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Insufficient Evidence for ‘‘Autism-Specific’’ Genes

Scott M. Myers,1,* Thomas D. Challman,1 Raphael Bernier,2 Thomas Bourgeron,3 Wendy K. Chung,4,5

John N. Constantino,6,7 Evan E. Eichler,8 Sebastien Jacquemont,9 David T. Miller,10

Kevin J. Mitchell,11,12 Huda Y. Zoghbi,13,14,15,16,17 Christa Lese Martin,1 and David H. Ledbetter1,*

Despite evidence that deleterious variants in the same genes are implicated across multiple neurodevelopmental and neuropsychiatric

disorders, there has been considerable interest in identifying genes that, whenmutated, confer risk that is largely specific for autism spec-

trum disorder (ASD). Here, we review the findings and limitations of recent efforts to identify relatively ‘‘autism-specific’’ genes, efforts

which focus on rare variants of large effect size that are thought to account for the observed phenotypes. We present a divergent inter-

pretation of published evidence; discuss practical and theoretical issues related to studying the relationships between rare, large-effect

deleterious variants and neurodevelopmental phenotypes; and describe potential future directions of this research. We argue that there

is currently insufficient evidence to establish meaningful ASD specificity of any genes based on large-effect rare-variant data.
Autism spectrum disorder (ASD) is

clinically and etiologically heteroge-

neous, and a unifying pathophysi-

ology has not yet been identified for

either the disorder as a whole or its

core behavioral components. Herita-

bility estimates are high (0.65–0.91)

based on family and twin studies,1–3

and elucidation of the complex ge-

netic architecture of ASD is revealing

contributions fromboth rare and com-

mon variants. Chromosomal microar-

ray and next-generation sequencing

studies have identified many de novo

and inherited rare variants of large ef-

fect size that contribute substantially

to the etiology of ASD. It has also

become clear that pathogenic variants

in the same genes are identified in in-

dividuals with a variety of different

clinically defined brain disorders,

including ASD, intellectual disability

(ID), epilepsy, schizophrenia, and

other neurodevelopmental and neuro-

psychiatric conditions.4–9 The known

collective contribution of rare, large-

effect pathogenic variants is greatest

for neurodevelopmental disorders
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(NDDs) such as ID, ASD, and epilepsy,

but they are also important etiologic

factors in other conditions with onset

in childhood (e.g., attention-deficit/

hyperactivity disorder [ADHD]) or

adolescence (e.g., schizophrenia) and,

to a lesser degree, to later-onset neuro-

psychiatric conditions such as mood

disorders.

Despite the evidence that delete-

rious variants in the same genes are

implicated across multiple disorders,

the recent literature reflects consider-

able interest in identifying genes that,

when mutated, confer risk that is

largely specific for ASD. Here, we re-

view and comment on recent efforts

to identify ‘‘autism genes,’’ efforts

which focus on rare variants of large ef-

fect size that are thought to account

for the observed phenotype in partici-

pants. We discuss practical and theo-

retical limitations to studying the rela-

tionships between rare, large-effect

deleterious variants and ASD and other

NDD phenotypes, along with the cur-

rent lack of sufficient evidence to

establish meaningful ASD specificity,
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as well as the possibility that other

sources of genetic variation, such as

common variant-related polygenic

risk, may confer ASD-specific risk.

Categorical Diagnosis-Based Cohort

Studies

To date, no genes have been identified

that, when mutated, confer only ASD

risk and not risk for ID or other

NDDs. However, several recent studies

have attempted to identify genes

that are relatively ASD-specific (ASD-

predominant or ASD-biased) by

comparing the distribution of likely

gene-disruptive de novo mutations be-

tween cohorts ascertained based on

ASD or ID and/or developmental delay

(ID/DD).10–12 For example, Satterstrom

et al.11 asserted that among 102 genes

implicated in ASD risk, some genes

are relatively ASD-predominant, and

others are associated with more global

developmental impairment, including

both ASD and ID and/or severe neuro-

developmental delay (ASD with ID/

DD), based on comparison of the fre-

quency of disruptive de novo variants
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among individuals ascertained for ASD

