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Autism spectrum disorder (ASD) and intellectual disabil-
ity (ID) are neurodevelopmental disorders with large
genetic components, but identification of pathogenic
genes has proceeded slowly because hundreds of loci
are involved. New exome sequencing technology has
identified novel rare variants and has found that sporadic
cases of ASD/ID are enriched for disruptive de novo
mutations. Targeted large-scale resequencing studies
have confirmed the significance of specific loci, including
chromodomain helicase DNA binding protein 8 (CHDS),
sodium channel, voltage-gated, type Il, alpha subunit
(SCN2A), dual specificity tyrosine-phosphorylation-reg-
ulated kinase 1A (DYRK1A), and catenin (cadherin-asso-
ciated protein), beta 1, 88 kDa (CTNNB1, beta-catenin).
We review recent studies and suggest that they have led
to a convergence on three functional pathways: (i) chro-
matin remodeling; (ii) wnt signaling during develop-
ment; and (iii) synaptic function. These pathways and
genes significantly expand the neurobiological targets
for study, and suggest a path for future genetic and
functional studies.

Introduction

The identification of genes underlying ID and ASD has
been most successful for syndromic Mendelian or mono-
genic disorders — for example, FMR1 (Fragile-X syndrome,
[1]), MECP2 (Rett syndrome, [2]), or UBE3A (Angelman
syndrome, [3]). Together, however, these syndromes are
estimated to account for less than 10% of ASD/ID, suggest-
ing the presence of additional genes and etiologies. Initial
population-based studies failed to identify single genes of
major effect and few major common risk variants have
been replicated, despite the strong observed heritability of
these diseases [4-7]. By contrast, targeted and genome-
wide microarray studies revealed that large de novo copy
number variants (CNVs) were significantly enriched
among probands when compared to unaffected siblings
and/or controls [8-14], a finding that echoed the earlier
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discovery of large chromosomal aberrations in ASD and ID.
Both initial and subsequent higher-resolution studies es-
timate that 8% of sporadic ASD cases carried a de novo
CNV, as compared with only 2% of unaffected siblings
[11,12]. Furthermore, among children with general devel-
opmental delay (DD) and ID, rare large de novo CNVs are
thought to account for up to 15% of disease burden [13].
Although individually rare, some of these CNVs were in
fact recurrent mutations, mediated by locus-specific geno-
mic instability [14], and many of these same recurrent
CNVs observed initially in patients with ID [15] or ASD
[16] have been identified in adults with epilepsy [17],
bipolar disorder [18], or schizophrenia [19,20], suggesting
overlap in the genetic etiology of these disorders.

The discovery of an aggregate burden of large de novo
CNVs and the identification of recurrent events signaled a
new paradigm for ASD and ID genetics. Although specific
CNVs are individually rare, combined they account for a
significant fraction of cases, indicating the presence of
considerable locus heterogeneity of ASD and ID. The de
novo nature of these CNVs, together with their absence in
the general population, suggests they represent a class of
highly deleterious and highly penetrant mutations. Their
underlying genetic model does not explicitly fit a recessive
model of disease because CNVs are primarily present as

Glossary

CNV (copy number variant): loss or insertion of DNA, typically larger than
50 bp and often up to several megabases.

Connected component: a set of connected nodes that are part of a PPl network
and can represent a pathway, complex protein structure, or cellular function.
GC bias: the tendency for sequencing reactions to produce fewer reads in
regions of the genome with a high fraction of GC base pairs.

Hidden species problem: a method for estimating an unknown number of
classes (species) from a distribution of observed counts.

Indel (insertion/deletion): loss or insertion of DNA, between 1 and 50 bp in
length.

Loss-of-function or truncating mutation: a nonsense, frameshift, or splice-site
mutation that prevents complete translation of a functional protein.

Missense mutation: a mutation that alters the amino acid composition of a
protein but does not prohibit its complete translation.

PPI network: a protein-protein interaction network that defines ‘nodes’ as
proteins and ‘edges’ as interactions (which may be physical, expression-based,
or computationally predicted).

Sequence coverage: the average or median number of sequence reads per
genomic base pair in a sequencing experiment. Higher coverage enables more
accurate discovery of variants.

SNP/SNV (single nucleotide polymorphism/variant): single-base changes in
DNA. Typically, SNPs are higher frequency and refer to alleles observed to be
segregating in a population.
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hemizygous deletions or duplications. These mutations
alter the dosage of genes but do not completely abolish
their presence. Collectively, these observations support a
complex disease/rare variant model for ASD, in which a
proportion of etiologic risk is conferred by very rare var-
iants and de novo mutations.

The commoditization of next-generation or ‘massively
parallel’ sequencing represents a turning point in human
genetics and makes it possible to discover sequence-level
variants across nearly all coding regions (‘the exome’) or
the whole genome (Box 1). These methods were first ap-
plied to confirm point mutations underlying Mendelian
disorders [21], and subsequent pilot studies demonstrated
that family-based (trio) exome sequencing could discover
pathogenic mutations in simplex ID [22] or ASD [23]. In the
past year, this paradigm of de novo mutation discovery
using exome sequencing of parent—child trios has been
expanded to about 1000 ASD or ID families, resulting in
the first detailed picture of how de novo coding mutations
contribute to these disorders.

