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Abstract Copy number variants (CNVs) have been
identified as a major risk factor in neuropsychiatric disor-
ders. In this review, we describe the phenotypes and syn-
dromic features associated with CNVs at four of the best-
characterized risk loci for these disorders: 15q11.2-13.1,
22q11.2, 16p11.2, and 7q11.23. By considering the repor-
ted prevalence of these CNVs in autism, intellectual dis-
ability, schizophrenia, and controls, we demonstrate a
pattern of asymmetric shared risk in which CNVs increase
the risk of multiple disorders but to differing degrees. This
asymmetric risk sharing is incompatible with a model in
which CNVs observed in autism or schizophrenia are
secondary to a reduction in IQ, but favors a more complex
relationship between individual CNVs and specific neuro-
psychiatric phenotypes. Finally, we discuss how the lessons
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learned from CNVs in neuropsychiatric disorders will
translate to the expanding list of genes being associated
with these disorders through exome sequencing.
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Introduction

Neuropsychiatric conditions such as intellectual disability
(ID), autism spectrum disorder (ASD), and schizophrenia
are among the most common and debilitating of human
disorders, yet they are also among the least well under-
stood. All three conditions are known to have a strong
genetic component [1]; and with recent advances in
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Table 1 Characteristics of eight well-characterized CNVs associated with neuropsychiatric disorders at four loci

CNV Syndrome Size (kb) CCDS gene Major characteristics
number
16p11.2 del - 550 26 ID, ASD, epilepsy, delayed language development,
dyspraxia, obesity, macrocephaly
16p11.2 dup — 550 26 ID, ASD, schizophrenia, bipolar disorder, ADHD, epilepsy, low BMI,
microcephaly
22q11.2 del DiGeorge/ 1,700-2,900 28-40 Congenital heart disease, ID, absent thymus, immune deficiency,
Velocardiofacial/ absent parathyroids, hypocalcaemia, cleft palette, distinctive facial
Cono-truncal appearance
anomaly face
22q11.2 dup - 1,700-2,900 28-40 ID, speech impairment, psychomotor delay, growth retardation,
hypotonia, and non-specific dysmorphic features
15q11.2-13.1 del ~ Angelman/Prader— 4,800-5,700 10-14 PWS: low birth weight, neonatal hypotonia, obesity and hyperphagia
Willi in childhood, ID, hypogonadism.
AS: Limited speech, ID, gait ataxia, seizures, excitability,
inappropriate laughter
15q11.2-13.1 dup - 4,800-5,700 10-14 ID, abnormal speech development, behavioral disturbance, seizures,
short stature, hypotonia, sudden death
7q11.23 del Williams—Beuren 1,400 23 Supravalvular aortic stenosis, ID (but verbal skills comparatively
high), hypersociable personality, growth retardation, endocrine
abnormalities, distinctive facial appearance
7q11.23 dup - 1,400 23 Severe speech delay, mild ID, poor social skills, subtle dysmorphic

features

CCDS consensus coding sequence

technology, the genetic risk factors underlying this herita-
bility are gradually being identified. Despite the diagnostic
differences, many of the genetic risk factors are shared
among these disorders.

In this review, we will consider the phenotypic overlap
associated with four of the best-characterized neuropsy-
chiatric genetic risk factors, specifically copy number
variants (CNVs) at 22ql1.2, 15q11.2-13.1 (BP2-3),
16p11.2 (BP4-5), and 7q11.23 (Table 1). We will consider
how understanding this overlap can inform our under-
standing of the architecture of risk in these conditions, and
the implications as specific genes are implicated with each
disorder.

Chromosomal Abnormalities and Copy Number
Variants (CNVs)

Historically syndromes caused by chromosomal abnor-
malities, identified through karyotype analysis, have been
associated with several neuropsychiatric conditions. For
example, Down syndrome, caused by an extra copy of
chromosome 21 [2] is a common cause of ID and, less
commonly, of ASD [3].

Alongside detecting abnormal numbers of chromosomes,
karyotype analysis is also used to identify chromosomal
rearrangements, such as translocations, where large
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segments of DNA are swapped between chromosomes or
within the same chromosome. Such translocations were used
to demonstrate that a region on the long arm of chromosome
22 [4, 5] was involved in DiGeorge syndrome, a condition
that is frequently associated with ID [6] alongside numerous
other syndromic features.

As technology has progressed, it has become possible to
identify smaller changes in chromosomal structure such as
deletions and duplications, collectively called copy number
variations (CNVs). High-resolution karyotyping allows
genome-wide detection of large CNVs (e.g., >2-5 Mb),
while fluorescence in situ hybridization (FISH) allows tar-
geted detection of sub-microscopic CNVs (e.g., >100 kb).
Many such CNVs are clinically relevant, for example,
deletion CN'Vs on the long arm of chromosome 22 (22q11.2)
are a more common cause of DiGeorge syndrome than the
translocations identified by karyotype analysis [7].

