REVIEW

Genetic pathways to autism

spectrum disorders

Sunil Q Mehta' & Erika L Nurmi*’

Practice points

Autism spectrum disorder (ASD) is a clinically heterogeneous set of illnesses with behavioral deficits in three
core domains: language, social communication and cognitive flexibility.

While there are examples of environmental factors contributing to risk, there is a strong genetic component in
the development of ASD.

Some cases of ASD are part of a larger genetic syndrome (‘syndromic’ ASD), while the majority of cases are
idiopathic.

Genetic testing is indicated after a clinical diagnosis of ASD in order to help identify whether a case of ASD
is syndromic or idiopathic. This testing can allow clinicians to screen for potential medical comorbidities
associated with a syndrome and can also have important implications for future family planning.

Current recommendations from the American Academy of Pediatrics and American College of Medical
Genetics include ordering chromosomal microarray testing and fragile X testing for new cases of ASD. It is
estimated that between 10 and 20% of cases will have a positive result using chromosomal microarray testing.

Recent sequencing studies on simplex families with ASD reveal that there may be two different genetic
architectures for ASD cases. De novo mutations may be responsible for some sporadic cases of ASD, resulting
in simplex families (where only one child is affected). Inherited mutations may contribute more to familial ASD,
which can result in multiplex families (more than one sibling is affected).

Challenges remain in determining which mutations contribute to the development of ASD and which
mutations comprise normal human variation. Once these challenges are overcome, whole-genome
sequencing of patients with ASD will probably replace chromosomal microarrays as the first-line genetic
testin ASD.
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SUMMARY  Over the past several decades, progress in understanding the genetic basis
of autism spectrum disorder (ASD) has dramatically altered our conception of its genetic
architecture. Once believed to be an oligogenic disorder of common susceptibility variants,
autism is now considered to be a collection of distinct ‘autisms” marked by profound genetic
heterogeneity. While twin and family studies have demonstrated a strong genetic etiology,
genome-wide linkage and association studies have been limited by the extreme underlying
heterogeneity. Genome-wide association studies have identified a few variants with small
effects on ASD risk, but no common variants that clearly explain the few replicated linkage
signals have been identified, suggesting that common variation is unlikely to play a central
role. Recent successes in characterizing genetic risk have been driven by technological
advances permitting the identification of de novo variants, both single-nucleotide variants
and copy number variants, occurring in sporadic autism. The power to detect modest,
rare inherited effects has been achieved through growing sample sizes through large
collaborations; however, the inherited risk of ASD remains largely uncharted. Several hundred
risk genes for ASD have been proposed, many linked via shared physiologic pathways.
While many investigators now estimate that the number of autism risk genes will reach
the thousands, pathway analysis will facilitate the understanding of ASD pathophysiology,
the identification of novel risk genes and the development of clinically actionable targets.
Molecular diagnosis has become possible for many ASD subtypes and will continue to
expand. Targeted interventions will be developed and individualized based on diagnostic

data and the growing appreciation of the biology of autism.

Autism spectrum disorder (ASD) encompasses
a range of developmental disorders that share
dysfunction in specific core domains, including
deficits in social interaction, impaired or atypical
language development, and restricted or repeti-
tive interests and behaviours [1]. Prevalence esti-
mates have increased by an order of magnitude
over the past several decades, and ASD is now
estimated to range from 0.6 to 1.1% [2]. A great
deal of the increased frequency can be attrib-
uted to improved standardization of criteria, and
increased recognition and referral to specialized
evaluators by families, schools and primary care
physicians [3.4]. Additionally, the autism spec-
trum now encompasses both higher and lower
functioning individuals who in the past would
proabably not have received an autism diagno-
sis [5]. Furthermore, as the availability of com-
munity and state services for autism increase,
greater incentives for referral and diagnosis exist
(6]. Finally, cultural factors, such as older aver-
age age of parenthood, may also contribute to
a true increase in prevalence [7-9]. ASD is more
common in males, with a 4:1 ratio, which may
be explained by sexual dimorphism in brain
development resulting in a higher threshold to
manifest an ASD phenotype in females [10,11].

