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Autism spectrum disorders (ASD) are important neuropsychiatric disorders, currently
estimated to affect approximately 1% of children, with considerable emotional and
financial costs. Significant collaborative effort has been made over the last 15 years

INTRODUCTION

in an attempt to unravel the genetic mechanisms underlying these conditions. This

has led to important discoveries, both of the roles of specific genes, as well as larger

Autism is characterized by impaired
reciprocal social interaction and com-
munication, as well as stereotyped
behaviour and interests, with an onset
typically before 3 years of age. A
broader range of phenotypes is also
recognized, termed autism spectrum disorders (ASDs), which
include ‘strict’ autism, atypical autism, Asperger syndrome and
pervasive developmental disorder—not otherwise specified
(PDD-NOS; OMIM %209850). Recently, it has been recognized
that relatives of those diagnosed with an ASD may demonstrate
attenuated forms of these conditions, the so-called broader
autism phenotype (BAP; Sousa et al, 2011).

ASDs are common, currently estimated to affect approxi-
mately 1% of children (Autism Genome Project Consortium,
2007; Baird et al, 2006), but are significantly skewed towards
boys, with a sex ratio of ~4:1 (Fombonne, 2005; Santangelo &
Tsatsanis, 2005). Among siblings of children with an ASD, the
prevalence increases to 2-8% (Fombonne, 2005; Muhle et al,
2004). The concordance of autism in monozygotic twins is 36—
60%, versus 0% in same sex dizygotic twins (Bailey et al, 1995;
Folstein & Rutter, 1977), rising when the whole ASD spectrum is
taken into account (Bailey et al, 1995). The heritability of a
phenotype gives an indication of the extent to which it is
controlled by genetic factors and can be calculated from
concordance rates. Thus, the heritability of ASDs has been
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scale chromosomal copy number changes. Here, we summarize some of the latest
genetic findings in the field of ASD and attempt to link them with the results of
pathophysiological studies to provide an overall picture of at least one of the
mechanisms by which ASD may develop.

estimated to be ~90%, making ASDs the most heritable of the
childhood onset neuropsychiatric disorders (Sousa et al, 2011).
As such, the importance of genetic susceptibility factors has
become increasingly recognized. Many genetic loci are involved
in ASD susceptibility and they likely interact (Risch et al, 1999),
with common variants potentially modifying the action of rare
variants (Bodmer & Bonilla, 2008), either by ameliorating or
enhancing the effect of the susceptibility locus. This review will
discuss the most recent genetic findings for ASD and place them
in context of the currently known pathophysiology.

LINKAGE STUDIES

Linkage studies identify comparatively broad genomic regions
co-inherited with a phenotype. The key advantage is that they
can be performed with relatively limited numbers of genetic
markers. However, as the regions identified can be large, they
are likely to contain multiple genes, not all of which will
contribute to the phenotype under investigation.

Initial attempts to understand ASD genetics utilized linkage
studies with most cohorts consisting of multiplex nuclear
families. These identified many loci, including 2q (Buxbaum
et al, 2001; Lamb et al, 2005; Shao et al, 2002a, 2002b), 3p
(McCauley et al, 2005; Shao et al, 2002a), 3q (Auranen et al,
2002), 7q (Ashley-Koch et al, 1999; Auranen et al, 2002; Barrett
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et al, 1999; Lamb et al, 2005; Shao et al, 2002a), 11p (Autism
Genome Project Consortium, 2007; Yonan et al, 2003), 16p
(Lamb et al, 2005; McCauley et al, 2005), 17q (Cantor et al, 2005;
McCauley et al, 2005; Yonan et al, 2003), 19p (McCauley et al,
2005; Philippe et al, 1999), and Xq (Auranen et al, 2002;
Shao et al, 2002a). In total, 26 non-overlapping regions of the
genome are implicated, pointing to the complexity of the
genetics involved. In an early study, Risch et al (Risch et al,
1999) concluded that there were likely to be at least 15 loci
involved.

Each of these identified regions is large, and it has therefore
been important to refine the regions to identify the specific genes
of importance. This has often taken the form of association
studies of individual candidate genes.

CANDIDATE GENE STUDIES

Candidate gene association analysis for ASD has been an
extremely active field, with over two hundred genes examined
in the last 15 years. Of these, approximately one hundred,
spread across virtually every chromosome, are reported as
showing at least nominal association with ASD (Sousa et al,
2011; Fig 1A), although this likely contains some false positive
results. Tools such as the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) 9.0 (http://strin-
g.embl.de/) have been developed, which show the potential
interactions between the proteins encoded by these genes
(Szlarczyk et al, 2010; Fig 1B). While many of these interactions
are predicted using methods such as text mining, and therefore
are likely to contain some false positive results, they do
demonstrate both the connectedness and complexity that is

Glossary

Association study

Identification of marker alleles that is either (a) more frequent in cases than
controls or (b) more frequently inherited by cases, than expected by chance.
Marker alleles that are associated with the phenotype are likely to reside
near susceptibility factors.