In this review, we synthesize the results of recent large-
scale exome sequencing studies of ASD and ID [24-29] and
summarize their implications for human neurodevelop-
mental genetics. There are three themes. (i) Exome se-
quencing of ASD/ID families has revealed a significant

Box 1. Current sequencing technologies and their limitations
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excess of de novo mutations in probands when compared
to unaffected siblings and has identified novel candidate
genes contributing to the neurological deficits. We note
that the strongest effects are observed for de novo loss-of-
function (or truncating) mutations (see Glossary), which
prematurely truncate the protein due to frameshift and
nonsense mutations. (ii) Both CNV and exome sequencing
data suggest that no single gene will account for more than
1% of autism cases; rather, rare mutations in hundreds of
genes may contribute to ASD or ID. (iii) Analyses of
network connectivity further implicate potentially impor-
tant neurodevelopmental and synaptic pathways in ASD
and ID. Collectively, these studies represent a significant
step forward for neurodevelopmental disorders providing a
springboard for understanding their neurobiological
underpinnings. We aim to focus on the molecular conver-
gence revealed by these studies; for readers interested in
other aspects of this topic, we suggest excellent reviews on
ASD neurobiology [30], de novo mutation [31,32], and
exome sequencing [33]. We emphasize that although this
review is focused on the insights gained by considering a de
novo/rare variant model of ASD and ID genetics, other
genetic etiologies are implicated in ASD as well (for
reviews, see [34,35]) and no single etiology is likely to be
fully independent of other etiologies or of environmental

Whole-genome sequencing (WGS) provides the ‘most complete’ view
of genomic variation and can detect SNVs, indels, and CNVs
irrespective of frequency in a genome-wide fashion (although the
power to detect events across the genome is not uniform based on local
genomic composition). High costs and difficulty in the interpretation of
nongenic variants are bottlenecks in wide-scale application of WGS.
Exome sequencing combines next-generation sequencing technol-
ogies with the targeted capture and amplification of exons (approxi-
mately 40 Mbp of the genome) in order to reduce the total amount of
sequencing needed for the accurate determination of mutations in (or
near) exons. However, the efficacy of the capture depends on the
percentage GC nucleotide composition of the targeted sequence (also
known as ‘GC capture bias’). For exons with especially high GC
content, exome sequencing can fail to produce enough coverage for
accurate variant detection and calling. As shown in Figure |, several of
the most GC-rich exons (blue bars) in the SHANK3 gene (right) have
inadequate coverage (black lines indicate mean coverage of a single
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family), preventing accurate assessment of variants in those exons.
By contrast, the lower GC content (green histogram) of the CHD8 gene
(left) results in far higher and more uniform coverage of exons.

Molecular inversion probe (MIP) sequencing is a cost-effective
targeted assay that uses custom oligonucleotides to efficiently
capture target sequence. Unlike exome sequencing, however, MIPs
use flanking primer arms and polymerase extension to capture the
desired DNA target, thus reducing GC capture and other biases. In
addition, MIP assays can be performed as highly multiplexed
reactions, allowing for sequencing of targeted in genes in up to 192
individuals per sequencing reaction.

Genome-wide association studies (GWAS) are a widely used assay
that leverage SNP markers (detected via hybridization to oligonucleo-
tide arrays) to tag genomic regions and associate them with disease
based on a comparison of cases and controls. Historically, GWAS
studies have been limited to assaying common genetic variation and
cannot detect novel or rare SNVs.

SHANK3

TRENDS in Neurosciences

Figure I. High genomic GC nucleotide content (green histogram) hinders whole-exome sequencing for some genes, such as SHANK3 (right). Individual coding exons
are shown in blue with nongenic sequences removed. Black lines indicate mean sequence depth for a single ASD trio and dark gray intervals indicate maximum and
minimum depth across the family. The red dashed line indicates the minimum threshold required for accurate variant detection.
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factors {see [36] for a review; see also the CHARGE (CHild-
hood Autism Risks from Genetics and Environment) Study
[371}.

An increase in de novo loss-of-function mutations
Both de novo CNVs and single nucleotide variants (SNVs)
can have, in principle, similarly disruptive effects on genes.
Crucially, however, the detection of de novo SNVs yields
gene-level specificity, thus allowing individual pathogenic
genes and neurobiological pathways to be identified. More-
over, a small subset of the de novo mutations (~4% for
unaffected and ~9% of affected [26,27]) are disruptive (e.g.,
frameshift, premature stop codon, splice-donor defect) with
respect to the protein’s biological function. Recurrent
mutations of this type for a specific gene can strengthen
the probability that the de novo mutation relates to phe-
notype. Because de novo protein-encoding SNVs are collec-
tively more common mutation events (~1/generation) than
large de novo CNVs (~0.02/generation), there is the excit-
ing possibility that this type of mutation may explain a
larger faction of the genetic etiology of ASD.

In all, six recent exome sequencing studies of trios
(mother, father, and affected child) and quads (also
includes an unaffected sibling) of sporadic ASD [24-27]
or sporadic ID [28,29], together comprising 1078 families
(Table 1) have been performed. Three of the ASD studies
included unaffected siblings in order to compare mutation
rates between affected probands and siblings. Although
these studies found a slightly elevated rate of mutation in
probands versus their unaffected siblings (1.02 vs. 0.79
mutations per offspring), the type of mutation was critical:
probands had two- to threefold more disruptive de novo
mutations in comparison to their siblings, or to a random
model of mutation [26,27]. Overall, among the 593 ASD
quads, there were 80 such mutations in probands with
ASD, but only 36 in siblings [odds ratio (OR)=2.41,
P <1 x 107, Fisher’s exact test; Table 1]. The reported
enrichment of missense mutations in probands has been
less robust, with study estimates for enrichment between
1- and 1.34-fold, but analysis of all quads does show weak
statistical enrichment (OR =1.29, P=0.03). It is likely
that some missense mutations are pathogenic whereas
others are benign, a distinction that is likely to be depen-
dent on the context of the mutation and affected proteins
themselves.

