
INTRODUCTION

Autism spectrum disorders (ASD) is characterized by im-
pairments in reciprocal social interaction, communication and 
by restricted/repetitive behaviors in early childhood.1,2 ASD af-
fects about 1 in 80–110 individuals, with onset before the age 
of three years.1,3,4 In addition to specific clinical symptoms, ap-
proximately 31% ASD patients’ also present intellectual dis-
ability (ID) and 20–25% has seizures.5-7 There is no definitive 
pharmacotherapy for the treatment of core symptoms of ASD. 
Therapies commonly used to reduce behavioral, educational 
and immunological symptoms. Antipsychotic drugs only tar-
get the secondary symptoms of irritability, aggression, anxiety, 
depression, and self-injurious behaviors.2,8 Until now, family-
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based and twin studies indicated significant genetic basis for 
ASD susceptibility.1,3 Etiopathogenesis of ASD remains largely 
unknown but now, it is well recognized that ASD as a complex 
disorder, involve the complex interaction of several genes and 
environmental risk factors.9-11 The genetic architecture of ASD 
comprises a diversity of rare single nucleotide variants, copy 
number variations (CNVs), chromosomal abnormalities, and 
common polymorphic variations.12 The recent advances in 
ASD genetics are summarized in Table 1. Additionally epigen-
etic dysregulation might contribute to significant proportion of 
ASD cases.2,11,13

Advances in genomic technology, including array-based ge-
nome-wide association studies (GWAS) of single nucleotide 
polymorphisms (SNPs), CNV studies and whole exome-se-
quencing (WES) technologies, have been key to this paradigm 
shift in psychiatric research.12,14-16 Like other complex diseases 
such as hypertension and diabetes, psychiatric disorders are 
not inherited in a Mendelian fashion but have a complex ge-
netic architecture involving a spectrum of mutations from 
small DNA sequence variations to large chromosomal rear-
rangements and epigenetic regulation.17,18 According to latest 
data, rare truncating heterozygous variants have a predomi-
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nant role in the etiology of autism.19 This review briefly empha-
sizes autism genetics, examining recent evidences by demon-
strating the potential usage of next generation sequencing 
technologies, particularly WES studies in this respect.

DEVELOPMENT OF NEW SEQUENCING 
TECHNOLOGIES

In the 1970s, Sanger et al.20 and Maxam and Gilbert21 devel-
oped new methods to sequence DNA by chain termination and 
fragmentation techniques, respectively. The technique devel-
oped by Sanger and colleagues, commonly referred as Sanger 
sequencing, required less handling of toxic chemicals and ra-
dioisotopes than Maxam and Gilbert’s method. As a result, it 
became the prevailing DNA sequencing method for the next 
30 years.22,23 Even union of chain termination sequencing by 
Sanger et al. and the polymerase chain reaction (PCR) by Mul-
lis et al. established many marked events in genetic studies, 
eventually the completion of Human Genome Project, as well 
as other genome projects of many species.22,24-26

There is a great diversity of DNA variation in human genome 
and these variations comprise small base changes (substitu-
tions), rearrangements such as inversions and translocations, 
insertions and deletions of DNA and large genomic deletions of 
exons or whole genes. Traditional sequencing methods, espe-
cially Sanger sequencing, is restricted to the discovery of varia-
tions including small insertions or deletions. For the other re-
maining mutations dedicated assays are frequently performed 
with fluorescence in situ hybridization (FISH) for conventional 
karyotyping, or comparative genomic hybridisation (CGH) mi-
croarrays to detect submicroscopic chromosomal CNVs such 
as microdeletions or duplications.27