Complex genetic etiology

ASD can be associated with single-gene deficits,
such as Rett syndrome, fragile X syndrome and
tuberous sclerosis (TSC), or large chromosomal
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aberrations such as proximal chromosome 15q
duplications [12]. It has, therefore, become evi-
dent that there are a multitude of genetic path-
ways to ASD. ASD is believed to represent a
collection of disorders with a complex genetic
etiology, ranging from one gene of large effect,
to multiple genes with additive or interacting
effects, to gene—environment interplay. Based
on data from family and twin studies [13], it is
clear that ASD has a strong genetic contribu-
tion. Early twin studies, using a narrow autism
definition, found a high concordance among
monozygotic (MZ) twins and almost no con-
cordance between dizygotic (DZ) twins; giv-
ing a heritability of approximately 90% [14-16].
Larger twin studies using a broader phenotype
have since shown lower MZ (47-77%) and
higher DZ concordance (14-31%), resulting in
a heritability estimate of 38—80% [17,18]. While
previous estimates of sibling recurrence risk
(the odds of ASD development in a sibling of
an affected child) ranged from 3 to 10% [19-21],
a recent large-scale, multisite prospective study
observed a rate of 20% [22]. Given the similar risk
to both siblings and DZ twins, shared in utero
environmental factors are unlikely to contribute
broadly to ASD etiology. In fact, heritability and
recurrence risk in ASD ranks among the greatest
of any complex genetic disorders.

While relatively high, the imperfect con-
cordance between MZ twins suggests that the
environment plays a role in whether or to what
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extent ASD risk genes are manifested. In the
1960s, an association was found between autism
and maternal viral infection (e.g., rubella) dur-
ing pregnancy [23.24]. Prenatal exposure to the
antiepileptic drug sodium valproate has also
been shown to increase ASD risk [25]. Given a
population prevalence of 0.8%, the ASD odds
ratios (OR) given prenatal rubella infection or
valproate exposure would be at least 9.9 and 6.0,
respectively, significantly greater than common
genetic risk factors. Although these are now
extremely rare exposures worldwide, this his-
torical data underscores the importance of the
in utero environment. A more recent population
survey found a mild increase in risk for ASD
associated with maternal influenza infection
and prolonged fevers during pregnancy [26].
Advanced parental age at conception predicts
increased ASD risk in offspring, ranging from
odds ratios of 1.3-1.6 for a single older parent to
3.1 when both parents are greater than 40 years
old [7-9]. An inverse correlation between ASD
and the proximity of maternal address from
major highways during pregnancy [27], with
the greatest effect (OR: 2.2) during the third
trimester, suggests that airborne pollutants may
be an environmental risk factor. This study was
limited by sampling from a single geographic
area (CA, USA) and the use of proximity as a
surrogate measure of exposure. Therefore, repli-
cation will be important for confirmation. While
the potential influence of MMR vaccination has
been an enduring concern among parents, in-
depth investigation has proven this link without
basis [28-30].

ASD is multifactorial and complicated by
extreme heterogeneity. As genetic factors are dis-
sected and pathways are revealed, they provide
a scaffold upon which to explore environmental
factors. Importantly, heritability estimates can-
not identify relatively invariant or pervasive envi-
ronmental factors that may be acting in concert
with genetic factors. Undoubtedly, additional
modifiers, both positive and negative, will be
confirmed and can serve in the development of
therapeutic interventions.

Over the past 20 years, advancing technol-
ogy has enabled the appreciation of a diverse
genetic architecture underlying ASD. Two puta-
tive pathways to ASD have emerged: a sporadic
form caused by microscopic or submicroscopic
chromosomal events of large effect, and an
inherited form arising from many interacting
genes of small individual effects. The various
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technologies presented below are each suited to
exploring certain types of variants and, there-
fore, have uncovered different pieces of the ASD
puzzle.

Structural chromosomal variation

& syndromic ASD

Structural variation, rearrangements of large seg-
ments of chromosomes, often visible with stand-
ard cytogenetic methods, is common (~6-7%)
in ASD [31]. The ability to identify and analyze
copy number variations (CNVs), the deletion
or duplication of chromosomal intervals, has
been revolutionized by microarray technol-
ogy [32]. De novo CNVs, those not present in
parents but acquired during gamete or zygote
development, are an important cause of sporadic
ASD (~5-10%) [31,33]. A number of studies have
reported recurrent events leading to ASD pheno-
types including 7q11.23, 16p11.2 and 15q11-13
(Table 1) [34-36]. As large regions spanning many
genes are impacted by this type of variation, sin-
gle causal genes are not necessarily identifiable.
In several cases, however, CNV studies have pro-
vided clear candidate genes for ASD, including
BZRAPI, MGDA2 371, SHANK2, SYNGAPI,
DLGAP2 and PTCHDI [38]. Pathway analysis
performed in a recent investigation [39] con-
firmed many of the candidate genes previously
identified, and implicated pathways involved in
synapse formation and dendritic morphogenesis
(40]. Although individually these types of varia-
tion are rare (none account for more than 1% of
all ASD cases), most confer considerable ASD
risk (Table 1). ASD-associated CN Vs often show
variable expressivity, however, and are com-
monly seen in other neuropsychiatric pheno-
types including schizophrenia, intellectual dis-
ability without ASD and epilepsy [41]. As studies
have failed to observe an excess of transmitted
CNVs in ASD, large CN'Vs are unlikely to play
a central role in inherited ASD [39].

