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Autism spectrum disorder (ASD) is a common disorder that causes substantial distress.
Heritability studies consistently show a strong genetic contribution, raising the hope that
identifying ASD-associated genetic variants will offer insights into neurobiology and ulti-
mately therapeutics. Next-generation sequencing (NGS) enabled the identification of dis-
ruptive variants throughout protein-coding regions of the genome. Alongside large cohorts
and novel statistical methods, these NGS methods revolutionized ASD gene discovery.
NGS methods have also contributed substantially to functional genetic data, such as gene
expression, used to understand the neurobiological consequences of disrupting these ASD-
associated genes. These functional data are also critical for annotating the noncoding
genome as whole-genome sequencing (WGS) begins to provide initial insights outside of
protein-coding regions. NGS methods still have a major role to play, as do similarly transfor-
mative advances in stemcell and gene-editingmethods, in translating genetic discoveries into
a first generation of ASD therapeutics.

Autism spectrum disorder (ASD) is defined
by the American Psychiatric Association’s

Diagnostic and Statistical Manual, Fifth Edition
(DSM5) as the co-occurrence of social impair-
ment and restricted or repetitive behaviors or
interests. These symptoms are frequently co-
morbid with other neuropsychiatric symptoms,
including intellectual disability, developmental
delay, seizures, and attention-deficit disorder.
Diagnosis is based on clinical opinion, informed
by standardized diagnostic instruments, includ-
ing the Autism Diagnostic Interview (ADIR)
and Autism Diagnostic Observation Schedule
(ADOS), alongside measures of cognitive func-
tion, adaptive function, and behavior. Full eval-
uation requires multiple hours of assessment

by a team of psychologists and physicians. At
present, there is no effective biomarker such as
a blood test or imaging technique.

Estimates of ASD prevalence have consis-
tently increased since the first description in
1943. The latest estimate from the Center for
Disease Control and Prevention (CDC) figures
is one in 59 children (Baio et al. 2018); this is
approaching to the prevalence of 2.6% (one in
38) estimated by applying diagnostic measures
consistently across a large population (Kim et al.
2011). Changes in diagnostic definition and in-
creased awareness explain much of the increase
in prevalence and complicate efforts to deter-
mine whether there is also a true increase in
symptomatology in the population. The preva-
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lence is consistently about threefold higher in
males than females, with a greater sex bias in
“high-functioning” individuals with no comor-
bid cognitive impairment (Halladay et al. 2015).
Despite the high prevalence, there is strong se-
lective pressure against ASD symptoms, as shown
by the reduced fecundity (Power et al. 2013).

Twin studies and sibling studies have con-
sistently shown that ASD is one of the most
highly heritable complex disorders in humans.
Most studies estimate the narrow sense herita-
bility (h2) to be between 70% and 90% (Tick
et al. 2016; Sandin et al. 2017). A recent family
study based on insurance claim data from about
a third of the population of the United States
found ASD to be the most highly heritable of
the 149 disorders considered (h2 = 92%) (Wang
et al. 2017). These high heritability estimates
suggest that genetic factors have an important
role in the causation of ASD.

There is an urgent need for therapeutic in-
terventions capable of substantially improving
symptoms that cause distress to the millions of
individuals with ASD and their families. Efforts
to identify such therapies are limited by the lack
of understanding of the neurobiological mech-
anisms underlying ASD. Identifying the specific
genetic variants that contribute to ASD, and un-
derstanding how these genetic variants lead to
symptoms, has the potential to lead to therapies.

Next-generation sequencing (NGS) has had a
transformative role in accelerating this progress
in ASD.

EARLY PROGRESS IN ASD GENETICS

Karyotype analysis identifies large-scale changes
to chromosomes (e.g., ≥5 Mb). Special culture
conditions can also identify fragile X syndrome,
although methods based on polymerase chain
reaction (PCR) or methylation are now used
for detection. Comparison of karyotypes across
2173 autism cases prior to 2010 identified frag-
ile X in 1.5% of ASD cases, Down syndrome
(trisomy 21) in 0.9%, and large deletions/
duplications (now called copy number variants
[CNVs]), translocations, or inversions (copy
neutral variants) in 3.4% of cases (Table 1). Of
note, maternal duplications at the 15q11.2–13
locus were identified in several families (Cook
et al. 1997). The vast majority of these genetic
variants were de novo mutations, observed in
DNA from the child’s blood, but not in DNA
from either parents’ blood. Affected children
often had syndromic features such as cardiovas-
cular abnormalities or dysmorphic features and
were described a “syndromic autism,” distinct
from “idiopathic autism” without such features.
Autism symptoms were also observed in several
distinctive syndromes without chromosomal