Common variant

A polymorphism such as a SNP, CNV or microsatellite where the minor
(least frequent) allele has a frequency greater than 1% in the general
population.

Copy number variation (CNV)

Changes in the amount of DNA present in a genome from the typical two
copies in autosomes or one copy in sex chromosomes (in males). The region
affected must be larger than 1 kb in order to be classified as a CNV. Variants
present at a frequency greater than 1% in the general population are
sometimes referred to as copy number polymorphisms (CNPs).

Joint attention
The ability to follow gazes and gestures of others towards objects of
interest, and to direct the attention of others in a similar manner.

Linkage study
Identification of sections of DNA that are consistently co-inherited with a
phenotype. Such regions are likely to harbour susceptibility genes.
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likely to underlie susceptibility to ASDs. Despite these caveats,
the importance of such candidate gene studies is clear,
particularly in light of the difficulty for genome-wide association
studies to detect weak effects. Candidate genes can be identified
by different means, including function, linkage, and genome-
wide association. Several examples highlight the benefits and
difficulties of candidate gene studies in ASDs.

Some genes are selected for association studies based solely on
their known function indicating that they plausibly affect the
phenotype. The serotonin transporter gene SLC6A4 is one such
example as serotonin levels have been shown to be altered in
autism cohorts (Anderson et al, 1987; Piven et al, 1991). Initial
association to the gene was identified for an insertion/deletion
variant located in the promoter region (Cook et al, 1997).
Subsequently, multiple studies have also identified association
to variants in this gene (e.g. Coutinho et al, 2007; Devlin
et al, 2005), but several reports showing a lack of association
have also been published (e.g. Betancur et al, 2002; Maestrini
et al, 1999).

An important example of linkage data being utilized to guide
candidate gene association analysis is CNTNAPZ2, found
associated in two studies (Alarcon et al, 2008; Arking et al,
2008), with further evidence from a subsequent genome-wide
association study (GWAS; Anney et al, 2010). CNTNAP2 is a
neurexin, and there is strong evidence that this gene family is
influential in ASD (Autism Genome Project Consortium, 2007;
Feng et al, 2006; Gauthier et al, 2011; Kim et al, 2008). It is
expressed in brain regions related to ASD (Bakkaloglu et al,
2008) and there is evidence from Copy number variations
(CNVs) identified in schizophrenia, such as a patient with
schizophrenia and autistic features who carried a CNV affecting
this gene (Friedman et al, 2008). Recently, Zeeland et al

Microsatellite
Region of the genome, which can have a variable number of repeats of
short sequences of DNA.

Non-coding mutation

A change in a nucleotide that does not affect the protein coding sequence.
Such a change may affect elements such as gene promoters, enhancers or
silencers, thus altering the expression of a gene and leading to an altered
phenotype. In contrast, a coding mutation is a nucleotide change in an
exon, which alters an amino acid in the resulting protein.

Rare variant

A polymorphism such as a SNP, CNV or microsatellite, where the minor
(least frequent) allele has a frequency less than 1% in the general
population.

Synapse

The junction between a neuron and another cell. Electrical messages
propagated from one neuron are transmitted to the adjoining neuronal cell
across the synapse via chemical transmissions.

Whole exome sequencing
The determination of the nucleotide sequence of all exons in all known
genes in the genome.

Whole genome sequencing
Determination of the sequence of all nucleotides of the genome.
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Figure 1. The complexity of the genetics underlying ASD.

A. ldeogram showing the relative locations of genes implicated in ASD susceptibility, adapted from the UCSC Genome Browser (http://genome.ucsc.edu/). Genes in
black are listed as ‘known ASD genes’ in Pinto et al (2010) Supporting information Table 9. Genes in green are listed as ‘ASD candidates’ in Pinto et al (2010)

Supporting information Table 9. Genes in blue are additional genes reported as showing association with ASD (Sousa et al, 2011, Table 2.1).

