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Autism spectrum disorder is a neurodevelopmental
disorder present in 1% of the population, character-
ized by impairments in reciprocal social interaction,
communication deficits and restricted patterns of
behavior. Approximately 10% of the autism spec-
trum disorder population is thought to have large
chromosomal rearrangements. Copy-number varia-
tions (CNV) alter the genome structure either by
duplication or deletion of a chromosomal region.
The association between CNV and autism susceptibil-
ity has become more apparent through the use of
methods based on comparative genomic hybridiza-
tion in screening CNV. The nature of the high CNV
rate in the human genome is partly explained by
non-allelic homologous recombination between
flanking repeated sequences derived from multiple
copies of transposons or mobile genetic elements.
There are hotspots for CNV in the human genome,
such as 16p11.2 and 22q11.2. Genes involved in

CNV are supposed to have copy-number dose-
dependent effects on the behavior of affected indi-
viduals. Animal models give insight into the possible
interactions between core genetic loci and additional
factors contributing to the phenotypes of each indi-
vidual. If affected genes code for cellular signaling
molecules, reducing the dosage in the intracellular
signaling pathway may result in the malfunction of
the nervous system. The genetic background of
autism spectrum disorder is highly heterogenic and
most common or rare CNV do not lead to autism
spectrum disorders in the majority of cases, but may
occasionally increase the risk of developing an autism
spectrum disorder.

Key words: autism spectrum disorders, copy-number
variation, de novo mutation, schizophrenia, signal
transduction.

UTISM IS A neurodevelopmental disorder charac-
terized by impairments in reciprocal social inter-
action, communication deficits and repetitive and
restricted patterns of behavior and interests.'* The
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three disorders, autism, Asperger’s syndrome and
pervasive developmental disorder - not otherwise
specified (PDD-NOS) differ with regard to symptom
severity and early development of language, cognitive
and social behavior."* In the DSM-5, the core symp-
toms of autism spectrum disorder (ASD) are defined
using two categories of behavior: (i) deficit in social
communication; and (ii) stereotyped behavior.
However, there was significant diversity among the
patients diagnosed in terms of severity, intelligence,
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Table 1. Recent advances in genetic study of ASD

Year/period Methods/resources Events

References

autism genetics

1970- Twin studies Strong genetic contribution (60-90% in Hallmayer et al.’
twin studies)

1998- Linkage analysis Polygenic mode of transmission of autism Freitag*

2003 DNA sequencer Contiguous sequence of human genomic DNA  International Human Genome

Sequencing Consortium'°

2007- Array CGH Analysis of de novo CNV in autism genome Sebat et al."!

2008 1000 genome project Structural variation of human genomes Kidd et al.*?
2010 Autism genome project Hundreds of genes associated with ASD Anney et al."?
2013 Various resources Common variants are the major part of Stein et al.

ASD, autism spectrum disorder; CGH, comparative genomic hybridization; CNV, copy-number variation.

and language impairment. In addition, some are char-
acterized by hyperactivity, hyper- or hypo-reactivity to
sensory input as well as other behaviors. The individu-
als show impairments of affected area and atypical
development before age 3. The child is occasionally
afflicted with temper tantrums, self-destructive behav-
ior and epilepsy. Some children with ASD show delays
in motor coordination, which may be apparent from
late infancy.” In other cases, such physical conditions
may not be apparent.

Using the former criteria of the DSM (DSM-1V),
patients with ASD could be diagnosed with several
different disorders, including autism, Asperger’s syn-
drome and PDD-NOS.! However, these categorical
diagnoses did not reflect the biological bases of ASD
and the boundary between each diagnostic nomen-
clature became less meaningful even almost 20 years
after its publication. Using the new criteria of the
DSM-5, ASD is classified under neurodevelopmental
disorders and additional characteristics other than
the two core symptoms will be added with individu-
alized specifications. For example, genetic condi-
tions, if known, will be added to the patient’s
diagnosis as a genetic association. Thus, the most
recent version of the DSM represents a more accurate
description of the spectrum based on both clinical
and scientific observation.