Linkage, endophenotypes & quantitative
traits

While initial attempts at linkage screens failed
to produce signals achieving genome-wide sig-
nificance, more recent large collaborative studies
have identified significant linkage to chromo-
somes 3q25-27 [42], 2q, 7q [43], 17q11—q21 [44]
and 20pl13 [45], but only those on 7q and 17q
have been replicated [46.47). Fine mapping efforts
have failed to localize single common variants
accounting for the linkage signals [48.49]. The
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Table 1. Syndromes and structural variation with an autism spectrum disorder-related

phenotype.

Chromosomal interval Cases with ASD (%) Ref.
1921 duplication 50 [108,109]
3p deletion/duplication <50 [110-112]
7935-q36 (cortical dysplasia focal epilepsy) 70 [113-115]
10923 (Cowden/BRRS) 20 [116,117]
11p15 maternal deletion ~7 [118]
(Beckwith-Wiedemann)

11913 (Smith-Lemli-Opitz) 50 [119]
12p13 (Timothy) 60-80 [120,121]
15911-q13 maternal duplication® >50 (122,123]
15q13 deletion <50 [124,125]
15911-q13 maternal deletion (Angelman)  40-80 [126,127]
15911-q13 paternal deletion (Prader-Willi)  20-25 (128]
16p11.2 deletion/duplication® 55 [31,36,92,93]
17p11 (Potocki-Lupski) 66-90 [129,130]
22q11 deletion (DiGeorge/VCFS) 15-50 [131-133]
22q13 deletion (Phelan-McDermid/SHANK3) >50 (134,135]
21 trisomy (Down'’s) 6-18 [136,137]
Xq27 (fragile X)* 6 females, 25 males [138]
The majority of these abnormalities are found in less than 1% of ASD samples; however, higher rates are observed for fragile X
mutation (2-14%) [139], proximal 15q duplication (1-3%) [12] and 16p11.2 deletion (1%) [93].

ASD: Autism spectrum disorder; BBRS: Bannayan—Riley—Ruvalcaba syndrome; VCFS: Velocardiofacial syndrome.

failure of linkage analysis, even in large sam-
ples, to find regions of overlap or common vari-
ations explaining individual signals is probably
due to the heterogeneity present in ASD and the
prominent role of rare genetic variation.

The main approaches to tackling the prob-
lem of heterogeneity have been to subset subjects
into more homogeneous groups based on clinical
features or to measure a more quantitative trait
or endophenotype than a categorical ASD diag-
nosis. Subsets of ASD have included the pres-
ence of epilepsy, macrocephaly, specific psychi-
atric comorbitidities, intellectual disability and
language delay. Given the male bias in autism,
subsetting by gender has been fruitful, identify-
ing a male-specific linkage peak at 17q11 in the
Autism Genetic Research Exchange (AGRE)
sample that reached genome-wide significance
(s0] and was subsequently replicated [47]. Sugges-
tive peaks at 7q and 21q were present in AGRE
cases with developmental regression [s1]. Includ-
ing only cases with Asperger’s disorder revealed
suggestive linkage peaks at 5q21 and 15922 [52].
Subsetting based on the presence of preserved
(‘splinter’) or enhanced (‘savant’) skills improved
linkage to 15q11—q13 [53]. Stratification by IQ in
the Autism Genome Project (AGP) dataset did
not yield significant evidence for linkage, but
did find distinct, mutually exclusive patterns of
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linkage between high- and low-IQ groups [s4].
Regions of interest were highlighted for specific
subsets, but no clear candidate loci emerged, per-
haps because they generally reduce the sample
size examined and thus power.