Developments between 1977 and 2005 were focused on in-
creasing through as, accuracy and decreasing cost. Automated 
Sanger sequencing method defined as the first-generation 
technology, while Next Generation Sequencing (NGS) repre-

sents the second generation technology. The need for high-
throughput, low-cost sequencing drove the development of 
massively parallel technologies. As a result, new improvements 
for sequencing technologies developed in recent years.28 NGS 
libraries in a cell free system were the first major difference. 
Thousands-to-many-millions of sequencing reactions are pro-
duced in parallel which is called “massively parallel sequenc-
ing.”29 Also, the sequencing output is directly detected without 
the need for electrophoresis; base interrogation is performed 
cyclically and in parallel.22,25 The huge number of reads gener-
ated by NGS enabled the sequencing of whole genomes with 
an unprecedented speed and thus it became widely used in 
various fields of life sciences.25 The first NGS technology to be 
released in 2005 was the pyrosequencing method by Roche 454 
Life Sciences. There are other sequencing platforms including 
Illumina, Solex, SOLID.22,30-32 Third-generation sequencing 
technology can determine the base composition of single DNA 
molecules and also enables real-time sequencing.25

NGS involves the whole of genome and whole exome se-
quencing, aim at developing an understanding the variations 
in human genome, determines the genetic tendencies to dis-
eases and finding out the pharmacogenetical drug responses. 
With the evolution of NGS technology, costs of all the ge-
nome sequencing activities will gradually decrease. NGS in-
cludes different applications including RNA sequencing, 
ChIP-seq, ChIP-chip, whole genome sequencing, whole ge-
nome structural variations, mutation detection and carrier 
screening, determination of hereditary diseases, preparation 
of DNA libraries, mitochondrial genome sequencing and in-
dividual genomics.33 This new generation DNA sequencing 
technology has provided certain benefits in terms of acquir-
ing information pertaining to the genetic/epigenetic regulato-
ry networks, chromatin structure, nuclear structuring and ge-
nome variations.22,34 Undoubtedly, these kinds of research 
activities will be at the forefront in the future years.

NGS like many other techniques has some limitations. Exome 

Table 1. Recent key advances in the genetic studies of ASD

Year/period Methods Related events
1943 - Identification of autism by Leo Kanner
1970− Twin studies Genetic contribution of ASD (60–90% heritability in twin studies)
1988− Linkage analysis Polygenic inheritance of autism (identification of different locus susceptibility) 
2003 DNA sequencing of human genome Completion of human genome project and sequence of human genomic DNA
2007− Next generation technology applications Common variants are the major part of mendelian disorders, 

   autism and other complex disorders
2007− Epigenetic studies Understanding the mechanisms of epigenetic regulation 

   in the pathophysiology of autism
2009− Whole exome-whole genome sequencing Detection of de novo or inherited mutations in the coding regions 

   and new candidate genes for ASD
ASD: autism spectrum disorders
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Table 2. The latest identified variations with whole exome sequencing studies in ASD group