The advent of chromosomal microarrays has allowed
reliable detection of smaller CNVs (e.g., >30 kb) in a
genome-wide manner, i.e., without having to select a spe-
cific target region as for FISH. Application of this tech-
nique to large cohorts has demonstrated that large CNVs
are associated with ID [8¢], ASD [9, 10, 11], and
schizophrenia [12, 13] and that many of these CN'Vs are de
novo mutations observed in the affected child and not in
either parent. Furthermore, by identifying CNVs that are
recurrent in multiple affected individuals new loci have
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been associated with neuropsychiatric disorders, including
1g21.1 [14], 16p11.2 [15-18], 7q11.23 duplications [10e*],
and 17q12 deletions [19]. These recurrent loci are often
caused by a process called non-allelic homologous
recombination (NAHR) in which segmental duplications
(large regions of very similar DNA) in close proximity lead
to DNA replication errors resulting in deletion or dupli-
cation of the intervening unique DNA [20].

We will focus on deletion and duplication CNVs at four
loci, 22q11.2, 15q11.2-13.1 (BP2-3), 16p11.2 (BP4-5), and
7q11.23 (Table 1), that show clear association with neu-
ropsychiatric conditions and occur frequently enough to
make a comparison between ID, ASD, schizophrenia, and
unaffected controls.

Prevalence of CNVs by Disorder

To date these four CNVs have not been systematically
assessed in a large birth cohort to determine the true pop-
ulation incidence and phenotypic spectrum. The prevalence
in unaffected individuals has been estimated in a popula-
tion of 101,655 individuals [21¢°], while the prevalence in
individuals with neuropsychiatric disorders has been esti-
mated in 3,955 individuals with idiopathic ASD [22], and
4,719 individuals with schizophrenia [23¢]. No comparable
cohort of ID cases has been assessed, therefore, we will
rely on 8,772 individuals referred for microarray testing,
predominantly due to ID with or without syndromic fea-
tures [8¢]. Due to the manner by which this ID cohort was
ascertained the rate of CNVs is likely to be inflated,
however, at present, it is the best dataset available. The
observed prevalence of each deletion and duplication CNV
at each of the four loci is shown for ID, ASD, schizo-
phrenia, and controls in Fig. la; the corresponding odds
ratios are shown in Table 2.

22q11.2: Three Syndromes Unified by a Genetic
Diagnosis

Deletions at 22q11.2 are observed in about 1 in 6,000 births
[24] and result in a wide variety of phenotypes, so much so
that three separate syndromes were described. DiGeorge
syndrome was described in 1967 based on a severe immune
deficiency and absent thymus; hypocalcemia, hypopara-
thyroidism, and a right aortic arch were recorded in some
infants. The authors noted that abnormal development of
the third and fourth pharyngeal pouches could explain most
of these features [25]. A decade later abnormalities of the
heart and a distinctive facial appearance were described as
cono-truncal anomaly face syndrome (CTAF) in Japan
[26], while 2 years later velo-cardio-facial syndrome

(VCFS) was described based on abnormalities of the palate
(velum), heart, and face [27], it was also noted that the
most of the children had learning disabilities. As mentioned
earlier, the detection of a translocation that involved
chromosome 22 [4] followed by deletions detected using
high-resolution karyotyping and FISH allowed DiGeorge
syndrome [28, 29], CTAF [30], and VCFS [31] to be rec-
ognized as sharing a common genetic cause: deletions at
22ql1.2.

The deletion also leads to a wide spectrum of neuro-
developmental phenotypes, including ID, ASD, and
schizophrenia [32] (Fig. 1a); of note, a lower 1Q score
appears to be associated with the increased risk of
schizophrenia-spectrum psychosis [32].

Duplications at 22q11.2 are considerably more common
being observed in about 1 in 1,300 adults [21e]. The
phenotype is highly variable, including ID, speech
impairment, psychomotor delay, growth retardation,
hypotonia, and non-specific dysmorphic features [33]. It is
frequently observed in individuals without neuropsychiat-
ric diagnoses and is the least penetrant of the eight CNVs
discussed in this review [21e¢]. It has recently been noted
that the duplication was observed at a lower frequency in
schizophrenia (0.014 %, 3 in 21,138 cases) than in unaf-
fected controls (0.085 %, 23 in 27,133 controls) raising the
possibility of imparting protection. An alternative inter-
pretation is that, in the presence of other neuropsychiatric
risk factors, 22q11.2 duplications tip the balance towards
ID and ASD rather than schizophrenia.