Autism was first outlined in 1943 by Leo Kanner,
an American professor of child psychiatry educated in
Germany. Kanner named the syndrome ‘infantile
autism’.* At about the same time, Hans Asperger, a
pediatrician in Austria, identified a similar condition,
which is now known as Asperger’s syndrome.® In the
first edition of the DSM, published in 1952, autism
was not given its own diagnostic criteria. Instead,
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children demonstrating autistic-like symptoms were
diagnosed with ‘childhood schizophrenia’. Schizo-
phrenia and autism remained linked in the minds of
many researchers until the 1960s. It was only then
that medical professionals began to have a separate
understanding of autism in children.” In the last 70
years, autism and ASD have gone from being an
obscure condition to a familiar diagnosis. The preva-
lence of autism has been estimated to be 15-20 per
10 000 people, whereas a broader phenotype is seen
in approximately 1% of the population.? In a 2011
study from South Korea, the observed frequency was
about 1 in 40 children, but many of them were not
diagnosed nor treated.®

For more than half a century, people were trying
to discover the cause of autism spectrum disorders,
but many of the exact pathoetiological mechanisms
behind the symptoms of autism remained elusive.
The latest edition of the DSM? includes some signifi-
cant changes to the diagnostic criteria for autism,
grouping several previously separate disorders under
one umbrella. Previously in the DSM-IV,! there were
five disorders, each of which had a unique diagnosis:
Autistic Disorder or classic autism, Asperger’s Disor-
der, PDD-NOS, Rett's Syndrome, and Childhood
Disintegrative Disorder. Although the definition of
autism is changing, the core characteristics of the
disorder remain the same. As people with all levels of
autism display many of the same characteristics, but
vary in the degree to which they display them, the
new DSM-5 criteria may better reflect that autism is a
spectrum, rather than a group of separate disorders.

Table 1 presents early findings from twin studies
that have indicated a genetic contribution in ASD.”""*
Twin studies show a concordance of 60-92% in
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Figure 1. (a) Schematic drawing of a deletion and duplication compared to a reference genome. (b) Classes of variation were
shown with size in logarithm. A single nucleotide change is referred to as an single-nucleotide polymorphisms (SNP). Small
insertional sequences or deletions are called indels. Indels usually mean a loss or a gain of rather a small size of sequences of up
to 100 bp. Copy-number variations (CNV) include duplication or deletions of medium size. CNV of several mega bp are usually
called segmental duplications as seen in situ as chromosome aberrations.

monozygotic twins and 0-10% in dizygotic pairs.'>'°

Recent studies using the Autism Diagnostic Observa-
tion Schedule/Autism Diagnostic Interview, Revised
reported that the concordance rate for autism in
monozygotic twins was 60-90% and 5-30% in dizy-
gotic twins.’ Because twins share both environmental
and genetic factors, researchers may want to investi-
gate which factor has more influence on the risk
for autism. Unique environmental factors are not
always measurable, whereas genetic influences can be
assessed partly by screening for the genetic variation.

A significant increase in the genome research for
ASD in recent years is presented in Table 1. The first
comprehensively annotated full-length human
genomic sequence was published in 2003."° As a
result, researchers have become aware of large struc-
tural variations within the genomes of each indi-
vidual."*'” Copy-number variations (CNV) are the
most common structural variations found in the
human genome'® and represent a major part of
genetic variability." As in Figure 1a, CNV include
duplications and deletions of the genomic DNA
sequence. Compared to the single-nucleotide poly-
morphisms (SNP) and small indels, CNV affect large
portions of the DNA and change the information
coded for the relevant genomic region (Fig. 1b). CNV
are a remarkably frequent variation, involving more

than 10% of the genome.'¢ Sebat et al. demonstrated
that submicroscopic (<500 bp) variations of CNV are
widespread in the normal human genome.'”"> CNV
are one of the major sources of person-to-person dif-
ferences, and on average, there are 1000 CNV in the
genome, accounting for around 4 million bp of the
genomic difference,' although this information may
not be accurate due to a detection threshold for the
available CNV screening methodologies. The most
sensitive commercial oligonucleotide arrays cannot
detect CNV smaller than 500 bp.?°

As research studies focused on elucidating the
impact of CNV in order to advance human health, the
association between CNV and autism susceptibility
has become more apparent (Tables 1 and 2).7-141%21-24
Specifically, in 2007, Szatmari et al.'> searched for
CNV in familial ASD and found that inherited CNV
may increase the susceptibility of ASD. They also
reported CNV that were not transmitted from parents
(de novo CNV). Furthermore, in 2007, Sebat et al.
found that de novo CNV were associated with ASD.''?*
More importantly, the association was at a statistically
significant level (P = 0.0005), and this was one of the
first pieces of evidence to show an association between
CNV and ASD. Sebat and colleagues compared CNV
between patients and unaffected control subjects
using a comparative genomic hybridization (CGH)