Gene symbol Gene name Mutation type References
FOXP1 Forkhead Box P1 Frameshift 52
TGM3 Transglutaminase 3 Missense 52
LAMC3 Laminin, Gamma 3 Missense 52
MYO1A Myosin IA 3’UTR 52
GPR139 G protein-coupled receptor 139 Missense 52
SCN1A Sodium channel, voltage-gated, type I, alpha subunit Missense 52
PLCD1 Phospholipase C, delta 1 Synonymous 52
SYNE1 Spectrin repeat containing, nuclear envelope 1 Missense 52
TAF1L TAF1 RNA polymerase II, TATA box binding protein (TBP)-associated factor 3’UTR 52
DCTN5 Dynactin 5 3’UTR 52
SLC30A5 Solute carrier family 30 (zinc transporter), member 5 Missense 52
IL1R2 Interleukin 1 receptor, type II Synonymous 52
AFF4 AF4/FMR2 family, member 4 Synonymous 52
GRIN2B Glutamate receptor, ionotropic, N-methyl D-aspartate 2B 3’ splice 52
EPHB6 EPH receptor B6 Synonymous 52
ARHGAP15 Rho GTPase activating protein 15 Synonymous 52
XIRP1 Xin actin-binding repeat containing 1 Missense 52
CHST5 Carbohydrate (N-acetylglucosamine 6-O) sulfotransferase 5 Synonymous 52
TTN Titin Synonymous 52
TLK2 Tousled-like kinase 2 Missense 52
RBMS3 RNA binding motif, single stranded interacting protein 3 Missense 52
ADAM33 ADAM metallopeptidase domain 33 Nonsense 53
CSDE1 Cold shock domain containing E1, RNA-binding Nonsense 53
EPHB2 EPH (Ephrin) receptor B2 Nonsense 53
FAM8A1 Family with sequence similarity 8, member A1 Nonsense 53
FREM3 FRAS1 related extracellular matrix 3 Nonsense 53
MPHOSPH8 M-phase phosphoprotein 8 Nonsense 53
PPM1D Protein phosphatase 1D magnesium-dependent, delta isoform Nonsense 53
RAB2A RAB2A, member RAS oncogene family Nonsense 53
SCN2A Sodium channel, voltage-gated, type II, alpha subunit Nonsense 53
BTN1A1 Butyrophilin, subfamily 1, member A1 Splice Site 53
FCRL6 Fc receptor-like 6 Splice Site 53
KATNAL2 Katanin p60 subunit A-like 2 Splice Site 53
NAPRT1 Nicotinate phosphoribosyltransferase domain containing 1 Splice Site 53
RNF38 Ring finger protein 38 Splice Site 53
SCP2 Sterol carrier protein 2 Frameshift 53
SHANK2 SH3 and multiple ankyrin repeat domains 2 Frameshift 53
ABCA1 ATP-binding cassette, sub-family A (ABC1), member 1 Missense 56
ANK3 Ankyrin 3 Missense 56
CLCN6 Chloride channel, voltage-sensitive 6 Missense 56
HTR3A 5-hydroxytryptamine (serotonin) receptor 3A Missense 56
RIPK2 Receptor-interacting serine-threonine kinase 2 Missense 56
SLIT3 Slit homolog 3 Missense 56
UNC13B Uncl3 homolog B Missense 56
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Table 2. The latest identified variations with whole exome sequencing studies in ASD group (continued)

Gene symbol Gene name Mutation type References
FOXP1 Forkhead Box P1 Frameshift 52
TGM3 Transglutaminase 3 Missense 52
LAMC3 Laminin, Gamma 3 Missense 52
MYO1A Myosin IA 3’UTR 52
GPR139 G protein-coupled receptor 139 Missense 52
SCN1A Sodium channel, voltage-gated, type I, alpha subunit Missense 52
PLCD1 Phospholipase C, delta 1 Synonymous 52
SYNE1 Spectrin repeat containing, nuclear envelope 1 Missense 52
TAF1L TAF1 RNA polymerase II, TATA box binding protein (TBP)-associated factor 3’UTR 52
DCTN5 Dynactin 5 3’UTR 52
SLC30A5 Solute carrier family 30 (zinc transporter), member 5 Missense 52
IL1R2 Interleukin 1 receptor, type II Synonymous 52
AFF4 AF4/FMR2 family, member 4 Synonymous 52
GRIN2B Glutamate receptor, ionotropic, N-methyl D-aspartate 2B 3’ splice 52
EPHB6 EPH receptor B6 Synonymous 52
ARHGAP15 Rho GTPase activating protein 15 Synonymous 52
XIRP1 Xin actin-binding repeat containing 1 Missense 52
CHST5 Carbohydrate (N-acetylglucosamine 6-O) sulfotransferase 5 Synonymous 52
TTN Titin Synonymous 52
TLK2 Tousled-like kinase 2 Missense 52
RBMS3 RNA binding motif, single stranded interacting protein 3 Missense 52
ADAM33 ADAM metallopeptidase domain 33 Nonsense 53
CSDE1 Cold shock domain containing E1, RNA-binding Nonsense 53
EPHB2 EPH (Ephrin) receptor B2 Nonsense 53
FAM8A1 Family with sequence similarity 8, member A1 Nonsense 53
FREM3 FRAS1 related extracellular matrix 3 Nonsense 53
MPHOSPH8 M-phase phosphoprotein 8 Nonsense 53
PPM1D Protein phosphatase 1D magnesium-dependent, delta isoform Nonsense 53
RAB2A RAB2A, member RAS oncogene family Nonsense 53
SCN2A Sodium channel, voltage-gated, type II, alpha subunit Nonsense 53
BTN1A1 Butyrophilin, subfamily 1, member A1 Splice Site 53
FCRL6 Fc receptor-like 6 Splice Site 53
KATNAL2 Katanin p60 subunit A-like 2 Splice Site 53
NAPRT1 Nicotinate phosphoribosyltransferase domain containing 1 Splice Site 53
RNF38 Ring finger protein 38 Splice Site 53
SCP2 Sterol carrier protein 2 Frameshift 53
SHANK2 SH3 and multiple ankyrin repeat domains 2 Frameshift 53
ABCA1 ATP-binding cassette, sub-family A (ABC1), member 1 Missense 56
ANK3 Ankyrin 3 Missense 56
CLCN6 Chloride channel, voltage-sensitive 6 Missense 56
HTR3A 5-hydroxytryptamine (serotonin) receptor 3A Missense 56
RIPK2 Receptor-interacting serine-threonine kinase 2 Missense 56
SLIT3 Slit homolog 3 Missense 56
UNC13B Uncl3 homolog B Missense 56
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Table 2. The latest identified variations with whole exome sequencing studies in ASD group (continued)