Table 1. Karyotype analysis of ASD

Study
ASD

samples
Karyotyped
ASD samples

Copy
number
variant

Copy
number
neutral

Trisomy
21

Fragile
X

Gillberg and Wahlström (1985) 66 66 1 0 1 8
Ritvo et al. (1990) 233 Not stated 2 1 5 2
Li et al. (1993) 104 104 0 3 2 8
Weidmer-Mikhail et al. (1998) 92 92 3 0 0 0
Konstantareas and Homatidis (1999) 127 28 7 2 0 0
Lauritsen et al. (1999) 437 145 1 3 0 0
Wassink et al. (2001) 898 278 15 1 2 6
Kielinen et al. (2004) 187 187 4 0 7 4
Reddy (2005) 433 421 9 5 0 3
Shen et al. (2010) 933 852 8 9 2 2
Total 3510 2173 50 24 19 33
% ASD samples 1.40% 0.70% 0.50% 0.90%
% Karyotyped ASD samples 2.30% 1.10% 0.90% 1.50%

ASD, Autism spectrum disorder.
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abnormalities, including tuberous sclerosis and
neurofibromatosis. The extent to which ASD
is a feature of each syndrome varies consider-
ably, from ∼50% of cases with fragile X (FMR1)
and tuberous sclerosis (TSC1/TSC2) to fewer
than 5% of cases with neurofibromatosis (NF1)
(Williams and Hersh 1998; de Vries et al. 2007;
Garcia-Nonell et al. 2008).

Within a syndrome, the presence of distinc-
tive features allowed affected and unaffected
individuals to be distinguished within families.
By comparing how the pattern of genetic vari-
ants (e.g., short tandem repeats) segregates with
the syndrome in the family, linkage analysis can
identify the genetic locus, which can then be
resolved to a nearby gene harboring the causa-
tive variant (e.g., FMR1 in fragile X) (Verkerk
et al. 1991). In addition to identifying the caus-
ative locus behind many syndromic forms of
ASD, linkage analysis identified variants in the
genes NLGN3 and NLGN4X on chromosome X
in large families with X-linked inheritance pat-
terns for ASD (Jamain et al. 2003; Laumonnier
et al. 2004). However, apart from NLGN3
and NLGN4X, in the era before NGS, linkage
analysis failed to identify other genetic loci
with robust evidence for ASD association.

Sequencing of the human genome (Lander
et al. 2001; Venter et al. 2001), alongside im-
provements in methods for detecting variants
in PCR-amplified DNA, allowed single genes to
be screened for genetic variation in hundreds of
individuals. In disorders for which the underly-
ing biology was partially understood, for exam-
ple, infantile epilepsy (Ogiwara et al. 2009), these
approaches identified associated genes. Howev-
er, in ASD, these so-called “candidate gene” ap-
proachesdidnot result in the reliabledetectionof
ASD-associatedgenes. Inretrospect, theseexper-
iments often analyzed thewrong genes (Johnson
et al. 2017), lacked the sample sizes to detect the
rarest variants with the strongest evidence for
association, and suffered from publication bias
and winner’s curse (Xiao and Boehnke 2009).

EARLY PROGRESS IN ASD GENOMICS

The availability of single-nucleotide polymor-
phism (SNP) genotyping microarrays, which

could assess tens of thousands of SNPs simulta-
neously in a single individual, enabled two novel
experimental designs: (1) genome-wide associ-
ation studies (GWAS), in which thousands of
common variant SNPs were assessed for enrich-
ment in cases versus controls (Risch and Meri-
kangas 1996); and (2) detection of large-scale
deletions or duplications in DNA, called CNVs
(Fig. 1) (Iafrate et al. 2004; Sebat et al. 2004; Feuk
et al. 2006). Microarrays improved the accuracy
and throughput of CNV detection and expand-
ed the CNV resolution by at least 1000-fold,
from the ≥5 Mb achieved by karyotype analysis
to ≥50 kb.

A landmark experiment in 2007 identified a
significant excess of de novo CNVs in 195 ASD
cases versus 196 controls (Sebat et al. 2007). Of
note, this increased CNV burden was especially
prominent in simplex families, in which a single
individual is affected by ASD, compared with
multiplex families, with a first-degree relative
also affected by ASD. Critically, this excess of
de novo CNVs in ASD was replicated in several
larger, independent cohorts (Pinto et al. 2010;
Gilman et al. 2011; Sanders et al. 2011), includ-
ing the Simons Simplex Collection (SSC) of
∼2500 simplex families (Fischbach and Lord
2010). The SSC performed in-person assess-
ment on cases to ensure cases met “gold stan-
dard” diagnostic criteria and also assessed the
parents and siblings to exclude ASD. DNA from
blood was collected from the child with ASD
(the proband), both parents, and an unaffected
sibling who could act as a control.