B. Network of known and predicted interactions between proteins encoded by genes implicated in ASD susceptibility produced by the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) 9.0 (http://string.embl.de/) using default settings. Proteins are represented by spheres, the colours
corresponding to the genes in (A) (protein names may differ from gene names, for example, SHANK3 encodes PSAP2). Lines linking proteins indicate evidence

for interactions; pale green =textmining, light blue = databases, pink =experimental, pale purple =homology, black = co-expression, bright
green = neighbourhood (the genes reside within 300 bp on the same strand in the genome).
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Figure 1. Continued

compared functional neuroimaging of brains of autistic and
healthy individuals to the CNTNAP2 genotype and found risk
genotype individuals had reduced long range, but increased
local, connectivity, indicative of a more immature pattern
(Scott-Van Zeeland et al, 2010).

A common way in which candidate genes are identified for
further association analysis is by combining linkage and
functional data to identify genes with a function plausibly related
to the phenotype and located in a region of linkage. For example,
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MET is a proto-oncogene, involved in a number of biological
pathways, including neuronal development (Campbell et al,
20006; Sousa et al, 2009). Due to its location in a region of linkage
on chromosome 7q31, and its potential functional roles, Camp-
bell et al investigated its association with ASD and identified a
positive result to a single nucleotide polymorphism (SNP) in the
promoter region. This SNP was shown to result in decreased
activity of the MET promoter by altering the ability of the
transcription factor SP1 to bind (Campbell et al, 2006). Three
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further studies have found association to MET (Campbell et al,
2008; Sousa et al, 2009; Thanseem et al, 2010). Two associated
SNPs were located in intron 1 and are predicted to alter
transcription factor binding (Sousa et al, 2009; Thanseem et al,
2010). These studies indicate the importance of non-coding
mutations in ASD, particularly relevant in light of recent
genome-wide studies (see below). MET is also associated with
schizophrenia, and again, the associated SNPs appear to affect
gene expression (Burdick et al, 2010).

In contrast to the linkage/functional data approach, some
candidate gene studies followed from GWAS data, as in the case
of the leucine rich repeat (LRR) genes. Such an approach is of
particular importance given the increasing amount of GWAS
data containing results of interest. There are 313 members in
this class of genes (Sousa et al, 2010), some of which have
been implicated by GWAS, but do not reach genome-wide
significance thresholds (Anney et al, 2010; Wang et al, 2009).
To better understand if such genes are likely to be involved
in ASD, Sousa et al examined four LRR genes that are enriched
in the brain and identified significant associations in two,
LRRN3 and LRRTM3 (Sousa et al, 2010). While these results
have not yet been replicated, Gauthier et al identified a
truncating mutation of NRXNI which was shown to affect the
ability of the protein to bind to LRRTM2 (Gauthier et al, 2011).
Therefore, there is a need to examine GWAS results, not just
those that meet stringent criteria, but other less strongly
associated results in order not to miss potentially relevant
findings.

However, candidate gene studies are not always so clear and
can give conflicting results. For example, RELN is involved in
neuronal migration, similar regions of the brain are altered in
individuals with ASD and reeler mutant mice, and the gene is
located in the chromosome 7 region of linkage. Initial
association to a triplet repeat in the 5-untranslated region
was promising (Persico et al, 2001). However, despite many
studies, replication of this result has been mixed, with an
approximately equal amount of work reporting positive (e.g.
Ashley-Koch et al, 2007; Holt et al, 2010; Serajee et al, 2006) and
negative (e.g. Bonora et al, 2003; Dutta et al, 2008) results, as
well as tantalizing evidence from one GWAS (Anney et al,
2010). Such differences in results can be due to factors such as
the genotyping strategy, and size and ascertainment of the
cohorts used. However, on balance, RELN is likely to be
involved in ASD, but its investigation highlights the need for
multiple studies in independent cohorts.

GENOME-WIDE ASSOCIATION STUDIES

Rapid advances in technology have enabled hundreds of
thousands of variants spread across the genome to be genotyped
in large numbers of individuals. This has allowed association
studies to be performed at a genome-wide level rather than just
with specific candidate genes. Several such studies have been
performed for ASDs. Although these studies have not consis-
tently identified specific genes, they have provided valuable
data indicating directions for further study.

