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Abstract

The prevalence of autism spectrum disorders (ASD) continues to increase. Genetic factors play an 

important role in the etiology of ASD, although specific genetic causes are identified in only a 

minority of cases. Recent advances have accelerated the discovery of genes implicated in ASD 

through convergent genomic analysis of genome-wide association studies, chromosomal 

microarray, exome sequencing, genome sequencing, and gene networks. Hundreds of candidate 

genes for ASD have been reported, yet only a handful have proven causative. Symptoms are 

complex and highly variable, and most cases are likely due to cumulative genetic factors, the 

interactions among them, as well as environmental factors. Here we summarize recent findings in 

genomic research regarding discovery of candidate genes, describe the major molecular processes 

in neural development that may be disrupted in ASD, and discuss the implication of research 

findings in clinical genetic diagnostic testing and counseling. Continued advances in genetic 

research will eventually translate into innovative approaches to prevention and treatment of ASD.
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Introduction

The term Autism Spectrum Disorders (ASD) describes a heterogeneous group of 

neurodevelopmental symptoms including difficulties with social interactions, deficits in 

verbal and nonverbal communication, and repetitive or stereotypical behaviors. The 

Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-V) subsumes 
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several earlier diagnostic subgroups into the category of ASD, including autistic disorder, 

childhood disintegrative disorder, pervasive developmental disorder-not otherwise specified 

(PDD-NOS), and Asperger syndrome [1•]. Prevalence continues to increase, from ~1/88 

children in 2008 to 1/68 in 2010, according to the Autism and Developmental Disabilities 

Monitoring Network of the Centers for Disease Control and Prevention [2, 3]. Potential 

reasons for the increase have been summarized elsewhere and are somewhat debatable [4•].

Multiple lines of evidence support that genetic factors predispose to ASD. First, twin studies 

in different populations consistently show a much higher concordance rate in monozygotic 

twins than in dizygotic twins [5–7]. Second, family history of ASD predicts an increased 

risk for ASD in subsequent children born to the same parents. The 2013 American College 

of Medical Genetics and Genomics (ACMG) revised practice guideline relies on established 

data to suggest a recurrence risk of 7% if the proband is female and 4% if the proband is 

male [8••]. If two or more children are affected, recurrence risk increases to about 33% or 

more. Finally, increased availability of genetic testing in both research and clinical settings 

has uncovered numerous genetic variants implicated in ASD.

In providing clinical guidance to individuals or families affected by ASD, the goal is to 

refine the specific recurrence risk for that family, which can range from very low, such as 

1% or less in the case of de novo genetic variants, to much higher than the population 

average, such as 25% in the case of an autosomal recessive disorder. Moreover, the cause in 

many patients cannot be attributed to a single gene or genetic variant, and is more likely to 

be multifactorial or complex in nature, as reviewed elsewhere [4•]. Clinicians and 

researchers interested in the genetic underpinnings of ASD have hoped that improved 

technologies, such as high throughput next-generation sequencing (NGS) and advanced data 

modeling, would allow collection and analysis of exponentially more genetic data, and 

subsequently help to elucidate the causes of these more complex forms of ASD. This review 

will explore the current state of gene discovery and molecular pathway modeling for ASD, 

with further discussion on the current state of clinical testing and how adding more 

comprehensive genomic testing, such as exome sequencing, is impacting genetic diagnosis 

and counseling of patients with ASD and their families.

Approaches to ASD gene discovery

Human disease genes were traditionally discovered through positional cloning, where the 

genetic locus was first mapped to a chromosomal region followed by extensive sequencing 

within the candidate region. Loci for ASD have been discovered through linkage analysis of 

informative pedigrees, genome-wide association studies (GWAS) in large case and control 

cohorts, and chromosomal analysis of structural abnormalities that disrupt certain loci. 

Unlike highly penetrant single gene disorders, inheritance of ASD follows a complex 

pattern, and the penetrance and expressivity of disease phenotypes may vary even within a 

family. Therefore, conventional family based linkage mapping has been limited to discovery 

of genes for specific single gene syndromes where ASD may present as a clinical feature or 

co-morbidity [9]. These genes then became candidate genes to screen for mutations in 

patients. Alternatively, a significant number of genetic loci were discovered through sib-pair 

studies in large ASD cohorts as well as through GWAS [10–15]. However, due to the 
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complexity and extreme heterogeneity of symptoms, few GWAS studies have yielded 

reproducible results.

Loci for ASD have also been identified through cases of aneuploidy and other chromosomal 

abnormalities [16, 17]. These were traditionally diagnosed through G-banded karyotyping 

and fluorescence in situ hybridization (FISH), especially in subtelomeric regions [18]. Genes 

that were deleted or disrupted at the breakpoints became new ASD candidate genes. 

However, it was difficult to prove causality because multiple disease alleles were rarely 

found. Although causative genes in many ASD loci remain elusive, according to SFARI 

Gene (gene.sfari.org/), hundreds of candidate genes with thousands of variants implicated in 

the etiology of ASD have been reported, especially with recent technological advances in 

genome-wide chromosomal and sequencing analyses [19].

The majority of genes for ASD have been discovered through a candidate gene approach. As 

researchers identified the causes of ASD-associated single gene disorders, such as fragile X 

syndrome, Rett syndrome, macrocephaly/autism syndrome, tuberous sclerosis complex 

(TSC), Angelman syndrome, and Timothy syndrome, these genes were screened in ASD 

patients and rare variants were discovered in patients who might or might not show typical 

features of the single gene disorder [20–23]. Since intellectual disability, epilepsy, and 

psychiatric disorders show considerable co-morbidity with ASD, many genes associated 

with these conditions have also been included as candidate genes to screen for mutations in 

cohorts of patients with ASD [24–28]. However, pathogenic variants in these genes only 

account for a small subset of patients, and the clinical significance of many rare variants in 

the candidate genes remain uncertain. Nevertheless, these genes are the basis of current gene 

panels to test for ASD.

High-throughput genome-wide chromosomal copy number analysis by chromosomal 

microarray (CMA) has been a major breakthrough in gene discovery and clinical 

diagnostics. CMA has revealed a great number of copy number variants (CNV), including 

both gains and losses of chromosomal material, over-represented in patients with ASD. 

Marshall et al. reported that 44% of families have CNVs not found in >1,600 controls and de 
novo CNVs occurred in ~7% of families with one affected child [29]. CMA technology has 

revealed new microdeletion/microduplication syndromes associated with ASD based on 

recurrent observation of pathogenic CNVs in affected individuals, such as deletions and 

duplications at chromosome 1q21.1, 15q13.3, and 16p11.2 [11, 29–34]. Recurrent CNV 

hotspots are due to non-allelic homologous recombination mediated by segmental 

duplication genomic architecture and CNV regions associated with ASD are typically large 

(>400 kb), supporting a multigenic etiology [35•]. Furthermore, the widespread adoption of 

CMA revealed rare or de novo CNVs associated with autistic traits in up to 10% of sporadic 

ASD cases [36–39]. Because of the relative high detection rate of abnormal findings with 

this approach, CMA has been recommended as the first tier genetic test for non-specific 

ASD [8••].

More recently, high-throughput high-resolution sequencing analysis has accelerated gene 

discovery. Exome sequencing is a large-scale NGS based approach targeting protein coding 

regions and splicing sites, which comprises ~1.5% of the genome. Because every individual 
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has millions of variants in the genome including on average ~100 loss-of-function variants 

[40], presence of a disrupted gene in an individual with ASD alone does not establish a 

pathogenic role of the gene [41•]. Exome sequencing identified genes contributing to ASD 

based on several additional lines of evidences. First, variants occur in candidate genes 

known to cause neural developmental disorders related to ASD, such as intellectual 

disability, seizures, and schizophrenia, thus strengthening their association with ASD. 

Second, variants in genes fall within mapped ASD loci, implying a high a priori likelihood 

of being pathogenic [42–44, 45•]. Third, distinct rare de novo changes in the same gene are 

observed in multiple unrelated patient with ASD, and statistically significantly lower in 

control populations or exhibit transmission disequilibrium in parent-child trios [46, 47•, 48–

54]. Finally, variants may be in genes involved in neural development based on animal 

models and biological functional studies (Table 1).