(n ¼ 11,986) to the frequency of such

variants among those ascertained for

severe ID/DD (n ¼ 5,264). In this

study, the authors defined ‘‘ASD-pre-

dominant genes’’ as those for which

the ratio of the frequency of de novo

disruptive variants identified in co-

horts of individuals ascertained for

ASD compared to the frequency of

de novo disruptive variants in cohorts

of individuals ascertained for ID/DD

was greater than 1.0. Conversely, genes

were classified as ‘‘ASD with neurode-

velopmental delay genes’’ (referred to

here as ‘‘ASD with ID/DD’’) when the

ratio of the frequency of disruptive de

novo variants in ASD-ascertained par-

ticipants compared to that in ID/DD-

ascertained participants was less than

1.0. In this manner, 50 of the 102

genes were classified as ASD-predomi-

nant and 49 as ASD with ID/DD. Three

additional genes were assigned to the

ASD-predominant group on the basis

of case-control data, bringing the total

to 53 genes.11

Coe et al.12 also compared the dis-

tribution of likely gene-disruptive

mutations between ASD- and ID/DD-

ascertained cohorts but did not find

evidence of ASD specificity for any of

the 253 genes they identified as candi-

date NDD genes based on evidence of

excess of de novo mutations through

the use of two statistical models. In

fact, 72% of genes predicted to be sig-

nificant by the two statistical models

showed evidence of excess de novo

variants in both ASD and ID/DD co-

horts. This study included fewer indi-

viduals ascertained for ASD (n ¼
5,624) than did the study by Satter-

strom and colleagues,11 but a similar

number ascertained for ID/DD (n ¼
5,303). In fact, the ID/DD cohorts

evaluated in these two studies over-

lapped almost completely; each study

used samples from five previously

published studies, and four of the

five were the same studies, accounting

for 99% of the samples.11–16

Although the issue of whether loss-

of-function variants in certain genes

confer risk that is relatively ASD-spe-

cific has been explored mainly in rela-

tion to ID risk, the question applies to
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other NDDs as well. Recently, the

burden of rare protein-truncating var-

iants in evolutionarily constrained

genes was shown to be similar among

individuals with ASD and those with

ADHD.17 One analysis was limited to

individuals with only one diagnosis

each (ASD or ADHD, but not both;

with no ID or other comorbid diagno-

ses) and was confined to a set of 212

constrained genes with a published

rare protein-truncating variant in

ASD. Even in this ASD-derived gene

set, the rates of constrained rare pro-

tein-truncating variants among those

with ASD and those with ADHD

were not significantly different.17

Limitations of Categorical

Diagnosis-Based Cohort

Comparisons

Although pragmatic in terms of data

availability, a significant problem

with the cohort-ascertainment-based

approach used in the Satterstrom

et al.11 and Coe et al.12 studies is the

potential bias introduced by the un-

equal opportunity for each partici-

pant to receive each diagnosis (i.e.,

ASD and ID) due to the lack of uni-

form phenotyping across studies.

Because of this bias, the phenotypic

overlap between the groups is unclear;

the prevalence of ASD in several of

the ID/DD-ascertained cohorts is not

quantified,13–15,18,19 and the preva-

lence of ID in the ASD-ascertained

cohorts is known only for a minor-

ity subset of participants.11,12 For

example, standardized ASD diagnostic

measures were frequently utilized in

the ASD cohorts but not in the ID/

DD cohorts.11,12 The majority of indi-

viduals in the group ascertained for

ID/DD phenotype came from the De-

ciphering Developmental Disorders

Study, for which the recruitment

criteria included phenotypes such as

multiple congenital anomalies, dys-

morphic features, and abnormal

growth in addition to neurodevelop-

mental diagnoses. Differences in age

distribution between the cohorts

may also impact the opportunity for

an individual to receive each diag-

nosis. Another issue with this type of

analysis is the scientifically arbitrary
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threshold used to define ASD-predom-

inance (relative frequency of disrup-

tive de novo variants of a gene in

ASD-ascertained exomes versus ID/

DD-ascertained exomes); a cutoff of

>1.0 was used by Satterstrom and col-

leagues,11 meaning that a simple ma-

jority could establish ASD-predomi-

nance. This is a narrow distinction of

dubious clinical significance. For

example, if exome sequencing of two

equally sized cohorts yielded 13

disruptive de novo variants in a partic-

ular gene among ASD-ascertained

cases and 12 disruptive de novo vari-

ants in that gene among ID/DD-ascer-

tained cases, the relative frequency

would be 1.08 (13/12), and the criteria

for ASD-predominance would be met.