Table 1. Six recent family-based exome studies of ASD and ID
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Overall, these studies suggest that protein-truncating
de novo SNVs contribute to the risk of ASD for about 10—
15% of probands [26,27], although this fraction is almost
certainly a conservative estimate, because an unknown
fraction of de novo events are still missed using current
sequencing methods and bioinformatics tools (see Figure I
in Box 1). It is important to note that the six current exome
studies focused primarily on a de novo mutation genetic
model for the development of disease. Recent results high-
light the effect of transmitted CNVs [38,39], as well as a
renewed emphasis on the effect of common variation in
ASD [40] based on the study of data generated from the
same samples. Among the ID studies, it is also presently
difficult to estimate the impact, due to the smaller number
of sequenced ID families and the lack of information from
family-based controls (i.e., unaffected siblings). Indeed, the
quad-based studies for ASD reviewed here have been
instrumental in uncovering the effect of de novo variation
in probands, especially in comparison to their siblings,
which serve as an internal control. By contrast, trio-based
and case-control study designs are less informative with
respect to observed mutation rates and are susceptible to
stratification effects [41]. Finally, the pattern and impact of
very low frequency variants in normal controls is not well
understood, because most efforts have focused on patients
with disease [although some projects such as the National
Heart, Lung, and Blood Institute (NHLBI) Exome Se-
quencing Project have begun to address this question].

Candidate genes yet few recurrent hits

Many strong neurobiological candidates have emerged from
the genes disrupted by de novo mutations in these studies,
including mutations in previously identified ASD/ID genes.
Several mutations were identified in neurexin 1 (NRXN1)
and neuroligin 1 (NLGN1); both are central components of
the neurexin—neuroligin synaptic cell adhesion complex
[42]. Numerous de novo mutations were identified in genes
or loci linked to Mendelian disorders, many of which have
features of ASD or ID. These loci and genes include MBD5
[mental retardation, autosomal dominant #1, Online Men-
delian Inheritance in Man (OMIM) 156200], CHD7
(CHARGE syndrome, OMIM 214800), PTEN (Cowden syn-
drome, OMIM 158350), DYRK1A (in Down syndrome criti-
cal region, OMIM 190685), TSC2 (tuberous sclerosis, OMIM
613254), SETBP1 (Schinzel-Giedion syndrome, OMIM

lossifov et al. (2012) [26] ASD? Quads

Sanders et al. (2012) [27] ASD? Quads 200

O’Roak et al. (2012) [24] ASD? Quads 50
Trios 159

Neale et al. (2012) [25] ASD Trios 175

de Ligt et al. (2012) [28] ID Trios 100

Rauch et al. (2012) [29] ID Trios 51

Total 1078

OR (ASD)

(95% ClI)

#Trios/quads from the Simons Simplex Collection (SSC).

79:69 207:207 59:28
29:39 110:82 15:5¢
14:16 40:31 6:3

54 115 29

50 101 18

16 48 14

11 56 20

122:124 357:320 80:36

0.98 1.29 2.41
(0.73-1.31:1) (1.01-1.63) (1.58-3.75)

PCounts refer to the number of mutations in probands or, when separated by a colon, to probands and siblings (e.g., probands:siblings).

°Not including indels.
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269150), and RPS6KA3 (Coffin-Lowery syndrome, OMIM
303600). Finally, mutations in several genes mapped to
critical deletion regions or association intervals initially
discovered by large CNVs, including mutations in SYNRG
(17q12 deletion syndrome), POLRMT (19p13.3 deletion),
and CTTNBP2 — a potential candidate for the AUTSI
(7931) deletion locus.

Recurrently mutated genes, however, were few. In sum-
mary, only three genes [CHDS8, SCN2A, and synaptic Ras
GTPase activating protein 1 (SYNGAPI)] had two inde-
pendent truncating de novo mutations in any single study,
and no gene had more than three mutations. Models
designed to estimate the significance of recurrent de novo
mutations based on gene size and context found nominal
significance for CHDS8, NTNG1 [24], and SCN2A [27], but
most genes could not be conclusively implicated. Notably,
however, a follow-up case-control study by Neale and
colleagues of 935 cases found three additional truncating
CHDS8 mutations and one splice-site mutation in SCN2A,
further strengthening the initial disease associations of
these genes [25]. In addition, within a few weeks of these
initial reports, a de novo translocation was discovered
mapping to CHDS8 [43].

Large-scale resequencing of candidate genes

Given the low rate of recurrence among genes with de novo
mutations, estimates of overall locus heterogeneity for
ASD have yielded between 300 and 1000 genes that could
confer increased ASD risk when subjected to de novo
mutation (Figure 1). Even if exome sequencing prices
continue to fall, the cost to confirm the association for a
significant fraction of these genes remains impractically
high, especially if thousands or tens of thousands of sam-
ples are required, as has been suggested by CNV studies.
Instead, targeted next-generation resequencing of candi-
date genes has proven to be instrumental in associating
specific genes. In particular, de Ligt and colleagues rese-
quenced five candidate genes in a confirmation series of
765 ID patients, identifying additional mutations in
CTNNB1 and GATAD2B and markedly strengthening
their association with ID. Similarly, we have successfully
used a molecular inversion probe (MIP) assay to capture
and sequence 44 candidate genes in 2446 ASD probands
[44]. MIP resequencing generates a complete sequence
across targeted regions, can be performed at high scale
and low cost (under $1 per gene per sample), and delivers
higher sensitivity for targeted loci than exome sequencing
due to increased sequence coverage. Altogether, this assay
yielded 27 new de novo mutations across 16 genes; of these
mutations, 17 were disruptive SNVs, a fraction higher
than expected by chance. The discovery of these mutations
confirmed the association with ASD for CHDS8 and
DYRKI1A and provided significant statistical support for
four novel genes: GRIN2B (glutamate receptor, ionotropic,
N-methyl p-aspartate 2B), TBR1 (T-box brain gene 1),
PTEN (phosphatase and tensin homolog), and TBLIXR1
[transducin (beta)-like 1 X-linked receptor 1].