Targeted sequencing methods, including exome sequencing, only focus on a very small part 

of the genome, and are limited in the ability to detect structural variation such as deletion or 

duplication of chromosomal regions. Sequencing may detect balanced chromosomal 

abnormalities (BCA) if the breakpoints happen to occur within the captured region, but such 

information is not currently available from clinical exome sequencing. While CMA can 

detect CNVs, it cannot detect BCAs and does not reveal precise breakpoints at nucleotide 

resolution. In theory, whole genome sequencing (WGS) can detect structural and sequence 

variants if sequenced at sufficient read-depth. However, at the present time, deep WGS is 

still cost prohibitive and computationally demanding. Jiang et al. reported only 12% 

specificity and 75% sensitivity in detecting CNVs of >10 kb with WGS at >30× average 

read-depth coverage [55•]. An intermediate approach that is currently feasible in the clinical 

setting is to map BCAs by NGS of whole-genome large-insert libraries with tremendously 

improved resolution comparing to the traditional karyotyping method, and several new ASD 

candidates were identified through this approach [56, 57••].

Furthermore, convergent genomic analysis combining GWAS, CNV analysis, exome 

sequencing, and/or transcriptome profiling has been proven to achieve substantially 

increased statistical power [58, 59•]. Comparing the transcriptome profiles of autistic vs. 

normal brains, Voineagu et al. identified modules of gene networks based on gene co-

expression patterns exhibiting distinct regional patterns in normal brains, and found the 

distinctions were lost in brains of those with ASD. Furthermore, they found susceptibility 

genes were enriched in a neuronal module and under-expressed in cases [60••]. Integrative 

approaches have begun to shed light on the convergent molecular pathways involved in the 

pathophysiology of ASD [61]. In addition, it has been suggested that epigenetic factors 

regulating DNA methylation and chromatin modification, as well as non-coding regulatory 

elements and microRNAs, also play a role in the pathogenesis of ASD due to dysregulation 

of gene expression in the central nervous system [62•, 63•].

Molecular Processes Involved in ASD

Recent advances in genetic analysis technologies have led to the discovery of many new 

candidate genes for ASD. Convergent evidence for involvement of candidate genes in neural 

development and plasticity has emerged from co-expression, co-regulation, and protein 
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interaction network analyses of these genes [64]. Studies have shown that genes involved in 

important neural developmental processes including cortical organization, synaptic 

formation, and regulation of gene expression in the central nervous system are implicated in 

ASD [60••, 65–68]. Functional imaging studies in patients with ASD support a model of 

atypical neural connectivity as the common underpinning of the impaired social cognition 

[69]. Many candidate genes facilitate normal cortical architecture, and alterations in these 

genes contribute to abnormal neural connectivity. Genes associated with brain malformation 

are known to cause intellectual disability and epilepsy, which are common co-morbidities of 

ASD. Neuroimaging studies of patients and RNA in situ hybridization studies of 

postmortem brains from children with ASD showed abnormal laminar organization [70]. 

Developmental co-expression analysis revealed that genes with rare de novo variants in 

affected probands exhibit enriched expression in superficial layers of the cortex [67]. Mouse 

models of ASD associated genes showed structural defects in the brain, such as 

macrocephaly / neuronal hypertrophy (Pten and Tsc1/Tsc2) and lissencephaly / abnormal 

neuronal migration (Dcx, Reln, and Cntnap2), prior to the onset of behavioral abnormalities, 

suggesting symptoms arise from abnormal brain development [71]. MRI of patients with 

ASD and brains of mouse models of 16p11.2 CNV also showed changes in brain 

architecture [69, 72].

Alterations in genes related to synaptic function also contribute to ASD susceptibility 

through impairment in synapse development, neurotransmission, and activity-dependent 

synaptic plasticity that lead to improper neuronal connectivity. Recent in vitro studies and 

animal models have continued to demonstrate that the most convincing susceptibility genes 

are all involved in this process (Table 1). Neuronal activity induces both local changes at the 

synapse and transcriptional regulation in the nucleus. The fragile X mental retardation 

protein (FMRP), an RNA binding protein, as well as hamartin (TSC1) and tuberin (TSC2) 

complex that inhibits the mammalian target of rapamycin (mTOR), regulate local protein 

synthesis at synapses. The mTOR pathway is regulated by PTEN. Presynaptic neurexins 

(NRXN) interact with postsynaptic neuroligins (NRLGN) and SHANK proteins at synaptic 

junctions to help regulate synapse formation. NRXN1 undergo activity-dependent splicing, 

which regulates neurotransmitter release, and binds to neuroligins to modulate specific types 

of neurotransmitter receptors to maintain the balance of excitatory and inhibitory synapses 

[73–76]. The SHANK proteins have multidomain scaffolds at the postsynaptic densities, 

which organize neurotransmitter receptors, ion channels and cytoskeleton. Disruption of any 

components of the synaptic function may lead to impaired activity-dependent neural 

circuitry formation.

Dysregulation of global gene expression in the central nervous system is another molecular 

hallmark of ASD revealed through genetic research. This may occur at the epigenetic, 

transcriptional, splicing, translational, or post-translational level. Epigenetic mechanisms 

including genomic imprinting, DNA methylation, and histone modification have been linked 

to ASD. For example, activity-dependent phosphorylation at critical sites of MeCP2 leads to 

genome-wide change of transcriptions [77]. The role of MeCP2 in chromatin remodeling has 

long been established [78, 79]. New evidence suggests that it may also regulate gene 

expression through suppressing microRNA processing [80]. Topoisomerase regulates the 

transcription of long transcripts including non-coding ones, many of which are implicated in 
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ASD [81]. New evidence suggests that alternatively spliced isoforms from brain contributes 

to 30% of unknown protein-protein interactions [68]. Single-cell long-read mRNA 

sequencing confirmed extensive alternative splicing in generating the diversity of neurexins 

[82, 83]. DNA methylation can also modulate splicing [84]. Modulation of protein 

homeostasis by ubiquitin-protein ligase UBE3A adds additional dynamic control of synaptic 

proteins [85]. All these findings are consistent with a multigenic complex model for ASD.

Evaluating a Patient to Select an Appropriate Genetic Test for ASD

Choosing the most appropriate genetic testing for patients with ASD may seem 

overwhelming due to the wide variety of tests available and the wide variety of genetic 

variants contributing to the susceptibility for ASD. Guidelines exist for the clinical 

evaluation of ASD and include taking a 3-generation pedigree and dysmorphology 

examination. Consultation with a clinical geneticist should be considered for patients with 

dysmorphism or other syndromic features. If a specific syndrome is suspected, targeted 

testing should be performed first; but if the evaluation is non-specific, testing via CMA and 

fragile X syndrome (for males) is indicated. Second tier testing recommends MECP2 
analysis for all females with ASD and PTEN analysis only if the head circumference is >2.5 

SD above the mean [8]. Recently, multi-gene panels for ASD have become clinically 

available. These panels target genetic syndromes that include autism or autistic features as 

part of the clinical profile and genes that have been associated with non-syndromic ASD, 

including many of those listed in Table 1. At this time, guidelines have not been established 

as to when these panels should be ordered, and studies have not been performed to assess the 

clinical utility of these panels. Our clinical experience has been that these panels are most 

helpful in individuals with ASD and dysmorphic features, congenital anomalies, seizures, or 

other medical issues [4•].