Gene symbol Gene name Mutation type References

BRCA2 Breast cancer 2 Missense 55

FAT1 FAT atypical cadherin 1 Missense 55

KCNMA1 Potassium large conductance calcium-activated channel, subfamily M, alpha member 1 Missense 55
CHD8 Chromodomain helicase DNA binding protein 8 Frameshift indel,  

missense
54

NTNG1 Netrin G1 Missense 54
GRIN2B Glutamate receptor, ionotropic, N-methyl D-aspartate 2B Frameshift indel,  

nonsense, splice site
54

LAMC3 Laminin, Gamma 3 Missense 54

SCN1A Sodium channel, voltage-gated, type I, alpha subunit Missense 54

CTTNBP2 Cortactin binding protein 2 Frameshift deletion 58

RIMS1 Regulating synaptic membrane exocytosis 1 Frameshift insertion 58

DYRK1A Dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A Frameshift deletion 58

ZFYVE26 Zinc finger, FYVE domain containing 26 Frameshift deletion 58

DST Dystonin Frameshift deletion 58

ANK2 Ankyrin 2 Nonsense 58

UBE3B Ubiquitin protein ligase E3B Missense 57

CLTCL1 Clathrin, heavy chain-like 1 Missense 57

ZNF18 Zinc finger protein 18 Missense 57

AMT Aminomethyltransferase Missense 62

PEX7 Peroxisomal biogenesis factor 7 Missense 62

SYNE1 Spectrin repeat containing, nuclear envelope 1 Missense 62

VPS13B Vacuolar protein sorting 13 homolog B Missense, frameshift 62

PAH Phenylalanine hydroxylase Frameshift 62

POMGNT1 Protein O-linked mannose N-acetylglucosaminyltransferase 1 Missense 62

ANK3 Ankyrin 3 Missense 61

CIC Capicua Transcriptional Repressor Missense 47

GLUD2 Glutamate dehydrogenase 2 Missense 47

ROGD1 Rogdi homolog (Drosophila) Missense 47

SEZ6 Seizure related 6 homolog Missense 47

CEP290 Centrosomal protein 290 kDa Missense 47

CSMD1 CUB and Sushi multiple domains 1 Missense 47

FAT1 FAT atypical cadherin 1 Missense 47

STXBP5 Syntaxin binding protein 5 Missense 47

CHD2 Chromodomain helicase DNA binding protein 2 Frameshift 64

KMT2E Lysine (K)-specific methyltransferase 2E Frameshift 64

PHF3 PHD finger protein 3 Frameshift 64

RIMS1 Regulating synaptic membrane exocytosis 1 Frameshift 64

KCND2 Potassium voltage-gated channel, Shal-related subfamily, member 2 Missense 66

