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Abstract

Genetic studies have revealed the involvement of hundreds of gene variants in autism. Their risk effects are
highly variable, and they are frequently related to other conditions besides autism. However, many different
variants converge on common biological pathways. These findings indicate that aetiological heterogeneity,
variable penetrance and genetic pleiotropy are pervasive characteristics of autism genetics. Although this
advancing insight should improve clinical care, at present there is a substantial discrepancy between research
knowledge and its clinical application. In this Review, we discuss the current challenges and opportunities for
the translation of autism genetics knowledge into clinical practice.

Introduction

Tremendous progress has been made in identifying the genetic variants that have an impact on the development
of autism spectrum disorders (ASDs), providing a window into the biology of this group of conditions1,2 .
Variants associated with ASDs have been found in hundreds of different genes, are mostly rare and cover the
entire spectrum of mutations, from alterations of individual base pairs (single-nucleotide variants (SNVs)) to
the loss or gain of a thousand to millions of base pairs (copy number variants (CNVs)). In addition to inherited
variants, numerous studies have shown that in individuals with an ASD the rate of de novo genetic variants —
that is, variants that are detected for the first time in the proband and are not present in the parental genome
— is increased. For instance, in probands, de novo CNVs occur four times as frequently as in their unaffected
siblings, and de novo loss-of-function mutations are twice as common3 . It is estimated that rare genetic
variants, both de novo and inherited, are causal in 10-30% of people with ASDs3-5. This represents an

Page 1 of 27


mailto:J.A.S.Vorstman@umcutrecht.nl
mailto:joachimh@stanford.edu

O N OB~ WDN -

NN N NN MNMNDMNNDN - A A
NO O DN WN -2 OO0 NOOOTDN, WODN -~ O ©

N DN
© oo

B A DDA DMDAEDIMNDEDOWOWWWWWWWWOW
O NO OO A WN A O0OO0O0ONOOTDN, WDN-—-~O

Copy of final proof post-edit Authors/Journal

enormous step forwards compared with 15 years ago, when a specific genetic contribution could be detected
in only 2-3% of individuals with an ASD. For some of these rare genetic variants, strong causal effects on ASD
risk have been known for a long time, such as mutations in TSC1 and TSC2 leading to tuberous sclerosis
complex6 or those in fragile X mental retardation 1 (FMR1; also known as FMRP) leading to fragile X syndrome7
. These examples illustrate another key point: some consider ASDs to be medical disorders with possible
consequences beyond their purely behaviourally defined phenotypes. Genetic findings from the past decade
indicate that ASDs can indeed exist in the context of a fast-growing list of specific, individually rare but
collectively common genetic disorders with clinical manifestations outside the central nervous system (CNS).
Common genetic variation also contributes to the risk of ASDs8-10. The risk increase conferred by a single
common variant is very modest (the relative risk is only approximately 1.1-1.2). However, when considered
cumulatively, the contribution of common inherited variants towards the aetiology of ASDs is estimated to be
between 15%8 and 50%9,10. Nevertheless, unlike the findings in schizophrenia11, no common risk loci have
been identified to date for ASDs. The identification of common variants of small effect requires the study of even
larger cohorts than those that have been included in genome-wide association studies (GWAS) to date (Autism
Spectrum Disorder Working Group of the Psychiatric Genomics Consortium, unpublished observations).
Indeed, despite the considerable evidence to support a major role of common genetic variation in ASDs9 , it
has been rare and de novo variants, which can typically confer a much higher risk in an individual than a
common variant, that has led to the discovery of novel ASD risk genes. These rare genetic causes of autism
are starting to highlight possibilities for the development of specific targeted therapies with the aim of
modulating clinical outcomes and improving people’s quality of life12. The translational potential of these
findings is one of the most challenging and exciting areas in our field. In this Review, we provide a brief overview
of the current state-of-the-art of autism genetics, discuss the clinical importance of those genetic findings and
outline what is required for a more effective translation of this research knowledge into medical practice. We
focus on rare variants of large effect, as they currently have the most potential to inform clinical care. We argue
that, contrary to what is generally assumed, the existing genetic findings are already able to inform our current
clinical practice for some people and their families. Moreover, we make the case for how these new insights
could lead to a new wave of translational studies.

Increasing insight into ASD genetics

New technologies

Since individual chromosomes became physically identifiable in the 1970s, karyotyping has been used to
delineate various clinical conditions with observable morphological hallmarks. This operator-dependent
technique allows the identification of large deletions and duplications of genetic material (usually larger than
5Mb in size), as well as translocations. Subsequent technical improvements over the following decades
increased the resolution of the technique to enable the detection of smaller genetic imbalances. In addition, the
use of labelled DNA probes hybridized to genomic targets (fluorescence in situ hybridization (FISH)) greatly
improved sensitivity for the detection of small aberrations at predetermined chromosomal regions. The
combination of observations obtained from karyotyping and FISH provided a first glimpse of the genetic
heterogeneity of ASDs13. The next crucial breakthrough was the development of chromosome microarray
(CMA) technology, which includes array comparative genomic hybridization (aCGH) and singlenucleotide
polymorphism (SNP) genotyping. CMA allows for testing simultaneously across the genome, unlike the specific
targeted nature of FISH, and can detect aberrations at a much higher level of detail. CMA testing has been
shown to be superior to and more cost effective than karyotyping14,15. Therefore, the American College of
Medical Genetics and Genomics, the International Standard Cytogenomic Array Consortium (now known as
ClinGen), the American Academy of Pediatrics and the American Academy of Child and Adolescent Psychiatry
all revised their guidelines to recommend CMA as part of the first-line evaluation for children with a
developmental disability or an ASD14,16-18. The identification of SNVs has also greatly advanced in recent
years such that whole-genome sequencing (WGS) and whole-exome sequencing (WES) have become viable
alternatives to selective genotyping. Generally, most of the approximately 20,000 variants identified in the
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exome sequence of any individual19 are inherited and correspond to normal variation in the general population
(that is, they are SNPs). Approximately 75 de novo SNVs arise per genome per generation, the vast majority
of which occur in non-coding sequence. It is estimated that on average each newborn carries one or two
de novo SNVs affecting coding regions20-22. Although coding variants are likely to have the most potential for
inducing phenotypic variation, possible functional effects of non-coding variants on processes such as gene
regulation and 3D chromatin folding are becoming increasingly appreciated23. In addition to confirming a
diagnosis when a genetic disorder is suspected, sequencing is increasingly used to identify a specific genetic
cause in patients with unexplained developmental disorders24. The emerging use of WES and WGS has already
led to the identification of many novel rare variants with a large effect size (including small insertions or
deletions), and along with the previously identified CNVs, such novel variants have important implications for
risk prediction, diagnosis and treatment of ASDs and other neuropsychiatric disorders25. These current
technologies also have limitations. The exact resolution of CMA depends on the platform used, and regardless
of the platform and unlike karyotyping, CMA cannot detect truly balanced translocations or inversions. When
using WES or WGS, identifying CNVs is challenging. The standard protocols and quality control measures for
sequencing-based genetic tests are still evolving, and the detection of events varies with the read lengths of
the method used. In addition to these technical issues, it can sometimes be difficult to establish or exclude the
clinical relevance of each variant identified by CMA and sequencing results despite the use of considerable
bioinformatics resources. As a consequence, the proportion of variants of unknown significance (VUS)
identified through genome-wide testing is high relative to targeted genetic testing, which poses formidable
challenges for clinical interpretation and practice. In addition, genome-wide approaches can identify incidental
findings that are clinically relevant: that is, genetic variants of clinical significance that are not directly related
to the phenotype under study. A recent study reported incidental ‘medically actionable’ findings in 4.6% of
consecutive patients referred to a clinical laboratory for WES26. The majority of these patients were children
with neurological or developmental disorders. One strategy to reduce the likelihood of both VUS and incidental
findings is the use of predesigned gene testing panels. However, this should be weighed against the limitation
inherent to restricting the test scope to a limited set of a priori defined, clinically relevant candidate genes. The
use of WES and WGS is more advanced in cancer genetics than in other health care settings27. For ASDs,
sequencing shows promise, but a better understanding of the clinical implications of many genetic variants is
required before we can gauge the potential of sequencing to improve the clinical care of people with an ASD.

ASD risk variants converge in biological mechanisms.

As of December 2016, more than 800 genes have been included in the AutDB, a database of genes implicated
in ASDs28. The strength of the evidence supporting each of these observations varies greatly. One challenge
resides in the fact that the mere occurrence of a rare CNV or SNV affecting a gene does not inevitably equate
to causation. To gain insights into the potential genetic mechanisms driving risk for ASDs, different types of
affected families have been studied, including those with consanguinity, those with a single affected person (a
simplex family) and those with multiple people with an ASD, sometimes across many generations. Using WES
in families enriched for ASDs owing to consanguinity, specific mutations were identified in AMT, MECP2,
NLGN4X, PAH, PEX7, POMGNT1, SYNE1 and VPS13B24; of these genes, MECP2, NLGN4X and SYNE1 have
previously been associated with ASDs. The increased access to CMA and WES technologies has now also
opened the way to the discovery of rare and private mutations in larger clinical cohorts. A recent study of 2,147
individuals with an ASD, by the Autism Genome Project (AGP), reported that 4.6% (n=99) carried a de novo
rare CNV29. Studies of the Simons Simplex Collection show that the rate of de novo rare CNVs increases to
more than 10% when restricting to simplex cases5 . Similarly, the study of 1,532 families with multiple affected
individuals from the Autism Genetic Resource Exchange (AGRE) showed that both rare de novo and inherited
CNVs contribute to the development of ASDs. Although the rate of de novo CNVs identified in the AGRE study
was lower than that of the simplex families (as expected, considering the study design), there was a higher
burden of large, rare CNVs, including inherited variants, in individuals with an ASD when compared with their
unaffected siblings30. Interestingly, in more than two-thirds of the families in which a known high-risk ASD-
associated CNV was identified, the CNV was not shared by all affected siblings, highlighting the intrafamilial

Page 3 of 27



O N Ok WODN —~

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

38
39
40
41
42
43
44
45
46
47
48

Copy of final proof post-edit Authors/Journal

genetic heterogeneity of ASDs30. Recurrent inherited and de novo CNVs have been shown to affect regions of
the genome that are important in known genomic disorders (for example, 1g21 duplication and 15q11-q13
duplication syndromes) as well as to occur in known genes that are implicated in ASDs or intellectual disability
(for example, NRXN1, SHANK3 and PTEN). When data from the AGP were combined with those from the
Simons Simplex Collection, 12 such loci (false discovery rate (FDR) < 0.1) associated with ASDs were identified,
including 1921, 2p16 (NRXN1), 3929, 7q11.23, 15q11-q13, 15912, 1513 (in 3 nonoverlapping microregions),
16p11, 16023 and 22q11 (REF.5). When data from small single-gene de novo CNVs and WES were
incorporated, a further 65 genes were identified (FDR<0.1)5.