Even if the cohorts were non-overlap-

ping in terms of diagnoses (i.e., none

of the ASD-ascertained subjects had

ID and none of the ID/DD-ascertained

individuals had ASD), the rate of ASD

among those with a pathogenic

variant in this gene would be 52%

(13/25), and the rate of ID/DD would

be 48% (12/25), which is certainly

not a clear indication of clinically sig-

nificant ASD specificity. In fact, it is

possible that in the same scenario,

all 13 individuals ascertained for ASD

could also have ID. In this case, the

gene would still be classified as ASD-

predominant even though all 25 indi-

viduals (100%) would have ID and

only 52% would have ASD. This poses

a challenge to the validity of the ascer-

tainment-based approach.

It is also important to be able to

assess the impact of intelligence quo-

tient (IQ) on any differences between

cohorts ascertained for autism and

those ascertained for ID/DD. Individ-

uals who participate in studies in

which ascertainment is based on ID/

DD may not have the same opportu-

nity for diagnosis of ASD, not only

because of differences in phenotyping

methods (e.g., tests administered), but

also because of the impact of very low

IQ. For example, someone with an IQ

of 40 may have the same ASD charac-

teristics as someone with an IQ of 70,

yet they may be discrepant for ASD

diagnosis becausee one of the Diag-

nostic and Statistical Manual of Mental



Disorders, 5th Edition (DSM-5) criteria

for ASD specifies that ‘‘tomake comor-

bid diagnoses of autism spectrum dis-

order and intellectual disability, social

communication should be below

that expected for general develop-

mental level.’’20 The same degree of

social communication and interac-

tion impairment may be below what

is expected for someone with an IQ

of 70, but not below the expectation

for someone with an IQ of 40, result-

ing in the former individual meeting

DSM-5 ASD criteria and the latter

not meeting criteria for the diagnosis.

Satterstromandcolleagues11demon-

strated that disruptive de novo variants,

including those in the 102 ASD genes,

occur more commonly than expected

even among individuals with ASD

and higher IQ (defined as IQ > 70 and

IQ > 82 in separate analyses); this

suggests that de novo variants do not

solely impair cognition. However, this

finding doesnot eliminate the possibil-

ity that a large difference in mean IQ

between the ASD-ascertained cohorts

and the ID/DD-ascertained cohorts

could be the primary factor responsible

for the classification of genes as ASD-

predominant or not. Among the subset

of ASD probands with a detected de

novo variant and available full-scale IQ

(which represented 46.8% of the ASD

probands from familyb ased samples

and 25.1% of the total number of indi-

viduals with ASD), the rate of ID

(defined as IQ < 70) was 30.6%, and

there were significant mean IQ differ-

ences among the three groups: ASD þ
ID/DD genes (mean IQ 62) < ASD-pre-

dominant genes (mean IQ 74) < idio-

pathic ASD (mean IQ 82).11 All three

group IQ means were significantly

below the general population mean of

100, and it is clear that even the genes

classified as ASD-predominant have a

deleterious impact on cognition when

mutated (mean IQ 74), though not as

great as that of the ASDþ ID/DD genes

(mean IQ 62).11

Similarly, among individuals with

ASD from the Simons Simplex Collec-

tion (SSC), the group with de novo

likely gene disruptive (LGD) variants

in any of 173 high-confidence ASD-

associated genes (n ¼ 74) had a signif-
icantly lower mean IQ (69.1) and

higher ASD severity than did those

with no such variants (n ¼ 2,216;

mean IQ 81.9).21 When the subgroup

of individuals with ASD and IQ > 100

(n ¼ 337) was compared to those with

ASD and IQ < 70 (n ¼ 562), the high

IQ group had a significantly lower

rate of de novo LGD variants overall

and in the 173 ASD-associated genes

than did the group with ASD and

ID.21 Among this ASD cohort, the

risk of coexisting ID was substantially

increased by the presence of a delete-

rious variant in an ASD-associated

gene.