© 2011 EMBO Molecular Medicine

The first GWAS for ASD was performed by Lauritsen et al on a
small number of cases and controls from the relatively isolated
population of the Faroe Islands using ~600 microsatellite markers,
the most significant result identified at 3p25.3 (Lauritsen et al,
2006). Subsequently, advances in genotyping technology have
allowed more thorough studies, using hundreds of thousands to
millions of SNPs in large cohorts (Anney et al, 2010; Arking et al,
2008; Ma et al, 2009; Wang et al, 2009; Weiss et al, 2009). While
these studies have identified potential susceptibility loci including
5pl4.1 (Ma et al, 2009; Wang et al, 2009), 5p15 (Weiss et al, 2009)
and MACRODZ (Anney et al, 2010), there is significant overlap of
samples used and little replication of specific loci between studies.
While few associations meet stringent association thresholds,
further analysis of the most strongly associated variants has
yielded results of interest (Arking et al, 2008; Weiss et al, 2009). Of
note is the identification of the role of cadherins. Wang et al found
strong association to a locus between Cadherin 9 (CDH9) and
Cadherin 10 (CDH10). Both genes encode neuronal cell adhesion
molecules, and CDH10is expressed in the frontal cortex, a region of
the brain associated with ASDs (Wang et al, 2009). Data generated
by the Autism Genome Project (Pinto et al, 2010) implicated
chromosome 16q13-21 in a posterior probability of linkage
analysis containing two rare deletions of CDHS, located in this
region in families with ASD or learning disability (Pagnamenta et
al, 2011a). Therefore, there is strong evidence for the involvement
of this class of genes in ASD susceptibility.

Several associations obtained have been in regions outside
genes. As stated, Wang et al found their strongest association to
an intergenic region and speculate that the association is to
variants affecting regulatory elements (Wang et al, 2009). Weiss
et al found significant association to a SNP between SEMASA and
TAS2R1. SEMASA has been implicated in axonal guidance and is
expressed at lower levels in cell lines and brains from individuals
with ASD. The associated SNPs were ~80kb upstream of
SEMASA, consistent with a role in gene regulation (Weiss et al,
2009). Therefore, these results show the importance of
considering the role of regulatory polymorphisms in ASDs.
Currently, demonstrating an actual effect on gene function of
such variants is limited, but will be of importance as improving
sequencing technologies provide larger amounts of variant data.

Despite their relative successes, the major GWAS have not
unambiguously identified many common susceptibility var-
iants, resulting in a move away from the common variant—
common disorder hypothesis as the primary genetic mechanism
underlying the ASDs. While common variants are still likely to
be of importance in ASDs, increased attention focuses on the
role of rare variants of large phenotypic impact. This has been
facilitated by the genome-wide SNP genotyping studies, which
have allowed a more comprehensive investigation of the role
that CNVs play.

COPY NUMBER VARIATIONS

Genotyping data from genome-wide studies, as well as additional
technologies such as array comparative genome hybridization
(aCGH) have allowed the identification of CNVs on an ever-
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increasing scale and resolution. While it is known that such
variants are present in the general population (Conrad et al, 2010),
in recent years, understanding of the importance of CNVs in ASD
has increased dramatically (Autism Genome Project Consortium,
2007; Jacquemont et al, 2006). These and further studies have
shown both increased rates of de novo CNVs, as well as increased
numbers in specific genes and gene pathways, giving new insights
into the variants and genetic mechanisms underlying ASDs.
Several studies have demonstrated an increased burden of
CNVs in individuals with ASDs compared to controls. Sebat et al
demonstrated a significant difference in frequence of de novo
CNVs between sporadic cases (10%), familial cases (3%) and
controls (1%; Sebat et al, 2007). Marshall et al also found an
increase in the percentage of de novo CNVs in families with one
affected child and implicated post-synaptic density genes such as
SHANK3, NLGN4 and NRXN1, as well as other genes encoding
proteins in the synaptic complex, such as DPP10 (Marshall et al,
2008). Christian et al identified CNVs present only in cases and not
controls in ~11% of affected individuals, with ~60% being co-
inherited by affected siblings. However, the presence of a CNV in
cases, but not controls, does not decisively indicate a phenotypic
effect (Christian et al, 2008). More recent SNP data from GWAS
has been used to examine the occurrence of CNVs in even greater
detail (Bucan et al, 2009; Glessner et al, 2009; Pinto et al, 2010).
Pinto et al performed the highest resolution genome-wide
comparison of CNVs in ASD, utilizing the data generated from
approximately one million SNPs. The results showed a
significantly increased burden of rare CNVs affecting genes in
individuals with ASD compared to controls. The difference was
more pronounced when the analysis was limited to CNVs
previously implicated in ASD and/or intellectual disability.
However, this highlights the difficulty to confidently identify
specific susceptibility CNVs when their individual frequencies are
low. To overcome this they examined if there was an increased
incidence of CNVs in specific pathways and identified GTPase/
Ras signalling, as well as cellular proliferation, projection and
motility. They also noted potential novel susceptibility genes on
the basis of their presence in cases, but not controls. These
included PTCHDI, likely to be involved in development of the
cerebellum, and SHANKZ2 (Noor et al, 2010; Pinto et al, 2010).
SHANK?_ is related to SHANK3 (Durand et al, 2007; Moessner et al,
2007), which encodes a scaffolding protein located at synapses in
the brain, since implicated in other studies (Berkel et al, 2010).
Glessner et al identified CNVs enriched in specific genes in
cases compared to controls including some encoding proteins
involved in neuronal cell adhesion, such as NLGNI and ASTNI.
They also found an enrichment of CNVs in cases in regions
containing genes involved in ubiquitin degradation (Glessner
et al, 2009). Bucan et al focused their analysis on those CNVs in
genes, again looking for instances, which occurred only in cases.
Of more than 150 CNVs identified in their initial cohorts, 27 were
replicated. They identified novel loci, such as BZRAPI, as well
as previously implicated ASD susceptibility genes involved in
synaptic function. An additional important observation was a
lack of perfect segregation of these rare variants with affection
status in families (Bucan et al, 2009). Such results and others
(Fernandez et al, 2010) indicate that CNVs may lack complete
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penetrance or are under the influence of modifying factors.
Finally, CNV data obtained by Morrow et al implicated CNVs
within genes such as PCDHI0, CNTNAP2, NLGN3, NLGN4 and
NRXNI1, as well as non-coding variants, such as CNVs near
CNTN3, involved in axon outgrowth, which may affect
transcription control regions. Therefore, the regulation of gene
expression may be of importance in ASDs in keeping with
GWAS and candidate gene studies (Morrow et al, 2008).