BICC1 BicC family RNA binding protein 1 Missense 66

SLC8A2 Solute carrier family 8 (sodium/calcium exchanger), member 2 Missense 66

GPR124 G protein-coupled receptor 124 Missense 66
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enrichment is the basis for exome sequencing technology. The 
exome regions are enriched by different methods including 
hybridization capture or solution based methodology.35 Differ-
ently from Sanger sequencing, each run of samples generated 
a single sequencing read. The specific location of each read 
must be determined computationally referred as mapping or 
alignment. Secondly, multiple coverage is required to analyze 
the full allelic content of the sample.29 Fragment sequencing 
has higher sequencing error rates than Sanger sequencing; 
thus, further validation of identified variations using Sanger 
sequencing is very important.36 The weaknesses of these tech-
nologies are solved with the arrival of third-generation se-
quencing technologies.35 HapMap or dbSNP databases, cannot 
effectively exclude common and irrelative variants that ob-
tained from WES. With the application of the Bonferroni cor-
rection and true bioinformatic approaches, the true variants 
would be distinguished through the yielded threshold.37 Statis-
tical metrics are essential to distinguish false positive data from 
true positives.38 The researchers should be focused on the non-
synonymous (NS) variants, splice acceptor-site or donor-site 
mutations, and frameshift mutations (insertions/deletions).

Whole exome sequencing in Mendelian disorders 
and complex diseases

Determination of the genetic basis which lies behind the rare 
single gene diseases is important for understanding to the 
mechanism of disease in terms of finding out its role in the bio-
logical pathways and developing the treatment.37 Since research-
es on wide genome linkage and Mendelian inheritance pattern 
(autosomal dominant, autosomal recessive, X-linked recessive) 
while they demonstrate a perfect segregation, because of this, 
successful results were obtained in the determination of these 
variants.39,40 Exome sequencing serves for the sequencing of all 
the exons in the genome. Since a significant part of mutations 
exists in the exons, this approach is efficient in revealing the 
Mendelian diseases. Success of exome sequencing in revealing 
these mutations and identifying genes have been demonstrat-
ed by several studies.40-42 It is estimated that 85% of the disease-
causing mutations are located in coding and functional regions 
of the genome.43 Therefore, sequencing of the exome, has the 
potential to uncover the causes of large number of rare, mostly 
monogenic (Mendelian disorders), genetic disorders as well as 
predisposing variations in common diseases.24

Within the last five years, researches have made numerous 

Table 2. The latest identified variations with whole exome sequencing studies in ASD group (continued)

Gene symbol Gene name Mutation type References
IL1RAPL1 Interleukin 1 Receptor Accessory Protein-Like 1 Missense 68
GPRASP2 G protein-coupled receptor associated sorting protein 2 Missense 68
GABRQ Gamma-aminobutyric acid (GABA) A receptor, theta Missense 68
SYTL4 Synaptotagmin-like 4 Missense 68
PIR Pirin (iron-binding nuclear protein) Missense 68
CHAC1 Cation Transport Regulator Homolog 1 Frameshift 68
RPS24 Ribosomal protein S24 Nonsense 67
CD300LF CD300 molecule-like family member f Frameshift 67
CDKL5 Cyclin-Dependent Kinase-Like 5 Missense 69
SCN2A Sodium channel, voltage-gated, type II, alpha subunit Nonsense 69
CUL3 Cullin 3 Missense 69
MED13L Mediator complex subunit 13-like Frameshift 69
KCNV1 Potassium channel, subfamily V, member 1 Frameshift 69
MAOA Monoamine oxidase A Splice site 69
PTEN Phosphatase and tensin homolog Splice site 69
FOXP1 Forkhead box protein P1 Frameshift 70
SLC7A11 Solute carrier family 7 member 11 Missense 71
ICA1 Islet cell autoantigen 1 Missense 71
DNAJC1 DnaJ (Hsp40) homolog, subfamily C, member 1 Missense 71
C1S Complement component 1, s subcomponent Missense 71
TRAPPC12 Trafficking protein particle complex 12 Missense 71
CLN8 Ceroid-Lipofuscinosis, Neuronal 8 Missense 71