One of the strongest discoveries propelled by WES has been the role of chromodomain helicase DNAbinding 8
(CHD8) in ASDs. CHDS8 is a transcriptional repressor that binds to -catenin and negatively regulates WNT
signalling. Interestingly, the CHD8 binding targets are strongly enriched for other ASD risk genes, suggesting
that the disruption of these genes is working through a common biological process31. In addition to WES,
targeted resequencing approaches have further implicated CHDS8 in children with an ASD or ‘developmental
delay’ (that is, disordered development). In a recent study of 3,730 children with ASD or developmental delay,
a total of 15 independent CHD8 truncating mutations were observed compared with the absence of observed
truncating events in 8,792 controls, including 2,289 unaffected siblings32. As CHD8 mutations were observed
in less than 0.5% of cases and many of the other genes discovered are likely to be altered in even smaller
proportions of patients, a more appropriate strategy may be to focus on aberrant processes, beyond
specific genes. Therefore, to better understand the pathophysiology of ASDs, it is pertinent to ask whether
identified genes are involved in common processes, or are active within discrete cells types or at specific
developmental stages. Gene set enrichment approaches indicate that the known genes and loci involved in ASD
risk converge into distinct biological processes: disruptions to synaptic functioning, chromatin remodelling,
WNT signalling, transcriptional regulation, interactions with FMR1 and, more broadly, MAPK signalling29,33-
37. Moreover, the relationship of ASD-implicated genes with gene co-expression networks further points
towards the importance of WNT signalling and synaptic functioning38, early transcriptional regulation and
synaptic development39, cell adhesion and chromatin remodelling40, and midfetal deep (layer 5 or 6) cortical
projection neurons41. Many of these approaches use weighted gene co-expression network analysis (WGCNA),
which is a method to identify highly interconnected groups (known as modules) of genes from gene expression
data. The genes in these expression modules offer insight into the biological processes underlying ASDs and
the extent to which these processes may be inter-related (reviewed elsewhere in detail in relation to
neurodevelopmental disorders42). In addition to ASD-implicated genes being used to identify risk modules,
these data can be further leveraged to predict a broad family of ‘associated’ genes that are ‘guilty by association’
or, more specifically in this context, ‘guilty by co-expression’. Applying machine-learning approaches,
information from 594 ‘ASD-associated’ genes can be modelled to predict a role in ASDs for 2,500 genes
clustered within nine brain-specific functional modules, including synaptic functioning, chromatin remodelling
and MAPK signalling, alongside genes involved in processes including ion transport and cell signalling43.

Emerging complexity of genotype-phenotype architecture.

Estimates of the penetrance and expressivity of well-established risk variants for ASDs vary widely, reflecting
the fact that little clinically relevant information is known about many variants. Both penetrance and expressivity
are highly relevant for a given genetic variant because they allow us to know the frequency at which people
with a given genetic variant show a phenotype on a population level (penetrance), and the severity of its clinical
manifestation in a given individual (expressivity). Penetrance estimates for ASDs vary from 5% to 8% for
mutations in the dystrophin gene (DMD; associated with Duchenne muscular dystrophy) and the neurofibromin
gene (NF1; associated with neurofibromatosis type 1), to approximately 80% for mutations in the synaptic
scaffold gene SHANK3 (associated with Phelan-McDermid syndrome) or the calcium ion channel gene
CACNA1C (associated with Timothy syndrome)1 . In addition, penetrance can be influenced by gender, as
discussed below. An alternative approach to the concept of penetrance has gained increasing traction in recent
years. This approach is applicable to proband-parent trios in a family with a de novo variant: it characterizes an
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individual proband on continuous traits (for example, |Q and social abilities), compares the proband with his or
her parents and estimates how far these traits deviate from what would be expected for the proband given the
family’s context44. This provides an estimate of the neuropsychiatric effect of the genetic variant studied and
gives a clearer understanding of its expression, independent of whether formal criteria are met for a specific
diagnosis such as intellectual disability or an ASD45,46. This strategy is likely to enable a more accurate
investigation of additional modifiers, which may include both genetic and environmental factors. Mechanisms
of action for genetic modifiers include various types of compound heterozygosity, in which two different loss-
of-function variants occur at the same locus47,48; the influence of gender (females have a higher resilience to
ASD-linked mutational load49); oligogenic heterozygosity, in which mutations in more than one risk gene occur
in the same individual (this occurs at a higher rate in autistic individuals than in unaffected individuals)50; and
possibly the cumulative effect of common variants on the remainder of the genome. In addition to variable
penetrance, it is also increasingly clear that many established ASD risk variants are associated with other
phenotypes, including intellectual disability, epilepsy, schizophrenia and attention deficit hyperactivity disorder
(ADHD), as well as various somatic phenotypes, even within the same individual. Aetiological heterogeneity,
variable penetrance and a broad phenotypic pleiotropy are thus now recognized as pervasive characteristics of
ASD genetics. These phenomena affect our ability to interpret and reliably use genetic findings in clinical
practice51 as well as the way we conceptualize ASDs themselves.

Genetic knowledge in clinical practice

ASDs as part of broader medical (genetic) conditions.

Early in the 1990s, Gillberg proposed that additional somatic conditions were identified in many individuals with
autism52. Since then, numerous studies have shown increased rates of a range of somatic phenotypes in
individuals with an ASD, including gastrointestinal53, immunological54 and sleep55 abnormalities. Findings
from genetic studies confirm these early clinical observations (TABLES 1,2). For example, in addition to an
ASD, the 1g21.1 duplication can also lead, amongst others, to intellectual disability, epilepsy and
schizophrenia56,57,133. Phenotypic pleiotropy is not restricted to CNVs57,58, but is also associated with many
SNVs that lead to ASDs. For instance, in addition to increasing the risk for an ASD59, SNVs in SCN2A are
associated with higher rates of intellectual disability60, schizophrenia61, epilepsy62 and episodic ataxia62.
Importantly, pleiotropy may extend beyond CNS-related phenotypes. For example, the 3929 deletion is also
associated with increased rates of gastrointestinal problems and heart defects63. Although it will be challenging,
identifying the full range of phenotypes that are affected by a genetic variant will be crucial because it presents
a valuable opportunity to enhance the clinical management of coexisting conditions for individuals with an ASD.
Potential clinical interventions relate to specific body systems (BOX 1). First, genetics can lead to active
surveillance and early intervention for conditions before they develop in individuals who are at risk because of
a known risk association with a genetic abnormality. Second, the knowledge of the genetic cause may indicate
the involvement of a specific biological mechanism. In some cases, this can enable targeted pharmacological
interventions with already available compounds. In other cases, it can guide the choice of medication based on
known somatic comorbidities, either those currently present or those for which people are at risk. Finally, as
genetic disorders may be associated with specific cognitive and behavioural profiles64, genetic information can
direct the avenues of behavioural treatment. A recent study of CMA results of 1,780 subjects over a 3-year
period showed that 55% of 187 genetic findings prompted changes in clinical management. The vast majority
of those management decisions involved referral to additional specialty services65. Risk variants for ASDs may
also exert pleiotropic effects on the risk of other psychiatric disorders66 and on cognitive ability in the general
population67. Substantial challenges remain, especially in the context of VUS and incidental findings, but
genetic information can have a direct immediate impact in current clinical management and can afford clinical
practitioners the opportunity to improve the health, quality of life and lifespan of some people with an ASD; this
is especially important in the context of recent studies showing premature mortality in individuals with an ASD,
in part due to coexisting conditions68,69. These findings highlight how, in many circumstances, an ASD is part
of a broader medical condition. In the clinical context, this perspective would automatically prompt careful
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clinical assessments of other organ systems (for example, gastrointestinal, cardiovascular and endocrine) that
currently receive limited clinical attention70. In this regard, a distinction is often made between ‘syndromic’
versus ‘non-syndromic’ autism, in which syndromic refers to the presence of somatic symptoms in addition to
autism, mostly in association with a known genetic cause (for example, a TSC1 mutation). However, the
emerging picture of genetic risk variants for ASDs indicates that high rates of diverse somatic symptoms are
the rule rather than the exception for variants reported in ASDs (TABLES 1,2). In addition, it is likely that ASDs
associated with many of the rare genetic variants are currently considered non-syndromic because too few
people with those variants have been observed to enable the recognition of somatic comorbidity patterns.
Instead of the syndromic versus non-syndromic dichotomy, a more valid approach would be to cluster patients
according to whether or not additional phenotypes are observed and whether a genetic contribution or cause
has been identified. These observations of broad medical consequences associated with ASDs are likely to
affect our research strategies, as the observed high rate of psychiatric, cognitive and somatic comorbidity in
ASDs could indicate shared genetic aetiologies between these different phenotypes. Conversely, genetically
defined subgroups within the autism spectrum seem to be more phenotypically homogeneous than the
unstratified ASD population64,71-73. A molecular taxonomy, based on specific genetic variants and their
associated phenotypic profile, may provide a useful new perspective. Similar taxonomies have proved valuable
in clinical neurology, for instance for the classification of the spinocerebellar ataxias and prion diseases74,75.
These concepts may eventually have long-term consequences on the classifications described in the Diagnostic
and Statistical Manual of Mental Disorders (DSM) and the International Classification of Diseases (ICD).
Although these classifications, which are currently based on distinguishable behavioural phenotypes, are very
helpful for standardizing observed phenotypes and facilitating communication among health care professionals,
they lack a direct relationship with putative biological causes76,77.

Gain of knowledge for the family.

For many caregivers, knowing the cause of the ASD in their child is frequently important in itself, regardless of
any potential benefits regarding treatment options78. In keeping with other conditions diagnosed in childhood,
many parents question whether they have caused their child’s ASD through their activities or the environment.
In a study of 50 parents receiving genetic test results, almost two thirds reported that the result had been
helpful for the child and family79. Such knowledge prevents extended searches for answers that may be
unproductive, expensive and disruptive of the treatment relationship. In particular, for patients with de novo
CNVs, the exposed attributable risk (essentially a measure of the causality of the variant) has been estimated
to be greater than 80%80. In addition, finding a specific genetic cause of an ASD in a family can give them an
opportunity to connect with other families with that same genetic profile, providing a strong source of
understanding, support and networking.

Genetic counselling.

Many families of children with an ASD are actively making reproductive decisions regarding future pregnancies
or have questions about the development of a sibling (these decisions should be seen in the context of variable
views about genetic testing for ASDs (BOX 2)). The background rate of ASDs within the general population is
approximately 1%. In the absence of specific genetic test results, only general recurrence rate (also known as
recurrence risk) estimates can be made; the recurrence rate with one previously affected sibling is around 10-
15%81. If there are two affected siblings in the family, the estimated rates predicted by a theoretical model are
around 50% and 12% in subsequent newborn boys and girls, respectively3 . The recurrence rate varies as a
function of the gender of the previously affected sibling, with higher recurrence rates in the case of a female
affected sibling 82. This difference in recurrence rate has been attributed to the Carter effect; that is, a higher
quantitative burden of genetic susceptibility in females versus males (females need to have more ASD-
associated variants to be affected than do males) predicts a higher likelihood of an ASD in the relatives of a
female affected proband compared with relatives of a male affected proband83,84. However, in a recent large
prospective study, striking differences were found in development between males and females generally85,
suggesting that these differences observed in males and females with an ASD reflect typically occurring sex
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differences seen in children without an ASD. Access to genetic counselling may be particularly relevant to
unaffected female family members given the overall lower penetrance of risk variants in females49. As ASDs
are more common in males, the same genetic factors do not always result in ASDs in females (the ‘female
protective effect’). Findings from genetic assessment can provide more specific genetic counselling information
in a substantial minority of cases (FIG. 1). The information for parents of children with an inherited variant may
have immediate relevance, as it may allow the clinician to be more precise about recurrence rate. For example,
when an inherited 22q11.2 duplication is identified in a proband with an ASD, the chance that the next-born
child from the same parents will also carry a 22q11.2 duplication is 50%. In addition, the determination of family
members who carry the same variant may also affect family planning decisions. Although counselling in the
context of a known inherited variant leads to quantifiable risk, accurately predicting recurrence rates in the
context of an identified de novo variant is more challenging when the penetrance of the identified variant is low
or unknown, when genetic background plays an important modifying part or when a seemingly de novo variant
results from parental germline mosaicism22. Questions about recurrence and inheritance delineate a rapidly
expanding area in which findings from genetics research are clearly affecting clinical practice. Large-scale
longitudinal studies involving clinical genetics services are needed to provide additional information that can be
used in counselling.

Genetic-testing recommendations and current implementation in clinical practice.