CNV studies have also proved to be a fertile ground for
schizophrenia (Levinson et al, 2011) and some CNVs implicated
in schizophrenia overlap with CNVs implicated in ASD,
indicating common underlying pathways (Guilmatre et al,
2009; Levinson et al, 2011; Mefford et al, 2008). This overlap
extends to other neuropsychiatric conditions such as attention-
deficit hyperactivity disorder (ADHD; Williams et al, 2010) and
chromosomal variants more commonly associated with other
syndromes (Cohen et al, 2005; Hendriksen & Vles, 2008; Young
et al, 2008). The variability in phenotype associated with CNV's
affecting NRXNI has been examined. The CNVs varied in size
and nature, and the associated phenotypes included ASD,
mental retardation and language delays (Ching et al, 2010).
Therefore, CNVs show variable expressivity and the potential
for modifying genetic or environmental factors to be in effect.

Recently, there has been an increased focus on a ‘multi-hit’
model of CNVs in ASD and neuropsychiatric disorder suscept-
ibility (Cook and Scherer, 2008). Christian et al noted that some
individuals inherited two ‘autism-specific’ CNVs (Christian et al,
2008) and Marshall et al observed examples of cases with
multiple potentially etiologic CNVs, both de novo and inherited
(Marshall et al, 2008). Girirajan et al investigating develop-
mental delay, found a deletion of 16p12.1 at increased incidence
in cases versus controls. They also found that those who carried
this deletion and displayed developmental delay were sig-
nificantly more likely to harbour a second large CNV. Their
conclusion was that the CNVs at 16pl12.1 were capable of
predisposing to developmental delay, with the phenotype being
exacerbated in the presence of a secondary variant (Girirajan et
al, 2010). Pagnamenta et al identified a single family in which
both affected sons carried duplications of dystrophin and a rare
large deletion of the 5’-part of TRPM3 (Pagnamenta et al, 2011b).
Mutations of dystrophin are known to cause Duchenne muscular
dystrophy (DMD) and the less severe Becker muscular dystrophy
(BMD), in which there is an increased incidence of ASD
(Hendriksen & Vles, 2008; Young et al, 2008). TRPM3, while
not previously implicated in ASD, is an intriguing candidate.
It encodes a brain-expressed calcium channel, is localized to
oligodendrocytes during their differentiation and to neurons prior
to myelinization (Hoffmann et al, 2010) and is most closely
related to TRPM1, located in the 15q13.3 region (Pagnamenta et
al, 2011b). Another member of the family, TRPM2, has been
linked to bipolar affective disorder (Xu et al, 2006).

POINT MUTATIONS AND SEQUENCING

Technology has reached the stage where it is possible to
sequence the whole exome in large numbers of individuals.

© 2011 EMBO Molecular Medicine
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Studies for autism and other neuropsychiatric disorders are
already underway, such as the UKI10K project (http://
www.ukl10k.org/). This will progress to the stage where it will
be viable to perform whole genome sequencing on large cohorts.
These studies will potentially identify every variant in an
individual, from single base point mutations to large chromo-
somal abnormalities. Significantly, the importance of identify-
ing rare point mutations in ASD has been demonstrated by
multiple studies.