Quantitative trait loci mapping in ASD may
improve the power to localize signals since this
method leverages continuous data from all sub-
jects. Instead of considering ASD as a qualitative
diagnosis, investigators seek to quantify specific
ASD-related traits among unaffected family
members and healthy controls [55-58]. The pres-
ence of subclinical features of ASD in family
members of patients and the existence of a ‘broad
autism phenotype’ argue that ASD falls at the
extreme of a continuum [59]. In the past decade,
considerable progress has been made in defining
those traits, determining their heritability, and
developing psychometric instruments to quan-
titatively measure them (reviewed in [60]). Of
ASD-related traits examined, social motivation
and range of interest/cognitive flexibility demon-
strated the highest heritability [61]. Robinson and
colleagues have shown that such traits are stable
across childhood [62] and that genetic factors that
influence these traits in the general population
are likely to be affected in patients with ASD
(63]. Recent genome-wide quantitative trait loci
scans have used older measures such as IQ [64],
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Autism Diagnostic Interview-Revised (ADI-R)
subscales (65] and language delay (66] to identify
loci of interest, but none have reached genome-
wide significance. Wheelwright and colleagues
have developed an Autism Spectrum Quotient
questionnaire that may be useful to quantitate
ASD traits once validated [67]. Genome-wide
scans based on quantitative, heritable traits are
more likely to be successful than previous stud-
ies, which relied on standard collected measures
unlikely to stem from a common genetic source,
such as age of first word on ADI-R or IQ. Large-
scale studies of the segregation of specific cogni-
tive and behavioral traits in ASD and related
psychiatric illness are warranted.

Association

® Candidate gene studies

The failure of linkage studies to uncover risk
alleles in complex genetic diseases such as ASD
prompted the field to turn to association map-
ping, which is less sensitive to locus heterogeneity
and can detect variants of smaller effect. Early
association studies targeted candidate genes
identified either by proximity to suggestive
linkage peaks or chromosomal rearrangements
known to cause ASD (positional candidates) or
due to their known biological function relevant
to the ASD phenotype (functional candidates).
As with most psychiatric disorders, candidate
gene studies have reported positive associa-
tion of ASD phenotypes with numerous genes,
although with varying degrees of supporting
evidence [32]. As many of these utilized under-
powered, multiple-ethnicity samples, tested a
biased selection of genes, and failed to correct
for multiple testing, the majority of these genes
probably represent false positive associations or

Genetic pathways to autism spectrum disorders

type I error. As the field has grown to appreciate
these issues, genetic studies have turned to large-
scale genome-wide approaches with ethnically
matched samples. Nevertheless, some of the rep-
licated candidate risk genes may represent true
associations, especially as repeatedly identified
pathways have emerged (Table 2). Several public
databases have compiled the available evidence
linking the currently known candidate genes to
ASD cases [201].

A popular approach to validating gene can-
didates into a meaningful ASD model employs
gene ontology databases to organize genes into
common biological processes, and then con-
struct gene networks based on different models
of interaction [38,68]. As the list of ASD candi-
dates is large and since most proteins participate
in physiological interactions, virtually all bio-
logical processes undertaken by neurons have
been implicated. Furthermore, the basis for these
network connections are highly variable, rang-
ing from empirically validated interactions to
comention of genes in the scientific literature.

Key pathways with multiple ASD candidates
include synaptic proteins, DNA methylation
and chromatin remodeling factors, splicing
and post-transcriptional regulators, and mTOR
and MAPK signaling pathways (Table 2). Other
areas for further exploration include actin regu-
lators (SYNGAP1, CYFIP1, ARHGEF6 and
NHS), microtubule regulators (LIS1, YWHAE
and DCX), ion channels and their regula-
tors (SCNI1A, PRSS12, CACNAIC, CAC-
NAI1F, SLC9A6 and GRIA3), transcription
factors (MEF2C, HOXA1, SATB2, FOXP1,
FOXGI1, RAIl, ARX, NFIX, TBXI, ZNF81
and ZNF674), and proteins involved in vesicu-
lar transport (OCRL, AHI1, VPS13B, SYNI

Table 2. Pathways common to autism spectrum disorder-associated genes.

Biochemical pathway or complex ASD-linked genest Ref.

mTOR signaling pathway (TSC1; TSC2); PTEN; NF1; MID1 [140,141]

MAPK/MEK/ERK signaling pathway BRAF; HRAS; KRAS; MEK1; CREBBP [142,143)

Synapse assembly/maintenance (NRXN1; NLGN3); NLGN4; IQSEC2; (SHANK2; (144-151]

complex SHANK3; HOMER; MGLURS); CASK; DMD

Splicing/post-transcriptional regulators AFF2; CDKL5; UPF3B; PQBP1; (FMRP; CYPFIP1); [79,152-158]
(WNK3; A2BPT)

DNA methylation/chromatin NSD1; JARID1C; PHF8; CHD7; EHMTT; (MECP2; (159-165]

remodeling factors; mediator complex  ATRX; SMC1A; NIPBL; MED5; MED12)

Transcription factors MEF2C; ENGRAILED2; CUXT; NFIB; HOXAT; (160-177]
SATB2; FOXP1; RAIT; ARX; TBX1; GNBIL

Genes within parentheses are known to form complexes.