© 2013 The Authors
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Table 2. Major CNV with strong association with ASD and developmental disorders
Frequency in Frequency in Frequency in
ASD?1-% developmental control*’**  Association
CNV locus (n=2120) disorders* (n=15767) (n=28329) to ASD Related disorders'*?!-*
1g21 0.2% 0.5% <0.1% dup Schizophrenia (deletion)
5p15.2 0.1% - 0% del Novel region found for ASD
7q11.23 0.2% 0.4% 0% dup Williams-Beuren syndrome (deletion)
15q11-13  0.1% 0.3% 0% del, dup Prader-Willi syndrome (paternal
deletion), Angelman syndrome
(maternal deletion), ASD (maternal
duplication)
15q13 0.2% 0.4% <0.1% dup Schizophrenia (deletion), bipolar
disorder (duplication)
16p11.2 0.8% 0.5% <0.1% del, dup Schizophrenia (deletion), bipolar
disorder, OCD (duplication)
17p11.2 0.2% 0.2% 0% dup Smith-Magenis syndrome (deletion)
22ql11.2 0.1% 0.9% 0% del, dup DiGeorge syndrome, schizophrenia
(deletion)
ASD, autism spectrum disorder; CNV, copy-number variation; OCD, obsessive-compulsive disorder.

array and validated the result using several methods,
including tests for parental analysis, cytogenesis and
in situ hybridization. As many CNV are genetically
passed on from parents to children, Sebat and col-
leagues’ strategy allowed them efficient detection
of de novo CNV. Subsequent studies identified novel
CNV associated with ASD.'”?!'-2* The major de novo
CNV associated with ASD are shown in Table 2.
The CNV listed in Table 2 are the most frequent, and
known as syndromic CNV. Syndromic CNV other
than the ones listed above are listed on the DECIPHER
website.?® The regions of CNV listed in Table 2 disrupt
a region of DNA ranging from 50 kb up to 5 Mbp. In
most cases, the CNV disrupted region contains 10-30
genes. Some of the genes involved in the CNV are
supposed to have copy-number dose-dependent
effects on the behavior of affected individuals.?”?® In
all the cases, aberrations in the same locus were
associated with other psychiatric disorders (Table 2).

CNV ARE FREQUENT AND LARGE
CHANGES IN THE HUMAN GENOME

Typically, the human genome contains two copies of
genes in autosomal chromosomes. With CNV, the
number can vary between zero and four depending
on the combination of deletion and duplication.'® In
addition to alterations in the gene copy number,
chromosomal rearrangements sometimes cause gene

© 2013 The Authors

disruption, exon-shuffling or altered gene expres-
sions.?”” The precise number of CNV in the human
genome is yet to be discovered, but rough estimation
with available methods to date shows that any two
genomes may differ by more than 1000 CNV. This
means that any two individuals differ in 1% of their
chromosomes by either gains or losses in parts of
their DNA sequence.

Lupski et al. estimated the locus-specific mutation
rates of CNV.*° The mutation rate of CNV is 100 to
1000 times higher than the mutation rates for SNP
and different among loci ranging from 1.7 x 10° to
1.0 x 10* per locus per generation. CNV can affect a
region of several hundred to a few mega bp.’' The
most frequent CNV are less than 1kb in length.’!
Only a fraction (5-10%) of people have CNV larger
than 500 kbp in length.?? For example, patients with
DiGeorge syndrome typically have 1.5-3 Mbp dele-
tion in 22q11.2 and the estimated mutation rate
for this locus is 1.25 x 10™* according to the birth
prevalence.

METHODS FOR DETECTING
COPY-NUMBER VARIATIONS

Traditionally, fluorescence in situ hybridization
(FISH) and array comparative genomic hybridization
(aCGH) or SNP arrays are used to detect CNV.
However, because of their low resolutions (approxi-

Psychiatry and Clinical Neurosciences © 2013 Japanese Society of Psychiatry and Neurology



Psychiatry and Clinical Neurosciences 2014; 68: 85-95

Copy-number variation and ASD 89

Table 3. Population of 16p11.2 CNV in three different reports’

Sanders et al. 2011*

Cohort size  16p11.2 16p11.2 CNV
of ASD CNV in case in control
First screening (control) (del, dup) (del, dup) Population
Sebat et al. 2007''1818 ROMA 195 (196) 1 (1del,0dup) 0 -
Pinto et al. 2010* Solid phase hybridization =~ 998 (1287) 9 (6del,3dup) 0 European

Solid phase hybridization 1124 (872)

16 (8del,8dup) 3 (3 dup) Caucasian, Hispanic,
Asian, African

American

CNV data from SFARI gene.””

analysis.