At present, the multiple guidelines proposing genetic testing of all individuals with an ASD14,18 are not
implemented consistently in clinical practice, even within well-funded health care systems. Although in clinical
settings genetic testing of children with an ASD has increased in the past 15 years86,87 , a recent study in
Texas, USA, found that more than 80% of parents of children with an ASD reported never having received any
information regarding the possibilities of genetic testing in their child88. A common policy for services is to
select people with an ASD for testing only when there is also somatic comorbidity, intellectual disability and/or
dysmorphism — the strategy that had been adopted for karyotyping previously. Such an approach is likely to
lead to the identification of only a small proportion of the clinically useful variants related to ASDs. The
consequences are twofold: first, potentially relevant information will not be identified for some children and
their families; second, the essential worldwide accumulation of genotype-phenotype information is
slowed down.

There may be several reasons why clinical implementation is lagging despite strong recommendations for
genetic testing in individuals with an ASD, even in countries with substantial clinical genetic testing capacity.
First, the medical and specialty training of many clinicians includes only sparse exposure to genetics, often
lagging behind cutting-edge research. Consequently, health care professionals may consider that they do not
have the knowledge needed to explain genetic results. If this is the case, in a disorder with a complex inheritance
pattern such as an ASD, clinicians may be reluctant to propose genetic testing. Second, clinicians may feel that
the currently available clinical rationale and justification for genetic testing in individuals with an ASD is
insufficient. This notion underscores the need to disseminate to clinicians the data showing that genetic results
can already improve recurrence rate quantification and reproductive decision-making. More translational
research is needed to elucidate how these genetic results can improve quality of life, therapeutic options and
clinical management for people with an ASD. Third, it is likely that genetic testing is often unavailable owing to
a scarcity of resources, especially in low-income countries89. Even in developed countries, there are financial
barriers to testing for some people with an ASD. In the United States, testing is often, but not universally,
covered by American third-party payers. Insurance status (private, Medicaid or Medicare, or none) affects the
likelihood of utilization of genetic services90. In Canada and Europe, these tests are generally undertaken as
part of universally available health care, free at the point of delivery, although national guidance may not support
testing of all children (for example, in the United Kingdom91).

Bridging the gap between research and the clinic

The potential of new therapeutic strategies.
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Arguably, the most important goal of genetic studies in ASDs may be to provide much needed clues about the
underlying neurobiology of these disorders. With increasing insight into the genetic aetiologies of ASDs, the
potential clinical use of genetic stratifiers may come within reach92. The fundamental premise is that stratifying
individuals with an ASD into subgroups based on shared genetic aetiology, reflecting a shared underlying
biological mechanism, may display clinically relevant differences between the subgroups with regard to
treatment response and risk of side effects; this is the concept of ‘personalized’ or ‘precision’ medicine75. Over
the past few years, an increasing number of studies have confirmed the potential clinical value of this approach.
These early findings require replication, but they highlight, among other insights, the fact that specific genetic
variants in people with an ASD can moderate the clinical response of the patients to treatment with
methylphenidate93, or their risk of weight gain with risperidone94-96. At present, two central characteristics
of the available pharmacological strategies limit their efficacy in people with an ASD. First, although medications
are successfully used to treat some of the frequently coexisting conditions (for example, hyperactivity anxiety
and sleep difficulties), none of the available medications directly targets the core domains of ASDs (note that
some in the autism community would not want this: see BOX 2 for relevant community perspectives). Second,
none of the currently available medications was developed with a clear a priori defined ASD-linked molecular
target97. Converging biological insights derived from genetic studies are beginning to reveal potential targets
for the development of pharmacological compounds12,98. These novel insights give a strong impetus to the
development of medication strategies for ASDs, which historically have always been under-represented in
pharmacological trials in comparison with other mental disorders99. Currently, more than 30 compounds are
being studied in clinical trials for their treatment potential in ASDs; this number excludes existing compounds
that are frequently used in the treatment of ASDs, such as atypical antipsychotics, selective serotonin reuptake
inhibitors (SSRIs) and stimulants. In fact, in addition to the clear increase in the number of registered medication
trials for ASDs over the past 15 years, the proportion of studies examining the therapeutic effects of novel
compounds on ASDs has dramatically increased from 44% between 2001 and 2003 to 81% in the studies
initiated between January 2013 and December 2015 (FIG. 2). Interestingly, the proportion of studies in which
genetic findings have contributed to the rationale for the novel compound under study (albeit often partly and
not exclusively) has increased over the same time period (from 25% to 59%, respectively; FIG. 2). These studies
often constitute the first step towards the development of new therapeutic avenues that may need additional
refinement, as is exemplified by the recent negative results of clinical trials with agonists targeting metabotropic
glutamate receptor 2 (mGIluR2) and mGIluR3 for schizophrenia (for example, REF. 100). This is to be expected,
however, given the biological complexity of psychiatric illnesses and does not refute the potential of initiating
genetically informed clinical trials. Two well-established examples of such novel compounds in ASDs — that is,
compounds for which the study rationale is at least partly based on genetic findings — are the mechanistic
target of rapamycin (mTOR) inhibitors (for which the biological rationale is derived from studies of TSC1, TSC2,
PTEN and NF1) and mGIuR antagonists (on the basis of studies of FMR1), which have been extensively
discussed elsewhere12. Other examples of novel compounds for which selection for clinical trials is at least
partly informed by genetic studies include glutathione, memantine and riluzole. Glutathione is a peptide that
plays a part in intracellular detoxification and maintenance of redox balance. Its involvement in ASDs arises
from studies linking glutathione metabolism genes and this disorder101. Memantine is an NMDA receptor
antagonist, whereas riluzole is thought to inhibit glutamate release and enhance its reuptake pre-synaptically.
The target of both memantine and riluzole is thus glutamatergic neurotransmission, which has been deemed
relevant for ASDs through the association of variants in several glutamate receptor and glutamate transporter
genes, as well as through the evidence of glutamatergic deficits in genetic disorders related to ASDs (including
fragile X syndrome, tuberous sclerosis complex and the 22q13 deletion that causes hemizygous loss of
SHANKS as a form of Phelan-McDermid syndrome)102.

Education of health care professionals about genetics.

The number of people for whom testing is performed is steadily increasing. Expert and non-expert health
professionals are increasingly confronted with inheritance questions from patients and their families103.
Clinicians are being called upon more often to have informed discussions with individuals and families about
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genetic results. If genetic testing were available for all individuals with an ASD, the number of potentially
important genetic findings would outstrip the capacity for reliable and valid interpretation and counselling. In
the coming years, expanding the role and size of the genetic counselling workforce to accommodate testing
across health services will be essential, but even this will not be sufficient to fill the demand104, as frontline
professionals in mental health care will also need to acquire the relevant genetic knowledge and skills. Several
educational strategies can be used in parallel in order to achieve a better baseline knowledge about ASD
genetics among providers of mental health care. First, clinical genetic reasoning should be added to basic
genetic principles in medical and specialist training. Second, teaching modules with this focus should be made
available for continuing medical education programmes for specialist and family clinicians. The likely result of
this will be a better availability of advice to families, accepting that novel identified variants and complex cases
will remain within the domain of clinical geneticists.

Collaborative genotype-phenotype databases.

CMA and sequencing can identify a high number of genetic variants in any given individual, thereby spawning
an entirely novel challenge: how to distinguish the variants of no significance from those that are potentially
relevant to the phenotype under examination. Given the rarity of some genetic variants and the complexity of
some of the associated phenotypes, this obstacle can be overcome only if such observations are collected
collaboratively, on a global scale, and preferably including the possibility of longitudinal data collection. An
important aspect of such global initiatives would be the inclusion of developing countries in these programmes,
at the level of both data collection and knowledge accessibility. Some recent initiatives are listed in Further
information at the end of this article. However, large, longitudinal studies tend to be unpopular with funding
agencies owing to the time taken to gather definitive results. An increasing amount of detailed patient-related
data is being collected over time in electronic health records (EHRSs), and integrating these data with genomic
data is central to personalized and precision medicine initiatives105,106. With large enough samples, this will
allow the identification of genetic contributions to specific phenotypes and the delineation of clinical syndromes
at a low cost. However, ASDs are often not well captured in EHRs, with confirmation rates between 33%107
and 43%108. Using broader criteria, validation rates increased to 74% and 81%, respectively. Large consortia
of ASD clinics and centres will be required to generate data sets based on an agreed set of diagnostic
criteria109. Considering the lifetime costs associated with ASDs110, one could ask whether governments and
funders can afford not to do more to understand ASDs and develop effective treatments to reduce comorbidity
and early mortality. To date, there have been limited systematic collaborative longitudinal efforts to capture
detailed information from clinical ASD genetic testing. Considering the annual worldwide number of CMAs
undertaken clinically in individuals with an ASD, this is a missed opportunity, as such efforts would probably
lead to a much better understanding of known and new causal variants. Although databases such as DECIPHER
and ClinGen111 are of great utility, autism-specific initiatives are now required to provide rich information from
clinical services about very large numbers of people, at minimal cost to research funding agencies. Initiatives
relating to specific CNVs have shown the utility of this method112,113, but a broader approach, possibly funded
per person reported, is needed to collect detailed genetic and phenotypic information about a wide range of
rare variants, while also contributing to gene discovery.

Conclusions

The recent progress in our knowledge derived from genetic studies of ASDs is such that, at present, the
question is not so much when these findings will start to influence our clinical practice but rather how we can
optimally use the knowledge we already have and what is required to use its full clinical potential in the future.
TABLE 3 provides an overview of strategies discussed in this Review that are likely to help bridge the gap
between current research insights and clinical needs in the realm of autism genetics. Already, in our daily
practice, genetic knowledge can have a relevant clinical impact; in up to one-third of individuals with an ASD, a
genetic aetiology can be identified, which in some instances leads to the identification of treatable somatic
comorbidities. In addition, knowing the causative genetic variant or variants can provide decisive information
for genetic counselling. Guidelines of major European and American health associations concur on the
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importance of genetic testing in ASDs. However, despite the steady increase of the number of genetic tests
performed, no policy regarding genetic testing in ASDs is uniformly implemented across countries. In addition
to variability in financial resources, it is likely that clinicians’ reluctance to consider genetic testing is also a
relevant variable. The only way to overcome the latter would be to invest in the education of clinicians working
in the ASD field regarding their relevant knowledge of genetic principles. The identification of risk genes for
ASDs has also led, for the first time, to rapidly emerging insights into the neurobiology underlying autism
pathophysiology. The impact on pharmaceutical research can no longer be considered speculative, given the
evident increase in clinical trials using novel compounds and/or using genetic information for treatment
stratification. Finally, evolving genetic insights are bound to gradually alter the scientific and clinical
conceptualization of ASDs from exclusively behaviourally defined disorders towards broader medical conditions
with the possibility — or even likelihood — of comorbidity of other CNS-related and CNS-unrelated somatic
phenotypes. Accordingly, a careful broad assessment of such phenotypes may be more useful than the
dichotomy between syndromic and non-syndromic ASDs. Clinicians need to shift from a narrow focus on the
behavioural deficits that are characteristic of ASDs to a broader view that encompasses not only psychiatric
but also somatic comorbidity. From a classification standpoint, it may be necessary to evolve towards a
taxonomy using genetic aetiology as the ordering principle. The high-resolution methods that are currently
available to investigate the human genome appear to have outpaced our ability to adequately handle the results
in a clinical setting. To resolve this, we urgently require longitudinal research protocols that can be implemented
in multiple large clinical academic sites simultaneously, with appropriate consent for data sharing. An integrated
approach to autism genetics and phenotyping, and improved clinical understanding and management is needed,
requiring unprecedented international cooperation between autism researchers, the autism community and
research funders.

Box#1: How can genetic information lead to actionable clinical interventions?