In SHANK3, Durand et al identified mutations in individuals
with ASD including a single base insertion resulting in a
frameshift, rare non-coding mutations not present in controls,
as well as CNVs of potential significance (Durand et al, 2007).
Moessner et al also investigated SHANK3 variation in ASD and
identified several point mutations, as well as CNVs, concluding
that one was likely of significance (Moessner et al, 2007). Mice
with homozygous SHANK3 deletions demonstrate repetitive
behaviour, increased anxiety and abnormal social interaction.
They also have altered composition of the post-synapse,
potential disruption of glutamatergic signalling and changes
in the development of medium spiny neurons and striatal
glutamatergic synapses. This confirms the importance of post-
synaptic impairment and neuronal connectivity in ASD and the
role of SHANK3 in these processes (Peca et al, 2011). Similarly, a
recent study identified a series of rare point mutations in
SHANKZ2 with a putative effect on ASD susceptibility. While
these variants did not always co-segregate with affection status
in the families, it was suggested that they potentially contribute
to the phenotype in combination with other unidentified factors
(Berkel et al, 2010).

Detailed sequencing of other genes in individuals with ASD
has also been performed. Jamain et al screened the X linked
genes NLGN3, NLGN4 and NLGN4Y and found a frameshift
mutation resulting in a premature stop codon and a missense
mutation in NLGN4 in separate families, which co-segregate
with affected status and are absent in controls (Jamain et al,
2003). Subsequently, several groups have attempted to
identify variants in neuroligin genes in additional cohorts.
While some studies have been successful (Zhang et al, 2009),
most of these studies have either failed to identify variants
likely to be pathogenic (Vincent et al, 2004; Wermter et al,
2008), or have also found them present in controls (Blasi et al,
2000).

Other genes, including those involved in the synapse, have
also been screened for mutations in autism cohorts. Gauthier
et al identified truncating mutations of NRXNI and NRXN2 in
patients with schizophrenia and/or ASD. A truncating mutation
in NRXNI is of particular interest as it affects the interaction of
NRXN1 with LRRTM2 and NLGN2 (Gauthier et al, 2011).
Hamdan et al identified both a CNV and point mutations in
FOXPI1 in individuals with autistic features (Hamdan et al,
2010). FOXP1 is related to FOXP2, which is involved in a severe
speech and language disorder (Lai et al, 2001). In individuals
with epilepsy and autistic features, Marini et al found point
mutations of PCDH19, a gene believed to be involved in synapse
signalling and neuronal connectivity (Marini et al, 2010).
Traditionally, the emphasis on mutations in ASD is on loss
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of function. However, some research indicates the importance
of gain of function in ASD. Mejias et al found association to
the glutamate receptor gene GRIPI, involved in synaptic
function, in an autistic cohort. Screening for variants identified
two present only in the cases, which significantly increased
the amount of surface Glu2A in hippocampal neurons (Mejias
et al, 2011).

However, the presence of an apparently pathogenic variant in
the sequence of a gene does not immediately confer genuine
causal status. For instance, Kolevzon et al studied what was
thought to be a pathogenic single base pair insertion in exon 11
of SHANK3 in a child with ASD. They showed that it was in fact
likely to be non-pathogenic, due to few spliceforms containing
this exon (Kolevzon et al, 2011). Despite this, there is strong
evidence for the role of point mutations in various genes in ASD
susceptibility.