In summary, when considering only protein-disruptive
mutations from six exome sequencing studies (four ASD
and two ID) and including the resequencing of some of
these candidate genes, a set of 11 genes (Table 2) show
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Figure 1. Estimating the number of autism spectrum disorder (ASD)/intellectual
disability (ID) risk genes. We estimate the number of ASD and ID genes, using an
adaptation of the ‘hidden species problem’ based on the ratio of genes with
multiple de novo mutations to all genes with de novo mutations. For each
estimate, all genes with recurrent de novo mutations are considered pathogenic,
as well as a defined fraction of mutations in genes observed just once (because all
de novo mutations are unlikely to be pathogenic). Including more of these
singleton mutations as pathogenic, as well as including a broader range of
mutation type, exponentially increases the number of ASD and ID risk loci. Thus,
considering a disease model in which 15% of all truncating de novo mutations are
sufficient and pathogenic, only approximately 50 genes are expected to be
similarly sufficient in their pathogenicity; however, by including missense
mutations, the number of loci rises dramatically [to over 400 loci when 15% of
de novo single nucleotide variants (SNVs) are considered pathogenic]. Taken
together, this model highlights the locus heterogeneity underlying the genetic
etiology of ASD and ID and suggests that the etiology of a large proportion of ASD/
ID cases may not be due to a single de novo mutation (truncating or missense);
rather, these cases may be the result of a complex set of interactions between
multiple mutations, including SNVs, indels, and copy number variants (CNVs). The
shaded area indicates the 95% confidence interval (Cl) around the estimate.

enrichment in cases with ASD/ID and account for approxi-
mately 2.2% of all cases. We have summarized the distri-
bution of mutations, as well as the prevalence and coding
location of mutations found in exome sequence from 6503
samples from the NHLBI Exome Sequencing Project (ESP)
in Table 2. For several of these genes with recurrent de
novo hits in ASD probands (CHDS8, GRIN2B, DYRK1A), no
truncating variants were observed in the ESP. Further-
more, while control mutations are sometimes found in
genes in high frequency (e.g., frameshift in SYNGAPI at
3.2% frequency in controls), these mutations are found
exclusively near the carboxy terminus of the protein and
outside of functional protein domains and are unlikely to
affect protein function (Figure 2).

Novel candidates and their neurobiology

Many of the top genes from recent exome studies are novel
candidates for ASD and ID, including the strongest overall
association: CHDS8, an ATP-dependent chromodomain
helicase that directly regulates CTNNB1 [45] as well as
the p53 pathway [46]. The CHD8 protein has known
binding activity with another chromodomain helicase,
CHD7 [47], which is the key protein in CHARGE (Colo-
boma of the eye, Heart defects, Atresia, Retardation of
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Table 2. Recurrent disruptive mutations in ID and ASD

m

ESP samples

CHD8 = 9/2446 2 (0), 7 (O*) [+3 (N*)] 0 0/6503
SCN2A 3/151 2/593 1(L), 2 (R), 2 (S) [+1 (N*)] 1 7/6503
SYNGAP1 3/151 = 1(L), 2 (R) 1 207/6503°
GRIN2B = 3/2446 1 (0), 2 (O*) 0 0/6503
DYRK1A - 3/2446 1(I), 1 (0), 1 (0*) 0 0/6503
ZNF292 1/151 1/593 1 (L), 1 (N) 1 2/6503
POGZ = 2/593 1(1), 1(N) 1 1/6503
KATNAL2 = 2/593 1(0), 1(S) 1 1/6503
TBR1 = 2/2446 1(0), 1 (O%) 0 0/6503
CTNNB1 1/151 1/2446 1 (L), 1 (0%), [+1 (L¥)] 0 0/6503
SETBP1 1/151 1/593 1(0), 1 (R) 3 58/6503"
ADNP = 2/2446 1(0), 1 (O*) 1 1/6500
LRP2 1/151 1/593 1(1), 1(L) 6 53/6500
ARID1B = 2/2446 1(0), 1 (O*) 5 314/6500

2Genes with two or more de novo truncating mutations observed in studies of ASD or ID are listed.

bAdditional abbreviations: KATNAL2, katanin p60 subunit A-like 2; LRP2, low density lipoprotein receptor-related protein 2; POGZ, pogo transposable element with ZNF
domain; ZNF292, zinc finger protein 292.

°The summary indicates studies in which mutations were discovered.
9], lossifov et al. [26]; L, de Ligt et al. [28]; N, Neal et al. [25], O and O*: O'Roak et al. [24,44]; R, Rauch et al. [29]; S, Sanders et al. [27].

®Mutations found in secondary replication screens or case-control studies are indicated in [brackets] with starred (*) reference. Truncating events found in the Exome
Sequencing Project (ESP) database and their population frequencies are shown.