Genotype-Based Cohorts

The high rate of ID among individuals

with pathogenic variants in ASD-asso-

ciated genes is also evident in data

from other sources. For example, the

Geisinger Developmental Brain Disor-

der Genes Database (DBD Genes Data-

base) integrates data from exome and

genome sequencing, copy number

array, and targeted gene studies with

phenotype data for six clinically

defined brain disorders (including

ASD and ID) to examine the pheno-

types associated with de novo patho-

genic loss-of-function (pLoF) variants

(see Web Resources).22 At the time it

was accessed, the database included

5,031 cases with loss-of-function vari-

ants in 553 genes based on informa-

tion from 923 unique articles pub-

lished between March 2003 and

March 2019 that met curation

criteria.22 Among 59 genes for each

of which there are at least 10 total pro-

bands with de novo pLOF variants in

the database, none are associated

exclusively with ASD (Figure 1). For

three genes, CHD8 [MIM: 610528],

SHANK3 [MIM: 606230], and SCN2A

[MIM: 182390], there are more indi-

viduals with ASD only than with

ID only, but many have both ASD

and ID, and for each of these genes,

there are more individuals with ID

than without ID (ID rates 68%, 52%,

and 62% for CHD8, SHANK3, and

SCN2A, respectively). However, this

database is also limited by the vari-

ability in phenotypic information

available from published studies, and
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therefore subject to potential ascer-

tainment bias.

Detailed phenotyping studies of in-

dividuals with pathogenic variants in

specific genes are another source of

data for evaluating ASD specificity.

For example, CHD8 is frequently dis-

cussed as a model ‘‘ASD gene’’ because

mutations in this gene are associated

with a high rate of ASD.23 However,

among 89 individuals with pathogenic

variants in CHD8 for whom diagnostic

information is available, the frequency

of ID (62/89, 70%) is similar to that

suggested by the DBD Genes Database

query (Bernier, unpublished data).

Specific IQ scores are available for a

subset of these individuals: the mean

nonverbal IQ is 67.8 (SD ¼ 28.6)

(n ¼ 40) and the mean verbal IQ is

65.5 (SD ¼ 28.2) (n ¼ 35). Similarly,

Douzgou and colleagues reported that

among 25 individuals with protein-

truncating CHD8 variants, 17 (68%)

had ID (81% of the 21 with available

clinical information about intellectual

functioning).24 Twenty-one of the 25

(84%) had a diagnosis of ASD.24 How-

ever, ascertainment bias is also a

concern with clinical cohorts such as

these because individuals with mild

phenotypes are less likely to be identi-

fied. For example, Guo et al. 25 assessed

three families in which likely gene-dis-

rupting CHD8 mutations were trans-

mitted from parents with full-scale IQ

scores between 80 and 87 (verbal IQ

88–-95, nonverbal IQ 75–79), estab-

lishing the possibility of relative

sparing of cognition. Still, it is difficult

to determine how meaningful it is

to describe any gene as being ASD-spe-

cific, or even ASD-predominant, when

pathogenic variants in that gene are

also associated with cognitive impair-

ment, including ID, in such a high pro-

portion of individuals.

Theoretical Underpinnings and

Unanswered Questions

A key question is: What would be

necessary to demonstrate meaningful

ASD specificity (or predominance)

of large-effect rare variants? If loss

of function of a particular gene

conferred risk that was purely specific

to ASD, the mean IQ associated with
Genetics 106, 587–595, May 7, 2020 589



Figure 1. Genes with R10 cases with de novo pLOF variants in the Geisinger Developmental Brain Disorder Genes Database
The number of individuals with intellectual disability (ID) without autism spectrum disorder (ASD) (ID_only), ASD without ID (AS-
D_only), and both ID and ASD (ID_ASD) is plotted for each of the 59 genes for which there are at least 10 total probands with de
novo pLOF variants in the Geisinger Developmental Brain Disorder (DBD) Genes Database (seeWeb Resources). The DBDGenes Database
is a curated resource providing genotype and phenotype data from six neurodevelopmental disorders (ID, ASD, attention-deficit/hyper-
activity disorder, schizophrenia, bipolar disorder, and epilepsy) obtained from published literature.
de novo pathogenic variants in that

gene would not be significantly

different from the population mean

(100), or at least from the familial

background mean, and the expected

rate of ID would be no different from

the ID rate in the general population

(�1.0%–1.3%).26,27 This is clearly not

the case for the genes and variants

identified to date and is very unlikely

given the high rate of comorbidity.