Opportunities for active surveillance of ASD comorbidities

Genetic findings could have an impact on the clinical management of individuals with an autism spectrum
disorder (ASD). Arguably, the first area of impact of recent genetic findings is the identification of treatable
somatic comorbidities. The examples discussed here (and see the figure) represent a non-exhaustive list of
comorbidities observed in individuals harbouring ASD-related genetic variants. Screening of individuals with an
ASD can lead to the identification of a causal variant associated with additional phenotypes, for example, the
22q11.2 deletion114. This should prompt referral to the relevant specialties to screen for additional medical
comorbidities, such as cardiovascular or velopharyngeal abnormalities, immune deficiency and calcium
metabolism problems in individuals with the 22g11.2 deletion115. In addition, active surveillance of
neurodevelopment is warranted, particularly regarding early signs of psychotic disorders, as 25% of individuals
with 22g11.2 deletion syndrome will eventually develop a psychotic disorder in late adolescence or early
adulthood115. Similarly, the detection of a paternal 15q11-q13 deletion (Prader-Willi syndrome) warrants
endocrine evaluation along with neuropsychiatric screening116. Such implications are not limited to CNVs.
For instance, a deleterious PTEN variant in someone with an ASD and macrocephaly has implications for cancer
screening for the individual and their family117, whereas a mutation in the gene encoding activity-dependent
neuroprotector homeobox protein (ADNP)118 in an individual with an ASD warrants screening for heart defects,
vision impairment, epilepsy and immune status118.

Genetics can inform choice of pharmacotherapy

Currently, there is a growing list of genetic disorders for which emerging evidence indicates that genetically
based management decisions would potentially affect neuropsychiatric status. For example, a detailed case
report suggests that people with severe aggressive behaviour and deletions of 15q13.3 from breakpoint 4 (BP4)
to BP5, which include cholinergic receptor nicotinic a7 (CHRNA7Y), appear to benefit significantly from
galantamine treatment119. Galantamine is both an allosteric modulator of the CHRNa7 protein and an
acetylcholinesterase inhibitor. Additional examples include dietary treatment for phenylketonuria and
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S-adenosyl methionine treatment for Lesch-Nyhan syndrome120,121. Genetic information can also be relevant
with regard to potential drug side effects. For instance, a person with an ASD and comorbid psychotic disorder
and mood symptoms may require mood-stabilizing and antipsychotic medication. A 17q12 deletion would not
only explain the psychiatric diagnosis in this individual (it has previously been associated with ASDs
and schizophrenia122), but would also lead to clinically actionable recommendations, as this copy number
variant (CNV) is also associated with renal cysts and subsequent renal failure, and maturity-onset diabetes
of the young type 5 (MODY5)122. Given the nephrotoxicity of lithium and the association of olanzapine with
weight gain and metabolic syndrome, the genetic results would highlight the need to choose a different
medication regimen for this patient.

Choosing the right behavioural interventions

Genetic findings in ASDs can also help to direct behavioural intervention strategies. For instance, people with
SHANKS3 deletions tend to have more advanced receptive communication skills than expressive (verbal)
language ability123. This implies that they may benefit from assistive communication strategies that may not
have been an intervention focus had the genetic cause of their ASD not been known.

<INSERT FIGURE - Somatic pleiotropy of ASD-related genetic variants - ABOUT HERE>

Box#2 - Insight into perspectives in the autism community

Advances in autism spectrum disorder (ASD) genetics and the translation of those advances into clinical
settings should be seen in the context of community views regarding the opportunities and challenges involved.
This is particularly relevant because some parents, individuals with an ASD and professionals consider the
autism spectrum to be a ‘difference’ between people rather than a disorder. In that context, some people would
prefer that the term risk is not used when discussing genetic factors and recurrence within families, as risk
implies a negative connotation. Similarly, some people are concerned that genetic testing may lead to
terminations of pregnancy or lead to interventions that are specifically designed to change the core features of
ASDs. There may be less concern about the utility of genetic findings in the treatment of health or mental health
conditions. These views are in keeping with the findings from UK research priority-setting exercises (see
Further information), which suggest that many within the community would like more focus on research about
diagnosis, intervention and services124-126, rather than biological understanding. The emphasis may therefore
be too heavily on parent reproductive decisions, whereas efforts to examine the utility of genetic information
to improve the health and quality of life of people with an ASD are receiving little discussion. It is important to
understand and respect the perspectives from all those involved in the debate about genetics research and the
resulting translational opportunities. This process has already started: some initiatives have focused on
identifying the differing views of parents about clinical genetic testing. A US-based survey among 397 parents
of children with an ASD demonstrated that 86% of parents agreed or somewhat agreed with the statement “I
am interested in finding out if genetic factors are a cause of my child’s ASD” (REF. 90). A UK-based survey of
380 parents regarding theoretical opinions about clinical genetic testing found that most parents favoured the
availability of testing that might lead to knowledge about the cause of their child’s ASD127. Some parents were
keen on testing for the following reasons, as shown by these quotes: “To find out if there was a high risk of
ASD for future children” and “To prepare ourselves for what difficulties may lay ahead, and to seek early
intervention”. Importantly, some British parents disagreed with testing or would not have testing, stating that it
would not alter their reproductive decisions127. Some parental responses were: “The outcome [of genetic
testing] wouldn’t change my wish to have another child. My daughter who has ASD is wonderful” and “Autistic
kids may take quite a bit of extra hard work, but they are also amazing in the way they see the world around
them, the world would be boring if we all got perfection.” The British survey also found that improved parental
education of ASD genetics is important. Half of parents in the UK study said that having a child with an ASD
had affected their reproductive decision-making, but there was evidence that they overestimated the chance of
recurrence, as three-quarters of parents estimated that their risk of having another child with an ASD was
above 10-15%, and one-third of parents considered that the risk was greater than 50%. This is in line with the
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US study showing that the median recurrence rate estimate by parents of children with an ASD was 50%90. In
addition, there may be concerns about ambiguous interpretation of results and psychological burdens related
to genetic testing. To families, it may not be clear to what extent genetic testing can improve the health outcome
of individuals, as evinced by statements from British parents, such as “The test may not give a definite answer”
or “How accurate would the information be?” These findings are in keeping with clinical experience, which
shows that some parents turn down the opportunity for CMA testing despite the knowledge that this may lead
to new information about recurrence rates for any future pregnancies. Further quantitative and qualitative
research is needed to give insights into views about clinical genetic testing from the parents and siblings of
individuals with an ASD, from people on the autism spectrum who have one or more children with an ASD, and
from all adults with an ASD.

Key Definitions
DECIPHER (Database of Genomic Variation and Phenotype in Humans Using Ensembl Resources).

An interactive web-based database that incorporates a suite of tools designed to aid in the interpretation of
genomic variation.

Exposed attributable risk

The difference in the rate of an outcome in an exposed and an unexposed population, expressed as a fraction
of the exposed population. In genetics, the exposure is the genotype.

Gene set enrichment approaches

Analytical strategies to investigate whether there is enrichment in association signals attributed to a
predetermined group of genes.

Incidental findings

Genetic discoveries that have an effect on the individuals in which they occur but are not directly relatable to
the disease under investigation. An example would be the discovery of a genetic alteration with relevance to
familial cancer while interrogating the genome for mutations associated with an autism spectrum disorder.

Machine-learning approaches

Research strategies in which a predictive model is trained using data. Examples of machine-learning
approaches include neural nets, support vector machines and decision trees.

Penetrance

The proportion of individuals with a particular genetic variant who display a particular phenotype. Expressivity
The extent to which an individual exhibits a given trait or phenotype

Pleiotropy

The association of two or more independent phenotypes with one gene, or variation in that one gene
Private mutations

Rare or unique mutations in the DNA sequence that are restricted to an individual, family or population.
Somatic phenotypes

Variations in or symptoms of the body (soma) or bodily functions. Somatic phenotypes can be distinguished
from psychiatric phenotypes, which refer to variation in or symptoms of behaviour, cognition, perception and
feelings.

Taxonomy
Page 12 of 27
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Classification based on a priori defined shared characteristics. The current classification of psychiatric disorders
(as used in the Diagnostic and Statistical Manual of Mental Disorders (DSM) and International Classification of
Diseases (ICD)) is based mainly on observed symptoms and disease course.

Truncating mutations

Variations in the genetic code that alter the transcripts in such a way that the resultant proteins are shortened
and incomplete, or not formed.

Variants of unknown significance (VUS)
Genetic variants for which a phenotypic effect is unknown.
Weighted gene co-expression network analysis (WGCNA)

An analytical approach that clusters genes into modules according to the strength of the correlations between
their expression values.

Figure Legends

Figure 1- The potential contribution of genetic assessment.

On the left side of the figure are the recurrence rate estimates for offspring in three different scenarios in the
absence of any specific genetic information. On the right side of the figure are the same families but with
genetic findings. Estimates of recurrence rates of ASDs are evolving with the collection of samples from large
numbers of families (simplex, multiplex and multigenerational), and figures given are based on the currently
available knowledge. a | A mother is affected with an autism spectrum disorder (ASD) and intellectual disability
(ID). Without genetic testing, the risk of an ASD in the offspring can only be roughly estimated, as at present,
few data are available to provide evidence-based estimates. Offspring risk is likely to be higher than the
population risk of ~1% and is probably close to the sibling risk estimate (10-15%). After genetic assessment,
a highly penetrant variant is identified in the mother. Note that for many genetic variants, accurate penetrance
rates are still evolving with ongoing studies. For instance, with genetic knowledge in this scenario, the
recurrence rate in male offspring may vary between 50% (assuming 100% penetrance) and, for example, 4%
(in the case of a genetic variant with 8% penetrance). b | Unaffected parents have a daughter with an ASD. For
an individual with a full sibling with an ASD, the recurrence rate (sibling risk) is estimated to be 10-15%. The
risk for female siblings may be lower than for male siblings, although this is not a consistent finding82,128.
After genetic assessment, a de novo variant is identified in the affected child, and the recurrence rate for the
siblings can now be estimated as the population risk of ~1%. To be more precise, the recurrence rate may be
somewhat higher than ~1% owing to the impact of residual risk, although probably not by much. This scenario
assumes that the de novo variant occurred in a parental germ cell or the resulting zygote; if the variant occurred
earlier during parental germline development it may still be present in mosaic form in the germ line of one of
the parents, which will increase the recurrence risk for future offspring depending on the proportion of germ
cells harbouring the variant. ¢ | Unaffected parents have a son with an ASD. The recurrence rate for siblings is
estimated to equate to standard sibling risk (10-15%). After genetic assessment, an inherited highly penetrant
variant is identified in this child, transmitted by his unaffected carrier mother (this variant exhibits incomplete
penetrance in females and 100% penetrance in males). The recurrence estimates are therefore 50% in male
offspring (50%xthe 100% penetrance in male offspring) and ~10-50% in female offspring (50%xthe<100%
penetrance rate in female offspring). Note that these examples are necessarily somewhat simplified and
therefore do not entirely do justice to the complexity of the genetic counselling. For example, the phenomenon
of assortative mating may further influence the recurrence rate (such as in the scenario depicted in part a). In
addition, the female protective effect and parental age are reported to be factors of influence, but accurate
estimates of their impact on recurrence rates are not well established and are likely to vary as a function of the
specific causative variant involved. For instance, the penetrance of an ASD in carriers of SHANK3 deletions
appears to be equal in males and females.
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Figure 2 - Medication trials for people with an autism spectrum disorder.