The truncating variants found in the ESP database in SYNGAP1 and SETBP1 genes fell at the extreme 3’ end of the gene, suggesting that they do not adversely affect gene
function.

growth, Genital and/or urinary abnormalities, and Ear
abnormalities and deafness) syndrome, a rare syndrome
with high ASD comorbidity [48]. In addition to directly
interacting, both are homologs of the Drosophila trithorax

neural crest cell differentiation [49]. Overall, eight de novo
truncating mutations were observed across 2597 cases in
this gene; by contrast, no such mutations were observed in
control siblings, or in over 6500 exomes in the ESP. The

group protein kismet and are components of large chroma-
tin remodeling complexes thought to be important in

frequency of mutations in this gene is the highest of all
genes screened thus far and nearly matches that of CNVs
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Figure 2. The location of de novo truncating mutations in the top five autism spectrum disorder (ASD) and intellectual disability (ID) genes. Red markers indicate locations
of de novo mutations in ASD and ID cases; green markers indicate locations of truncating mutations in the Exome Sequencing Project (ESP) database of over 6500 samples
(see Table 2 for details). Mutation codes: S, stop-gain; Fs, frameshift; Ss, splice-site mutation; AAA, amino-acid loss (non-frameshifting). Blocks indicate annotated protein
domains from UniProt. Domain names, top to bottom: CD, chromodomain; DEX, helicase ATP-binding; HELC, helicase C-terminal; TM, transmembrane domain; 1Q, I1Q
domain; PDZ, PDZ-binding motif; LOC, bipartite nuclear localization signal; STK, serine/threonine protein kinase; PH, pleckstrin homology domain; C2, C2 domain; SH3, SRC
homology 3 domain.
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at 16p11.2, which is the most frequent recurrently deleted
(0.5%) or duplicated (0.3%) locus in sporadic ASD [50,51].

The second strongest overall association, with two trun-
cating mutations in ASD cases and three such mutations in
ID cases, is SCN2A, a gene previously associated with
epilepsy and seizure disorders [52,53]. SCN2A encodes a
voltage-gated sodium channel (type II, alpha 1; Nav1.2)
expressed throughout the brain, and is responsible for the
generation and propagation of action potentials in neu-
rons. The phenotype associated with this gene appears to
be highly variable. Given the smaller number of ID cases,
the prevalence of mutations in SCN2A is higher in ID —
however, one of the ID cases also shows signs of autism.
Lastly, only one of the five cases had a history of seizures
[28], suggesting that mutations in SCN2A have highly
variable phenotypic outcomes.

Another striking candidate is DYRKIA (dual-specificity
tyrosine phosphorylation-regulated kinase 1A), for which
three truncating mutations have been discovered in autism
probands [24,44] and de novo structural variants in ID
probands [54,55]. DYRK1A is a highly conserved gene whose
dosage imbalance has been implicated in the cognitive
deficits associated with Down syndrome. The gene interacts
with the SWItch/Sucrose NonFermentable (SWI/SNF) com-
plex [56] and is considered a master regulator of brain
growth, affecting diverse aspects of neurogenesis, including
neuronal proliferation, morphogenesis, differentiation, and
maturation [57-59]. Mutations in the Drosophila ortholog
(mnb) have been known for more than 20 years and result in
a ‘minibrain phenotype’ where optic lobes and central brain
hemispheres are reduced [60]. Similarly, heterozygous mice
knockouts for Dyrk1A (+/-) show a reduction of brain volume
in a region-specific manner as well as mental impairment
[61,62]. Consistent with these models, all three human loss-
of-function autism patients are cognitively impaired and
microcephalic (Z-score < —2).

Three truncating mutations each of GRIN2B and SYN-
GAPI1, and two mutations of TBR1I, highlight the impor-
tance of excitatory/glutamatergic signaling in both ASD
and ID - and are perhaps some of the most conclusive
previously implicated genes to date. GRIN2B (found in an
ASD case with ID) forms a subunit of an NMDA receptor
associated with learning and memory, and targeted se-
quencing has linked it to neurodevelopmental disorders as
well as its discovery in ASD [63]. This receptor participates
in a larger postsynaptic complex with SYNGAPI, in which
three mutations in ID patients have been observed in the
present cohorts, as well as in multiple previous screens of
ID [22,64]. Interestingly, although no mutations of SYN-
GAP1 were found in the Simons Simplex Collection (SSC)
ASD cohorts, SYNGAPI mutations were recently implicat-
ed in several cases of ID with ASD [65]. Finally, TBR1,
together with the calcium/calmodulin-dependent serine
protein kinase (MAGUK family, CASK) protein, regulates
transcription of GRIN2B (as well as several other candi-
date ASD genes, such as RELN and AUTS2) [66].

Protein interaction networks converge on common
pathways

Knowledge of molecular-level interaction between proteins
has enabled the development of transcriptional networks
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[67] and protein—protein interaction (PPI) networks
enriched for mutation in ASD and ID cases. These net-
works provide a powerful method to unify the landscape of
mutations observed in genetically heterogeneous human
disorders by leveraging regulatory interactions between
genes and/or physical interactions between proteins. For
example, lossifov et al. found that 14/59 genes disrupted by
de novo mutations were significantly enriched (P < 0.006)
in a group of 842 genes previously defined [68] as regulated
by fragile X mental retardation 1 (FMR1), the key protein
disrupted in Fragile-X syndrome, and noted that this was
not true for mutations found in siblings (2/28 part of FMR1-
regulated genes), the general population, nor for all mis-
sense variants [26]. Neale et al. performed a similar anal-
ysis to previously identified ASD and ID risk genes —
including a core set of 31 synaptic genes identified from
previous proteomic studies — and found that genes with
nonsynonymous de novo mutations had a significantly
reduced network distance (i.e., they were more closely
associated in the network) than was a set of ‘comparator’
genes derived from silent de novo mutations and sibling
mutations [25]. Lastly, we developed a network for inter-
actions between proteins corresponding to genes with de
novo mutations, revealing a single connected component
for 39% (49/126) of genes with disruptive or likely disrup-
tive missense de novo mutations [24]. Notably, in follow-up
MIP resequencing, we targeted ~50% network and ~50%
non-network genes and found that 94% (16/17) of the newly
discovered truncating mutations fell within the network
(or a similar, expanded 74-gene network) — an observation
unlikely to have occurred by chance (P = 0.0002). By con-
trast, the non-network genes had only six total mutations,
only one of which was a truncating mutation.