'For references showing that these genes are linked to ASD, see [32].

ASD: Autism spectrum disorder.
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and RAB39B). It remains unclear whether these
pathways converge on final common ‘ASD path-
ways’ [69.70]; however, recent brain expression
studies in ASD suggest that this may indeed be
the case [71].

®m Genome-wide association study

The genome-wide association study (GWAS)
design provides an unbiased screen of common
variation across the genome, but because of the
huge number of independent tests performed, it
requires large sample sizes to provide the power
to correct for multiple comparisons. A strin-
gent correction for genome wide significance
of p < 5 x 10% is traditionally applied. Several
GWASs have been performed in ASD, and while
a few loci have met genome-wide significance
thresholds, even some with limited follow-up
replications, independent GWASs have not pro-
duced overlapping results. In 2009, two large,
high-density single nucleotide polymorphism
(SNP) GWASs were performed, each relying
heavily on the AGRE families, but yielding
disparate results. Since neither group identi-
fied significant loci in the AGRE families alone,
both added additional samples to improve power.
Wang and colleagues combined data from 780
AGRE families and a case—control cohort total-
ing 2503 affected individuals and 6491 control
subjects [72]. The single genome-wide significant
signal mapped to a linkage disequilibrium block
in an intergenic region between the cell adhesion
genes CDH9 and CDHIO0 (72). The association
was replicated in two independent samples, yet no
functional effect on expression of either gene was
found. Weiss ez al. analyzed 1553 affected indi-
viduals, combining the 780 AGRE families with
258 families from an NIMH sample [45]. One
common SNP upstream of the axon guidance
factor SEMA5A demonstrated a protective effect
(OR: 0.4) against ASD [45]. The protective effect
was replicated in an independent sample (p < 2.5
x 107) and demonstrated functional effects on
SEMA5A expression in human cell lines, blood
and brain. A third study by the AGP Consortium
failed to replicate either group’s findings [68], but
reported genome-wide significance at an intronic
SNP in the MACROD? gene (73]. Similar to the
outcome of linkage studies, the fruits of these
family-based GWAS have been highly sample
and method dependent, in contrast to de novo
CNVs of large effect that have proven more con-
sistent across samples. While the lack of overlap
between GWAS in ASD is discouraging, lessons
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from successful nonpsychiatric complex disease
GWAS have taught us that tens to hundreds of
thousands of subjects are required to extract the
signals of smaller effect that might be seen across
datasets. Furthermore, since the microarrays
used for GWAS until recently have not included
markers capable of detecting signal from vari-
ants with low allele frequencies, rare and private
mutations are probably missed.

Sequencing
In the past 5 years, the ability to sequence whole
genomes or exomes (the protein-coding portion
of the genome) has proven scalable and afford-
able. The challenge that remains is interpret-
ing the vast amount of data generated, espe-
cially noncoding variation. Since each genome
sequenced reveals over 3 million total variants,
many of which are novel [74.75], the task of sepa-
rating signal from noise is daunting. While 80%
of noncoding DNA has been estimated by the
ENCODE project to be biologically active [76],
the function of these regions remains poorly
understood. Since protein-damaging mutations
are generally interpretable, early sequencing
research has focused on exploring exomes, but
even a single exome sequence contains approxi-
mately 20,000 total and 100 loss-of-function
variants [77]. The lowest hanging fruit are de novo
variants, with about 74 easily identified new
genomic variants per generation [78], and these
are especially relevant to simplex ASD families.
Over the past few years, a number of exome
sequencing studies in ASD families have been
published. Three of these analyzed de novo
single nucleotide variants or small insertions/
deletions (indels) that were present in affected
patients from the Simons Simplex collection of
ASD families, but not their unaffected parents
or siblings [79-81]. Although they performed
similar analyses on a partially overlapping set
of families, the three studies found deleterious
mutations in different sets of genes. Sanders ez /.
reported that one gene, SCN2A (a voltage-gated
sodium channel subunit associated with epilepsy
(81]), harbored mutations frequently enough to
consider it an ASD risk gene (81]. While no
recurrent deleterious mutations were detected
by lossifov and colleagues, many of the muta-
tions they discovered affected genes encoding
proteins that interact with the fragile X men-
tal retardation protein, itself a candidate gene
due to the frequency of ASD seen in fragile X
syndrome [76]. O’Roak e a/. identified recurrent
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protein-altering mutations in CHDS8 (a chroma-
tin remodeling gene) and N7NG]I (a cell surface
protein involved in axon guidance) [80]. All three
studies found that the majority of de novo events
occurred in DNA of paternal origin and that the
frequency of de novo mutations was correlated
with parental age. This correlation was con-
firmed in a fourth exome sequencing project by
Neale and colleagues, who also revealed recur-
rent mutations in CHD8 and SCN2A in ASD
(82]. A recent meta-analysis combining data from
all four papers argues that genes involved in tran-
scriptional regulation and chromatin remodeling
play a prominent role in the pathogenesis of ASD
(83]. Using statistical modeling of their datasets,
the existence of between 350 and 400 or 384 and
821 ASD risk genes were predicted by lossifov
et al. [76)and O’Roak ez al. [80], respectively. If
these predictions are correct, it is perhaps not
surprising that there was relatively little overlap
in identified genes in the three studies, which
sequenced only 150-350 families.