Several studies highlighted CNVs at specific
genomic loci in multiple independent ASD
cases, including the 16p11.2 locus (Kumar et al.
2008; Marshall et al. 2008; Weiss et al. 2008),
raising the question of how many CNVs are
required to show ASD association at a specific
genetic locus in a genome-wide analysis. This
was resolved by developing a statistical model
that integrated the observed de novo variants
in cases with the expected mutation rate from
the unaffected sibling controls to assess the false
discovery rate (FDR) (Sanders et al. 2011).
Along with the observation that the 16p11.2
locus met this genome-wide threshold for asso-
ciation, this analysis showed that duplications at
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Figure 1. Types of genetic variants. (A) The majority of genetic variation in the human genome is common
(population frequency≥1%, blue); these variants are transmitted from parents followingMendelian inheritance
patterns. A smaller proportion is rare (≤1%, purple) and also transmitted from parents, whereas only ∼70
variants are de novo (red), observed only in the child, but not in either parent. (B) The impact of single-nucleotide
variants (SNVs) and small (≤50 bp) insertion/deletions (indels) depends on their location in the genome. In the
1.5% of the genome that encodes proteins (i.e., the exome) these variants can either be synonymous, with no
change to the resulting protein, missense, in which a single amino acid is changed in the protein with variable
functional impact, or protein-truncating variants (PTVs), which result in nonsense-mediated decay and no
protein. Variants and their consequences (red stars) are shown on the father’s allele, but can also arise on the
maternal allele. (C) Copy number variants (CNVs) are large (≥50 bp to millions of nucleotides) deletions,
resulting in no protein, or duplications, potentially resulting in excess protein.
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7q11.23 were associated with ASD. Of note,
deletions at 7q11.23 are the cause of Williams–
Beuren syndrome, a neurodevelopmental disor-
der that includes hypersociability as a feature
(Pober 2010), suggesting that the degree of ex-
pression of a gene or genes at this locus corre-
lates with an individual’s sociability.

ASD GENETICS PRIOR TO NGS

The high heritability of ASD had sparked con-
siderable interest in the genetics of ASD and the
identification and replication of de novo CNVs
as a major contributor to ASD offered a path to
identifying the ASD-associated genetic loci with
the highest effect sizes. As groundbreaking as
this approach was, experimental follow-up in
model systems was complicated by the size of
the variants and the multiple genes involved.
The CNV analysis also mapped out a route to
leverage NGS methods, suggesting an experi-
mental design (i.e., comparing gene-disrupting
de novo variants in cases and controls, providing
an ideal cohort, and laying out the statistical
approaches to evaluate the results).

EXOME SEQUENCING IN ASD

Exome capture uses thousands of DNA probes
to bind and extract DNA in the 1.5% of the
genome that encodes proteins, called the exome.
Pairing exome capture with NGS resulted in
“whole-exome sequencing” (WES), which re-
duced the per-sample sequencing costs suffi-
ciently to enable multiple individuals to be
analyzed simultaneously (Fig. 2). Several early
studies highlighted the potential of WES to
identify risk-mediating variants in individual
families or small cohorts with developmental
delay or ASD (Aldahmesh et al. 2011; O’Roak
et al. 2011; Sirmaci et al. 2011).

DE NOVO PTVs

Four papers, published early in 2012, provided
the first robust evidence that de novo protein-
truncating variants ([PTVs], also called loss-of-
function or likely gene disrupting [LGD]) (see
Fig. 1), were associated with ASD (Iossifov et al.

2012; Neale et al. 2012; O’Roak et al. 2012a;
Sanders et al. 2012). PTVs include single-nucle-
otide variants (SNVs) that lead to premature
stop codons (also called nonsense variants),
SNVs in the highly conserved canonical splice
sites, two nucleotides on either side of an exon,
and insertion/deletions (indels) that disrupt the
reading frame (also called frameshift indels). All
three of these types of variants are predicted to
cause nonsense-mediated decay, resulting in the
transcribed messenger RNA (mRNA) being de-
graded and no protein being produced for that
allele (Fig. 1).

By comparing the rate of heterozygous de
novo PTVs in cases versus controls or expected
mutation rates, these four studies showed a con-
sistent excess of de novo PTVs in ASD cases,
thus showing that some of these de novo PTVs
were contributing risk for ASD (Fig. 2). This
observation has since been replicated in addi-
tional large independent ASD cohorts (De Ru-
beis et al. 2014; Dong et al. 2014; Iossifov et al.
2014), with de novo PTVs observed in 15.8% of
ASD cases compared with 8.5% of controls, sug-
gesting that such variants contribute to ASD in
∼7% of ASD cases (Sanders et al. 2015).