We integrated the results from the six exome studies
by forming PPI networks using experimentally verified
interaction data from StringDB [69] (see the supplemen-
tary material online). We found that the PPI network
based on all truncating and missense mutations in pro-
bands was significantly more clustered, had more edges,
and created larger connected components than randomly
sampled or permuted networks (P < 0.009 for all tests;
see the supplementary material online); by contrast,
neither the genes with mutations in siblings, nor those
with synonymous mutations (in either proband or sib-
lings) showed any difference from the null distribution of
networks (Table S1).

In order to summarize these PPI networks, we con-
nected all truncating mutations as well as six genes with
missense mutations with important roles in brain devel-
opment (Figure 3; see the supplementary material online).
The two largest connected components of this combined
network encompass three broad functional pathways: the
first connected component (13 proteins) forms a highly
interconnected set of postsynaptic scaffolding proteins
and receptors, including SYNGAP1, discs large homolog
4 (DLG4, Drosophila), GRIN2A/B, NLGN1, and NRXN1,
whereas the second (nine proteins) contains both WNT
signaling functions of CTNNB]1, delta-like 1 (DLL1, Dro-
sophila), and TBL1XR1 and chromatin remodeling func-
tions, anchored by the CHDS8 protein. We emphasize that
while the nodes in the displayed network are partially



based on a manually selected set of genes, the connected
components formed are a strict subset of the unbiased PPI
simulations described above and are larger than any con-
nected component that can be formed using disruptive
mutations found in siblings, synonymous changes, or ran-
domly chosen genes.

In addition to the central networks in Figure 3, we also
included 56 genes with truncating mutations in ASD or ID
that are ‘one-step-removed’ (i.e., connected by one inter-
mediate gene). Although these 56 nodes are in fact not
significantly more connected to the network than a random
set of genes (due to the high interconnectedness of the
global PPI network), many of these nodes are promising
ASD or ID candidates, and viewing them in the context of
the central network may highlight new genes and path-
ways to study (see below for examples).

Interestingly, Gilman et al., using a novel probabilistic
framework (NETBAG) in conjunction with CNV data from
SSC families, highlighted several genes and pathways
with remarkable premonition and overlap to those found
in the present exome-based studies [70]. In particular,
their model showed enrichment of the canonical WNT
pathway, postsynaptic complexes, and dendritic spine de-
velopment (e.g., DLG4, SYNGAP1) and several proteins
involved in chromatin remodeling, including bromodomain
adjacent to zinc finger domain 1B (BAZ1B) and SWI/SNF
related, matrix associated, actin dependent regulator of
chromatin, subfamily a, member 2 (SMARCAZ2), both of
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which interact with the central nodes of the chromatin
remodeling network (Figure 3).

The WNT pathway and chromatin remodeling modules
of the network are linked by interaction between CHDS8
and CTNNBI1 (beta-catenin). Both of these proteins play
important roles in neural development and growth. Beta-
catenin, via downstream WNT pathways, influences neu-
ronal migration, polarity, and synaptogenesis [71], and
constitutive overexpression of beta-catenin in mice results
in macrocephaly [72]. CHDS8 negatively regulates beta-
catenin via direct binding and, furthermore, downregu-
lates beta-catenin-responsive genes by recruitment to their
promoter regions [73]. Strikingly, ASD cases with truncat-
ing mutations in CHDS8 have significant macrocephaly [44],
whereas all three cases with truncating mutations in beta-
catenin have microcephaly ([28]; B.J. O’Roak, unpub-
lished). These reciprocal phenotypes suggest that CHDS8
and beta-catenin form a regulatory network that controls
head size by altering neuronal migration and growth dur-
ing development (Figure 4). Other proteins with de novo
mutations in this network include TBL1XR1, which binds
beta-catenin [74], and DLL1, which is expressed in neural
progenitor cells and part of the Delta/Notch signaling
pathway [75].

Convergence on a second common pathway — chromatin
remodeling — has primarily been driven by overlap be-
tween genetic syndromes and de novo mutations in
sporadic ASD and ID. As discussed, CHD8 possesses
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Figure 3. Predicted proteins disrupted by genic de novo mutations in autism spectrum disorder (ASD) and intellectual disability (ID) form a central connected network.
Proteins corresponding to genes with de novo truncating mutations (red nodes) or selected missense mutations (blue nodes) in four ASD exome studies and two ID exome
studies are connected using experimentally derived protein—protein interaction (PPI) data from StringDB [69]. Only medium- and high-confidence experimental interactions
are shown, although we note that these may not always represent local interactions, protein-protein interactions, or interactions within the same subcellular compartment.
Peripheral nodes (lighter shades) represent genes with additional truncating de novo mutations, which are separated from the central network by only a single node (white
nodes; for this analysis we excluded SUMO1/SUMO2 and UBC, which are highly connected but nonspecific nodes).
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Figure 4. Chromodomain helicase DNA binding protein 8 (CHDS8) and beta-catenin
[catenin (cadherin-associated protein), beta 1, 88 kDa; CTNNBT] form putative
regulatory networks for head size. (A) Truncating mutations in CTNNB1 (red
arrows) and CHD8 (blue arrows) are found in patients with small and large head
circumference, respectively. The gray histogram represents the background
distribution of age- and sex-corrected head circumference Z-scores for 2446
probands from the Simons Simplex Collection (SSC) [36]. [The exact head
circumference for one case (marked with *) with clinically reported microcephaly
could not be determined, so the Z-score was estimated at -2.0, or the clinical
threshold for microcephaly.] (B) A putative regulatory model of head growth where
CHD8 negatively regulates CTNNB1 [73]; CTNNB1 promotes head growth and
constitutive overexpression of CTNNB7 in mice results in macrocephaly [72].