This graph summarizes numbers and types of medication trial for people with an autism spectrum disorder
(ASD) during the period 2001-2015; data are from ClinicalTrials.gov. In red are the trials examining existing
drugs that are typically used in the treatment of psychiatric disorders, including selective serotonin reuptake
inhibitors (SSRIs), stimulants and antipsychotics. In blue are the novel trials involving compounds or existing
drugs that are not typically used in psychiatric disorders, such as oxytocin and antibiotics. Within each bar, the
numerator provides the number of trials of novel compounds for which genetic studies have contributed to the
rationale for the choice of the compound under study; the denominator reflects the total number of trials of
novel compounds in that time period. The x axis depicts 3-year time periods, starting in January 2001. For
additional information on the individual trials, including ClinicalTrials.gov identifiers, see Supplementary
information S1 (table).

Table Legends

Table 1 - Recurrent structural abnormalities consistently reported in association with ASDs.

ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; Del, deletion; Dup, duplication;
ID, intellectual disability; OCD, obsessive-compulsive disorder. *Estimates of penetrance (the rate of ASD in
carriers of each variant) are preliminary and may be influenced by ascertainment. In particular, the individuals
undergoing genetic testing are likely to be enriched for people with an ASD, which will inflate penetrance
estimates. Robust estimation of penetrance will require an assessment of ASD and genetic-variant frequencies
in wider, unselected populations. 1 The reported phenotypic spectrum for associated neuropsychiatric and
somatic phenotypes is likely to be incomplete owing to novelty of the association and/or a paucity of broad
clinical observations in people with a deleterious genetic variant (that is, mutation carriers).

Table 2 - Genes associated with ASDs by sequencing studies

Genes with strong evidence for ASD association (from REF. 1), as indicated by single-nucleotide variants
(SNVs) identified by sequencing studies. The table provides an overview of the estimated penetrance for ASDs
of each gene affected by mutation, as well as other associated neuropsychiatric phenotypes (neuropsychiatric
pleiotropy) and associated somatic abnormalities (somatic pleiotropy). ADHD, attention deficit hyperactivity
disorder; ADNP, activity-dependent neuroprotector homeobox protein; ANK2, ankyrin 2; ARID1B, AT-rich
interactive domain-containing 1B; ASD, autism spectrum disorder; CHD8, chromodomain helicase DNA-
binding 8; DYRK1A, dual specificity tyrosine-phosphorylation-regulated kinase 1A; GRIN2B, glutamate
ionotropic receptor NMDA type subunit 2B; ID, intellectual disability; KATNAL2, katanin p60 subunit A-like 2;
POGZ, pogo transposable element with ZNF domain; SCN2A, sodium voltage-gated channel a-subunit 2;
SYNGAP1, synaptic RAS GTPase-activating 1; TBR1, T-box brain 1. *Preliminary assessment may be influenced
by ascertainment. In particular, the individuals undergoing genetic testing are likely to be enriched for people
with an ASD, which will inflate the penetrance estimates. Robust estimations of penetrance will require an
assessment of ASDs and genetic-variant frequencies in wider, unselected populations. £ The reported
phenotypic spectrum is likely to be incomplete owing to the novelty of the association and/or a paucity of broad
clinical observations in people with a deleterious genetic variant (that is, mutation carriers).

Table 3 - Strategies to bridge the gap between research knowledge and clinical need

ASD, autism spectrum disorder; CNS, central nervous system
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infections
Del16013.2—13.3 0% D' ADHD'T
DeltBpt 12 1531 D' Epilepsy'™, Hypotonia'™, Sacral :IimElesﬁg: Speech
' ' articulation problems'™
- Epilepsy'™, otonia"®, Tremor'™, Atada™, Sacral
Dup16p11.2 Schizophrenia, Bipolar disorder'® . IJ.S? ’ I-II;'Qp o 152
dimples =, Speech articulation problems
Dup16p13.11 255" ADHDm: Speech delay Epilepsym
Del7pi1.2 Inknown Epilﬂps'f":':
Del17g12 Sc:hi?_[:q::-hnaniau2 Macrc:-cephafyr‘a: Renal anomalies™
) ) : ) (amongst others:) Heart defect’, Palate
. Schzophrenia, ADHD, speech delaym: anxiety E” s ) s )
Del22g11.2 W0 disorders''® abnormalities ', hypocalcaemia’ ~, Feeding
isorders . N
difficulties''*, Recurrent infections''>
e 2 &2 Heart defect'™, Hearing loss'™, Urogenital
Dup22q11.2 183 D', ADHD'® g e ToaeT
anomalies ", Palate abnormalities
1o - . - Epilepsy™, Heart defect'™, Renal anomalies'™,
Del22gi13.3 =509 ID'®, Language disorder™ PIERSY m '
Strabismus

Page 15 of 27



1

2
3

Copy of final proof post-edit Authors/Journal
Table 2
Chromosome N ge of i
location with ASD in whom this variant is ASD Penetrance1 Neuropsychiatric Pleiotropy® Somatic Pleiotropy®
identified (rate of ASD in carriers) i neuropsychiatric p lypes) somatic phenotypes)
KATNAL2 ¥ 18g21.1 0.08% Unknown Unknown Unknown
POGZ* 1921.3 0.08% Incomplete'™* D™, Speech delay'™, language delay™, Schizophrenia® Microcephaly™
Obesity®
Impaired vision™*
TBR1* '™ 2q24.2 0.08% Unknown D" Unknown
ONP 20013.43 0.10% Complets™ D" ADHD™™ Reourren:wlgnfections“a. Shoﬁtgstature“s.ﬂigeart cla1ac(“f,18
Hypotonia' ™, Hypermetropia' °, Epilepsy ' °, Hyperlaxity
SYNGAP1® | 6p21.32 0.10% Unknown D Epilspsy™
GRINZBT ™™ | 12p13.1 0.13% Unknown D" Epilspsy™
ANK2¥ 4025-026 0.13% Unknown None reported Heart arrhythmia™”
ARIDIB 625.3 0.13% Incomplete™™ 1072, Speech impairment ™77 Short stature'™, H‘:E’f"rﬁc‘h"s“smi w‘“ffmmsmm’
Epilepsy ', Vision impairment”’
scnza ™ 2924.3 0.13% Incomplete™ 10%, Schizophrenia®’ Epilepsy®, Episodic Ataxia®
Microcephaly ™ 7, Epilepsy ™ '™, Vision impairment'”*,
DYRK1A® '™ | 21022.13 0.13% Incomplete'™® D77 | Speech impairment'™ ¢, ADHD'™®, Anxiety'™® Short Stature'™, Gastrointestinal symptoms / feeding
difficulties™™* ™
CHD§ > 14g11.2 0.21% Incomplete®™ ID°%'7, Schizophrenia”’, Speech delay™”’, Sleep problems™ Macrocephaly™ ', Gastrointestinal symptoms™

Table 3

State-of-the-art research knowledge of
ASD genetlcs

Clinical need

Required to bridge the gap

Helpful strategles

Numergus rare ge nove and inherited
genetic variants can increase ASD risk
in an individual.

The ability to inform the affected
individual and family about the
contribution of the identified genetic
variant.

- Sufficient confidence in determining
causality between the variant and ASD
risk

-Reliable and comprehensive collection
of genotype-phenctype data inte
accessible databases on a global scale.

- 3trive for uniform implementation of
genetic testing guidelines.

-Educate healthcare professionals
about clinical genetic reasoning.

Genetic variants display variable
penetrance.

The ability to inform the affected
individual and family about recurrence
risk.

-ldentification of factors (genetic and
environmental) driving variable
penetrance.

-Evaluate phenotypes as continuous
traits in the familial context.

Genetic variants are often associated
with other phenotypes within ar
outside of the CNS (pleiotropy).

The ability to inform the affected
individual and family for other
associated phenotypes, and screen or
treat if appropriate.

-ldentification of all other phenotypes
associated with the genetic variant.

- ldentification of factors (genetic and
environmental) driving pleiotropy.

- Stimulate broad phenotyping
(including assessment of non-CNS
related phenotypes) in genetic studies.

-View ASD as a medical disorder.

-Abandan dichotomy of syndromic
Versus non-syndromic classification.

Genetic risk variants converge on
shared biological mechanisms.

Effective treatment strategies.

-Personalized medicine.

-Use genetic information to select
individuals for specific treatment trials.

-Use biological insights to develop
new molecular compounds.

Different opinions about genstic
testing exist in the autism community.

A balanced and respectful view of
possible ethical concerns related to
genetic testing.

-Improve ingight into autism
community perspectives.

-Encourage studies investigating
different perspectives, using
guantitative and qualitative methods.

-Increase participation of the autism
community in research agenda.

Page 16 of 27




Copy of final proof post-edit Authors/Journal

Figures

Figure 1

(r=inems )
: Mo assessment

or no variant identified

Potential information from
assessment

hly peneirant genetic
nﬁrﬂ identified in mother

Offspring risk

.
—T

b
Mo genetic assessment
or no variant identified

Sibling risk

€
No genetic assessment
or no varlant identified

Male offspring:
= 50% = penetrance of variant

Fernale affspring:
=< 50% % penetrance of variant

Die nove variant identified
in female proband*

—

Population risk (+ residual risk)
= - =

Highly penetrant genetic
wariant identified in mother
and proband

L

-

Male sibling®: 50%

Sibling risk ASD Female sibling: >10-15%
=50%
*danurning L0 penetrancs inmales
Figure 2
'I'I:I'l
IE“:l__|.r:::i=rm.|_; .ch{l
= 50
=
--b- 40
o
_E 30
= 10+
104
i 2001- 2004- 0a7- 2010 013
2003 1006 009 0z 2015
Box1 Figure

Page 17 of 27




Copy of final proof post-edit Authors/Journal

Somatic pleiotropy of ASD-related genetic variants

Vision
impairment Epilepsy
Craniofacial
features Ataxia
Abnormal
dentition Feeding
problems
Endocrine
abnormalities
Obesity Heart
defects
Renal

abnormalities

Gastrointestinal
problems

Urogenital
abnormalities

Acknowledgements

The authors are grateful to the investigators from the Autism Genome Project (AGP) who provided insight and
expertise. In particular, they would like to thank S. Folstein for bringing them together and starting the
discussions that resulted in the writing of this manuscript

References

1. delaTorre-Ubieta, L., Won, H., Stein, J. L. & Geschwind, D. H. Advancing the understanding of autism
disease mechanisms through genetics. Nat. Med. 22, 345-361 (2016).

This state-of-the-art review of genetic findings in autism is integrated with results from mouse and
human in vitro models. These findings indicate neurobiological mechanisms in ASDs, and in turn
these provide plausible avenues for developing better treatment strategies.

2. D’Gama, A. M. et al. Targeted DNA sequencing from autism spectrum disorder brains implicates
multiple genetic mechanisms. Neuron 88, 910-917 (2015).

3. Ronemus, M., lossifov, I., Levy, D. & Wigler, M. The role of de novo mutations in the genetics of autism
spectrum disorders. Nat. Rev. Genet. 15, 133-141 (2014).

4. Buxbaum, J. D. Multiple rare variants in the etiology of autism spectrum disorders. Dialogues Clin.
Neurosci. 11, 35-43 (2009).

5. Sanders, S. J. et al. Insights into autism spectrum disorder genomic architecture and biology from 71
risk loci. Neuron 87, 1215-1233 (2015).

This paper combines information from both structural (CNV) and sequence (SNV) findings to
increase the power to discover additional genes associated with ASDs.

6. Crino, P. B., Nathanson, K. L. & Henske, E. P. The tuberous sclerosis complex. N. Engl. J. Med. 355,
1345-1356 (2006).
7. Kidd, S. A. et al. Fragile X syndrome: a review of associated medical problems. Pediatrics 134, 995
1005 (2014).
8. Cross-Disorder Group of the Psychiatric Genomics Consortium et al. Genetic relationship between five
psychiatric disorders estimated from genome-wide SNPs. Nat. Genet. 45, 984-994 (2013).
Page 18 of 27



N —

~N o b~ w

10

11
12

13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28

29
30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Copy of final proof post-edit Authors/Journal

9.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Gaugler, T. et al. Most genetic risk for autism resides with common variation. Nat. Genet. 46, 881-885
(2014).