'Only CNV larger than 500 000 base pairs are counted. Both de novo and inherited CNV are included. The individual

ASD, autism spectrum disorder; CNV, copy-number variation; ROMA, representational oligonucleotide microarray

mately 5-10 Mbp for FISH, and 10-25 kbp with 1
million probes for aCGH/SNP array’?), short CNV are
still difficult in terms of detection. Recently, the next-
generation sequencing technology advanced break-
throughs and was used in various fields?* for
example, for the detection of CNV with high resolu-
tion (<10 kbp); however, due to the relatively young
stage of the methodology, the performance is not yet
fully understood.*

Methods based on comparative genomic hybridiza-
tion are commonly used in CNV screening studies.*
aCGH is a modified hybridization technique using
an array DNA probe.'”?2? This allows genome-wide
detection of CNV of more than a few hundred nucle-
otides. However, as the most sensitive commercial
oligonucleotide arrays cannot detect CNV smaller
than 500 bp,?° the number of CNV per genome might
be underestimated due to the inherent limitations of
aCGH technology. In other words, each CNV screen-
ing study has different thresholds to detect CNV. For
example, three reported studies had different numbers
of 16p11.2 cases and controls (Table 3).!"2!2237
Because of this technical limit of using aCGH, a sig-
nificant portion of CNV are denoted as false-negatives.
For smaller deletions or duplications less than 100 bp,
reading depth method using a next-generation
sequencer may be applicable.?® As discussed by Alkan
and colleagues, sequencing of the human genome
with highly repetitive sequences has limitations in its
accuracy.”® Each research paper utilizes different
screening methods to detect CNV, as well as different
validation methods. The detection threshold has been
improving and recent reports of large-scale studies
on CNV?'"?2 have achieved a more refined mapping
of CNV.

Currently, nearly 10% of the ASD population is
thought to have large chromosomal rearrangements,
while others may not. Most of the CNV are inherited
from parents and others occur de novo in germ
cells.'® The formation of the CNV is mediated by
several different mechanisms, such as non-allelic
homologous recombination (NAHR), nonhomolo-
gous end-joining, break-point induced replication
and transposon-mediated events. Of these, NAHR
accounts for most of the CNV (Fig. 2a).'** As noted
above, the largest CNV that has a strong association
with ASD is usually found as a recurrent de novo CNV.
Some, but not all, genomic CNV are generated de
novo in the germ line. Using trio analysis (Fig. 2b),
CNV found in probands, but not in parents, were
associated with an increased risk for ASD. In these
comparative analyses,''** certain CNV were found
only in probands. De novo CNV were not found in the
somatic cells of parents; instead they were newly
formed in the parents’ reproductive cells. In a classical

(a) (b)

Parent Parent

T.010 22

Proband Sibling Sibling

Figure 2. (a) Non-allelic homologous recombination
between two chromosomes. The recombination between two
homologous regions near the gene (dashed box) occasionally
results in the loss or duplication of the gene. (b) Trio analysis to
detect de novo copy-number variations (CNV). Comparing the
CNV of family members.

© 2013 The Authors
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view of meiosis, chromosomes align precisely at
the recombination site and crossovers do not change
the number of genes in the recombinant chromo-
somes. The presence of duplicated sequences on a
chromosome increases the frequency of chromosome
misalignment during meiosis 1. Misalignment can
result in unequal crossover events, which increase
the copy number of the genes on one recombinant
chromosome, while decreasing the copy number of
the genes on the other recombinant chromosome
(Fig. 2a). Therefore, the misalignment is sometimes
associated with the presence of segmental duplica-
tions.* The rearrangement of chromosomes usually
occur between the allelic region of two homologous
chromosomes, but recent findings from human
genome analyses have shown that the human chro-
mosome frequently undergoes non-allelic recombi-
nations between two chromosomes.'® Details on
this have been described in several reports.”**° Some
of the hotspots, such as 17p11.2, were investigated
in detail.*® That particular region of chromosome 17
is enriched with repeated sequences, and duplication
of this region through NAHR has been associated
with ASD. The nature of the high CNV rate in the
human genome is partly explained by flanking
repeated sequences. In fact, about half of our genomic
contents are occupied by repeated sequences. Most of
the repeated sequences are multiple copies of
transposons or mobile genetic elements, such as L1
and Alu.”!

