variant geno-
types may be useful. Awareness amongst clinicians that,
as a group, individuals with a wide range of rare variants
have an increased risk of autism will be helpful, as
clinical awareness of each individual variant and the
associated phenotypic manifestations is often limited.®*
Yet, our findings of variation in prevalence and sub-
domain scores across genotypes also indicate the need
for genotype-specific support. We detected a sizeable
within-genotype  variability —that has important

implications for future research as well as, more down
the line, clinically. It suggests that other factors that are
not yet well understood are likely to be important in
understanding the expressivity of autism phenotypes
across rare variant genotypes. Several studies have
indicated that common variants with small effect sizes
(Odds ratios < 1.1)>* can contribute to up to 50% of
autism genetic heterogeneity.*** This needs to be
investigated further in individuals with rare variant ge-
notypes. Additionally, further studies are necessary to
assess the likelihood of autism in individuals with rare
variants, especially concerning the influence of envi-
ronmental risk factors like complications during preg-
nancy® or adverse childhood experiences.”” Advances in
our understanding of these additional factors and how
they impact phenotypic expression in similar or
different ways across rare variant genotypes can ulti-
mately lead to more tailored support and care.

In summary, this study detected considerable varia-
tion in autism prevalence and subdomain scores across
individuals with rare variant genotypes. The greater
within-genotype than between-genotype variation in-
dicates a lack of evidence of a solid, distinctive genotype-
phenotype correlation between the rare variant genotypes
studied and autism. The subdomain scores of individuals
with ND-CNVs who scored positive for autism were
comparable to those with idiopathic autism. At the same
time, those with SGVs who scored positive for autism
showed relative weaknesses in communication and rela-
tive strengths in the repetitive behaviour subdomain. We
recommend that future research assesses individuals
with rare genetic variant genotypes, combining stand-
ardised clinical autism assessment with detailed and
wide-ranging phenotyping (including other neuro-
developmental and mental health conditions, as well as
exposure to environmental risk factors) to further in-
crease understanding of autism liability across these ge-
notypes. In addition, the role of common genetic
variation (as captured by polygenic risk scores) in the
variable expressivity of these rare variants should also be
clarified further.®® Finally, future research must also focus
on assessing the role of other genetic factors, such as
disruptive variants elsewhere in the genome, in the
prevalence of autism and profile presentation.””

Limitations

This study evaluated autism-related symptomatology
using the SCQ, which shows high specificity for autism
at the indicated cut-off point of >22 and is highly suit-
able for phenotyping autism in large cohorts.?**”
Nevertheless, it should be noted that a formal diag-
nosis of autism would require more in-depth clinical
diagnostic assessment, such as the ADI-R,* and the
findings cannot be generalised to individuals with other
rare variant genotypes. It is also important to note that
the SCQ has been reported to have reduced accuracy
and discriminating capacity in screening for autism in
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individuals with more profound ID.”" The rare variant
genotypes examined in this study have all been associ-
ated with intellectual disability, although with varying
rates and severity. We conducted a sensitivity analysis
taking into account the impact of IQ and found our
findings remained largely unchanged. However, infor-
mation on IQ was available in only 701 (53.3%) in-
dividuals with rare variant genotypes. Some studies have
suggested a higher SCQ cut-off for individuals with
more profound ID, and this was one of the reasons we
applied the cut-off of >22 recommended by the de-
velopers of the SCQ, rather than the one of >15, which
studies have used to screen for autism spectrum
disorder. "7

Another factor to note is that we incorporated items
from the SCQ current version for a subset of our cohort
for which lifetime data were not available. Previous
research has shown that the current version tends to be
less accurate than the lifetime version, especially when
assessing children with ID.**** We recognise that
merging data from both versions may introduce con-
founding bias. Ideally, using the lifetime version
throughout would have been preferable, but inclusion of
participants from the two sites (The 3q29 project and
UCLA cohort) that utilised the current version of the
SCQ enabled us to increase the number of young people
with rare variants (14.7% contribution) as well as con-
trols (18.6% contribution). Without these sites, we
would not have been able to include the very rare 3q29
deletion and duplication genotypes in our analysis, as
the 3q29 project contributed 69 out of 74 of these par-
ticipants (93.2%). Furthermore, inclusion of the current
version of the SCQ also enabled this work to benefit
from the contribution by UCLA of an enhanced number
of young people with the 22q11.2 duplication (n =79 out
of 212 participants (37.3%)). Importantly, it was
encouraging that our sensitivity analyses indicated that
removing individuals assessed with the current version
did not change our findings.

Although, as far as we are aware, we had available the
largest possible sample to date to conduct our analyses,
it is important to note that for some rare variant geno-
types, particularly the SGVs, we were still limited by
sample size. This will have impacted our comparisons
of individual rare variant genotypes in particular. With
increased sample sizes, future studies may find greater
evidence of differences in autism prevalence and sub-
domain scores between genotypes.

It is also important to consider the effect of ascer-
tainment bias. Although we took this into account to a
degree by covarying for study site, differences in referral
for genetic testing between those with ND-CNVs and
SGVs may still have impacted our comparisons of these
individuals. It should be emphasised, though, that the
considerable differences in prevalence and subdomain
scores we found between the different rare variant ge-
notypes (including within ND-CNVs and SGVs) are

www.thelancet.com Vol 112 February, 2025

unlikely to be explained by ascertainment bias alone.
Furthermore, all participants in this study had a genetic
diagnosis. As not all individuals with rare variant ge-
notypes will have phenotypic manifestations deemed
sufficiently severe to warrant referral for genetic testing,
this work may overestimate the true impact of autism on
those with rare variant genotypes.®**2°

Conclusion

The presence of a rare genetic variant genotype was
associated with a 43 times increased risk of autism, and
autism prevalence and subdomain scores were found to
vary considerably across genotypes. However, the varia-
tion in autism total and subdomain scores within geno-
types was considerably greater than between genotypes,
indicating lack of strong evidence that rare variant ge-
notypes are linked with discrete autism behavioural
phenotypes. This implies that the specific rare variant—
on its own—has limited autism phenotype predictability
and prognostic significance, warranting the need for
better understanding of the role other factors (both ge-
netic and environmental) to move towards tailored clin-
ical management of young people with rare variants.
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