ATP-dependent chromatin remodeling activity and direct-
ly interacts with CHD7 [47], which is responsible for
CHARGE syndrome, a complex syndrome in which up to
two-thirds of patients have been found to have ASD [48].
Several de novo missense mutations in ASD cases have
been noted in genes encoding for chromodomain helicase
proteins, including CHD7 and CHD3, and a de novo frame-
shift in CHD2 was found by Rauch et al. in an ID case [29].
A second syndrome, Coffin-Siris syndrome (OMIM
135900), characterized by ID and severe speech delays,
was recently attributed to truncating mutations or disrup-
tive CNVs in ARID1B [encoding a subunit of the SWI/SNF
chromatin remodeling complex [76], AT rich interactive
domain 1B (SWI1-like)], and one de novo frameshift of
ARID1B was found in a sporadic ASD case [24]. Additional
disruptive de novo mutations recognized in ASHIL [ashl
(absent, small, or homeotic)-like (Drosophila)l, KDM6B
[lysine (K)-specific demethylase 6B], and MLL5 [myeloid/
lymphoid or mixed-lineage leukemia 5 (trithorax homolog,
Drosophila)] suggest that the chromatin remodeling activ-
ity of these proteins may be an underlying pathway impli-
cated in ASD and ID [26]. Finally, we note that mutations
in KANSL1 (KATS regulatory NSL complex subunit 1, né
KIAA1267), a histone acetyltransferase with similar p53
regulatory activity to CHDS8, were recently found to under-
lie 17¢q21.31 microdeletion syndrome, in which ID is a
characteristic feature [77]. However, no mutations in
KANSLI have been found in ASD cases, although this is
likely to be due to exclusion of known clinical syndromes
from these cohorts.
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In addition to these newly proposed pathways, de novo
mutations also highlight the importance of genes with
roles in synaptic function and localization — a pathway
previously suspected to be disrupted in ASD [78]. Many of
these genes with de novo mutations form a closely related
network of postsynaptic proteins, including the GTPase
activating protein SYNGAP1, NMDA receptor subunits
GRIN2B and GRIN2A, the scaffolding proteins DLG4
and CASK (the underlying mutation in CASK syndrome,
OMIM 300749), and NRXN1, which has been previously
associated with ASD [42]. In conjunction with TBR1, CASK
also transcriptionally activates several known neurodeve-
lopmental genes, such as RELN (reelin), a gene with
critical roles in neuronal development, synaptogenesis,
and plasticity [79]. Finally, this pathway is closely linked
to SHANKS3 (SH3 and multiple ankyrin repeat domains 3),
apreviously identified ASD protein with up to 1% mutation
frequency in ASD cases [80,81], although no mutations in
this gene have been identified in the six studies presented
here. Although the reasons for this are not fully clear, it is
likely that the high GC content of the gene impedes current
short-read sequencing platforms (Box 1).

Interaction networks (Figure 3) can also suggest novel
targets for mutation screens or functional studies. For
example, although discs large (Drosophila) homolog-asso-
ciated protein 1 (DLGAP1) plays a central role in connect-
ing the ‘synaptic function’ component to beta-catenin, no
mutations have been observed in DLGAP]I. Similarly, SWI/
SNF related, matrix associated, actin dependent regulator
of chromatin, subfamily a, member 4 (SMARCA4) connects
bromodomain and WD repeat domain containing 1
(BRWD1) to the in-network activity-dependent neuropro-
tector homeobox (ADNP) protein. These proteins, as well
as other ‘nearby’ proteins suggested by PPI networks, can
provide novel targets for mutation screens and deeper
functional/pathway study. It is likely that sequencing
studies of patients will identify novel candidates for PPI
networks, creating a reiterative process by which networks
and genetics mutually inform.

Despite their widespread role in the current study of
ASD and ID, PPI networks have several important limita-
tions. First, protein interactions are difficult to assay
experimentally and often are not at a proteomic scale,
resulting in false negatives and false positives in data-
bases. In addition, the extent to which the temporal and
spatial nature of interactions is captured also limited, and
in our network we do not distinguish between different
interaction types (regulatory or physical) or cellular com-
partments. For example, whereas CASK binds NRXN1
presynaptically [82], binding to the transcription factor
TBR1 is in the nucleus [83]. Second, although our PPI
network only uses experimentally verified interactions, the
impact and weight of interactions can vary considerably for
different nodes, especially for ‘hub’ nodes, which can inter-
act with hundreds of other proteins. Finally, current PPI
networks do not take into account the functional impact of
mutations on the proteins or the interactions themselves.