ASD: autism spectrum disorders



E Funda Sener et al. 

   www.psychiatryinvestigation.org  261

studies regarding the complex diseases. Before these research-
es, complex phenotype studies mainly focused on the candi-
date gene, linkage and association studies. Although the link-
age analysis were used to define the variants in thousands of 
Mendelian diseases, this method was not effective in complex 
diseases due to the effect of many genetic and environmental 
factors. Additionally, exome sequencing provides new oppor-
tunities in complex and rare diseases, and also in sporadic 
cases, which have been used since 2007.44 However, currently 
only the allelic variants responsible from only less than half of 
these diseases have been determined. Factors aggravating the 
diagnosis include the existence of only one case within the 
family and locus heterogeneity (mutations in different locus 
result in the same phenotype). Each of these factors limit the 
strategies used in candidate gene determination.39,40 Due to 
the difficulty in finding sufficient number of samples, linkage 
studies are not effective in focusing on the rare diseases and 
sporadic cases. In addition, linkage studies may also fail due 
to the genetic and phenotypic heterogeneity in Mendelian 
diseases. Exome sequencing has been used in defining the 
variants of several rare diseases such as the Kabuki Syndrome, 
Miller Syndrome and the Schinzel-Giedion Syndrome. WES 
may be considered as an efficient technique in diseases which 
demonstrate genetic heterogeneity.38,42 GWAS of neuropsychi-
atric disorders have unequivocally shown that common vari-
ants with large effects do not underlie schizophrenia or au-
tism.45 For this reason, it is important to use such technologies 
to discover new molecular pathways which are responsible 
for these complex disorders.

Whole exome sequencing implications in autism
With the advances in genomic technology, such as array-

based GWAS and array comparative genomic hybridization 
(aCGH), researchers have been able to detect several rare ge-
nomic rearrangements and CNVs in subsets of cases with 
ASD.18 GWAS and WES have allowed the potential genetic 
mechanisms underlying the overlap between psychiatric dis-
orders to be investigated more directly and easily.18,46 WES 
seems to be frequently used in complex disorders including 
autism and the number of such studies is increasing gradually 
(Table 2).47-51 One of the advantages of WES is that a specific 
gene which harbors a genetic variant can be identified. Addi-
tionally, related biological pathways can be further investigat-
ed. The function of specific types of mutation, including non-
sense and missense mutations can be predicted by the help of 
publicly available bioinformatic resources.14

The exomes of 20 individuals with sporadic ASD patients 
and their parents (trio-based study) were sequenced. Totally, 
21 de novo mutations were identified and 11 of these muta-
tions were altering the protein structure. The researchers sug-

gested that trio-based exome sequencing is a powerful ap-
proach for identifying new candidate genes for ASD.52 
Sanders et al.53 showed a total of 279 identified de novo coding 
mutations using WES of 928 individuals. Interestingly, two 
independent nonsense variants disrupt the same SCN2A 
gene. A total of 677 individual exomes from 209 families were 
sequenced in 2012. Moreover, 39% (49 of 126) of the most se-
vere de novo mutations were related with a highly intercon-
nected β-catenin/chromatin remodelling protein network as 
new candidate genes for autism. In probands’ exomes, pro-
tein-altering mutations were observed in CHD8 and NTNG1 
genes.54 In another study, Neale et al.55 assessed the role of de 
novo mutations by sequencing the exomes of ASD cases and 
their parents (n=175 trios). They observed totally 161 coding 
region point mutations (50 silent, 101 missense, and 10 non-
sense), 2 conserved splice site (CSS) single nucleotide varia-
tions (SNVs) and 6 frameshift indels. Their results provided 
strong evidence in favor of CHD8 and KATNAL2 genes were 
likely to be important genetic risk factors. In the same year an-
other WES study was conducted in a cohort of 20 ASD pa-
tients. They also sequenced an additional 47 ASD samples, and 
identified three different missense mutations in ANK3 gene in 
four unrelated ASD cases. One of the mutation (c.4705T>G/
p.S1569A) is a de novo mutation. With this finding the authors 
suggested an association between ANK3 mutations and ASD 
susceptibility and imply a shared molecular pathophysiology 
between ASD and other neuropsychiatric disorders such as 
schizophrenia, and bipolar disorders. ANK3 gene is a member 
of the ankyrin family of proteins that is associated with the 
spectrin-actin cytoskeleton in neuronal cells. Loss of function 
of ANK3 may influence neuronal excitability through ion 
channel function and affects synaptic development and func-
tions.56