Counseling Challenges Related to Genome-Wide Genetic Testing

Selecting appropriate tests for a given patient is only one challenge. Genome-wide 

approaches to testing, such as CMA and WES, create many challenges for result 

interpretation and counseling. Many of these issues are not unique to testing for ASD, but 

are properties of the testing methodology. First, testing multiple genes or genomic regions 

either by CMA, gene panels, or WES/WGS, increases the likelihood of identifying variants 

of uncertain significance (VUS). VUS are relatively common findings, but there is little 

empiric data about the impact of receiving VUS results. Studies suggest that VUSs can 

cause concern for families if not expected or explained correctly [86–88]. Reiff et al. (2012) 

studied how families understand CMA results using semi-structured interviews with 31 

parents of 25 pediatric outpatients who received either pathogenic (n=11) or VUS (n=14) 

results and found that incomplete comprehension (defined as an individual’s self-reported 

ability to grasp the meaning of the result) of test results and a need for more information to 

improve understanding of results were prominent issues for parents [86]. A survey of 40 

physicians found that their comfort levels of explaining CMA results to families were lowest 

for VUS (score of 3.46 on a 6-point Likert scale with 6 being the highest comfort level) 

compared to a normal or abnormal result [87]. Physicians also felt that parents did not have 

a good understanding of CMA results (score of 2.49 on a 6-point Likert scale), despite 
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families reporting a good understanding of CMA results in a prior study by the same group 

[86–88].

Second, genomic testing by CMA, WES, or WGS may identify variants that have clear 

clinical significance but are unrelated to the reason for testing, so-called incidental findings 

(IF). For example, CMA may identify CNVs conferring an increased risk of adult-onset 

cancer in approximately 0.1–0.2% of individuals tested [89–91]. A review of CMA testing 

on 18,437 patients identified 34 patients with copy-number gains or losses that included 

genes or gene regions associated with recognized cancer syndromes, and 24 of these patients 

were referred for CMA for suspicion of syndromes not related to cancer [89]91]. Twenty-

nine of 4,805 patients (0.6%) referred for developmental delay, behavioral abnormalities, 

and birth defects had CNVs involving cancer predisposition genes, and 23 had no symptoms 

or family history for a cancer predisposition syndrome [90]. In another study, 5,548 CNVs 

were identified among 9,005 patients, fetuses, and their parents referred for clinical 

suspicion of a genetic/genomic disorder, and 85 CNVs affected 41 unique genes associated 

with adult-onset disorders, including PMS2, DMD, and SPAST. None of the cases had 

clinical symptoms highly suggestive of a phenotype related to the affected gene [91]. Data 

on the frequency of IFs in WES/WGS is limited, but is estimated as 3.4% and 1.6% for 

individuals of European and African descent, respectively, for high-penetrance actionable 

pathogenic or likely pathogenic variants in adults [92]. Both the ACMG and National 

Society of Genetic Counselors (NSGC) have published policies for reporting of IFs [93].

Another general issue that arises with finding VUS and IFs is the need for testing parents 

and possibly other family members to assess de novo status in the child, segregation with 

ASD traits in the family, or bi-parental origin of variants in a recessive gene. Parents may 

not be available for testing or may not wish to be tested for a VUS or IF. Parental testing also 

may not be sufficient in interpreting VUS in ASD. Although de novo mutation plays an 

important role in ASD, and hypermutability is a characteristic of genes involved in ASD 

[94•, 95••], de novo status alone does not establish causality[41•]. Therefore, parental testing 

may confirm a de novo variant, but additional information is still needed to determine the 

clinical significance of the variant. Another reason parental testing may not be sufficient is 

that some CNV may include an autosomal recessive gene. One study showed that the 

average genomic carrier burden for severe pediatric recessive mutations was 2.8 and ranged 

from 0–7 [96, 97]. Should one parent be found to carry the same CNV as in the child, the 

question of doing full gene analysis for the other parent arises. This may not be feasible as 

clinical testing may not be available or insurance may not cover the cost of this testing.

Counseling Regarding Risk for ASD in Offspring

If no genetic etiology for ASD is identified, counseling families for recurrence risk is based 

on epidemiological data. The risk to siblings of individuals with ASD is considered to range 

from 3–10% [98–100]. However, one study found the rate to be as high as 18.7% in infants 

with at least one older sibling with ASD, with male gender and having more than one sibling 

with ASD increasing the risk of developing ASD [101]. It is important to note that these 

previous studies were based on DSM-IV criteria, and recurrence risk numbers may change 

with the new DSM-5 criteria for ASD. Based on a cohort of 2,049,973 Swedish children 
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born between 1982 and 2006, a recent study estimated the heritability of ASD at 0.50 (95% 

CI, 0.45–0.56), and may provide the most accurate estimates regarding recurrence risk 

[102••]. The authors calculated a relative recurrence risk (RRR) to measure familial 

aggregation of disease. Based on a cohort of 14,516 children diagnosed with ASD, the RRR 

among dizygotic twins and full siblings were similar with RRR of 8.2 (95% CI, 3.7–18.1) 

and 10.3 (95% CI, 9.4–11.3), respectively. Overall, these recurrence risk numbers are similar 

to prior estimates endorsed in the ACMG 2013 Guideline [8••]. One limitation of the study 

is the lack of data regarding gender of the affected sibling, which may influence recurrence 

risk counseling.

Finally, WES has clarified the role of advanced paternal age (APA) and de novo mutations 

causing ASD [94•, 95••]. In general, with every year older, the risk increases by two 

mutations per year [95••]. The association of APA and an increase rate of de novo autosomal 

dominant conditions are widely accepted, but studies have shown that APA also appears to 

be associated with an increased risk for ASD [95••, 103]. Hultman et al. evaluated the 

association of APA and autism using multiple different methodologies in an analytic cohort 

of 1,035,487 subjects, showing that the risk started to increase at the paternal age of 30, 

plateaued after age 40, and further increased from the age of 50 years, with odds ratios of 

1.22, 1.58, and 2.66 respectively for paternal ages 30–39, 40–49, and 50 and higher. The 

association of ASD with APA persisted after controlling for maternal age, parental 

psychiatric history, perinatal conditions, year of birth, and socioeconomic status. Paternal 

age was also examined within a subset of families of individuals with ASD who also had at 

least one non-autistic child (n=660 families). Within these families, paternal age when the 

offspring with autism was born was higher than the paternal age at the time the unaffected 

offspring was born (mean age 32.7 +/− 6.3 vs. 30.8 +/− 6.4). Hultman et al. also did a meta-

analysis as part of their study, and pooled results of the meta-analysis were consistent with 

increasing paternal age and risk of ASD [103]. Further research is needed to determine the 

relative risk associated with APA, but these recent studies highlight the need for counseling 

regarding APA and the increased risk for autism.

Conclusion

Recent advances in genetic analysis approaches have led to accelerated discovery of ASD 

associated genes and begun to elucidate underlying molecular mechanisms. Convergent 

evidence supports a complex genetic etiology for ASD. Multiple genes involved in large 

CNVs and single ASD genes regulating the function of many other genes to modulate neural 

connectivity partially explain the complex nature of ASD. New high-throughput CMA or 

NGS genetic tests have allowed rapid identification of numerous variants in ASD candidate 

genes. Identification of causative genes for ASD facilitates a better understanding of 

molecular pathways, and may lead to the development of innovative and rationally designed 

treatments [104••]. In particular, rare forms of ASD due to single gene defects resulting in 

inborn errors of metabolism may be treatable by dietary restriction, supplementation, or 

enzyme replacement therapy [105–107, 108•].

Tremendous progress has been made in identifying genetic susceptibility loci for ASD, and 

this has informed clinical genetic testing. Currently, genetic testing may indicate a cause of 
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ASD in approximately 10% of patients, and improve the accuracy of risk assessment for 

family members. As genomic testing becomes more widely available, the need for adequate 

genetic counseling about test results, including VUS and IF, will be more pronounced. 

Providers should be comfortable with discussing these possibilities, and if they are not, 

should consider referral to a clinical geneticist and/or genetic counselor.

Acknowledgments

All studies by Sharyn Lincoln, David T. Miller, and Jun Shen involving animal and/or human subjects were 
performed after approval by the appropriate institutional review boards. When required, written informed consent 
was obtained from all participants.

References

Papers of particular interest, published recently, have been highlighted as:

•• Of major importance

• Of importance

1•. American Psychiatric Association DSM-5 Task Force. Diagnostic and statistical manual of mental 
disorders : DSM-5. 5. Washington, D.C: American Psychiatric Association; 2013. This 
publication specified the most current diagnostic criteria for ASD which grouped all of the 
subcategories of autism into a single disorder. It has led to updates in estimates of prevalence and 
recurrence risks for ASD.