BIOLOGICAL MEANINGS OF THE
COPY-NUMBER VARIATIONS

Large-scale genome analysis points to and clarifies
an association between many neuronal genes in
ASD 204243 Fbert et al. explained the reason why
neural activity genes are important.”® Traditional
physiology has indicated that neurons change their
activity in an excitation-dependent manner. Long-
term potentiation and depression accounts for
memory and cerebellum learning processes. Synaptic
membrane proteins and components of postsynaptic
density (PSD) structures have been identified by both
genome-wide association and CNV analyses.”**
Neurexins are presynaptic membrane proteins, while
neuroligins are post-synaptic proteins that function
as neurexin receptors.”” These two types of proteins
work together to modulate the formation and func-
tion of synapses. Mouse model studies have indicated
that a condition without particular types of neurexins

© 2013 The Authors
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and neuroligins may disrupt a specific connection in
the brain.”® The CNV in either of the neurexin or
neuroligin loci are rarely (<0.1%) found in the ASD
population, which is indicative of the heterogenic
nature of the pathogenesis.”>** SHANK proteins,
SHANKI1 to SHANK3, function as scaffolds in the
PSD of excitatory synapses. The knockout mice of
several SHANK family proteins exhibit behaviors
similar to those observed in ASD, including deficits in
social interactions and repetitive behaviors, such as
excessive grooming. The SHANK proteins, together
with other scaffold proteins and certain types of
kinases, regulate the organization of postsynaptic
structures in an activity-dependent manner.

Common proteins are also encoded by ASD-related
genes, such as Na+/H+ exchanger, and cell adhesion
molecules, such as contactin, protocadherin 10 and
contactin-associated protein-like 2.*> Genes concern-
ing neuronal activity regulations have also been
implicated. Those include Fragile mental retardation
1, Methyl CpG binding protein, deleted in autism 1,
Ataxin 2-binding protein 1 and ubiquitin protein
ligase (UBE3A). UBE3A is an enzyme involved in
protein degradation. It attaches to ubiquitin to any
proteins that should be degraded.** Angelman syn-
drome is characterized by motor dysfunction, speech
impairment, seizures and a high prevalence of autism.
The syndrome is caused by deletions of the maternally
inherited chromosomal region of 15q11-q13. UBE3A
is included in the deleted region and in one of the
candidate genes that cause the phenotypic feature of
the 15q11-q13 CNV. One of the roles of the ubiquitin
pathway mediated by UBE3A is degrading a portion of
structural protein in neuronal cells and regulating the
turnover of synaptic components. In mice carrying a
deletion of UBE3A gene (maternal copy), maturation
of excitatory neurons in the visual cortex was impaired
and the postnatal development of the neuronal circuit
was defective.*® In the same mice, inhibitory input
into neocortical pyramidal neurons was diminished
owing to the reduced vesicle cycling of the interneuron
in the brain region.*” These studies suggest that the
balance between excitatory and inhibitory neurons is
disturbed when removing a maternal copy of the
UBE3A gene.

HOW ABOUT SMALLER CNV?

Girirajan et al. examined the global tendency of CNV
size in an ASD population and reported the fact that
children with ASD have an elevated frequency of
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CNV.*8 There are hundreds of genes implicated in the
cause of ASD;*? however, many smaller CNV, which
may disrupt or duplicate one or two genes, have not
been found to be statistically significant in previous
major reports. CNV that affect genes previously impli-
cated in ASD have low penetrance (e.g. SHANK3),
suggesting that most of the smaller CNV may not
be pathological. However, each report*'** consists of
about 2000 patients and a comparable number of
control groups. Furthermore, the event number (CNV
found in a population) for each genetic loci is usually
very small, in many cases as small as just one or two.
The rarity of the event in one report makes it difficult
to evaluate each small CNV locus and to estimate its
contribution to ASD. In a report investigating the
genomic aberrations related to schizophrenia, Gilman
et al. used cluster analysis to analyze how genetic loci
are interconnected in terms of their biological func-
tion.* This type of analysis integrates many sources of
evidence for protein interactions (proteins are selected
because they are disrupted by small CNV), using
them as features for a classifier of interactions/non-
interactions.”? These computational methods help us
understand the nature of each contributing genetic
loci in the pathology of ASD. However, researchers
still need a large (worldwide) collection of data in
order to achieve statistical significance.