DE NOVO MISSENSE VARIANTS

Because missense variants can also disrupt gene
function (Fig. 1), it follows that an excess of de
novo variants should be expected too. Although
the original four exome studies (Iossifov et al.
2012; Neale et al. 2012; O’Roak et al. 2012a;
Sanders et al. 2012) showed such a trend, it re-
quired larger sample sizes to reliably show a sig-
nificant excess of de novo missense variants,
independent of de novo PTVs (De Rubeis et
al. 2014; Iossifov et al. 2014). As expected,
ASD association is strongest for missense vari-
ants predicted to disrupt protein function.

Missense variants can also alter rather than
disrupt gene function, potentially identifying a
different set of genes from PTVs. At present,
bioinformatic approaches cannot reliably dis-
tinguish such gain-of-function variants from
loss-of-function variants; however, clustering
of variants at specific nucleotides or functional
domains is likely to enrich for gain-of-function
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Figure 2. Exome sequencing in autism spectrum disorder (ASD). (A) Blood-derived DNA is collected from
individuals with ASD (cases), both their parents, and, ideally, an unaffected sibling control. The 1.5% of the
genome that encodes proteins is captured and undergoes next-generation sequencing (NGS). De novo variants
are identified by comparing the child’s sequence to the parents’ and the rate of de novo variants between cases and
controls is assessed. If other factors, such as parental age and sequencing quality metrics, can be excluded, then
the excess of de novo variants represents risk-mediating variants identified in the cases only. (B) Distribution of
de novo variants in cases (red) and controls (blue) in a region of chromosome 2. Most de novo variants are
distributed across multiple genes; however, some de novo variants in cases are clustered in specific genes, such as
TBR1 and SCN2A. (C) Statistical analysis of the distribution of variants across protein-coding genes in 4687 ASD
cases (Sanders et al. 2015) using the “transmitted and de novo association” (TADA) test (He et al. 2013) generates
a per-gene false discovery rate (FDR). The Manhattan plot shows 27 named genes at a threshold of FDR ≤0.01
(red points) and a further 36 genes at a threshold of FDR ≤0.1 (purple points).NLGN3 on chromosome X is not
shown and KDM5B was excluded because of an excess of mutations in siblings.
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variants (Geisheker et al. 2017), although similar
patterns can also be observed for loss-of-func-
tion variants (Ben-Shalom et al. 2017).

PATTERNS OF MUTATIONS

Exome sequencing provided some of the first
large-scale analyses of germline de novo muta-
tion patterns in humans. The O’Roak study
showed that the majority of de novo variants
were on the father’s allele and that mutation
rate increased with paternal age (O’Roak et al.
2012a), a result predicted in 1947 (Haldane,
1947), because of the ongoing replication in
the paternal germline compared with themater-
nal germline. This result has been replicated
several times (Kong et al. 2012; Rahbari et al.
2016; Jónsson et al. 2017), also identifying a
weaker correlation between maternal age and
germline de novo mutation rate (Jónsson et al.
2017). It is important to correct for parental
age in analyses of de novo mutation burden,
especially because phenomena such as stoppage
(ceasing to have children after having a child
with medical problems) or age of diagnosis
can lead to differences in parental age between
cases and controls (Werling et al. 2018).

An alternative explanation for observing an
excess of de novo mutations in ASD cases could
be genomic instability/fragility, resulting in an
overall increase mutation rate (similar to that
observed in many cancers). Three important
data points limit this as a possibility. First, the
excess of mutations observed for CNVs, PTVs,
and missense variants is not observed for syn-
onymous variants (Fig. 1) (Iossifov et al. 2012,
2014; Sanders et al. 2012) or noncoding variants
(Werling et al. 2018). Second, the mutation rate
observed in ASD families is similar to that ob-
served in non-ASD cohorts (Jónsson et al. 2017).
Finally, the location of these mutations differs
from hot spots of mutability identified in
whole-genome analyses (Michaelson et al. 2012).

The exome data also replication earlier re-
ports of differing mutation rates per nucleo-
tide, especially for C→T mutations owing to
the sensitivity of methylated cytosine (5-meth-
ylcytosine) be deaminated into tyrosine (Lynch
2010). Combining these mutational patterns

with gene length allowed the expected mutation
rate to be determined for each gene (Sanders
et al. 2012). Considering the nucleotide, either
side of the mutated nucleotide improved the
accuracy of this model (Samocha et al. 2014)
and further refinements were derived from the
60,000 WES samples in the Exome Aggregation
Consortium (ExAC) (see exac.broadinstitute.org)
(Lek et al. 2016).