2. Autism and Developmental Disabilities Monitoring Network Surveillance Year 2008 Principal 
Investigators. Centers for Disease Control and Prevention. Prevalence of autism spectrum 
disorders--Autism and Developmental Disabilities Monitoring Network, 14 sites, United States, 
2008. Morbidity and mortality weekly report Surveillance summaries. 2012; 61(3):1–19.

3. Developmental Disabilities Monitoring Network Surveillance Year Principal I. Prevalence of autism 
spectrum disorder among children aged 8 years - autism and developmental disabilities monitoring 
network, 11 sites, United States, 2010. Morbidity and mortality weekly report Surveillance 
summaries. 2014; 63(Suppl 2):1–21.

4•. Shen J, Miller DT. Advances in Genetic Diagnosis of Autism Spectrum Disorders. Current 
pediatrics reports. 2014; 2(5) A recent review focused on comparing the pros and cons of 
different genetic testing platforms for ASD and provided a practical guide on how to choose the 
most appropriate tests to order. doi: 10.1007/s40124-014-0042-z

5. Rosenberg RE, Law JK, Yenokyan G, McGready J, Kaufmann WE, Law PA. Characteristics and 
concordance of autism spectrum disorders among 277 twin pairs. Archives of pediatrics & 
adolescent medicine. 2009; 163(10):907–14. DOI: 10.1001/archpediatrics.2009.98 [PubMed: 
19805709] 

6. Kerekes N, Brandstrom S, Lundstrom S, Rastam M, Nilsson T, Anckarsater H. ADHD, autism 
spectrum disorder, temperament, and character: Phenotypical associations and etiology in a Swedish 
childhood twin study. Comprehensive psychiatry. 2013; doi: 10.1016/j.comppsych.2013.05.009

7. Nordenbaek C, Jorgensen M, Kyvik KO, Bilenberg N. A Danish population-based twin study on 
autism spectrum disorders. European child & adolescent psychiatry. 2013; doi: 10.1007/
s00787-013-0419-5

8••. Schaefer GB, Mendelsohn NJ, Professional P, Guidelines C. Clinical genetics evaluation in 
identifying the etiology of autism spectrum disorders: 2013 guideline revisions. Genetics in 
medicine : official journal of the American College of Medical Genetics. 2013; 15(5):399–407. 
This professional clinical practice guideline of the American College of Medical Genetics and 
Genomics, updated in 2013, provides a comprehensive overview of the genetic basis of ASD, 
illustrates key points to consider during clinical evaluation of ASD, and discusses general 
approaches to diagnostic genetic testing for patients with ASD. DOI: 10.1038/gim.2013.32 
[PubMed: 23519317] 

Shen et al. Page 9

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Morrow EM, Yoo SY, Flavell SW, Kim TK, Lin Y, Hill RS, et al. Identifying autism loci and genes 
by tracing recent shared ancestry. Science. 2008; 321(5886):218–23. [PubMed: 18621663] 

10. Arking DE, Cutler DJ, Brune CW, Teslovich TM, West K, Ikeda M, et al. A common genetic 
variant in the neurexin superfamily member CNTNAP2 increases familial risk of autism. 
American journal of human genetics. 2008; 82(1):160–4. [PubMed: 18179894] 

11. Wang K, Zhang H, Ma D, Bucan M, Glessner JT, Abrahams BS, et al. Common genetic variants on 
5p14.1 associate with autism spectrum disorders. Nature. 2009

12. Weiss LA, Arking DE, Daly MJ, Chakravarti A. A genome-wide linkage and association scan 
reveals novel loci for autism. Nature. 2009; 461(7265):802–8. [PubMed: 19812673] 

13. Anney R, Klei L, Pinto D, Regan R, Conroy J, Magalhaes TR, et al. A genomewide scan for 
common alleles affecting risk for autism. Human molecular genetics. 2010

14. Salyakina D, Ma DQ, Jaworski JM, Konidari I, Whitehead PL, Henson R, et al. Variants in several 
genomic regions associated with asperger disorder. Autism research : official journal of the 
International Society for Autism Research. 2010; 3(6):303–10. DOI: 10.1002/aur.158 [PubMed: 
21182207] 

15. Hussman JP, Chung RH, Griswold AJ, Jaworski JM, Salyakina D, Ma D, et al. A noise-reduction 
GWAS analysis implicates altered regulation of neurite outgrowth and guidance in autism. 
Molecular autism. 2011; 2(1):1.doi: 10.1186/2040-2392-2-1 [PubMed: 21247446] 

16. Kim HG, Kishikawa S, Higgins AW, Seong IS, Donovan DJ, Shen Y, et al. Disruption of neurexin 
1 associated with autism spectrum disorder. American journal of human genetics. 2008; 82(1):
199–207. [PubMed: 18179900] 

17. Sultana R, Yu CE, Yu J, Munson J, Chen D, Hua W, et al. Identification of a novel gene on 
chromosome 7q11.2 interrupted by a translocation breakpoint in a pair of autistic twins. Genomics. 
2002; 80(2):129–34. [PubMed: 12160723] 

18. Ravnan JB, Tepperberg JH, Papenhausen P, Lamb AN, Hedrick J, Eash D, et al. Subtelomere FISH 
analysis of 11 688 cases: an evaluation of the frequency and pattern of subtelomere rearrangements 
in individuals with developmental disabilities. Journal of medical genetics. 2006; 43(6):478–89. 
[PubMed: 16199540] 

19. Basu SN, Kollu R, Banerjee-Basu S. AutDB: a gene reference resource for autism research. 
Nucleic acids research. 2009; 37(Database issue):D832–6. DOI: 10.1093/nar/gkn835 [PubMed: 
19015121] 

20. Hallmayer J, Pintado E, Lotspeich L, Spiker D, McMahon W, Petersen PB, et al. Molecular 
analysis and test of linkage between the FMR-1 gene and infantile autism in multiplex families. 
American journal of human genetics. 1994; 55(5):951–9. [PubMed: 7977358] 

21. Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY. Rett syndrome is caused 
by mutations in X-linked MECP2, encoding methyl-CpG-binding protein 2. Nature genetics. 1999; 
23(2):185–8. DOI: 10.1038/13810 [PubMed: 10508514] 

22. Splawski I, Timothy KW, Sharpe LM, Decher N, Kumar P, Bloise R, et al. Ca(V)1.2 calcium 
channel dysfunction causes a multisystem disorder including arrhythmia and autism. Cell. 2004; 
119(1):19–31. DOI: 10.1016/j.cell.2004.09.011 [PubMed: 15454078] 

23. Butler MG, Dasouki MJ, Zhou XP, Talebizadeh Z, Brown M, Takahashi TN, et al. Subset of 
individuals with autism spectrum disorders and extreme macrocephaly associated with germline 
PTEN tumour suppressor gene mutations. J Med Genet. 2005; 42(4):318–21. [PubMed: 15805158] 

24. Jamain S, Quach H, Betancur C, Rastam M, Colineaux C, Gillberg IC, et al. Mutations of the X-
linked genes encoding neuroligins NLGN3 and NLGN4 are associated with autism. Nat Genet. 
2003; 34(1):27–9. [PubMed: 12669065] 

25. Strauss KA, Puffenberger EG, Huentelman MJ, Gottlieb S, Dobrin SE, Parod JM, et al. Recessive 
symptomatic focal epilepsy and mutant contactin-associated protein-like 2. The New England 
journal of medicine. 2006; 354(13):1370–7. doi:354/13/1370 [pii] 10.1056/NEJMoa052773. 
[PubMed: 16571880] 

26. Durand CM, Betancur C, Boeckers TM, Bockmann J, Chaste P, Fauchereau F, et al. Mutations in 
the gene encoding the synaptic scaffolding protein SHANK3 are associated with autism spectrum 
disorders. Nature genetics. 2007; 39(1):25–7. [PubMed: 17173049] 