WES of 16 probands by the completion of homozygosity 
mapping revealed validated homozygous, potentially patho-
genic recessive mutations that segregated perfectly with dis-
ease in 4 families. Identified mutations except in the NCK-
AP5L gene (the other candidate genes were UBE3B, CLTCL1 
and ZNF18) were probably or possibly damaging according 
to PolyPhen 2. The candidate genes that identified in this 
study (UBE3B, CLTCL1, NCKAP5L, ZNF18) encode proteins 
involved in different pathways especially proteolysis, GTPase-
mediated signaling, cytoskeletal organization.57 Exome se-
quencing of simplex 343 families with ASD revealed de novo 
small indels and point mutations. This study demonstrated 
that gene-disrupting mutations (nonsense, splice site, and 
frame shift) are twice as frequent in affected versus unaffected 
children.58 In another study a large autism family with five 
generation (47 family members) were investigated with both 
WES and linkage analysis. The authors obtained strong asso-
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ciation for localization of a risk locus to chromosome 22, pre-
cisely bound the interval likely to carry the risk variant, and 
prioritize evaluation of all exome sequence variants within 
that region.59 Exome sequencing was applied to the X chro-
mosome in 12 unrelated families with two affected males with 
a different approach. A nonsense mutation in the TMLHE gene 
was identified in two brothers with autism and intellectual 
disability. Further functional analyses confirmed that the mu-
tations were associated with a loss-of-function and this find-
ing supported the rare variants on the X chromosome are in-
volved in the etiology of ASD.60 With WES, two probands from 
a large pedigree including two parents and eight children ex-
amined. The researchers identified 59 candidate variants that 
may increase susceptibility to autism. They suggested only 
one gene, ANK3 (c.11068G>A/p.G3690R mutation), as the 
most likely candidate gene in this family.61 WES applied to 11 
ASD families enriched for inherited causes due to consan-
guinity and this study determined familial ASD associated 
with biallelic mutations in disease genes (PAH, SYNE1, AMT, 
POMGNT1, PEX7, VPS13B), some of them implicated for the 
first time in ASD. PEX7 gene encodes a receptor required for 
import of PTS2 (peroxisome targeting signal 2)-containing 
proteins into the peroxisome.62

Total of 42 Australian ASD families with 48 probands were 
screened with WES. Among 44 de novo variants, there were 4 
were intergenic, 29 associated with protein-coding sequences, 
9 were intronic, and 2 occur in 3’-UTR regions of genes. Gene 
ontology analysis revealed that identified de novo variants 
cluster in key neurobiological processes involving neuronal 
development, signal transduction and synapse development 
including the neurexin trans-synaptic complex.63 Cukier et 
al.48 performed WES on 164 individuals from 40 families with 
multiple affected individuals. According to their data, poten-
tially novel ASD candidates identified that including genes 
with previous clinical and molecular evidence supporting a 
neuronal function such as RODG1, CIC, NTSR2, GLUD2 and 
SEZ6. Additional variations were also found in previously re-
ported autism candidate genes including CEP290, CSMD1, 
FAT1, and STXBP5. WES data from 787 ASD families (2,963 
individuals), two ASD-associated genes, KMT2E (MLL5), a 
chromatin regulator, and RIMS1, a regulator of synaptic vesi-
cle release were identified in this study.64 WES was performed 
with 488 ASD cases and 372 controls of European ancestry in 
2014. The authors identified variant in one gene, Fanconi-as-
sociated nuclease 1 (FAN1) has being associated with schizo-
phrenia and ASD. They suggested that FAN1 is a key driver in 
the 15q13.3 locus, encoding a DNA repair enzyme, for the 
neurodevelopmental and associated psychiatric phenotypes.65 
In the same year another study of WES was published on a 
family with identical twins affected with autism and intracta-