GENE DISCOVERY

Along with identifying an overall excess of de
novo PTVs in the 2012 exome studies, three
genes (SCN2A, CHD8, and KATNAL2) had
two de novo PTVs, a result that is unlikely by
chance given the very low rate of such variants
(one in 20 individuals) and the ∼18,000 protein
coding genes in the genome and not seen in
controls (O’Roak et al. 2012a; Sanders et al.
2012). Using permutation analysis, based on
the rate of de novo PTVs in siblings and the
per-gene mutability, the Sanders study showed
that the two de novo PTVs observed in SCN2A
were genome-wide significant in a cohort of 225
families (Sanders et al. 2012). Critically, this
permutation analysis was able to estimate the
expected rate of gene discovery as sample size
increased, estimating >30 genes would be asso-
ciated with ASD in a cohort of 3000 families
(Sanders et al. 2015).

This statistical approach to gene discovery
was refined by the creation of the “transmitted
and de novo association” (TADA) test in 2013
(He et al. 2013). Using a Bayesian approach, it
compares the observed and expected numbers
of variants based on the per-gene mutation rate
and incorporates evidence across multiple vari-
ant classes, for example, de novo PTVs, de novo
missense, and rare inherited PTVs. The result-
ing genome-wide FDR for each gene enables the
researcher to select a level of confidence appro-
priate to the analysis. An alternative frequentist
approach generates a p-value for each gene from
de novo PTVs alone (Samocha et al. 2014). As
expected, these two approaches are highly cor-
related, with a TADA FDR threshold of≤0.0001
being approximately equivalent to a genome-
wide significant p-value of ≤1 × 10−6. Similar
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approaches have also been used in other disor-
ders with a contribution from de novo variants
onWES, including developmental delay (McRae
et al. 2017), congenital heart disease (Jin et al.
2017), and infantile epileptic encephalopathy
(Heyne et al. 2018).

As predicted, larger cohorts of ASD families
yielded substantial increases in the number of
ASD-associated genes. Analysis of ∼2500 SSC
families identified 27 genes with at least two
de novo PTVs (Iossifov et al. 2014), whereas
the analysis of 3871 ASD cases (of which 2270
were families) identified 33 genes with a TADA
FDR ≤0.1 (De Rubeis et al. 2014). Combining
these two cohorts and integrating small de novo
deletion CNVs from 4687 ASD cases into the
TADA model, identified 65 ASD-associated
genes (Fig. 2) with a TADA FDR ≤0.1 (Sanders
et al. 2015). These studies also assessed the total
number of genes that could contribute to ASD,
with estimates in the range of 500–1000 genes
(He et al. 2013; De Rubeis et al. 2014; Iossifov
et al. 2014).

Alongside these WES cases, targeted analy-
ses that assayed DNA with NGS from a few
hundred genes only, were able to identify further
variants in many of the genes identified byWES
(O’Roak et al. 2012b; Stessman et al. 2017).
Although these analyses bolster the evidence
for many of the ASD-associated genes, the lack
of statistical methods to integrate WES and
targeted sequencing analysis have limited the
evaluation of which genes meet strict genome-
wide statistical criteria.

INHERITED HETEROZYGOUS VARIANTS
IN ASD

If a de novo PTV contributes to ASD, it follows
that an inherited PTV in the same gene also
contributes to ASD. Finding an inherited het-
erozygous contribution to ASD is complicated
by the ability to distinguish variants that medi-
ate ASD risk from neutral variants that do not.
Because of natural selection and the reduced
fecundity in ASD (Power et al. 2013), we would
expect the variants with the highest effect sizes
to be the rarest. Assuming they need to occur at a
similar frequency to a de novo PTV, a reference

cohort of at least 50 million individuals would
be required (Sanders et al. 2017), 1000-foldmore
than ExAC at present (Lek et al. 2016). With
available tools, a slight excess in rare inherited
PTVs can be detected; however, the association
is too weak to have a meaningful impact on gene
discovery (Sanders et al. 2015).

HOMOZYGOUS VARIANTS IN ASD

Homozygous variants at locations not observed
in ExAC occur at a similar population frequency
to de novo variants and therefore have the poten-
tial to mediate equivalent risk for ASD (Sanders
et al. 2017). While simplex ASD families would
be expected to have an increased contribu-
tion from de novo variants, consanguineous
ASD families should have an excess of risk-
mediating homozygous variants, although anal-
ysis of families with developmental delay shows
that de novo variants are still a major risk factor
even in consanguineous families (McRae et al.
2017).