Shen et al. Page 10

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Moessner R, Marshall CR, Sutcliffe JS, Skaug J, Pinto D, Vincent J, et al. Contribution of 
SHANK3 mutations to autism spectrum disorder. American journal of human genetics. 2007; 
81(6):1289–97. [PubMed: 17999366] 

28. Alarcon M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar JM, et al. Linkage, 
association, and gene-expression analyses identify CNTNAP2 as an autism-susceptibility gene. 
American journal of human genetics. 2008; 82(1):150–9. [PubMed: 18179893] 

29. Marshall CR, Noor A, Vincent JB, Lionel AC, Feuk L, Skaug J, et al. Structural variation of 
chromosomes in autism spectrum disorder. American journal of human genetics. 2008; 82(2):477–
88. [PubMed: 18252227] 

30. Potocki L, Bi W, Treadwell-Deering D, Carvalho CM, Eifert A, Friedman EM, et al. 
Characterization of Potocki-Lupski syndrome (dup(17)(p11.2p11.2)) and delineation of a dosage-
sensitive critical interval that can convey an autism phenotype. American journal of human 
genetics. 2007; 80(4):633–49. [PubMed: 17357070] 

31. Kumar RA, KaraMohamed S, Sudi J, Conrad DF, Brune C, Badner JA, et al. Recurrent 16p11.2 
microdeletions in autism. Human molecular genetics. 2008; 17(4):628–38. DOI: 10.1093/hmg/
ddm376 [PubMed: 18156158] 

32. Mefford HC, Sharp AJ, Baker C, Itsara A, Jiang Z, Buysse K, et al. Recurrent rearrangements of 
chromosome 1q21.1 and variable pediatric phenotypes. The New England journal of medicine. 
2008; 359(16):1685–99. [PubMed: 18784092] 

33. Sharp AJ, Mefford HC, Li K, Baker C, Skinner C, Stevenson RE, et al. A recurrent 15q13.3 
microdeletion syndrome associated with mental retardation and seizures. Nature genetics. 2008; 
40(3):322–8. [PubMed: 18278044] 

34. Weiss LA, Shen Y, Korn JM, Arking DE, Miller DT, Fossdal R, et al. Association between 
Microdeletion and Microduplication at 16p11.2 and Autism. The New England journal of 
medicine. 2008

35•. Girirajan S, Dennis MY, Baker C, Malig M, Coe BP, Campbell CD, et al. Refinement and 
discovery of new hotspots of copy-number variation associated with autism spectrum disorder. 
American journal of human genetics. 2013; 92(2):221–37. This article characterized the recurrent 
CNV hotspots and confirmed that large segmental duplications were the underlying repeat 
architecture and that most pathogenic CVSs were large involving many genes. DOI: 10.1016/
j.ajhg.2012.12.016 [PubMed: 23375656] 

36. Sebat J, Lakshmi B, Malhotra D, Troge J, Lese-Martin C, Walsh T, et al. Strong association of de 
novo copy number mutations with autism. Science. 2007; 316(5823):445–9. [PubMed: 17363630] 

37. Hochstenbach R, van Binsbergen E, Engelen J, Nieuwint A, Polstra A, Poddighe P, et al. Array 
analysis and karyotyping: workflow consequences based on a retrospective study of 36,325 
patients with idiopathic developmental delay in the Netherlands. European journal of medical 
genetics. 2009; 52(4):161–9. [PubMed: 19362174] 

38. Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D, Regan R, et al. Functional impact of global 
rare copy number variation in autism spectrum disorders. Nature. 2010; 466(7304):368–72. 
[PubMed: 20531469] 

39. Levy D, Ronemus M, Yamrom B, Lee YH, Leotta A, Kendall J, et al. Rare de novo and transmitted 
copy-number variation in autistic spectrum disorders. Neuron. 2011; 70(5):886–97. DOI: 10.1016/
j.neuron.2011.05.015 [PubMed: 21658582] 

40. MacArthur DG, Balasubramanian S, Frankish A, Huang N, Morris J, Walter K, et al. A systematic 
survey of loss-of-function variants in human protein-coding genes. Science. 2012; 335(6070):823–
8. DOI: 10.1126/science.1215040 [PubMed: 22344438] 

41•. Gratten J, Visscher PM, Mowry BJ, Wray NR. Interpreting the role of de novo protein-coding 
mutations in neuropsychiatric disease. Nature genetics. 2013; 45(3):234–8. This recent article 
discussed how to interpret de novo point mutations in the context of their role in neuropsychiatric 
disease including ASD. DOI: 10.1038/ng.2555 [PubMed: 23438595] 

42. Talkowski ME, Mullegama SV, Rosenfeld JA, van Bon BW, Shen Y, Repnikova EA, et al. 
Assessment of 2q23.1 microdeletion syndrome implicates MBD5 as a single causal locus of 
intellectual disability, epilepsy, and autism spectrum disorder. American journal of human 
genetics. 2011; 89(4):551–63. DOI: 10.1016/j.ajhg.2011.09.011 [PubMed: 21981781] 

Shen et al. Page 11

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Chahrour MH, Yu TW, Lim ET, Ataman B, Coulter ME, Hill RS, et al. Whole-exome sequencing 
and homozygosity analysis implicate depolarization-regulated neuronal genes in autism. PLoS 
genetics. 2012; 8(4):e1002635.doi: 10.1371/journal.pgen.1002635 [PubMed: 22511880] 

44. Yu TW, Chahrour MH, Coulter ME, Jiralerspong S, Okamura-Ikeda K, Ataman B, et al. Using 
whole-exome sequencing to identify inherited causes of autism. Neuron. 2013; 77(2):259–73. 
DOI: 10.1016/j.neuron.2012.11.002 [PubMed: 23352163] 

45•. Schaaf CP, Gonzalez-Garay ML, Xia F, Potocki L, Gripp KW, Zhang B, et al. Truncating 
mutations of MAGEL2 cause Prader-Willi phenotypes and autism. Nature genetics. 2013; 45(11):
1405–8. This study identified the single gene defect as the molecular mechanism of Prader-Willi 
syndrome and associated ASD. DOI: 10.1038/ng.2776 [PubMed: 24076603] 

46. O'Roak BJ, Deriziotis P, Lee C, Vives L, Schwartz JJ, Girirajan S, et al. Exome sequencing in 
sporadic autism spectrum disorders identifies severe de novo mutations. Nature genetics. 2011; 
43(6):585–9. DOI: 10.1038/ng.835 [PubMed: 21572417] 

47••. O'Roak BJ, Vives L, Girirajan S, Karakoc E, Krumm N, Coe BP, et al. Sporadic autism exomes 
reveal a highly interconnected protein network of de novo mutations. Nature. 2012; 485(7397):
246–50. This was the study that first demonstrated the power of exome sequencing in identifying 
de novo mutations in ASD and the power of studying gene networks to help understand the 
underlying pathophysiology of ASD. DOI: 10.1038/nature10989 [PubMed: 22495309] 

48. Iossifov I, Ronemus M, Levy D, Wang Z, Hakker I, Rosenbaum J, et al. De novo gene disruptions 
in children on the autistic spectrum. Neuron. 2012; 74(2):285–99. DOI: 10.1016/j.neuron.
2012.04.009 [PubMed: 22542183] 

49. Sanders SJ, Murtha MT, Gupta AR, Murdoch JD, Raubeson MJ, Willsey AJ, et al. De novo 
mutations revealed by whole-exome sequencing are strongly associated with autism. Nature. 2012; 
485(7397):237–41. DOI: 10.1038/nature10945 [PubMed: 22495306] 

50. Buxbaum JD, Daly MJ, Devlin B, Lehner T, Roeder K, State MW, et al. The autism sequencing 
consortium: large-scale, high-throughput sequencing in autism spectrum disorders. Neuron. 2012; 
76(6):1052–6. DOI: 10.1016/j.neuron.2012.12.008 [PubMed: 23259942] 

51. Bi C, Wu J, Jiang T, Liu Q, Cai W, Yu P, et al. Mutations of ANK3 identified by exome sequencing 
are associated with autism susceptibility. Hum Mutat. 2012; 33(12):1635–8. DOI: 10.1002/humu.
22174 [PubMed: 22865819] 