The reason why those genes are accompanied by
ASD is that ASD is not caused by a single gene muta-
tion. This is driven by an analogy of the fragile-X
syndrome,'®?° which develops in a person who has
the fragile-X chromosome with a large number of
triplet repeats, which change the DNA’s structure.
This chromosome is found in approximately 3000~
7000 people and, among them, only one-quarter of
the male subjects carrying fragile-X develop ASD. The
rest of the male subjects with the fragile-X chromo-
some do not meet the criteria for ASD. This is
explained by the fact that while fragile-X is a major
factor, other genetic loci are also important contribu-
tors in the development of ASD. Similarly, this may
be the case for the major CNV previously mentioned.
Stein et al. documented the current understanding of
genome analysis on ASD'* and summarized the total
contribution of CNV, combining the results from
several large-scale cohort analyses. According to their
analysis, the largest genetic contributor for the devel-
opment of ASD was common CNV and SNP. The
common variations (found in >1-5% of the total
population) are the largest driving factor for ASD."
However, each common variation is supposed to

Copy-number variation and ASD 91

have only a minor effect, but a number of them
together in one person may exhibit a larger effect. In
contrast, among the ASD risk factors within a popu-
lation, de novo CNV only have minor effects on ASD.

MODELS OF OLIGOGENIC
INTERACTION

There are as many as 200 genes implicated in the
pathogenesis of ASD. This covers approximately 1%
of the functional genes that humans have. Most of
this evidence is coming from the association analysis
of SNP found in ASD patients. However, because the
genetic background of ASD is highly heterogenic, the
mutation frequency for each genetic element or gene
is very low in ASD. Many of the implicated genes
code for cellular signaling molecules, and reducing
the dosage in the pathway may possibly result in
malfunction of the nervous system. Usually the sig-
naling pathways are multivalent and not just a case of
a simple model. Therefore, this makes it difficult for
future research to elucidate the genetic cause of
ASD. One approach may be to start with a selected
mutation to search for interactions between other
genetic loci. A good place to start is the 16p11.2
CNV.>® The 16p11.2 is the most frequent CNV and
the population of ASD carrying 16p11.2 CNV is
nearly 1 in 100. The 16p11.2 CNV is also found in
approximately 1 in 1000 within a non-ASD control
population. One of the more interesting issues with
16p11.2 is that it is also related to other psychiatric
conditions, such as schizophrenia, bipolar disorder,
obsessive-compulsive disorder (OCD) and obesity.
The 16p11.2 region contains 29 genes and is 600 kb
in length.”! Thus, investigating an individual’s trait
and genetic background will help to understand a
second genetic locus, which may affect the pheno-
type. Two hundred families in North America have
already joined the cohort study.” In addition, there is
a mouse model for 16p11.2. Half of the 16p11.2
deletion mice die postnatally. Mice that survive to
adulthood are healthy and fertile, but have altera-
tions in their hypothalamus and exhibit a ‘behavior
trap’ phenotype.”” These animal models may also
give insight into the possible interaction between the
core genetic loci and additional factors contributing
to the phenotypes of each individual.

The 22q11.2 CNV is known as the 22q11.2 syn-
drome or DiGeorge syndrome for the deletion pheno-
type. The syndrome is known as a genetic disorder
caused by hemizygous deletions on the locus, with a

© 2013 The Authors
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population prevalence of 1 in 4000.°* The deleted
syndrome is associated with an elevated rate of schizo-
phrenia and other psychiatric conditions. In addition,
it has certain characteristic features, including heart
defects, facial anomalies, and T-cell immunodefi-
ciency. The physical and behavioral (i.e. psychiatric)
phenotype prominent in the 22q11.2 syndrome is
seen as a variable expression and combination, each
with different penetrance. The 22q11.2 locus contains
a prominent repeated region flanking the CNV region.
Both the deletion and duplications are generated by
the NAHR between the repeats. The duplication of this
locus is associated with ASD, but the penetrance is
low.2'#*37 The 22q11.2 deletion is usually found as de
novo CNV (>90%) and is associated in almost every
individual with any psychotic phenotype.> The phe-
notypes associated with 22q11.2 deletion are highly
variable; 20-25% is associated with schizophrenia,>
mood disorders,” ADHD,** OCD** and learning dif-
ficulties.” Children with 22q11.2 deletion syndrome
are found with ASD with varied frequency.”**® The
sub-threshold autistic symptoms may be more
common in children with the 22q11.2 deletion syn-
drome. Taken together, the biological nature of ASD
and schizophrenia in patients with 22q11.2 CNV may
share the same genetic component.