Comparing and contrasting mutations in ASD and ID
In examining data presented in this review, several obser-
vations regarding the genetic or etiologic differences



between ASD and ID diagnoses emerge, although the
significant imbalance in the number of available exomes
for ASD (n = 593) and ID (n = 151) advises caution in these
comparisons. First, whereas the statistical significance of
the clustering of the PPI network does not depend on the
inclusion of the two ID studies (Table S1), some genes in
the network have been observed only in ID studies (e.g.,
SYNGAP1 and DLG4; marked as half-filled nodes in
Figure 3). Although these genes are closely linked in the
PPI network to other well-characterized ASD genes, there
may be subtle differences and divisions in this network
based on phenotype. By contrast, mutations in some of the
top genes result in heterogeneous phenotypes: of eight
truncating de novo CHD8 mutations in ASD probands,
five had ID and three had IQs above 90 [44]. Whether
such heterogeneity is due to genetic background, epistatic
effects, or even differences in environmental exposure
during development is not yet clear.

Concluding remarks and future directions

New sequencing technology and the establishment of
large well-phenotyped family-based cohorts, such as
the SSC, have enabled the systematic discovery of muta-
tions that underlie the genetic etiology of ASD and ID. As
a measurable indicator of progress, we note that in 2005,
approximately 10% of the genetic etiology of autism was
understood. Within 7 years advances in genomics tech-
nology facilitated the rapid discovery of de novo SNVs
and CNVs leading to the discovery of disruptive genetic
variants that may account for another ~25% of cases.
Although the extent of locus heterogeneity in ASD
and ID was initially underestimated, the development
of low-cost/high-throughput MIP-based resequencing has
strongly implicated a half-dozen novel genes accounting
for 1% of disease based on a limited survey of 44 genes
[44]. If the yield of de novo loss-of-function mutation
continues, there will be several hundred additional can-
didates available for testing by 2014 because it is antici-
pated that more than 4000 autism exomes will have been
generated. Many of these genes may in fact define distinct
clinical ‘subtypes’ of ASD upon detailed examination of
patients with a common genetic etiology, consistent with
the hypothesis that autism is an umbrella term underly-
ing many different and distinct ‘autisms’. This is remi-
niscent of the work with CN'Vs, where the identification of
recurrent mutations and patient follow-up led to the
identification of novel syndromes and subtypes from idi-
opathic cases of disease [14]. There is already compelling
evidence for this based on an assessment of multiple
patients with DYRKIA and CHDS8 mutations, which ap-
pear to define microcephalic and macrocephalic subtypes,
respectively. Alternatively, the ‘genotype first’ approach
may also reveal phenotypic variability of genic mutations
across a diverse array of neuropsychiatric and neurode-
velopmental disorders. Similar to CNVs of 16p11.2 and
15q13.3, which are associated with several disorders,
there is evidence for this already for mutations associated
with SETBPI1 (SET binding protein 1) [84] and SCN2A,
resulting in very different outcomes. Establishment of
cohorts with different types of mutations and careful
study of their phenotypes and comorbidities may reveal
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Box 2. Outstanding questions

Variant discovery and interpretation

e Which mutations are necessary and sufficient for, as opposed to

simply increasing the risk of, developing ID or ASD? What

constitutes proof of a genetic cause of autism/ID?

What is the role of missense mutations in the pathogenesis of

ASD and ID? What features distinguish pathogenic missense

variants from those that are more benign?

e What is the value of whole-exome versus whole-genome

sequencing data? How can variants in nonexonic regions be

interpreted, and what is their pathogenic effect?

How will the 8-10% of protein-coding sequence being missed by

next-generation technologies be surveyed?

e How can knowledge of PPl networks guide functional studies and
additional genotyping for ASD and ID genes?

ASD/ID etiology

e To what extent does the impact of de novo variants depend on the
underlying genetic background of the individuals?

e In what contexts, and to what extent, do differing proposed

genetic etiology models of ASD and ID interact? What is the

relative contribution of rare variants, syndromic causes, and

common variants to the overall gestalt of ASD? Is there a fraction

of the heritable risk that will never be explained?

What role does epigenetics and environment play? Will the

identification of hundreds of ASD genes help to identify new

environmental or gene-by-environment components?

Clinical questions

e How and when should research discoveries be applied clinically?

e What is the value of returning results of specific mutations to

families?

Will the definition of specific subtypes lead to clinically distin-

guishable forms of autism? How will these data inform future

molecular therapies?

e How will clinical cohorts of tens to hundreds of thousands of
patients be amassed and research studies coordinated to resolve
the heterogeneity of these disorders?

specific protein domains and mutation types associated
with different diseases.

The knowledge of specific genes, loci, and pathways
now spurs the development of functional experiments
(Box 2). These include using novel methods with induced
pluripotent stem cells to assay specific mutations in a
patient with Timothy syndrome [85,86], as well as estab-
lished model systems, such as mouse and zebrafish mod-
els to explore the roles of DYRKI1A [87] and PTEN [88] in
brain volume. Even more encouraging is the emergence
of therapies designed to correct specific pathways dis-
rupted in Fragile-X; these have shown promise in mouse
models [89] and are currently undergoing Phase II clini-
cal trials. Improving knowledge of ASD genetic and
neurobiological etiologies will aid in diagnosis of ASD/
ID subtypes, allowing for specific recruitment for clinical
trials and the development of targeted therapeutics for
each subtype. This model is akin to the heterogeneity
seen in other broad categories of human disorders and
disease and has proven to be successful in many cases
(e.g., specific therapeutics for a particular mutation in
cystic fibrosis or specific form of cancer). Integrating the
genetics, neurology, and pathophysiology of these disor-
ders holds considerable promise not only for our under-
standing of the biology of the human brain but also for
potential treatments.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tins.2013.
11.005.
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