This study investigates how much of the heritability of ASDs can be attributed to common and rare
genetic variation, revealing that although common variation (~52.4%) contributes more than rare
de novo mutations (~2.6%), rare events contribute more to the individual liability.

Klei, L. et al. Common genetic variants, acting additively, are a major source of risk for autism.
Mol. Autism 3, 9 (2012).

This investigation demonstrates the importance of common genetic polymorphism on ASD liability.
The estimated narrow-sense heritability exceeds 60% for individuals with an ASD from multiplex
families and is approximately 40% for simplex families.

Schizophrenia Working Group of the Psychiatric Genomics Consortium. Biological insights from
108 schizophrenia-associated genetic loci. Nature 511, 421-427 (2014).

This benchmark paper reveals considerable gene and locus discovery through the collaborative effort
of the Psychiatric Genomics Consortium to combine, through centralized meta-analysis, GWAS data
on nearly 37,000 individuals with schizophrenia and 113,000 matched controls. As for ASDs, the
effect sizes of common schizophrenia associated genetic variants are low.

Vorstman, J. A. et al. Using genetic findings in autism for the development of new pharmaceutical
compounds. Psychopharmacology (Berl.) 231, 1063-1078 (2014).

Vorstman, J. A. et al. Identification of novel autism candidate regions through analysis of reported
cytogenetic abnormalities associated with autism. Mol. Psychiatry 11, 18-28 (2006).

Miller, D. T. et al. Consensus statement: chromosomal microarray is a first-tier clinical diagnostic test
for individuals with developmental disabilities or congenital anomalies. Am. J. Hum. Genet. 86, 749-
764 (2010).

Trakadis, Y. & Shevell, M. Microarray as a first genetic test in global developmental delay: a cost-
effectiveness analysis. Dev. Med. Child Neurol. 53, 994-999 (2011).

Manning, M., Hudgins, L., Professional, P. & Guidelines, C. Array-based technology and
recommendations for utilization in medical genetics practice for detection of chromosomal
abnormalities. Genet. Med. 12, 742-745 (2010).

References 14-16 provide US guidance for CMA-based testing as a first-tier approach for the
evaluation of people with an ASD.

Committee On Bioethics et al. Ethical and policy issues in genetic testing and screening of children.
Pediatrics 131, 620-622 (2013).

Volkmar, F. et al. Practice parameter for the assessment and treatment of children and adolescents
with autism spectrum disorder. J. Am. Acad. Child Adolesc. Psychiatry 53, 237-257 (2014).
Bamshad, M. J. et al. Exome sequencing as a tool for Mendelian disease gene discovery. Nat. Rev.
Genet. 12, 745-755 (2011).

Awadalla, P. et al. Direct measure of the de novo mutation rate in autism and schizophrenia cohorts.
Am. J. Hum. Genet. 87, 316-324 (2010).

Besenbacher, S. et al. Novel variation and de novo mutation rates in population-wide de novo
assembled Danish trios. Nat. Commun. 6, 5969 (2015).

Veltman, J. A. & Brunner, H. G. De novo mutations in human genetic disease. Nat. Rev. Genet. 13,
565-575 (2012).

Zhang, F. & Lupski, J. R. Non-coding genetic variants in human disease. Hum. Mol. Genet. 24, R102-
R110 (2015).

Yu, T. W. et al. Using whole-exome sequencing to identify inherited causes of autism. Neuron 77, 259-
273 (2013).

Page 19 of 27



O N OB~ WDN -

W W WWWDNDNDNDNDNDNDMNMNDDNDNNDNDN -2 22 A
R ON LA ODOONOOOODNOWON _~OCO0OONOODODDOWDN-~O©

W W Ww
~N O O

A DWW
- O ©

S D
AODN

S b DD
o N O O

Copy of final proof post-edit Authors/Journal

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Carter, M. T. & Scherer, S. W. Autism spectrum disorder in the genetics clinic: a review. Clin. Genet.
83, 399-407 (2013).

Yang, Y. et al. Molecular findings among patients referred for clinical whole-exome sequencing. JAMA
312, 1870-1879 (2014).

Gagan, J. & Van Allen, E. M. Next-generation sequencing to guide cancer therapy. Genome Med. 7, 80
(2015).

Basu, S. N., Kollu, R. & Banerjee-Basu, S. AutDB: a gene reference resource for autism research.
Nucleic Acids Res. 37, D832-D836 (2009).

Pinto, D. et al. Convergence of genes and cellular pathways dysregulated in autism spectrum disorders.
Am. J. Hum. Genet. 94, 677-694 (2014).

Leppa, V. M. et al. Rare inherited and de novo CNVs reveal complex contributions to ASD risk in
multiplex families. Am. J. Hum. Genet. 99, 540-554 (2016).

Cotney, J. et al. The autism-associated chromatin modifier CHD8 regulates other autism risk genes
during human neurodevelopment. Nat. Commun. 6, 6404 (2015).

Bernier, R. et al. Disruptive CHD8 mutations define a subtype of autism early in development. Cell 158,
263-276 (2014).

Krumm, N., O’'Roak, B. J., Shendure, J. & Eichler, E. E. A de novo convergence of autism genetics and
molecular neuroscience. Trends Neurosci. 37, 95-105 (2014).

lossifov, I. et al. The contribution of de novo coding mutations to autism spectrum disorder. Nature
515, 216-221 (2014).

Pinto, D. et al. Functional impact of global rare copy number variation in autism spectrum disorders.
Nature 466, 368-372 (2010).

Szatmari, P. et al. Mapping autism risk loci using genetic linkage and chromosomal rearrangements.
Nat. Genet. 39, 319-328 (2007).

De Rubeis, S. et al. Synaptic, transcriptional and chromatin genes disrupted in autism. Nature 515,
209-215 (2014).

Hormozdiari, F., Penn, O., Borenstein, E. & Eichler, E. E. The discovery of integrated gene networks for
autism and related disorders. Genome Res. 25, 142-154 (2015).

Parikshak, N. N. et al. Integrative functional genomic analyses implicate specific molecular pathways
and circuits in autism. Cell 155, 1008-1021 (2013).

Liu, L. et al. DAWN: a framework to identify autism genes and subnetworks using gene expression and
genetics. Mol. Autism 5, 22 (2014).

Willsey, A. J. et al. Coexpression networks implicate human midfetal deep cortical projection neurons
in the pathogenesis of autism. Cell 155, 997-1007 (2013).

Starting from ASD-associated mutations, this work aims to identify time periods, brain regions and
cell types in which the affected genes converge functionally, and demonstrate a key point of
convergence in midfetal layer 5 or 6 cortical projection neurons.

Parikshak, N. N., Gandal, M. J. & Geschwind, D. H. Systems biology and gene networks in
neurodevelopmental and neurodegenerative disorders. Nat. Rev. Genet. 16, 441-458 (2015).
Krishnan, A. et al. Genome-wide prediction and functional characterization of the genetic basis of
autism spectrum disorder. Nat. Neurosci. 19, 1454-1462 (2016).

Applying a machine-learning approach based on a human brain-specific gene network, this
investigation demonstrates that the large set of ASD-linked genes converges on a smaller number
of key pathways and developmental stages of the brain.

Bailey, A. & Parr, J. Implications of the broader phenotype for concepts of autism. Novartis Found.
Symp. 251, 26-35 (2003).

Moreno-De-Luca, A. et al. Developmental brain dysfunction: revival and expansion of old concepts
based on new genetic evidence. Lancet Neurol. 12, 406-414 (2013).

Page 20 of 27



Copy of final proof post-edit Authors/Journal

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Klaassen, P. et al. Explaining the variable penetrance of CNVs: parental intelligence modulates
expression of intellectual impairment caused by the 22q11.2 deletion. Am. J. Med. Genet. B
Neuropsychiatr. Genet. 171, 790-796 (2016).

References 45 and 46 give examples and discussion of how the study of penetrance can be improved
by comparing phenotypes as continuous, quantitative traits between probands and non-carrier family
members.

Lim, E. T. et al. Rare complete knockouts in humans: population distribution and significant role in
autism spectrum disorders. Neuron 77, 235-242 (2013).

Vorstman, J. A. et al. A double hit implicates DIAPH3 as an autism risk gene. Mol. Psychiatry 16, 442—
451 (2011).

Zhao, X. et al. A unified genetic theory for sporadic and inherited autism. Proc. Natl Acad. Sci. USA
104, 12831-12836 (2007).

Schaaf, C. P. et al. Oligogenic heterozygosity in individuals with high-functioning autism spectrum
disorders. Hum. Mol. Genet. 20, 3366-3375 (2011).

Heil, K. M. & Schaaf, C. P. The genetics of autism spectrum disorders — a guide for clinicians.
Curr. Psychiatry Rep. 15, 334 (2013).

Gillberg, C. Autism and related behaviours. J. Intellect. Disabil. Res. 37, 343-372 (1993).

Kang, V., Wagner, G. C. & Ming, X. Gastrointestinal dysfunction in children with autism spectrum
disorders. Autism Res. 7, 501-506 (2014).

Gesundheit, B. et al. Immunological and autoimmune considerations of autism spectrum disorders.
J. Autoimmun. 44, 1-7 (2013).

Tilford, J. M. et al. Treatment for sleep problems in children with autism and caregiver spillover effects.
J. Autism Dev. Disord. 45, 3613-3623 (2015).

Malhotra, D. & Sebat, J. CNVs: harbingers of a rare variant revolution in psychiatric genetics. Cell 148,
1223-1241 (2012).

Vorstman, J. A. & Ophoff, R. A. Genetic causes of developmental disorders. Curr. Opin. Neurol. 26,
128-136 (2013).

Grayton, H. M., Fernandes, C., Rujescu, D. & Collier, D. A.  Copy number variations in
neurodevelopmental disorders. Prog. Neurobiol. 99, 81-91 (2012).

Baasch, A. L. et al. Exome sequencing identifies a de novo SCN2A mutation in a patient with intractable
seizures, severe intellectual disability, optic atrophy, muscular hypotonia, and brain abnormalities.
Epilepsia 55, €25-€29 (2014).

Nakamura, K. et al. Clinical spectrum of SCN2A mutations expanding to Ohtahara syndrome. Neurology
81, 992-998 (2013).

Fromer, M. et al. De novo mutations in schizophrenia implicate synaptic networks. Nature 506, 179-
184 (2014).

Schwarz, N. et al. Mutations in the sodium channel gene SCN2A cause neonatal epilepsy with late-
onset episodic ataxia. J. Neurol. 263, 334-343 (2016).

Glassford, M. R. et al. Novel features of 3929 deletion syndrome: results from the 3929 registry.
Am. J. Med. Genet. A 170A, 999-1006 (2016).

Bruining, H. et al. Behavioral signatures related to genetic disorders in autism. Mol. Autism 5, 11
(2014).

Henderson, L. B. et al. The impact of chromosomal microarray on clinical management: a retrospective
analysis. Genet. Med. 16, 657-664 (2014).

Bulik-Sullivan, B. et al. An atlas of genetic correlations across human diseases and traits. Nat. Genet.
47, 1236-1241 (2015).

This paper utilizes GWAS summary statistics using a technique called cross-trait linkage
disequilibrium score regression to estimate the genetic correlation between several human diseases
and traits.

Page 21 of 27



B OWODN -

(0] ~N OO

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Copy of final proof post-edit Authors/Journal

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Clarke, T. K. et al. Common polygenic risk for autism spectrum disorder (ASD) is associated with
cognitive ability in the general population. Mol. Psychiatry 21, 419-425 (2015).

Schendel, D. E. et al. Association of psychiatric and neurologic comorbidity with mortality among
persons with autism spectrum disorder in a Danish population. JAMA Pediatr. 170, 243-250 (2016).