52. Neale BM, Kou Y, Liu L, Ma'ayan A, Samocha KE, Sabo A, et al. Patterns and rates of exonic de 
novo mutations in autism spectrum disorders. Nature. 2012; 485(7397):242–5. DOI: 10.1038/
nature11011 [PubMed: 22495311] 

53. Lim ET, Raychaudhuri S, Sanders SJ, Stevens C, Sabo A, MacArthur DG, et al. Rare complete 
knockouts in humans: population distribution and significant role in autism spectrum disorders. 
Neuron. 2013; 77(2):235–42. DOI: 10.1016/j.neuron.2012.12.029 [PubMed: 23352160] 

54. He Z, O'Roak BJ, Smith JD, Wang G, Hooker S, Santos-Cortez RL, et al. Rare-variant extensions 
of the transmission disequilibrium test: application to autism exome sequence data. American 
journal of human genetics. 2014; 94(1):33–46. DOI: 10.1016/j.ajhg.2013.11.021 [PubMed: 
24360806] 

55•. Jiang YH, Yuen RK, Jin X, Wang M, Chen N, Wu X, et al. Detection of Clinically Relevant 
Genetic Variants in Autism Spectrum Disorder by Whole-Genome Sequencing. American journal 
of human genetics. 2013; This study demonstrated the application and yield of WGS in 
identifying the genetic cause of ASD. It also discussed the feasibility and limitation of structural 
variant detection through WGS. doi: 10.1016/j.ajhg.2013.06.012

56. Talkowski ME, Ernst C, Heilbut A, Chiang C, Hanscom C, Lindgren A, et al. Next-generation 
sequencing strategies enable routine detection of balanced chromosome rearrangements for 
clinical diagnostics and genetic research. American journal of human genetics. 2011; 88(4):469–
81. DOI: 10.1016/j.ajhg.2011.03.013 [PubMed: 21473983] 

57•. Talkowski ME, Rosenfeld JA, Blumenthal I, Pillalamarri V, Chiang C, Heilbut A, et al. 
Sequencing chromosomal abnormalities reveals neurodevelopmental loci that confer risk across 
diagnostic boundaries. Cell. 2012; 149(3):525–37. This study identified balanced translocation 
breakpoints at nucleotide resolution using low coverage WGS of large-insert libraries and found 
ASD patients also with a higher burden of large CNV load, suggesting a multigentic model of 
ASD. DOI: 10.1016/j.cell.2012.03.028 [PubMed: 22521361] 

Shen et al. Page 12

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



58. McCarroll SA, Kuruvilla FG, Korn JM, Cawley S, Nemesh J, Wysoker A, et al. Integrated 
detection and population-genetic analysis of SNPs and copy number variation. Nature genetics. 
2008; 40(10):1166–74. [PubMed: 18776908] 

59•. Ionita-Laza I, Lee S, Makarov V, Buxbaum JD, Lin X. Sequence Kernel Association Tests for the 
Combined Effect of Rare and Common Variants. American journal of human genetics. 2013; 
This study described a new statistical test method to determine the significance of genetic 
variation with increased power by combining both common variants from GWAS and rare 
variants from WES in the same individuals. doi: 10.1016/j.ajhg.2013.04.015

60••. Voineagu I, Wang X, Johnston P, Lowe JK, Tian Y, Horvath S, et al. Transcriptomic analysis of 
autistic brain reveals convergent molecular pathology. Nature. 2011; 474(7351):380–4. This was 
the first transcriptomic study of ASD that modeled co-expressed gene networks into organized 
modules and showed their roles in the pathogenesis of ASD by comparing the modules in normal 
vs. ASD brains. The authors found dysregulation of transcription and splicing as underlying 
mechanisms of ASD. DOI: 10.1038/nature10110 [PubMed: 21614001] 

61. Poelmans G, Franke B, Pauls DL, Glennon JC, Buitelaar JK. AKAPs integrate genetic findings for 
autism spectrum disorders. Translational psychiatry. 2013; 3:e270.doi: 10.1038/tp.2013.48 
[PubMed: 23756379] 

62•. Ghahramani Seno MM, Hu P, Gwadry FG, Pinto D, Marshall CR, Casallo G, et al. Gene and 
miRNA expression profiles in autism spectrum disorders. Brain research. 2011; 1380:85–97. This 
study showed gene and micro RNA expression profiles in ASD cell lines. DOI: 10.1016/
j.brainres.2010.09.046 [PubMed: 20868653] 

63•. Vaishnavi V, Manikandan M, Tiwary BK, Munirajan AK. Insights on the functional impact of 
microRNAs present in autism-associated copy number variants. PloS one. 2013; 8(2):e56781. 
This study evaluated the expression of micro RNAs within ASD-associated CNV regions and 
identified candidated micro RNAs that might regulate their target genes to contribute to the 
genetic heterogeneity and phenotypic variability of ASD. doi: 10.1371/journal.pone.0056781 
[PubMed: 23451085] 

64. Ben-David E, Shifman S. Combined analysis of exome sequencing points toward a major role for 
transcription regulation during brain development in autism. Molecular psychiatry. 2012 doi: 
10.1038/mp.2012.148 mp2012148 [pii]. 

65. Gilman SR, Iossifov I, Levy D, Ronemus M, Wigler M, Vitkup D. Rare de novo variants associated 
with autism implicate a large functional network of genes involved in formation and function of 
synapses. Neuron. 2011; 70(5):898–907. DOI: 10.1016/j.neuron.2011.05.021 [PubMed: 
21658583] 

66. Willsey AJ, Sanders SJ, Li M, Dong S, Tebbenkamp AT, Muhle RA, et al. Coexpression networks 
implicate human midfetal deep cortical projection neurons in the pathogenesis of autism. Cell. 
2013; 155(5):997–1007. DOI: 10.1016/j.cell.2013.10.020 [PubMed: 24267886] 

67. Parikshak NN, Luo R, Zhang A, Won H, Lowe JK, Chandran V, et al. Integrative functional 
genomic analyses implicate specific molecular pathways and circuits in autism. Cell. 2013; 155(5):
1008–21. DOI: 10.1016/j.cell.2013.10.031 [PubMed: 24267887] 

68. Corominas R, Yang X, Lin GN, Kang S, Shen Y, Ghamsari L, et al. Protein interaction network of 
alternatively spliced isoforms from brain links genetic risk factors for autism. Nature 
communications. 2014; 5:3650.doi: 10.1038/ncomms4650

69. Owen JP, Chang YS, Pojman NJ, Bukshpun P, Wakahiro ML, Marco EJ, et al. Aberrant white 
matter microstructure in children with 16p11.2 deletions. The Journal of neuroscience : the official 
journal of the Society for Neuroscience. 2014; 34(18):6214–23. DOI: 10.1523/JNEUROSCI.
4495-13.2014 [PubMed: 24790192] 

70. Stoner R, Chow ML, Boyle MP, Sunkin SM, Mouton PR, Roy S, et al. Patches of disorganization 
in the neocortex of children with autism. The New England journal of medicine. 2014; 370(13):
1209–19. DOI: 10.1056/NEJMoa1307491 [PubMed: 24670167] 

71. Penagarikano O, Abrahams BS, Herman EI, Winden KD, Gdalyahu A, Dong H, et al. Absence of 
CNTNAP2 leads to epilepsy, neuronal migration abnormalities, and core autism-related deficits. 
Cell. 2011; 147(1):235–46. DOI: 10.1016/j.cell.2011.08.040 [PubMed: 21962519] 

72. Horev G, Ellegood J, Lerch JP, Son YE, Muthuswamy L, Vogel H, et al. Dosage-dependent 
phenotypes in models of 16p11.2 lesions found in autism. Proceedings of the National Academy of 

Shen et al. Page 13

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sciences of the United States of America. 2011; 108(41):17076–81. DOI: 10.1073/pnas.
1114042108 [PubMed: 21969575] 