Taken together, these studies paint a picture of
de novo mutations in at least several hundred loci
contributing to the genetic risk in simplex ASD,
each accounting for only a small-to-moderate
portion of ASD [80-84]. They suggest that while
the overall mutation rate in ASD patients is the
same as the general population, ASD patients
are far more likely to have deleterious mutations
(truncations, frameshift or splice-site mutations)
than unaffected family members. However, since
exome sequencing only covers approximately
1% of the human genome and ignores critical
regions involved in gene regulation (promoters,
introns and untranslated regions), these studies
do not exclude mutations in regulatory regions
as a major factor in the genetic risk for ASD.
Although it has been estimated that 85% of
disease-causing mutations are in exons (s3], this
estimate stems from known Mendelian genetic
disorders; there are multiple lines of evidence rul-
ing out a Mendelian mode of inheritance for the
vast majority of ASD. It is interesting to note that
SNPs associated with ASD primarily localize to
intergenic regions [45.72.86], reminiscent of the
pattern seen with many risk alleles influencing
nonpsychiatric complex disease.

Searching for inherited risk alleles in multi-
plex families with ASD is a far more analytically
challenging proposition since de novo events are
not expected to play a major role in genetic risk
in these families. Chahrour et a/. sequenced the
exomes of 16 probands from multiplex families
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from the AGRE collection that showed excess
regions of homozygosity and identity by descent,
indicating a shared common ancestor [87]. They
discovered a completely different set of genes
(expression of which is influenced by neuronal
activity) affected by deleterious mutations than
the simplex sequencing studies. Although this
sample size was much smaller than the simplex
exome sequencing studies, it suggests that there
may be a difference in the physiological under-
pinnings and pathogenesis of simplex and multi-
plex ASD. At present, sequencing studies in ASD
have been largely focused on de novo variants;
more studies applying sequencing to inherited
ASD should emerge in the coming years.

Figure 1 illustrates a model for conceptualiz-
ing how different risk factors may combine to
cause ASD. An assumption in this model is that
sporadic ASD is more common in simplex fami-
lies and inherited ASD risk alleles predominate
in multiplex families. The multiplex families
segregate a certain amount of inherited genetic
risk across generations that will vary by family
(unpatterned marbles). During gametogenesis,
both simplex and multiplex parents will accrue
de novo mutations (CNV and SNV marbles) in
their sperm and ova, although the mutations in
the simplex families will confer larger effects to
result in ASD. Finally, during fetal development
(and possibly later); environmental factors will
also play a role (striped marbles). Gene—gene and
gene—environment interactions will also contrib-
ute. While in both types of families, an additive
or multi-hit risk model is illustrated (empirical
evidence for such a model comes from analyses
of simplex and multiplex CN'Vs 88-91]), studying
each type of family will probably yield differ-
ent information about the genetic architecture

of ASD.