Rare, large-effect variants that in-

crease risk for neurodevelopmental

and neuropsychiatric disorders are

also associated with deleterious effects

on cognition,28–30 and ASD is no

exception. Perhaps relative ASD speci-

ficity could be inferred if it were

demonstrated that the ASD rate

among individuals with pathogenic

variants involving a given gene were

significantly greater than the ASD

rate among individuals matched for

IQ and other appropriate demo-

graphics. However, any valid assess-

ment would still require enough

uniformity in phenotyping to allow

equal opportunity for each partici-

pant to receive each diagnosis (i.e.,

ASD and ID), and even a statistically

significant difference may not be a

meaningful definition of ASD speci-

ficity if there is also a deleterious

impact of the variant on IQ.
590 The American Journal of Human Genetics
Another important pragmatic ques-

tion is whether genotype-phenotype

relationships should be evaluated

and curated for individual neurodeve-

lopmental or neuropsychiatric diag-

noses, or whether these clinically

defined disorders should be thought

of not as causally and pathophysio-

logically distinct, but rather as

manifestations of underlying devel-

opmental brain dysfunction and

‘‘lumped’’ accordingly for the purpose

of assessing pathogenicity of variants

and exploring variation in pheno-

typic expression.4,22,31 The latter

approach, unlike the categorical,

phenomenological nosology of the

Diagnostic and Statistical Manual of

Mental Disorders (DSM) and Interna-

tional Classification of Diseases (ICD),

is consistent with existing data

regarding within-disorder etiologic

heterogeneity (‘‘one disorder, multi-

ple causes’’), overlapping symptoms

and high rates of comorbidity among

disorders, high frequency of interme-

diate or subthreshold cases, and

shared risk factors and etiologies

across disorders (including variable

expressivity of pathogenic gene and

copy number variants—‘‘one gene,

multiple disorders’’).4,32–35 Efforts

to elucidate the contributions of

genomic, environmental, and sto-
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chastic developmental variation to

phenotypic variability in neurodeve-

lopmental and neuropsychiatric dis-

orders have been hampered by reli-

ance on categorical diagnoses, which

are effective heuristics that may

enhance interrater reliability, but do

not align well with genomic, neuroi-

maging, and other neurobiological

findings.33,34,36–38

Beyond the issues of design and

methodology in genetic studies, the

diagnosis of ASD in the presence of

ID is fundamentally complicated.

Many of the core social communica-

tion deficits that characterize ASD

and are necessary for diagnosis repre-

sent a failure to acquire developmen-

tally expected skills and, therefore,

are expected to be present to some

extent in individuals with ID.39 DSM-

5 classification of ID severity is based

on adaptive functioning across con-

ceptual, social, and practical domains,

and the social ability expectations

overlap with the social deficits that

define ASD.20,39 For example, the

DSM-5 description of social domain

impairments in moderate ID includes

the examples ‘‘individuals may not

perceive or interpret social cues accu-

rately’’ and ‘‘social judgement and de-

cision-making abilities are limited.’’20

This makes determination of whether



the social communication and interac-

tion deficits are beyond what can be

attributed to the level of general intel-

lectual functioning (a requirement for

DSM-5 ASD diagnosis) very difficult.

In addition, many instruments devel-

oped for the assessment of social

communication and interaction were

developed primarily in populations

without ID, and this complicates

assessment of individuals with ID.39,

40 Even the most comprehensive and

well-researched tools used in the diag-

nosis of ASD, such as the Autism Diag-

nostic Interview-Revised (ADI-R) and

the Autism Diagnostic Observation

Schedule (ADOS-2) are far less specific

when used for individuals with very

low mental ages, and over-diagnosis

of autism in individuals with low IQ

is common with the Diagnostic Inter-

view for Social Communication Disor-

ders (DISCO).39,41 The complexities of

clinical diagnosis, limitations of avail-

able diagnostic tools, and somewhat

arbitrary nature of categorical cutoff

points suggest caution with reliance

upon dichotomous categorical ASD

classification (i.e., ASD/no ASD) in

studies of populations which include

individuals with ID.