Three families affected by ASD, seizures,
and intellectual disability were identified with
homozygous variants in the gene branched
chain ketoacid dehydrogenase kinase (BCKDK),
two of these were PTVs, while the third was
a missense variant with loss-of-function effects
(Novarino et al. 2012). Analysis of 933 ASD
cases from simplex and multiplex families
showed a twofold excess of homozygous (the
same variant on both alleles) and compound
heterozygous (different variants on each allele
in the same gene) PTVs in cases compared
with controls (Lim et al. 2013). Despite the fre-
quency and relative risk of these variants being
similar to those observed for de novo variants,
they did not show the same degree of clustering
within genes (Fig. 2); therefore, no gene met
criteria for genome-wide association. Concur-
rent analysis of 277 consanguineous families
identified two families with homozygous PTVs
in the PAH gene, resulting in undiagnosed phe-
nylketonuria, and homozygous missense vari-
ants in five genes associated with known Men-
delian disorders (Yu et al. 2013).

Taken together, homozygous and com-
pound heterozygous gene-disrupting variants
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are associated with ASD and probably contrib-
ute to at least 3% of ASD cases. However, these
biallelic variants show less evidence of clustering
in specific genes, limiting gene discovery with
clear statistical thresholds at these sample sizes.

SOMATIC MUTATIONS IN ASD

De novo mutations can also arise after concep-
tion, resulting in a somatic mutation detected in
only a subset of cells. Such mutations can be
identified in blood samples by the proportion
of sequencing reads containing the variant allele
being below 50%. Approximately 10% of the
de novo mutations identified in ASD cases
have this signature, suggesting a postzygotic or-
igin (Dou et al. 2017; Krupp et al. 2017; Lim et al.
2017). Mutations that arise later in development
can be undetectable in the blood but have a pro-
found impact in the brain. Analysis of 55 ASD
brains identified several somatic mutations,
including a de novo missense variant in the
gene SETD2 in the cortex, but not cerebellum
(D’Gama et al. 2015). Somatic mutations have
the potential to identify regions of the brain that
contribute to ASD and novel genes thatmight be
lethal or lead to alternative diagnoses if present
in the germline.

FUNCTIONAL INSIGHTS FROM DATA

The success of gene discovery in ASD offers
a foundation from which to understand the
neurobiology of ASD. Analysis of the genes
identified (Fig. 2) point toward two major gene
groups: (1) gene expression regulators (e.g.,
CHD8), and (2) neuronal communication
(e.g., SCN2A) (De Rubeis et al. 2014; Sanders
et al. 2015). The relationship between these
two groups remains unclear, although the sim-
plest explanation would be for the gene expres-
sion regulators to control the expression of the
genes involved in neuronal communication
(Sanders 2015).

Fragile X was one of the first syndromes
associated with ASD. It is caused by a triplet
expansion that silences the gene FMR1 on chro-
mosome X preventing the protein fragile X
mental retardation protein (FMRP) from being

made. FMRP interacts with RNAs expressed
by other genes, usually reducing the quantity
of the protein they encode. Cross-linking immu-
noprecipitation of FMRP in the mouse brain,
followed by NGS of the precipitated FMRP-
bound RNA, identified mRNA gene targets
(Darnell et al. 2011). These FMRP gene targets
are highly enriched for ASD genes (Darnell et al.
2011; Iossifov et al. 2012, 2014; Sanders et al.
2015), suggesting a potential mechanism by
which fragile X leads to ASD. Attempts to mod-
ify this deficit have so far not improved symp-
toms in humans, although this may be because
treatment at earlier ages is required (Berry-Kra-
vis et al. 2018).

The chromatin modifier CHD8 was one of
the first genes identified by exome sequencing
(O’Roak et al. 2012a) and remains one of
the genes with the strongest evidence of ASD
association (Fig. 2). Chromatin immunoprecip-
itation and NGS (ChIP-Seq) can be used to
identify the regulatory targets of chromatin
modifiers and transcription factors, such as
CHD8. ChIP-Seq analyses of CHD8 in neural
progenitor cells (Sugathan et al. 2014) and hu-
man neural stem cells, human midfetal brain at
16–19 postconception weeks, and mouse cor-
tex at 17.5 postconception days (Cotney et al.
2015) showed that CHD8 targets are enriched
for other ASD-associated genes, particularly
those in the gene expression regulator group
(Sanders 2015). Reducing the expression of
CHD8 in neural progenitor cells (Sugathan et
al. 2014) and human neural stem cells (Cotney
et al. 2015) resulted in mild dysregulation of
multiple genes, although most of these were not
direct targets of CHD8 on ChIP-Seq. Of note,
down-regulated genes that were not CHD8 tar-
gets were also enriched for ASD-associated
genes, mostly in the neuronal communication
group (Sanders 2015), and many are targets of
RE-1 silencing transcription factor (REST),
which may act as an intermediate (Katayama
et al. 2016).