Clinical implications

While ASD is diagnosed clinically, array-based
comparative genomic hybridization and chromo-
somal microarray (CMA) genetic testing are
now available, affordable, and often relevant to
clinical and family decision-making. Identifica-
tion of a known cytogenetic abnormality or gene
mutation may provide prognostic information
and alert clinicians to any of the medical comor-
bidities that are commonly associated with syn-
dromic ASD. Although the strict definition of
syndromic ASD is a clinical one, many children
are evaluated for ASD in toddlerhood, while the

full features of some syndromes are not apparent
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Simplex Multiplex

3

Inherited risk

Threshold for ASD

Gametogenesis

Threshold for ASD

SNV
SNV sny SNV

In utero environment

Threshold for ASD —Z////?-%/Jj/ ‘;///j ______

NV
SNV sny SNV

Figure 1. Possible differences in the genetic architecture of simplex and
multiplex autism spectrum disorders. Example pedigrees of simplex and multiplex
families are given at the top of the figure. Solid shapes represent affected cases while
hollow shapes are unaffected family members. Jars represent a hypothetical risk
burden that can be tolerated due to resilience until a threshold is reached and ASD
manifests. Marbles indicate risk factors that act together to produce ASD when the
threshold is exceeded. The unpatterned marbles represent background inherited
mutations that are insufficient by themselves to cause ASD. CNV and SNV marbles
represent de novo risk mutations that arise during gametogenesis. The striped marbles
represent environmental effects present in the in utero environment or later. The

size of the marble indicates relative effect size. Gene—gene and gene-environment
interactions, while probably important, are not shown here for the sake of simplicity.
ASD: Autism spectrum disorder; CNV: Copy number variable; SNV: Single nucleotide
variant.
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until late adolescence or adulthood. Identifying
a genetic abnormality associated with an ASD-
related syndrome can raise clinical suspicion for
a syndromic form of ASD, so associated comor-
bidities of that syndrome are assessed. Some
of these comorbidities are highly actionable,
including increased frequency of sudden car-
diac death observed in patients with 15q11—q13
duplication and of astrocytomas and renal cell
tumors associated with TSC. Family planning
decisions may be influenced by the profound
difference in recurrence risk between de novo
versus inherited mutations. However, even
within inherited forms of ASD, penetrance is
highly variable. A salient example is the reduced
penetrance for ASD and broader phenotypes
observed with proximal 16p duplication versus
deletion [36,92-94].

The American College of Medical Genet-
ics and the American Academy of Pediatrics
recommend CMA testing as a first-line test
in the evaluation of ASD [95,96]. Studies have
shown that CMA has a substantially greater
resolution and clinical yield than the G-band
karyotyping, which was the previous standard
of care. Guidelines of the American Academy of
Neurology and the American Academy of Child
and Adolescent Psychiatry have not yet been
revised [97,98]. Between 10 and 20% of patients
with ASD will have ASD-related duplications or
deletions that can be detected by CMA tests [95].
Limitations of this technology include missed
events due to gaps in genomic coverage, the
inability to detect balanced chromosomal rear-
rangements and the fact that many events will
be reported with unknown significance. While
not all pathological CNVs are known, CNVs
are part of the normal genomic landscape and
most do not adversely impact health. Diagnostic
yield is improved by ordering CMA testing for
patients with ASD plus intellectual disability,
dysmorphic features or congenital abnormali-
ties [95]. A complete diagnostic work-up recom-
mended by the American Academy of Pediatrics
includes an audiological evaluation to rule out
hearing impairment as a cause of language delay
and a thorough physical examination focusing
on possible dysmorphic features, congenital
abnormalities and skin pigmentation (revealed
by Woods’ lamp examination) to help identify
syndromic causes of ASD that might particularly
benefit from genetic testing [99]. It is important
for clinicians to understand that most genetic

causes of ASD will not be detected by CMA,
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and a normal or negative CMA result does not
imply the absence of a genetic etiology.

Clinical sequencing is now being employed
throughout medicine; however, CMA test-
ing remains better suited to analyze the types
of variation (CNVs) that have large effects in
ASD. Although more complete information is
garnered from sequencing, the signal-to-noise
challenge present with CMAs is magnified in
clinical sequencing. As more SNVs conferring
risk for ASD are discovered, clinical sequencing
will offer increasing value. While commercial
enterprises and academic medical centers cur-
rently offer genome sequencing to the public,
ASD-relevant information is extremely limited.