ble seizures. A de novo variant was identified in the KCND2 
gene which encodes the Kv4.2 potassium channel and mu-
tant protein disrupts potassium current inactivation. This al-
teration (p.Val404Met) is novel and occurs in a highly con-
served region.66 In a recent study where two rare heterozygous 
truncating variations, Q191X in RPS24 and P261fsX266 in 
CD300LF have been identified as risk candidates for ASD. 
RPS24 gene encodes ribosomal protein 24 (RPS24), which is 
involved in ribosome biogenesis. CD300LF is a member of 
the CD300 gene complex and encodes CMRF35-like mole-
cule 1 (CLM-1), which is an immunoreceptor expressed on 
myeloid cells. CLM-1 overexpression reduced acute brain in-
jury therefore CLM-1 has protective effects against neuroin-
flammation.67 Thirthy females with autism from multiplex 
families have been selected to WES case study. Functional 
variants of X-linked genes (GABRQ, IL1RAPL1, PIR, 
GPRASP2 and SYTL4) were identified in 5 females.68 The lat-
est study with exome sequencing was conducted with 36 
males with a diagnosis of idiopathic ASD. Five de novo (SC-
N2A, MED13L, KCNV1, CUL3, and PTEN) and two inher-
ited X-linked variants (MAOA and CDKL5) were identified 
in seven cases. CDKL5 gene is a member of the Ser/Thr pro-
tein kinase family and encodes a phosphorylated protein 
with protein kinase activity. PTEN gene is a part of the 
PI3K-AKt and PDGF signaling pathways. SCN2A gene is 
involved in axon guidance and L1CAM interaction pathways.69 
A heterozygous de novo FOXP1 variant (c.1267_1268delGT, 
p.V423Hfs*37) was identifed with exome sequencing in a 
patient with autism, intellectual disability and severe speech 
and language impairment. This variant disrupts FOXP1 ac-
tivity, including subcellular localization and transcriptional 
repression properties.70 Egawa et al.71 performed WES in 
two families with three affected siblings. Six novel missense 
variants were determined with this study including SL-
C7A11, ICA1, DNAJC1, C1S, TRAPPC12 and CLN8 genes. 
They suggested that CLN8 is a potential genetic risk factor for 
ASD and this gene plays a role in cell proliferation during neu-
ronal differentiation and in protection against neuronal cell 
apoptosis.

CONCLUSION

The arrival of NGS and WES methods comprise the begin-
ning of a new era, not just for autism research but also for re-
searches into nearly every complex disorder. With new se-
quencing data, scientists will benefit greatly from the ability to 
combine genetic data generated by multiple methods (for ex-
ample, combining GWAS and/or linkage data with WES data). 
WGS will become increasingly more cost-effective as sequenc-
ing costs decrease and bioinformatics tools improve, and these 
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advances will open up the possibility of detecting non-coding 
genetic changes in regulatory regions in the genome.14 The 
WES approach has some limitations as it only detects individ-
ual genetic variations based on single nucleotide polymor-
phisms (SNPs) and small indels associated with exonic regions 
of the genome. WES technology does not detect large CNV or 
genetic variants of regulatory sequences located in intergenic 
regions. Compared to traditional methods, exome sequencing 
is a less costly and a faster technique for the determination of 
mutations as well as for autism and in other neurological dis-
eases where lots of candidate genes and loci are responsible 
from these disorders. WES allows scanning the mutations/
variations in genes commonly observed in many diseases with 
genetic heterogeneity.72 As a result, it is an undeniable fact that 
WES will also be used as a golden standard for more complex 
diseases as well as ASD and be used with all genome sequenc-
ing activities, along with their use for revealing the underlying 
genes of the rare genetic disorders in the future.
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