73. Tsai PT, Hull C, Chu Y, Greene-Colozzi E, Sadowski AR, Leech JM, et al. Autistic-like behaviour 
and cerebellar dysfunction in Purkinje cell Tsc1 mutant mice. Nature. 2012; 488(7413):647–51. 
DOI: 10.1038/nature11310 [PubMed: 22763451] 

74. Baudouin SJ, Gaudias J, Gerharz S, Hatstatt L, Zhou K, Punnakkal P, et al. Shared synaptic 
pathophysiology in syndromic and nonsyndromic rodent models of autism. Science. 2012; 
338(6103):128–32. DOI: 10.1126/science.1224159 [PubMed: 22983708] 

75. Etherton MR, Tabuchi K, Sharma M, Ko J, Sudhof TC. An autism-associated point mutation in the 
neuroligin cytoplasmic tail selectively impairs AMPA receptor-mediated synaptic transmission in 
hippocampus. The EMBO journal. 2011; 30(14):2908–19. DOI: 10.1038/emboj.2011.182 
[PubMed: 21642956] 

76. Hu Z, Hom S, Kudze T, Tong XJ, Choi S, Aramuni G, et al. Neurexin and neuroligin mediate 
retrograde synaptic inhibition in C. elegans. Science. 2012; 337(6097):980–4. DOI: 10.1126/
science.1224896 [PubMed: 22859820] 

77. Cohen S, Gabel HW, Hemberg M, Hutchinson AN, Sadacca LA, Ebert DH, et al. Genome-wide 
activity-dependent MeCP2 phosphorylation regulates nervous system development and function. 
Neuron. 2011; 72(1):72–85. DOI: 10.1016/j.neuron.2011.08.022 [PubMed: 21982370] 

78. Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisenman RN, et al. Transcriptional 
repression by the methyl-CpG-binding protein MeCP2 involves a histone deacetylase complex. 
Nature. 1998; 393(6683):386–9. DOI: 10.1038/30764 [PubMed: 9620804] 

79. Martinowich K, Hattori D, Wu H, Fouse S, He F, Hu Y, et al. DNA methylation-related chromatin 
remodeling in activity-dependent BDNF gene regulation. Science. 2003; 302(5646):890–3. DOI: 
10.1126/science.1090842 [PubMed: 14593184] 

80. Cheng TL, Wang Z, Liao Q, Zhu Y, Zhou WH, Xu W, et al. MeCP2 suppresses nuclear microRNA 
processing and dendritic growth by regulating the DGCR8/Drosha complex. Developmental cell. 
2014; 28(5):547–60. DOI: 10.1016/j.devcel.2014.01.032 [PubMed: 24636259] 

81. King IF, Yandava CN, Mabb AM, Hsiao JS, Huang HS, Pearson BL, et al. Topoisomerases 
facilitate transcription of long genes linked to autism. Nature. 2013; 501(7465):58–62. DOI: 
10.1038/nature12504 [PubMed: 23995680] 

82. Aoto J, Martinelli DC, Malenka RC, Tabuchi K, Sudhof TC. Presynaptic neurexin-3 alternative 
splicing trans-synaptically controls postsynaptic AMPA receptor trafficking. Cell. 2013; 154(1):
75–88. DOI: 10.1016/j.cell.2013.05.060 [PubMed: 23827676] 

83. Treutlein B, Gokce O, Quake SR, Sudhof TC. Cartography of neurexin alternative splicing mapped 
by single-molecule long-read mRNA sequencing. Proceedings of the National Academy of 
Sciences of the United States of America. 2014; 111(13):E1291–9. DOI: 10.1073/pnas.
1403244111 [PubMed: 24639501] 

84. Maunakea AK, Chepelev I, Cui K, Zhao K. Intragenic DNA methylation modulates alternative 
splicing by recruiting MeCP2 to promote exon recognition. Cell research. 2013; 23(11):1256–69. 
DOI: 10.1038/cr.2013.110 [PubMed: 23938295] 

85. Pignatelli M, Piccinin S, Molinaro G, Di Menna L, Riozzi B, Cannella M, et al. Changes in mGlu5 
receptor-dependent synaptic plasticity and coupling to homer proteins in the hippocampus of 
Ube3A hemizygous mice modeling angelman syndrome. The Journal of neuroscience : the official 
journal of the Society for Neuroscience. 2014; 34(13):4558–66. DOI: 10.1523/JNEUROSCI.
1846-13.2014 [PubMed: 24672001] 

86. Reiff M, Bernhardt BA, Mulchandani S, Soucier D, Cornell D, Pyeritz RE, et al. "What does it 
mean?": uncertainties in understanding results of chromosomal microarray testing. Genetics in 
medicine : official journal of the American College of Medical Genetics. 2012; 14(2):250–8. 
10.1038/gim.2011.52. [PubMed: 22241091] 

87. Reiff M, Ross K, Mulchandani S, Propert KJ, Pyeritz RE, Spinner NB, et al. Physicians' 
perspectives on the uncertainties and implications of chromosomal microarray testing of children 
and families. Clinical genetics. 2013; 83(1):23–30. DOI: 10.1111/cge.12004 [PubMed: 22989118] 

Shen et al. Page 14

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



88. Reiff M, Mueller R, Mulchandani S, Spinner NB, Pyeritz RE, Bernhardt BA. A Qualitative Study 
of Healthcare Providers' Perspectives on the Implications of Genome-Wide Testing in Pediatric 
Clinical Practice. Journal of genetic counseling. 2013; doi: 10.1007/s10897-013-9653-8

89. Adams SA, Coppinger J, Saitta SC, Stroud T, Kandamurugu M, Fan Z, et al. Impact of genotype-
first diagnosis: the detection of microdeletion and microduplication syndromes with cancer 
predisposition by aCGH. Genetics in medicine : official journal of the American College of 
Medical Genetics. 2009; 11(5):314–22. DOI: 10.1097/GIM.0b013e3181a028a5 [PubMed: 
19365269] 

90. Pichert G, Mohammed SN, Ahn JW, Ogilvie CM, Izatt L. Unexpected findings in cancer 
predisposition genes detected by array comparative genomic hybridisation: what are the issues? 
Journal of medical genetics. 2011; 48(8):535–9. DOI: 10.1136/jmg.2010.087593 [PubMed: 
21429933] 

91. Boone PM, Soens ZT, Campbell IM, Stankiewicz P, Cheung SW, Patel A, et al. Incidental copy-
number variants identified by routine genome testing in a clinical population. Genetics in 
medicine : official journal of the American College of Medical Genetics. 2013; 15(1):45–54. DOI: 
10.1038/gim.2012.95 [PubMed: 22878507] 

92. Dorschner MO, Amendola LM, Turner EH, Robertson PD, Shirts BH, Gallego CJ, et al. 
Actionable, pathogenic incidental findings in 1,000 participants' exomes. American journal of 
human genetics. 2013; 93(4):631–40. DOI: 10.1016/j.ajhg.2013.08.006 [PubMed: 24055113] 

93•. Green RC, Berg JS, Grody WW, Kalia SS, Korf BR, Martin CL, et al. ACMG recommendations 
for reporting of incidental findings in clinical exome and genome sequencing. Genetics in 
medicine : official journal of the American College of Medical Genetics. 2013; 15(7):565–74. 
This article outlines what genes with incidental findings should be reported by laboratories 
performing WES/WGS and how the determination was made. DOI: 10.1038/gim.2013.73 
[PubMed: 23788249] 

94•. Michaelson JJ, Shi Y, Gujral M, Zheng H, Malhotra D, Jin X, et al. Whole-genome sequencing in 
autism identifies hot spots for de novo germline mutation. Cell. 2012; 151(7):1431–42. This was 
the first WGS study that revealed de novo nucleotide substitutions as a significant risk factor for 
ASD. DOI: 10.1016/j.cell.2012.11.019 [PubMed: 23260136] 

95••. Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson G, et al. Rate of de novo 
mutations and the importance of father's age to disease risk. Nature. 2012; 488(7412):471–5. This 
article first linked de novo mutation rate to paternal age and its implications in the understanding 
of the pathogenesis of ASD and recurrence risk assesment regarding ASD. DOI: 10.1038/
nature11396 [PubMed: 22914163] 