LARGE-SCALE NGS DATASETS

Along with functional analysis of individual
genes, ASD research has leveraged large-scale
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NGS datasets of hundreds or thousands of sam-
ples. Analysis of gene expression in postmortem
brain provides an alternative approach to iden-
tifying genes implicated in ASD, although it is
hard to distinguish causal factors from conse-
quences. Across several such analyses, two main
groups of genes are consistently dysregulated:
(1) genes down-regulated in ASD that are en-
riched for neuronal markers, they are also en-
riched for ASD-associated genes and common
variants; and (2) genes up-regulated in ASD
that are enriched for markers of microglia
and astrocytes, but not enriched for variants
associated with ASD (Luo et al. 2012; Ellis
et al. 2016; Parikshak et al. 2016; Gandal et al.
2018). Improvements in the quality of NGS data
have allowed assessment of splicing patterns as
well as gene expression, suggesting reduced
splicing diversity in the ASD brain (Parikshak
et al. 2016).

Gene expression data from unaffected indi-
viduals and wild-type animal models have also
provided insights into ASD. Assessing ASD-as-
sociated genes in the context of gene co-expres-
sion patterns in the human (Kang et al. 2011)
implicated the prefrontal cortex during midfetal
development (Willsey et al. 2013). Comparison
to cell-type-specific marker genes suggested this
signal was driven by excitatory glutamatergic
neurons (Willsey et al. 2013). Similar results
have been identified by other groups, along with
a potential role for striatal medium spiny neu-
rons (Parikshak et al. 2013; Xu et al. 2014; Chang
et al. 2015).

In addition to improving the mutational
model used for gene discovery, WES data from
>60,000 individuals in ExAC has helped identify
which genes are most sensitive to heterozygous
disruption by PTVs in humans (Lek et al. 2016).
Comparing the observed number of PTVs to the
expected number from the mutation model led
to a “probability of loss-of-function intolerance”
(pLI) score, which is high in genes that are most
likely to cause a disorder in the presence of a
PTV. Comparing the de novo variants identified
in ASD cases to controls showed that genes with
a pLI score >0.9 explained the majority of the
association signal in ASD (Kosmicki et al. 2017).
This observation has the potential to improve

gene discovery, since these high pLI genes have
a much stronger association with ASD.

WHOLE-GENOME SEQUENCING

As the cost of NGS has continued to decrease,
short-read whole-genome sequencing (WGS) is
beginning to replace WES as a method to iden-
tify genetic factors associated with ASD. WGS
data has several advantages over previous geno-
mic methods (Sanders et al. 2017). Without the
need to perform DNA capture, WGS offers
more even coverage across the genome, allowing
a more thorough analysis of protein-coding re-
gions, resulting in the discovery of 10%–20%
more coding variants than WES (Turner et
al. 2016; Yuen et al. 2017; Werling et al. 2018).
Although microarray and GWAS allow the
detection of common noncoding variants asso-
ciated with ASD, WGS can also identify rare
and de novo noncoding variants. The consistent
coverage also allows the detection of small
CNVs and, by detecting break points, transloca-
tions, and inversions (Brandler et al. 2016; Col-
lins et al. 2017; Werling et al. 2018).

Identifying a noncoding contribution to
ASD, which may provide further insight into
when and where ASD pathology occurs in the
brain (Sanders et al. 2017), is complicated by a
limited understanding of how information is
encoded in noncoding regulatory sequences. Al-
though there was a clear hypothesis that de novo
PTVs, and to a lesser extent de novo missense
variants, in protein-coding genes would con-
tribute to ASD, it is not clear which noncoding
elements or noncoding annotations best predict
functional impact. To overcome this limitation,
the category-wide association study (CWAS)
was developed, mirroring the statistical rigor of
a GWAS (Werling et al. 2018). Under the CWAS
framework, thousands of categories are defined
by combinations of groups of annotations (Fig.
3); for example, a category might consider var-
iants defined by H3K27ac epigenetic markers
in the untranslated regions (UTRs) of ASD-
associated genes. Each category is tested for
enrichment of de novo variants in ASD cases
versus controls and the results are displayed
as a volcano plot (Fig. 3). For a category to be
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G1 (levels i, j, ..., k)
(e.g., locations in gene)

G2 (levels i, j, ..., k)
(e.g., gene lists)

GN (levels i, j, ..., k)
(e.g., epigenetics)

G3 (levels i, j, ..., k)
(e.g., conservation)

Groups of variant annotation

Category definitions

C1: G1i & G2i & G3i & ... & GNi

C2: G1j & G2i & G3i & ... & GNi

C3: G1j & G2j & G3i & ... & GNi

CN: G1k & G2k & G3k & ... & GNk

Example category:
UTR & ASD gene & all & ... & H3K27ac

Category-wide
significant

p < 0.05

Relative risk
Enriched in

controls 
Enriched in

cases

–l
og

10
P

Category-wide association study (CWAS)