Implications for Clinical Genetic

Testing

Despite the lack of strong evidence

of ASD specificity of large-effect rare

variants, many clinical laboratories

market next-generation sequencing

test panels for ASD, and it has been

asserted that there is a need to

develop a validated list of genes

appropriate for inclusion in ASD-spe-

cific clinical laboratory test panels.42

This approach may provide market-

ing value, but it does not provide sci-

entific value. In some respects, the sit-

uation with neurodevelopmental and

neuropsychiatric disorders is analo-

gous to that of structural congenital

heart defects (CHDs). Each major

anatomical type of CHD can be

caused by multiple different genetic

variants (etiologic heterogeneity)

and each genetic variant identified

as a cause of CHDs is associated with

multiple different specific defects

(variable expressivity).43 For example,
tetralogy of Fallot (ToF) is associ-

ated with several dozen causal

genetic abnormalities, including sin-

gle gene variants, copy-number

variants (CNVs), and chromosomal

aneuploidies, and each of these path-

ogenic variants is also associated with

multiple other CHD phenotypes. A

1:1 correspondence between geno-

type and specific CHD phenotype

does not exist. It is not advantageous,

for example, to consider each of the

many heart defects associated with

the recurrent 22q11.2 deletion (or

TBX1 within this CNV region) sepa-

rately to determine a causal relation-

ship. Similarly, there would be no

justification for marketing separate

gene sequencing panels for most indi-

vidual cardiac phenotypes (e.g., ToF,

transposition of the great arteries, hy-

poplastic left heart syndrome, inter-

rupted aortic arch, etc.).

Although gene panel testing may

offer some advantages, such as sensi-

tivity for detection of mosaicism and

single exon-level deletions and/or du-

plications (when targeted deletion/

duplication analysis is included),

the set of genes included requires

continual revision as new associa-

tions are discovered, and reanalysis

is limited to the genes originally

included in the panel.44 Recently,

exome sequencing has been recom-

mended as a first-tier clinical test for

individuals with unexplained NDDs

by a multidisciplinary expert group

following completion of scoping re-

view and meta-analysis of diagnostic

yield.44 A comprehensive genomic

analysis provides greater flexibility

for reanalyzing the data as our knowl-

edge and understanding of NDDs

expands.

Moving Forward

Ascertainment bias and lack of uni-

form phenotyping severely limit the

conclusions that can be drawn about

the specificity of large-effect rare ge-

netic variants for the ASD phenotype

from the currently available cohorts

of convenience. It is premature to

declare that large-effect rare variants

in any genes confer risk that is ASD-

specific or meaningfully ASD-predom-
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inant, and it is possible that no such

variants will ever be found. Among in-

dividuals whose developmental brain

dysfunction is attributable to a rare

variant of large effect size, factors

such as background polygenic risk

(conferred by a large number of com-

mon variants of small individual

effect size) and stochastic develop-

mental variation may be more impor-

tant determinants of the specific

neurodevelopmental phenotypes ex-

pressed than the gene(s) involved in

the primary genetic etiology.

Effect sizes of deleterious variants on

traits relevant to ASD, ID, and other

neurodevelopmental andneuropsychi-

atric phenotypes can be quantified.