96. Bell CJ, Dinwiddie DL, Miller NA, Hateley SL, Ganusova EE, Mudge J, et al. Carrier testing for 
severe childhood recessive diseases by next-generation sequencing. Science translational medicine. 
2011; 3(65):65ra4.doi: 10.1126/scitranslmed.3001756

97. Kingsmore S. Comprehensive carrier screening and molecular diagnostic testing for recessive 
childhood diseases. PLoS currents. 2012; :e4f9877ab8ffa9.doi: 10.1371/4f9877ab8ffa9

98. Chakrabarti S, Fombonne E. Pervasive developmental disorders in preschool children. JAMA : the 
journal of the American Medical Association. 2001; 285(24):3093–9. [PubMed: 11427137] 

99. Icasiano F, Hewson P, Machet P, Cooper C, Marshall A. Childhood autism spectrum disorder in the 
Barwon region: a community based study. Journal of paediatrics and child health. 2004; 40(12):
696–701. DOI: 10.1111/j.1440-1754.2004.00513.x [PubMed: 15569287] 

100. Lauritsen MB, Pedersen CB, Mortensen PB. Effects of familial risk factors and place of birth on 
the risk of autism: a nationwide register-based study. Journal of child psychology and psychiatry, 
and allied disciplines. 2005; 46(9):963–71. DOI: 10.1111/j.1469-7610.2004.00391.x

101. Ozonoff S, Young GS, Carter A, Messinger D, Yirmiya N, Zwaigenbaum L, et al. Recurrence risk 
for autism spectrum disorders: a Baby Siblings Research Consortium study. Pediatrics. 2011; 
128(3):e488–95. DOI: 10.1542/peds.2010-2825 [PubMed: 21844053] 

102••. Sandin S, Lichtenstein P, Kuja-Halkola R, Larsson H, Hultman CM, Reichenberg A. The 
familial risk of autism. JAMA : the journal of the American Medical Association. 2014; 311(17):
1770–7. This study of a large cohort of ASD families and control populations in Sweden 
provided new insight into the heretibility and recurrent risks of ASD. DOI: 10.1001/jama.
2014.4144 [PubMed: 24794370] 

Shen et al. Page 15

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



103•. Hultman CM, Sandin S, Levine SZ, Lichtenstein P, Reichenberg A. Advancing paternal age and 
risk of autism: new evidence from a population-based study and a meta-analysis of 
epidemiological studies. Molecular psychiatry. 2011; 16(12):1203–12. This study of population-
based study and meta-analysis provided further evidence of advanced paternal age as a risk factor 
in ASD. DOI: 10.1038/mp.2010.121 [PubMed: 21116277] 

104. Sahin M. Targeted treatment trials for tuberous sclerosis and autism: no longer a dream. Current 
opinion in neurobiology. 2012; 22(5):895–901. DOI: 10.1016/j.conb.2012.04.008 [PubMed: 
22560338] 

105. Stone RL, Aimi J, Barshop BA, Jaeken J, Van den Berghe G, Zalkin H, et al. A mutation in 
adenylosuccinate lyase associated with mental retardation and autistic features. Nature genetics. 
1992; 1(1):59–63. DOI: 10.1038/ng0492-59 [PubMed: 1302001] 

106. Dennis M, Lockyer L, Lazenby AL, Donnelly RE, Wilkinson M, Schoonheyt W. Intelligence 
patterns among children with high-functioning autism, phenylketonuria, and childhood head 
injury. Journal of autism and developmental disorders. 1999; 29(1):5–17. [PubMed: 10097991] 

107. Spilioti M, Evangeliou AE, Tramma D, Theodoridou Z, Metaxas S, Michailidi E, et al. Evidence 
for treatable inborn errors of metabolism in a cohort of 187 Greek patients with autism spectrum 
disorder (ASD). Frontiers in human neuroscience. 2013; 7:858.doi: 10.3389/fnhum.2013.00858 
[PubMed: 24399946] 

108•. Novarino G, El-Fishawy P, Kayserili H, Meguid NA, Scott EM, Schroth J, et al. Mutations in 
BCKD-kinase lead to a potentially treatable form of autism with epilepsy. Science. 2012; 
338(6105):394–7. This recent article reported a rare autosomal recessive form of autism due to an 
enzymatic deficiency in the amino-acid etabolic pathway. This is of particular interest, because it 
suggests that some form of ASD may be potentially treatable through nutritional supplement. 
DOI: 10.1126/science.1224631 [PubMed: 22956686] 

Shen et al. Page 16

Curr Genet Med Rep. Author manuscript; available in PMC 2018 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shen et al. Page 17

Table 1

Genes conferring susceptibility to ASD

Gene Description Related syndrome /
co-morbidity

Approaches Molecular Function

CACNA1C calcium channel, voltage-
dependent, L type, alpha 1C 
subunit

Timothy syndrome, WGS Ion channel

CNTN4 contactin 4 3p deletion CNV, BCA Synaptic formation and 
maintenance

CNTNAP2 contactin associated protein-like 
2

Pitt-Hopkins like BCA, GWAS, targeted NGS, 
animal model

Synaptic adhesion

FMR1 fragile X mental retardation 1 fragile X syndrome, animal model Regulation of protein 
synthesis

GABRB3 gamma-aminobutyric acid 
(GABA) A receptor, beta 3

Angelman GWAS, CNV, animal model Neurotransmitter receptor

GRIN2A glutamate receptor, ionotropic, 
N-methyl D-aspartate (NMDA) 
2A

Epilepsy and speech 
disorder

GWAS, CNV Neurotransmitter receptor

GRIN2B glutamate receptor, ionotropic, 
N-methyl D-aspartate (NMDA) 
2B

intellectual disability GWAS, BCA, WES Neurotransmitter receptor

MBD5 Methyl-CpG binding domain 
protein 5

intellectual disability CNV, WGS Epigenetic regulation

MECP2 Methyl CpG binding protein 2 Rett syndrome, animal model Epigenetic regulation

NLGN1 neuroligin 1 intellectual disability CNV, animal model Synaptic adhesion

NLGN3 neuroligin 3 developmental delay CNV, WGS, animal model Synaptic adhesion

NLGN4X neuroligin 4, X-linked developmentaldelay CNV, WES Synaptic adhesion

NRXN1 neurexin 1 Pitt-Hopkins like CNV, BCA, animal model Synaptic adhesion

PTEN phosphatase and tensin homolog Macrocephaly/autism syndrome, WES, animal 
model

Regulation of protein 
synthesis

RELN Reelin lissencephaly GWAS, WES, animal model Brain architecture

SCN2A sodium channel, voltage-gated, 
type II, alpha subunit

epilepsy WES Ion channel

SHANK2 SH3 and multiple ankyrin repeat 
domains 2

intellectual disability CNV, animal model Synaptic scaffolding

SHANK3 SH3 and multiple ankyrin repeat 
domains 3

22q13.3del CNV, animal model Synaptic scaffolding

SYNGAP1 synaptic Ras GTPase activating 
protein 1

intellectual disability CNV, animal model Synaptic formation and 
maintenance

TSC1 tuberous sclerosis 1 Tubular sclerosis syndrome Regulation of protein 
synthesis

TSC2 tuberous sclerosis 2 Tubular sclerosis syndrome, WES, animal 
model

Regulation of protein 
synthesis

UBE3A ubiquitin protein ligase E3A Angelman syndrome, CNV, animal 
model

Regulation of protein 
degradation

Genes that have been identified in multiple unrelated ASD patients and with a strong genetic and functional evidence are listed in the alphabetical 
order. The approaches to which the genes are established as ASD susceptible genes are indicated, where “syndrome” indicates that the gene was 
first identified as the cause of a syndrome related the ASD and “animal model” indicates supporting functional evidence from animal models of the 
gene.

Abbreviations: BCA, balanced chromosomal abnormality; CNV, copy number variation, GWAS, genome-wide association studies; NGS, next-
generation sequencing; WES, whole exome sequencing; WGS, whole genome sequencing.
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