This study investigates the mortality patterns among people with an ASD in a large population-based
sample and finds mortality risk to be twofold higher throughout young adulthood for people with an
ASD than for unaffected individuals.

Hirvikoski, T. et al. Premature mortality in autism spectrum disorder. Br. J. Psychiatry 208, 232-238
(2016).

Croen, L. A. et al. The health status of adults on the autism spectrum. Autism 19, 814-823 (2015).
Smith, L. E., Barker, E. T., Seltzer, M. M., Abbeduto, L. & Greenberg, J. S. Behavioral phenotype of
fragile X syndrome in adolescence and adulthood. Am. J. Intellect. Dev. Disabil. 117, 1-17 (2012).
van Rijn, S. et al. The social behavioral phenotype in boys and girls with an extra X chromosome
(Klinefelter syndrome and Trisomy X): a comparison with autism spectrum disorder. J. Autism Dev.
Disord. 44, 310-320 (2014).

Pride, N. A., Payne, J. M. & North, K. N. The impact of ADHD on the cognitive and academic functioning
of children with NF1. Dev. Neuropsychol. 37, 590-600 (2012).

Sun, Y. M., Lu, C. & Wu, Z. Y. Spinocerebellar ataxia: relationship between phenotype and genotype —
a review. Clin. Genet. 90, 305-314 (2016).

Kovacs, G. G. Molecular pathological classification of neurodegenerative diseases: turning towards
precision medicine. Int. J. Mol. Sci. 17, E189 (2016).

Rapin, I. Classification of behaviorally defined disorders: biology versus the DSM. J. Autism Dev.
Disord. 44, 2661-2666 (2014).

Licinio, J. & Wong, M. L. A novel conceptual framework for psychiatry: vertically and horizontally
integrated approaches to redundancy and pleiotropism that co-exist with a classification of symptom
clusters based on DSM-5. Mol. Psychiatry 18, 846-848 (2013).

Miller, F. A., Hayeems, R. Z. & Bytautas, J. P. What is a meaningful result? Disclosing the results of
genomic research in autism to research participants. Eur. J. Hum. Genet. 18, 867-871 (2010).

Reiff, M. et al. Parents’ perceptions of the usefulness of chromosomal microarray analysis for children
with autism spectrum disorders. J. Autism Dev. Disord. 45, 3262-3275 (2015).

Gershon, E. S. & Alliey-Rodriguez, N. New ethical issues for genetic counseling in common mental
disorders. Am. J. Psychiatry 170, 968-976 (2013).

Wood, C. L. et al. Evidence for ASD recurrence rates and reproductive stoppage from large UK ASD
research family databases. Autism Res. 8, 73-81 (2015). This study investigates ASD recurrence rates
in the context of reproductive stoppage in families of children with ASDs.

Werling, D. M. & Geschwind, D. H. Recurrence rates provide evidence for sex-differential, familial
genetic liability for autism spectrum disorders in multiplex families and twins. Mol. Autism 6, 27 (2015).
Goin-Kochel, R. P., Abbacchi, A., Constantino, J. N. & Autism Genetic Resource Exchange Consortium.
Lack of evidence for increased genetic loading for autism among families of affected females: a
replication from family history data in two large samples. Autism 11, 279-286 (2007).

Constantino, J. N. Recurrence rates in autism spectrum disorders. JAMA 312, 1154-1155 (2014).
Messinger, D. S. etal. Early sex differences are not autism-specific: a Baby Siblings Research
Consortium (BSRC) study. Mol. Autism 6, 32 (2015).

Shea, L., Newschaffer, C. J., Xie, M., Myers, S. M. & Mandell, D. S. Genetic testing and genetic
counseling among Medicaid-enrolled children with autism spectrum disorder in 2001 and 2007. Hum.
Genet. 133, 111-116 (2014).

Roesser, J. Diagnostic yield of genetic testing in children diagnosed with autism spectrum disorders
at a regional referral center. Clin. Pediatr. (Phila.) 50, 834-843 (2011).

Page 22 of 27



SO WDN -

-~ O © 0o N

_

13
14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Copy of final proof post-edit Authors/Journal

88. Li, M. et al. Autism genetic testing information needs among parents of affected children: a qualitative
study. Patient Educ. Couns. 99, 1011-1016 (2016).

89. Forero, D. A., Velez-van-Meerbeke, A., Deshpande, S. N., Nicolini, H. & Perry, G. Neuropsychiatric
genetics in developing countries: current challenges. World J. Psychiatry 4, 69-71 (2014).

90. Cuccaro, M. L. et al. Genetic testing and corresponding services among individuals with autism
spectrum disorder (ASD). Am. J. Med. Genet. A 164A, 2592-2600 (2014).

This report uses survey data from parents of individuals with an ASD to demonstrate that only a small
number of individuals with an ASD undergo genetic testing. Reasons include low referral rates, lack
of availability and concerns of parents about cost and relevance.

91. Baird, G., Douglas, H. R. & Murphy, M. S. Recognising and diagnosing autism in children and young
people: summary of NICE guidance. BMJ 343, d6360 (2011).

This paper summarizes the UK National Institute for Health and Care Excellence (NICE) guidance,
which suggests that only children with intellectual disability, dysmorphism or congenital
abnormalities should have a microarray-based genetic test.

92. Jeste, S. S. & Geschwind, D. H. Disentangling the heterogeneity of autism spectrum disorder through
genetic findings. Nat. Rev. Neurol. 10, 74-81 (2014).

93. McCracken, J. T. etal. Positive effects of methylphenidate on hyperactivity are moderated by
monoaminergic gene variants in children with autism spectrum disorders. Pharmacogenomics J. 14,
295-302 (2014).

94. Correia, C. T. et al. Pharmacogenetics of risperidone therapy in autism: association analysis of eight
candidate genes with drug efficacy and adverse drug reactions. Pharmacogenomics J. 10, 418-430
(2010).

95. Hoekstra, P. J. et al. Risperidone-induced weight gain in referred children with autism spectrum
disorders is associated with a common polymorphism in the 5-hydroxytryptamine 2C receptor gene.
J. Child Adolesc. Psychopharmacol. 20, 473-477 (2010).

96. Nurmi, E. L. et al. Moderation of antipsychoticinduced weight gain by energy balance gene variants in
the RUPP autism network risperidone studies. Transl Psychiatry 3, e274 (2013).

97. Waldman, S. A. & Terzic, A. Systems-based discovery advances drug development. Clin. Pharmacol.
Ther. 93, 285-287 (2013).

98. Sztainberg, Y. & Zoghbi, H. Y. Lessons learned from studying syndromic autism spectrum disorders.
Nat. Neurosci. 19, 1408-1417 (2016).

99. Fisher, J. A., Cottingham, M. D. & Kalbaugh, C. A. Peering into the pharmaceutical “pipeline”:
investigational drugs, clinical trials, and industry priorities. Soc. Sci. Med. 131, 322-330 (2015).

100. Downing, A. M. etal. A double-blind, placebocontrolled comparator study of LY2140023
monohydrate in patients with schizophrenia. BMC Psychiatry 14, 351 (2014).
101. Main, P. A., Angley, M. T., O’Doherty, C. E., Thomas, P. & Fenech, M. The potential role of the

antioxidant and detoxification properties of glutathione in autism spectrum disorders: a systematic
review and meta-analysis. Nutr. Metab. (Lond.) 9, 35 (2012).

102. Rojas, D. C. The role of glutamate and its receptors in autism and the use of glutamate receptor
antagonists in treatment. J. Neural Transm. (Vienna) 121, 891-905 (2014).

103. Inglis, A., Koehn, D., McGillivray, B., Stewart, S. E. & Austin, J. Evaluating a unique, specialist
psychiatric genetic counseling clinic: uptake and impact. Clin. Genet. 87, 218-224 (2015).

104. Pan, V., Yashar, B. M., Pothast, R. & Wicklund, C. Expanding the genetic counseling workforce:
program directors’ views on increasing the size of genetic counseling graduate programs. Genet. Med.
18, 842-849 (2016).

105. Gligorijevic, D. et al. Large-scale discovery of disease- disease and disease—gene associations.
Sci. Rep. 6, 32404 (2016).

Page 23 of 27



Copy of final proof post-edit Authors/Journal

106. Gandal, M. J., Leppa, V., Won, H., Parikshak, N. N. & Geschwind, D. H. The road to precision
psychiatry: translating genetics into disease mechanisms. Nat. Neurosci. 19, 1397-1407 (2016).

This report discusses the promises and challenges of translating genetic findings about ASDs,
including both rare and common variants, into new avenues for therapeutic development.

107. Coleman, K. J. et al. Validation of autism spectrum disorder diagnoses in large healthcare
systems with electronic medical records. J. Autism Dev. Disord. 45, 1989-1996 (2015).

108. Burke, J. P. et al. Does a claims diagnosis of autism mean a true case? Autism 18, 321-330
(2014).

100. Beversdorf, D. Q. & Missouri Autism Summit Consortium. Phenotyping etiological factors, and
biomarkers: toward precision medicine in autism spectrum disorders. J. Dev. Behav. Pediatr. 37, 659-
673 (2016).

110. Knapp, M., Romeo, R. & Beecham, J. Economic cost of autism in the UK. Autism 13, 317-336
(2009).

11. Rehm, H. L. et al. ClinGen — the clinical genome resource. N. Engl. J. Med. 372, 2235-2242
(2015).

112. Bernier, R. et al. Clinical phenotype of the recurrent 1g21.1 copy-number variant. Genet. Med.
18, 341-349 (2016).

113. Green Snyder, L. et al. Autism spectrum disorder, developmental and psychiatric features in
16p11.2 duplication. J. Autism Dev. Disord. 46, 2734-2748 (2016).

114. Moreno-De-Luca, D. et al. Using large clinical data sets to infer pathogenicity for rare copy
number variants in autism cohorts. Mol. Psychiatry 18, 1090-1095 (2012).

115. McDonald-McGinn, D. et al. 22q11.2 deletion syndrome. Nat. Rev. Dis. Primers 1, 15071
(2015).

116. McCandless, S. E. & Committee on Genetics. Clinical report-health supervision for children
with Prader-Willi syndrome. Pediatrics 127, 195-204 (2011).

117. McBride, K. L. et al. Confirmation study of PTEN mutations among individuals with autism or
developmental delays/mental retardation and macrocephaly. Autism Res. 3, 137-141 (2010).

118. Helsmoortel, C. et al. A SWI/SNF-related autism syndrome caused by de novo mutations in
ADNP. Nat. Genet. 46, 380-384 (2014).

119. Cubells, J. F. et al. Pharmaco-genetically guided treatment of recurrent rage outbursts in an
adult male with 15913.3 deletion syndrome. Am. J. Med. Genet. A. 155A, 805-810 (2011).

120. Glick, N. Dramatic reduction in self-injury in Lesch-Nyhan disease following
S-adenosylmethionine administration. J. Inherit. Metab. Dis. 29, 687 (2006).

121. Chen, B. C. et al. Treatment of Lesch-Nyhan disease with S-adenosylmethionine: experience
with five young Malaysians, including a girl. Brain Dev. 36, 593-600 (2014).

122. Moreno-De-Luca, D. et al. Deletion 17g12 is a recurrent copy number variant that confers high
risk of autism and schizophrenia. Am. J. Hum. Genet. 87, 618-630 (2010).

123. Phelan, K. & McDermid, H. E. The 22q13.3 deletion syndrome (Phelan-McDermid syndrome).
Mol. Syndromol. 2, 186-201 (2012).

124. Warnell, F. et al. Designing and recruiting to UK autism spectrum disorder research databases:
do they include representative children with valid ASD diagnoses? BMJ Open 5, e008625 (2015).