UNDERCONNECTIVITY AND GENETICS

Despite the limited number of samples available and a lack of
perfect concordance, studies comparing brains from autistic and
control individuals have identified several key differences.
Comparison of these changes with the genetic factors, which
have been implicated, shows correlations, which help provided
greater insight into ASDs as a whole. On a gross scale, localized
failure of cerebellar development, cerebral cortical abnormal-
ities, altered amygdala development and decreased corpus
callosum size have been reported (Amaral et al, 2008; Bauman &
Kemper, 2005; Hughes, 2007; Wegiel et al, 2010). Excessive
growth of white matter in the first 2 years of life, followed by
undergrowth, leading to macrocephaly in ~20% of children
with ASD has also been noted (Amaral et al, 2008; Geschwind &
Levitt, 2007; Hughes, 2007). While macrocephaly may not
persist into adulthood, there is evidence of abnormal brain
growth continuing in adolescence (Amaral et al, 2008).
Similarly, differences are also manifested at a cellular level.
Abnormal genesis, migration, shape, arrangement and matura-
tion of neurons are reported, leading to general disorganization
of the grey and white matter (Wegiel et al, 2010). Neurons are
reported as being smaller in size, but of increased density
(Amaral et al, 2008; Bauman & Kemper, 2005; Casanova et al,
2006; Geschwind & Levitt, 2007), and their organization within
minicolumns being altered (Amaral et al, 2008; Casanova et al,
2006; Geschwind & Levitt, 2007). Minicolumns are of decreased
width and increased number, resulting in the increase in density
of neurons reported (Casanova et al, 2006). Changes in
minicolumns and neuron size may promote shorter connecting
fibres, increasing local connectivity and processing at the
expense of connections between different cortical regions
causing slower transmission of signals (Casanova et al,
2006; Courchesne & Pierce, 2005). This led to the postulation
of the underconnectivity theory, which postulates that fewer
long range connections between different regions are present,
leading to decreased synchronization between regions of the
brain and decreased global information processing (Casanova
et al, 2006). Alterations in the growth of white matter and its
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decreased density in ASD as well as changes in axon number,
pathfinding and synaptogenesis (Geschwind & Levitt, 2007) are
also thought to contribute (Hughes, 2007). Although under-
connectivity appears to be a general feature in ASD brains, it is
particularly likely to affect connections between frontal and
temporal lobe regions, and what connectivity there is, is likely to
be unorganized (Courchesne & Pierce, 2005; Geschwind &
Levitt, 2007; Hughes, 2007; Just et al, 2007). The theory of
underconnectivity has been born out of neuroimaging studies,
which have demonstrated a lack of synchronization in the
activation of brain regions in autistic individuals, indicating
decreased communication and connectivity between them,
resulting in a lack of integration of information (Just et al, 2007,
2004; Koshino et al, 2008). Lastly, it is interesting to note that
underconnectivity has also been implicated in schizophrenia
(Just et al, 2007, 2004).

The underconnectivity theory appears to provide a good
explanation for the development of ASD. For example,
individuals with ASD show reduced capacity for joint attention.
Joint attention utilizes the prefrontal and anterior regions of the
brain. If there is reduced connectivity between these regions, it
would explain the resultant deficits observed (Casanova et al,
2006) as the resulting decrease in joint attention could lead to
decreased language ability and social behaviour (Geschwind &
Levitt, 2007). In addition, social encounters require significant
integration of information. If the ability to perform this is
reduced due to lack of connectivity, it would help explain the
social deficit of autism and the reliance on stereotyped patterns
of behaviour (Just et al, 2004).

The genetic data are consistent with such a theory. Genes
such as FLRT3 (Anney et al, 2010), SEMASA (Weiss et al, 2009)
and MET (Campbell et al, 2006; Geschwind & Levitt, 2007;
Levitt et al, 2004; Powell et al, 2001; Sousa et al, 2009) that are
involved in neuronal development, migration, growth and
maturation have been implicated. This is also true for RELN
(Persico et al, 2001; Wegiel et al, 2010), which is important in
neuronal migration (Wegiel et al, 2010) and the proper
formation of brain structures (Skaar et al, 2005).

Genetics has also pointed to the role of genes involved in
axonal growth, such as PLD2, PLDS5, PCDH10, CDH8, MET and
CNTN3 (Anney et al, 2010; Bekirov et al, 2008; Hussman et al,
2011; Levitt et al, 2004; Morrow et al, 2008; Pagnamenta et al,
2011a; Sousa et al, 2008). In particular, many genes involved in
the synapse and synaptic complexity have been identified in
ASD, for example, SHANK3, CNTNAP2, NLGN3, NLGN4,
NRXNI, PCDH10, CDH8, CDH9 and CDHI10 (Morrow et al,
2008; Pagnamenta et al, 2011a; Pinto et al, 2010; Wang et al,
2009). Pathway analyses have pointed to groups of genes
involved in cell adhesion (Bucan et al, 2009), cellular projection
and GTPase/Ras signalling (Pinto et al, 2010) —the latter known
to partially govern neurite differentiation (Hussman et al,
2011)—and the ubiquitin pathway, which can alter dendritic
spines, the post-synaptic density and turnover of neuronal cell
adhesion molecules (Glessner et al, 2009; Yaspan et al, 2011).
Glessner et al also found the neuronal cell adhesion pathway to
be implicated, which affects axon guidance and the formation of
the synapse (Glessner et al, 2009).
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Therefore, there appears to be strong concordance between
observed structural alterations in autistic brains and the
underlying genetic susceptibility loci identified. However, this
does not mean that this is the only mechanism involved in ASD
susceptibility (Fig 2). For example, in a recent pathway
analysis Yaspan et al identified 17 pathways, including the
uridine diphosphate glycosyltransferase 2 protein family
and genes involved in synthesis and degradation of ketone
bodies. The latter could affect y-aminobutyric acid (GABA)
levels, a neurotransmitter system implicated in ASD (Yaspan
et al, 2011).