As the different kinds of ASD risk variants
are identified and molecular pathways under-
stood, our ability to provide molecular diag-
noses for ASD will expand. This will enable
early detection and facilitate long-term outcome
studies that can better describe the widely var-
ying prognoses and trajectories of ASD. The
targeting of specific interventions can then be
tailored based on genetic information. Phar-
macological algorithms can be optimized and
personalized, and the design of new treatments
can be informed by biology. Research on can-
didate genes and syndromic forms of ASD has
led to trials of drugs that target biochemical
pathways in those syndromes, such as mTOR
inhibitors for TSC (100,101 and mGluR5 antago-
nists for fragile X syndrome [102]. Within the
next decade, clinicians should be able to use
genomic data to offer individualized behavio-
ral and pharmacological treatments to many of
their patients with ASD.

Conclusion & future perspective

The clinical and genetic heterogeneity of ASD
have led to the suggestion that ASD encompasses
hundreds of unique autisms [103]. Currently, a
few rare de novo variants have been solidly
established as ASD risk alleles, accounting for
only a small proportion of the total genetic risk,
although often with a large or causal impact. By
contrast, it is likely that common variants confer
only small individual effects in ASD, especially
given the diminished resulting reproductive suc-
cess (any variant greatly reducing reproductive
success as seen in ASD would remain rare in a
population); however, the population-attributa-
ble risk may be large given the high population
prevalence. Identifying inherited risk alleles of
smaller effect is a major goal for the next decade,
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and will undoubtedly be fueled by ever improv-
ing molecular sequencing and computational
approaches. Within the next few years, whole
genome sequencing will become more economi-
cal than exome sequencing, and an even greater
challenge will be presented in trying to make
sense of noncoding genomic regions. With a
greater understanding of the noncoding RNAs
and regulatory regions that comprise the major-
ity of human DNA, we can appreciate more
subtle ASD risk variants that may be especially
important in multiplex families.

The proportion of ASD cases that are sim-
plex versus multiplex is unknown. Although
epidemiological studies have placed the sibling
recurrence rate at 20% [22], this does not account
for families that choose to have only one child.
While sequencing families to identify causative
de novo mutations is productive from a research
perspective, it is unlikely to have much diagnos-
tic yield in the clinic, as a clinician will rarely
know the genetic architecture of a given child’s
ASD (particularly when parents bring in a first-
born). Although the cost of obtaining sequence
data is rapidly decreasing, the major barrier
to using sequence data to help patients with
ASD is informatic (i.e., knowing which genetic
changes are relevant to the child’s condition and
which changes are benign genetic variation). As
research progresses, we will be able to define an
‘ASD network’ of genes that capture the majority
of idiopathic ASD cases.

Recent genetic studies cement the case that
ASD is a complex polygenic disorder and argue
that ASD may be due to many possible genetic
lesions all leading to a common behavioral phe-
notype. One interesting pattern that is emerging
from these studies is the prevalence of candi-
dates involved in regulating other gene networks
(either at the transcriptional or translational
level) among the list of ASD risk loci. It is pos-
sible that, in order to produce the pathology seen
in ASD, many genes must be affected simulta-
neously, and this can be accomplished either by
having multiple mild mutations in neural devel-
opment genes or having more severe mutations
in the genes that regulate the neural develop-
ment genes. One could imagine that in multi-
plex families carrying subthreshold mutations
in neural development genes, one more de novo
mutation in a related neural development gene
would be enough to cause the offspring to have
an ASD. In a simplex family, a single de novo
mutation in a neural development gene might
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not be enough to cause an ASD, but a de novo
event that impacts a gene network might. As fur-
ther sequencing results accumulate, it will be fas-
cinating to observe whether regulatory risk genes
predominate in simplex families, compared with
multiplex families where more subtle variation
in genes directly involved in neural development
and function might be key.

As genetic pathways are better understood,
environmental factors can be systematically
assessed. If many genes must be affected in
order to cross an ASD threshold, how might
environmental factors accomplish this? Ever
since the discovery of imprinted syndromes
(Angelman, Prader—Willi, maternal proxi-
mal chromosome 15q duplication and Beck-
with—Wiedemann Syndromes) that have ASD
as a component, there has been considerable
interest in epigenetic factors in ASD. However,
while there have been highly suggestive data in
animal models showing a link between 77 utero
environment and the methylation of neural
development genes (see [104]), as well as human
genome studies suggesting that autism risk genes
are likely to be regulated by DNA methylation
[105], data examining epigenetic changes in cases
of ASD versus controls have been inconsistent.
Using a histone trap technique, Shulha ez al.
found differences in the methylation of neural
development genes in the prefrontal cortex of
patients with ASD compared with controls [106].
However, using a whole-genome methylation
microarray, Ginsberg ez a/. found no difference
between cases and controls in the occipital cor-
tex [107). This inconsistency can be explained by
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