125. Pellicano, E., Dinsmore, A. & Charman, T. What should autism research focus upon?
Community views and priorities from the United Kingdom. Autism 18, 756-770 (2014).

This article discusses findings from interviews and focus groups with autistic adults, family
members, practitioners and researchers, as well as online surveys of a large number of stakeholders.
These findings reveal a clear disparity between the United Kingdom’s pattern of funding for autism
research and the priorities articulated by the majority of participants. Greater involvement of the
autism community is needed.

Page 24 of 27



N oA WODN -

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Copy of final proof post-edit Authors/Journal

126. Wallace, S., Parr, J. R. & Hardy, A. One in a hundred: putting families at the heart of autism
research. Autistica https://www.autistica.org.uk/wp-content/ uploads/2014/10/0One-in-a-Hundred-
Autisticas-Report. pdf (2013).

127. Parr, J. Understanding opinions about clinical genetic testing in ASD. AACAP+CACAP Joint
Annual Meeting https://aacap.confex.com/aacap/2011/webprogram/ Session7546.html (Toronto,
2011).

128. Sandin, S. et al. The familial risk of autism. JAMA 311, 1770-1777 (2014).

This study is the largest population-based study on familial risk of autism published to date (including
more than 2 million individuals). Among other things, findings of this study indicate a 12.9%
probability of developing an ASD for individuals with an affected sibling.

129. Haldeman-Englert, C. & Jewett, T. 1g21.1 recurrent microdeletion. GeneReviews
https://www.ncbi.nlm.nih. gov/books/NBK52787/ (2015).

130. Mefford, H. C. et al. Recurrent rearrangements of chromosome 1g21.1 and variable pediatric
phenotypes. N. Engl. J. Med. 359, 1685-1699 (2008).

131. Stefansson, H. et al. Large recurrent microdeletions associated with schizophrenia. Nature
455, 232-236 (2008).

132. Digilio, M. C. et al. Congenital heart defects in recurrent reciprocal 1921.1 deletion and
duplication syndromes: rare association with pulmonary valve stenosis. Eur. J. Med. Genet. 56, 144-
149 (2013).

133. Dolcetti, A. etal. 1g21.1 microduplication expression in adults. Genet. Med. 15, 282-289
(2013).

134. Berg, J. S., Potocki, L. & Bacino, C. A. Common recurrent microduplication syndromes:
diagnosis and management in clinical practice. Am. J. Med. Genet. A. 152A, 1066-1078 (2010).

135. Talkowski, M. E. et al. Assessment of 2g23.1 microdeletion syndrome implicates MBD5 as
a single causal locus of intellectual disability, epilepsy, and autism spectrum disorder. Am. J. Hum.
Genet. 89, 551-563 (2011).

136. Mullegama, S. V., Alaimo, J. T., Chen, L. & Elsea, S. H. Phenotypic and molecular convergence
of 2923.1 deletion syndrome with other neurodevelopmental syndromes associated with autism
spectrum disorder. Int. J. Mol. Sci. 16, 7627-7643 (2015).

137. Falk, R. E. & Casas, K. A. Chromosome 237 deletion: clinical and molecular aspects. Am.
J. Med. Genet. C Semin. Med. Genet. 145C, 357-371 (2007).
138. Fisch, G. S., Battaglia, A., Parrini, B., Youngblom, J. & Simensen, R. Cognitive-behavioral

features of children with Wolf-Hirschhorn syndrome: preliminary report of 12 cases. Am. J. Med.
Genet. C Semin. Med. Genet. 148C, 252-256 (2008).

139. Leroy, C. et al. The 2q37-deletion syndrome: an update of the clinical spectrum including
overweight, brachydactyly and behavioural features in 14 new patients. Eur. J. Hum. Genet. 21, 602-
612 (2012).

140. Willatt, L. et al. 329 microdeletion syndrome: clinical and molecular characterization of a new
syndrome. Am. J. Hum. Genet. 77, 154-160 (2005).

141. Zweier, M. & Rauch, A. The MEF2C-related and 5q14.3q15 microdeletion syndrome. Mol.
Syndromol. 2, 164-170 (2012).

142. llari, R., Agosta, G. & Bacino, C. 5q14.3 deletion neurocutaneous syndrome: contiguous gene
syndrome caused by simultaneous deletion of RASA1 and MEF2C: a progressive disease. Am. J. Med.
Genet. A 170A, 688-693 (2016).

143. Van der Aa, N. et al. Fourteen new cases contribute to the characterization of the 7q11.23
microduplication syndrome. Eur. J. Med. Genet. 52, 94-100 (2009).
144, Velleman, S. L. & Mervis, C. B. Children with 7q11.23 duplication syndrome: speech, language,

cognitive, and behavioral characteristics and their implications for intervention. Perspect. Lang. Learn.
Educ. 18, 108-116 (2011).

Page 25 of 27



O N OB~ WDN -

A DA DMNDMDMNBAEPMMNAEDNDOWOWOWWWWWWWDNDNDDNDNDNDNDNDDNDNDNDNDN=S =22 22 A A A A
O© O NO O OWIN A OCCOONOODOGDNOWN ~CCOONOOCDOG DNNOWON ~OCO0WONOOOG dMNOWODN -~ O©©

Copy of final proof post-edit Authors/Journal

145. Mervis, C. B., Morris, C. A., Klein-Tasman, B. P., Velleman, S. L. & Osborne, L. R. 7q11.23
duplication syndrome. GeneReviews https://www.ncbi.nim.nih.gov/ books/NBK327268/ (2015).

146. Mervis, C. B. et al. Duplication of GTF2I results in separation anxiety in mice and humans. Am.
J. Hum. Genet. 90, 1064-1070 (2012).

147. Morris, C. A. et al. 7q11.23 duplication syndrome: physical characteristics and natural history.
Am. J. Med. Genet. A 167A, 2916-2935 (2015).

148. Baynam, G., Goldblatt, J. & Walpole, I. Deletion of 8p23.1 with features of Cornelia de Lange

syndrome and congenital diaphragmatic hernia and a review of deletions of 8p23.1 to 8pter? A further
locus for Cornelia de Lange syndrome. Am. J. Med. Genet. A. 146A, 1565-1570 (2008).

149. Rineer, S., Finucane, B. & Simon, E. W. Autistic symptoms among children and young adults
with isodicentric chromosome 15. Am. J. Med. Genet. 81, 428-433 (1998).

150. Battaglia, A. The inv dup (15) or idic (15) syndrome (tetrasomy 15q). Orphanet. J. Rare Dis. 3,
30 (2008).

151. Thomas, J. A. etal. Genetic and clinical characterization of patients with an interstitial
duplication 15911-q13, emphasizing behavioral phenotype and response to treatment. Am. J. Med.
Genet. A. 119A, 111-120 (2003).

152. Battaglia, A. The inv dup(15) or idic(15) syndrome: a clinically recognisable neurogenetic
disorder. Brain Dev. 27, 365-369 (2005).

153. Kalsner, L. & Chamberlain, S. J. Prader-Willi, Angelman, and 15q11-q13 duplication
syndromes. Pediatr. Clin. North Am. 62, 587-606 (2015).

154, Abdelmoity, A. T. etal. 15911.2 proximal imbalances associated with a diverse array of
neuropsychiatric disorders and mild dysmorphic features. J. Dev. Behav. Pediatr. 33, 570-576 (2012).

155. Burnside, R. D. et al. Microdeletion/microduplication of proximal 15q11.2 between BP1 and

BP2: a susceptibility region for neurological dysfunction including developmental and language delay.
Hum. Genet. 130, 517-528 (2011).

156. Cox, D. M. & Butler, M. G. The 15g11.2 BP1-BP2 microdeletion syndrome: a review. Int.
J. Mol. Sci. 16, 4068-4082 (2015).

157. Miller, D. T. et al. Microdeletion/duplication at 15g13.2q13.3 among individuals with features
of autism and other neuropsychiatric disorders. J. Med. Genet. 46, 242-248 (2009).

158. Zufferey, F. etal. A 600kb deletion syndrome at 16p11.2 leads to energy imbalance and
neuropsychiatric disorders. J. Med. Genet. 49, 660-668 (2012).

159. Steinman, K. J. et al. 16p11.2 deletion and duplication: characterizing neurologic phenotypes
in a large clinically ascertained cohort. Am. J. Med. Genet. A 170, 2943-2955 (2016).

160. McCarthy, S. E. et al. Microduplications of 16p11.2 are associated with schizophrenia. Nat.
Genet. 41, 1223-1227 (2009).

161. Ramalingam, A. etal. 16p13.11 duplication is a risk factor for a wide spectrum of
neuropsychiatric disorders. J. Hum. Genet. 56, 541-544 (2011).
162. Van Campenhout, S. etal. Microduplication 22q11.2: a description of the clinical,
developmental and behavioral characteristics during childhood. Genet. Couns. 23, 135-148 (2012).
163. Portnoi, M. F. Microduplication 22q11.2: a new chromosomal syndrome. Eur. J. Med. Genet.
52, 88-93 (2009).

164. Stessman, H. A. et al. Disruption of POGZ is associated with intellectual disability and autism
spectrum disorders. Am. J. Hum. Genet. 98, 541-552 (2016).

165. Deciphering Developmental Disorders Study. Large-scale discovery of novel genetic causes of
developmental disorders. Nature 519, 223-228 (2015).

166. O’Roak, B. J. et al. Multiplex targeted sequencing identifies recurrently mutated genes in
autism spectrum disorders. Science 338, 1619-1622 (2012).

167. Hamdan, F. F. etal. De novo mutations in moderate or severe intellectual disability. PLoS

Genet. 10, 1004772 (2014).

Page 26 of 27



O N OB~ WDN -

NN NN A A A A A @A @A A A -
WNN O OO NOOT DN WN-~O

Copy of final proof post-edit Authors/Journal

168. Berryer, M. H. et al. Mutations in SYNGAP1 cause intellectual disability, autism, and a specific
form of epilepsy by inducing haploinsufficiency. Hum. Mutat. 34, 385-394 (2013).

169. Hamdan, F. F. et al. Mutations in SYNGAP1 in autosomal nonsyndromic mental retardation.
N. Engl. J. Med. 360, 599-605 (2009).

170. Lemke, J. R. et al. GRIN2B mutations in West syndrome and intellectual disability with focal
epilepsy. Ann. Neurol. 75, 147-154 (2014).

171. Mohler, P. J. et al. Defining the cellular phenotype of “ankyrin-B syndrome” variants: human

ANK?2 variants associated with clinical phenotypes display a spectrum of activities in cardiomyocytes.
Circulation 115, 432-441 (2007).

172. Hoyer, J. et al. Haploinsufficiency of ARID1B, a member of the SWI/SNF-a chromatin-
remodeling complex, is a frequent cause of intellectual disability. Am. J. Hum. Genet. 90, 565-572
(2012).

173. Santen, G. W., Clayton-Smith, J. & ARID1B-CSS consortium. The ARID1B phenotype: what we
have learned so far. Am. J. Med. Genet. C Semin. Med. Genet. 166C, 276-289 (2014).

174. Yu, Y. et al. De novo mutations in ARID1B associated with both syndromic and nonsyndromic
short stature. BMC Genomics 16, 701 (2015).

175. Luco, S. M. et al. Case report of novel DYRK1A mutations in 2 individuals with syndromic
intellectual disability and a review of the literature. BMC Med. Genet. 17, 15 (2016).

176. Ji,J. etal. DYRK1A haploinsufficiency causes a new recognizable syndrome with
microcephaly, intellectual disability, speech impairment, and distinct facies. Eur. J. Hum. Genet. 23,
1473-1481 (2015).

177. Merner, N. etal. A de novo frameshift mutation in chromodomain helicase DNA-binding
domain 8 (CHD8): a case report and literature review. Am. J. Med. Genet. A 170A, 1225-1235 (2016)

Page 27 of 27