The neurodevelopmental phenotype,

whether pathological or not, depends

on the profile of quantitative delete-

rious effects associated with the rare

variant, other sources of genetic varia-

tion such as polygenic and oligogenic

background risk, and environmental

and stochastic variation. The possibil-

ity that for a given effect size of delete-

rious impact on IQ, rare variants in

some genes may have a substantially

greater or lesser effect size on core ASD

features is worth exploring, because

it may facilitate elucidation of the

genomics and neurobiology of social

communication and interaction. How-

ever, the evidence so far indicates that

rare, large-effect mutations that cause

ASD also cause cognitive impairment,

including ID, in a high proportion of

individuals. Answering the question

of whether there are genes that, when

mutated, confer risk that is meaning-

fully ASD-specific will require large-

scale studies that cross diagnostic

boundaries and include adequate phe-

notyping of all affected individuals,

providing equal opportunity for diag-

nosis of each condition. Phenotyping

should include quantitative measure-

ment of continuously distributed traits

(e.g., cognitive, behavioral, and neuro-

imaging traits), not just dichotomous

categorical diagnoses.4,45–48 Study de-

signs that include analyses of the

impact of quantified parental pheno-

types and the individual’s own poly-

genic scores for various traits will facili-

tate accurate interpretation of rare
Genetics 106, 587–595, May 7, 2020 591



genomic variants. Such studies should

be conducted in a variety of samples

including disease cohorts and unse-

lected birth and population-based

cohorts. Accumulation of larger co-

horts of individuals with the same

rare, large-effect pathogenic variants

will facilitate evaluation of within-

group genotype-phenotype correla-

tions and allow comparisons across

genetic diagnoses.48 It is also possible

that grouping of patients with variants

that are expected to impact the same

molecular pathways may identify

some degree of ASD specificity at the

pathway level, rather than the individ-

ual gene level, although no molecular

pathways are currently known to be

uniquely associated with ASD when

disrupted.49

Mutation severity also remains an

important factor to consider. Variants

that might cause ASD alone could be

so mild (partial loss of function) that

we might not even recognize them as

consequential. In some people, they

might manifest as ASD, possibly due

to an additional hypomorphic allele

in another gene (polygenic model)

or simply because they impact gene

function, and thus neural circuits,

albeit mildly. These same variants

might lead to a neurotypical pheno-

type in some people due to the ge-

netic background. Such alleles might

explain some of the isolated ASD

cases, but information about func-

tionality is limited. There is evidence

that ASD risk of smaller effect size can

be conferred by rare, inherited CNVs

and protein-truncating mutations

that disrupt genes intolerant to func-

tional variation.50,51 It is important

to note that a particular class of

variant may confer different effects,

even within the same gene. For

example, missense variants may

have severe consequences within

certain protein domains, or even

just at certain amino acid positions

of a gene, and mild consequences

elsewhere. In the case of SHANK3,

functional and phenotypic modu-

larity has been demonstrated; an

ASD-associated missense mutation

has been shown to interfere with

one aspect of protein function and
592 The American Journal of Human Genetics
cause a subset of the phenotypes

found with loss-of-function muta-

tions.52 Elucidation of the role of

rare variants of smaller effect size in

ASD will require ‘‘top down,’’ large,

carefully designed studies of people

with ASD and ‘‘bottom up’’ func-

tional studies using animal models

(e.g., for characterizing missense

variants).

In contrast to the situation with

large-effect rare variants, genetic

model fitting in twins53 and the

consistent positive correlation of

ASD with polygenic scores for IQ and

educational attainment54–57 suggest

that common variant-associated risk

may load on cognitive and behavioral

dimensions that are distinct from

those affected by rare variants and

may be more specific to ASD. By defi-

nition, de novo variants do not ac-

count for the considerable heritability

of autism, and in considering inherited

genetic factors that mediate familial

transmission of autism, Xie et al.

recently showed in a population-

based cohort that the aggregation of

ID among first-degree relatives of

non-intellectually disabled individ-

uals with ASD was relatively low

(odd ratio 2.3) compared to that of

first-degree relatives of individuals

with ASD and ID (OR 7.6).58 More-

over, Grove et al. showed that the pos-

itive correlation between polygenic

scores for IQ and ASD is principally

driven by the subgroup diagnosed

with autism without ID.57 A recent

observation that ASD is genetically

correlated with empathy (negative

correlation) and systemizing (positive

correlation) suggests that social and

non-social core ASD symptoms are

partially genetically dissociable,59

and it is possible that such distinct ge-

netic backgrounds might influence

the diagnostic classification and clin-

ical trajectory of individuals. Com-

mon variant-related polygenic risk

and rare inherited variants in the ge-

netic background also impact the

phenotypic expression of rare, large-

effect pathogenic variants in NDDs,

and their potential role in conferring

ASD-specific risk remains to be

explored.47,55,60–63
106, 587–595, May 7, 2020
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