()
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The genetic evidence for CNV in the ASD popula-
tion is a strong indication of influences of gene
dosage in the pathogenesis. But each group of people
with the same CNV (as listed in Table 2) shows a
variety of phenotypes in terms of psychosis, intellect,
or additional physical features, such as obesity and
heart disease. Studies on a group who carried a dele-
tion in the same locus indicated that other mutations
additively influenced their intellectual and disease
conditions.”” More generally, the genetic interaction
between mutations is reported in experimental
animals. One example is genes coding for the Notch
family protein.’®*° The Notch family protein was
originally identified in insects, and its mutation
shows a variety of interactions between several
genetic loci in a dose-sensitive manner. The other is
an experiment targeted to find genetic loci interacting
with a cell-surface receptor.®®! In this sensitive
genetic condition, they searched for interacting loci
through a change in photoreceptor cells of an insect’s
eye. Five such loci are identified and one of them is
encoding Ras, an important signaling molecule for
cytoskeletal reorganization in many cell processes
(Fig. 3a). In certain genetic conditions, reducing the
number of interacting genes influenced the penetra-
tion of phenotype. Additionally, these influences are

*
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Figure 3. (a) Schematic illustration to show the genetic interaction in a dose-sensitive manner. In a study of insects where genetic
approach is available, gene dosage of Ras can affect the loss of UV photoreceptor cells. This is seen in a condition where gene coding
for cell-surface receptor kinase is mutated by molecular engineering. This example indicates the specific gene-gene interaction in
dose-sensitive manner for loss of a specific cell-type. (b) A model to explain the effect of de novo copy-number variations (CNV) in
the pathogenesis of autism spectrum disorder (ASD). Each individual has inherited genetic background with varied potential for
developing a specific behavioral trait. A large de novo CNV may raise the possibility of ASD. For those who are diagnosed later
in childhood or in adulthood, the diagnosis may differ from ASD. For details, see the section in the Discussion on 22q11.2 CNV
and ASD.
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only observed in a specific combination of a mutant
and a locus in a dose-dependent manner. That means
that the interaction between secondary genetic loci
can cause different effects on individuals. In such a
condition, the phenotype is seen only in a certain
combination of genes in a dose-sensitive manner.
The majority of common and rare genetic variants
that one person has in most of the cases do not lead
to ASD, but in certain cases lead to increased risk of
ASD as well as a high risk of other disorders (Fig. 3b).

CONCLUSIONS

Judging by the studies on large CNV above, there
seems to be a population of people who carry the
same CNV, but do not exhibit any definitive psychi-
atric features. The genes in CNV are responsible for
biological expressions, such as protein dosage or
mRNA expression levels. However, due to the limits
of interrogating resolution and genome coverage of
the present technologies used in CNV studies, many
more undiscovered CNV may exist in the human
genome, and more comprehensive studies are
expected to advance our knowledge of the distribu-
tion, formation, and genetic susceptibility of CNV.
Moreover, psychiatric disorders are only defined by
the pattern of behavior. Table 2 presents individuals
with a certain CNV (e.g. 16p11.2 and 22q11.2) who
have an increased probability of ASD. Some large
CNV may raise the possibility of ASD in one person
through an oligogenic interaction (Fig.3b). The
underlying genetic interaction may be either additive
or by epistasis, although how each CNV influences
one’s behavior is still not known. Behavioral patterns
that determine clinical diagnoses are usually age-
dependent. Non-genetic factors may account for
the development of symptoms in an age-dependent
manner, which may lead to different diagnoses.
Taken together, additional conditions, such as inter-
active secondary genetic loci or any environmental
contribution, may influence a person’s behavior.
Proper medication and early intervention or indi-
vidualized education®® may compensate for an indi-
vidual’s particular characteristics derived from the
chromosomal variation. A strategic approach com-
bining genetics with individualized treatment may be
how ASD is viewed and solved in the future.
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