Rare variant risk score (RVRS)

Training
cohort

Categories with
few variants

Lasso
regression

model

Testing
cohort

Categories with
strongest association

evidence

Model
performance

(p-value and R2)

BA

C

Single category
tested for
association

Figure 3. Category-wide association study framework. (A) Variants identified by whole-genome sequencing
(WGS) are annotated against several annotation groups, for example, location relative to genes (e.g., untranslated
regions [UTRs], promoters, introns), gene lists (e.g., autism spectrum disorder [ASD]-associated genes, synaptic
genes, fragile X mental retardation protein [FMRP] targets), conservation (e.g., PhyloP, PhastCons), and epige-
netic markers (e.g., H3K27ac, DNase, transcription factor binding sites). Annotation categories are defined by
looking at the combination of one annotation selected from each annotation group, for example, de novo
mutations marked by H3K27ac in the UTRs of ASD-associated genes. The total number of categories will be
equivalent to the product of the number of types of annotation in each of the annotation groups. (B) Each of the
annotation categories is assessed for evidence of association with ASD by comparing the number of de novo
mutations in cases versus controls (or vs. null expectation based on a mutation model [Lek et al. 2016]).
Association can be tested using a binomial exact test, linear regression, or permutation analysis. The impact
of paternal age should be corrected. The results are plotted on a volcano plot, with relative risk in cases versus
controls on the x-axis, –log10(P) on the y-axis, and each point representing an annotation category from A. An
annotation category is considered significant if it exceeds the multiple comparison threshold (red), defined by
looking for the number of effective tests based on simulated data (Werling et al. 2018). Conceptually, this is
similar to a Manhattan plot for genome-wide association studies (GWAS). (C) Although individual categories
may not reach the significance threshold, groups of categories may carry signal (i.e., more points to the right than
the left of the midline in B). To identify an underlying association across multiple categories, a rare variant risk
score based on a Lasso regression model is generated from a training cohort. The score is created from categories
with few variants, based on the logic that highly refined categories will carry the strongest signals. The perfor-
mance of the model is tested on an independent testing cohort to assess if it is a significant predictor ( p-value)
and the relative accuracy of the prediction (R2). If the model is significant, the categories in the model can be
assessed to evaluate which annotation terms account for the prediction. Conceptually, this is similar to a
polygenic risk score in a GWAS.
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associated with ASD, it must reach a p-value
threshold defined by the number of effective
tests across all the categories (Werling et al.
2018). Applying this CWAS approach to 519
ASD cases and 519 unaffected sibling controls
from the SSC without prior disruptive variants
identified by WES or microarray, no noncoding
annotation category met the threshold of sig-
nificance (Werling et al. 2018). This result sug-
gests that with current annotations no noncod-
ing category has the equivalent frequency and
relative riskofdenovoPTVs, althoughacategory
equivalent to de novomissense variants remains
possible.A similarly negative resultwasobserved
considering inherited heterozygous and homo-
zygous variants and considering CNVs across all
modes of inheritance.

An alternative approach to identifying
ASD-associated noncoding variants is to predict
the category of noncoding variants that is most
likely to mediate risk from available knowledge
of the genome (Turner et al. 2016, 2017; Yuen
et al. 2016; Brandler et al. 2018). This approach
may suffer from the same issues as candidate
gene studies, specifically a lack of biological
knowledge to make accurate predictions, small
samples sizes, and publication bias. Of note, the
category of noncoding risk selection differs in
each study, suggesting a lack of consensus on
where the strongest noncoding association
would be expected. What is clear is that larger
cohorts ofWGS datawill be needed to define the
noncoding contribution of de novo variants in
ASD; a similar conclusion was reached in an
analysis of de novovariants in conserved enhanc-
ers in developmental delay (Short et al. 2018).

CONCLUDING REMARKS

Next-generation sequencing has had a revolu-
tionary impact in identifying high-impact ge-
netic loci that contribute to ASD, especially
through the clustering of de novo PTVs in spe-
cific genes (Fig. 2). The genes identified perform
one of two broad roles, regulation of the expres-
sion of other genes or neuronal communication.
This progress in gene discovery, alongside NGS-
derived functional data, is already beginning to
provide insights into the neurobiology of ASD,

implicating midfetal development, excitatory
cortical neurons, and medium spiny neurons
in the striatum. Despite this progress, a coherent
model of ASD pathogenesis and effective ther-
apies remain elusive, prompting the need for
further research to follow up on the leads NGS
methods have been critical in finding.
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