CONCLUDING REMARKS

Development in our understanding of the genetics of ASDs has
flourished over the past 20 years due to rapid advances in
technology. This will continue as studies such as the UK10K
project and those funded by the Simons Foundation (http://
sfari.org/) are in the process of performing whole exome
sequencing for both ASD and other neuropsychiatric cohorts,
with similar studies being planned. The findings from these
projects, and the inevitable whole genome sequencing projects
which will follow, will provide a wealth of data on variants in
individuals with ASD. Therefore, there will be a need to
determine which variants are likely to be pathogenically
relevant, and also to determine their function experimentally.
In addition, there is a need to better understand the interlinking
pathways in ASD genetics. These are essential tasks if we are to
translate the findings of the research community into tangible
benefits for the ASD community as a whole. The occurrence of
many rare, potentially unique, CNVs in ASD cases points to the
complexity of the genetics underlying these disorders. In this
way, genetic research is validating the view that ASDs should
not be considered a set of discrete disorders, but a continuous
range of individually rare conditions. The rarity of specific
variants, combined with the sample sizes employed to date,
mean that caution must be adopted in assigning a pathogenic
role to a specific variant based solely on it’s uniqueness within
an ASD sample.

Therefore, there is a need to recruit additional cohorts of
patients and controls, in order to better understand which are
rare in the general population and which are likely to be ASD-
specific. Larger cohorts will also help to identify common
variants which could influence the outcome of other variants
such as CNVs. In the past, the emphasis was on recruiting
strictly phenotyped cases to minimize heterogeneity. With the
increasing revelation of the vast spectrum of ASD there is a
move towards collecting larger, more ‘lightly’ phenotyped
cohorts, which better reflect the clinical reality faced by
medical practitioners. Clinically recruited cohorts are already
being utilized in studies of ASDs (Shen et al, 2010). This
will help increase recruitment, overcoming the frequent
overlap of samples, such as the AGRE cohort, increasing the
power of studies, as well as give greater information on the
frequency of variants in clinical scenarios to help improve
translation.
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Figure 2. General overview of the potential route of the underlying mechanisms of ASD. Interactions between the environment and genetic factors, including
point mutations, CNVs and epigenetics, determine the development of the brain. Combinations of factors resulting in decreased connectivity between regions of
the brain cause a decreased ability to integrate information. This expresses itself at the level of behaviour in the individual as alterations in the areas of social
interaction, communication and behaviour, the extent of the variation in each area depending on the environmental and genetic variables, leading to the range of

ASD phenotypes observed.

Finally, there is a strong imperative to utilize current findings
to benefit individuals with ASDs and their families, including
making genetic testing for variants of known importance
available. Various studies have examined the potential to
translate current genetic and biological knowledge about autism
into a clinical diagnostic setting (e.g. Schaefer et al, 2008; Shen et
al, 2010). While the predicted yields vary depending on the
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number and variety of tests suggested, there seems to be a clear
case for expecting a significant yield. As such, Miller et al have
published a consensus statement in favour of clinical CNV
testing for children with autism (Miller et al, 2010). The
potential benefits of such testing do not necessarily lie in the
ability to provide intervention to the proband, but rather to
provide information and counselling to the individual and
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family, which are likely to have significant emotional benefits
(Lenhard et al, 2005). There are issues to overcome, not least
due to the overlap of variants in causing susceptibility to
multiple conditions, thus limiting the predictive power of any
such test in siblings, raising issues of balancing the potential
stress that could be caused if younger asymptomatic siblings are
tested against the ability to instigate increased surveillance and
early intervention and the benefits this provides (Lord et al,
2005). However, if used correctly, such testing could signifi-
cantly benefit families, and is already in effect in some countries,
albeit to varying degrees.
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Pending issues

Collection of new, large cohorts of cases and controls to allow
better determination of the relative frequencies of rare variants
and CNVs to help identify those that are likely to be of true
significance in susceptibility. This will also allow improved
identification of common variants of small effect.

Better characterization of CNVs in order to determine the minimal
affected region and which genes or DNA regions within them are
likely to be key in contributing to the phenotype.

Collection of prospective clinical cohorts screened for CNVs in order
to identify genetic factors reflecting the clinical outcome of ASD.
Longitudinal studies will help determine the probabilities of
specific phenotypic outcomes associated with specific variants.

Initiate widespread translation of current CNV knowledge into
clinical genetics laboratories in order to better inform families of
the genetic findings underlying their child’s condition.

Devise experiments to determine the actual mechanism of effect of
specific susceptibility variants in order to increase our under-
standing of the pathways and biology underlying ASDs and how
these interact with environmental factors.
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