15q11.2-13.1: Syndromes that Vary with Imprinting

Multiple segmental duplications are observed in the
15q11.2-13.1 region leading to five distinct “breakpoints”
capable of generating recurrent large CNVs. We will focus
only on the largest CNVs that include the region between
breakpoint 2 and 3 (Table 1). In addition, the region
between these two breakpoints is imprinted, which means
that some of the genes within it are only expressed on the
maternal or paternal chromosomes. Accordingly deletions
give rise to two phenotypically distinct syndromes, Ang-
elman and Prader—Willi, depending which parent’s chro-
mosome the deletion is on.

A deletion on the maternal chromosome results in
Angelman syndrome (AS), which is diagnosed in 1 in
10,000 to 1 in 20,000 live births [34, 35]. This syndrome
was first described in 1965 [36] by the combination of
distinctive behaviors and symptoms in three children. The
disorder is characterized by severe ID with limited or
absent speech, gait ataxia, seizures with a characteristic
EEG pattern consisting of high voltage slow-wave activity,
microcephaly, and hypopigmentation. Additionally, people
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Table 2 Odds ratios and 95 % confidence intervals for the eight CNVs in three neuropsychiatric disorders compared with controls along with

the etiological model that best fits the pattern

CNV ID ASD Schizophrenia Etiological model

16p11.2 del 13 (8-20) 8 (4-15) - 1Q buffering ASD only

16p11.2 dup 6 (3-9) 6 (3-11) 529 Diagnostic unity

22q11.2 del 60 (26-160) 11 (2-50) 19 (5-64) Trunk and branches

22q11.2 dup 8 (5-13) 1 (0-5) - Trunk and branches

15q11.2-13.1 del 105 (15-4,446) - - 1Q buffering ASD
only/Trunk and branches

15q11.2-13.1 dup 16 (7-36) 16 (6-41) - Trunk and branches

7q11.23 del 64 (22-255) - - Trunk and branches

7q11.23 dup 186 (29-7,396) 103 (10-4,886) 43 (2-2,493) 1Q buffering ASD only

with this condition exhibit an apparently happy disposition
with excitability and inappropriate laughter; ASD is pres-
ent in over 50 % of cases [37]. The association with
15q11.2-13.1 was detected through high-resolution karyo-
type analysis [38]. Analysis of an AS patient with a 15q
inversion [39] and candidate gene mutation screening [40]
determined that disruption of the ubiquitin ligase gene
UBE3A within the 15q11.2-13.1 region was sufficient to
cause AS. Only the maternal copy of UBE3A is expressed
in the brain [41], though in the lymphoblasts and fibroblasts
both copies are expressed.

Conversely, a deletion on the paternal chromosome
leads to Prader—Willi syndrome (PWS), which is diagnosed
in about 1 in 20,000 live births [42]. PWS was clinically
described in nine patients with distinctive symptoms in
1965 [43]. It is characterized by neonatal hypotonia, low
birth weight, and failure to thrive as an infant, mild ID,
small hands and feet, hypopigmentation, and hypogonad-
ism. As the individual enters early childhood, the failure to
thrive is replaced by hyperphagia (excessive eating) that
results in severe obesity [44]. In addition, these individuals
have a distinct behavioral phenotype characterized by
repetitive and stereotyped behaviors; up to 35 % of them
receive a diagnosis of ASD [45]. The association with
15q11.2-13.1 was identified through high-resolution
karyotype analysis [46] and the RNA processing gene
SNURF-SNRPN or proximal small nucleolar RNAs
(snoRNAs) are implicated in many symptoms [47].

Both AS and PWS can also arise through other pro-
cesses including: (1) Uniparental disomy of chromosome
15, in which two chromosomes are present (as normal),
however, they both come from the same parent; (2) Small
mutations that disrupt the imprinting center on 15q11.2;
and (3) Small mutations in UBE3A on the maternal chro-
mosome leading to AS [48, 49] or in SNURF-SNRPN or
snoRNAs on the paternal chromosome possibly leading to
PWS [47, 49]. Of note, no cases of AS or PWS were

identified in the ASD cohort (Fig. la); this is likely a
consequence of the comparative rarity of these CNVs
compared with other loci.

Duplications of 15q11.2-13.1 are observed in ~1 in
8,000 adults [21e]. These duplications were found in
several cases of ASD [50] by karyotype analysis, but also
in unaffected parents [51] raising doubt about the ASD
association. The observation that duplications on the
maternal chromosome carry considerably greater risk than
those on the paternal chromosome [52] resolved this lack
of segregation; maternal duplications are now recognized
as one of the most frequent risk factors for ASD (Fig. 1a).
While the features are less specific than for AS or PWS, a
clear syndrome is characterized by ASD, ID, abnormal
speech development, behavioral disturbances, seizures,
hypotonia, short stature, and attention deficit and hyper-
activity disorder (ADHD). Concerningly, several cases of
sudden death have been reported in individuals with
15q11.2-13.1 duplications [53] though the etiology of this
phenomenon remains unknown. The duplication can occur
by two mechanisms: (1) An additional supernumerary
marker chromosome, also known as isodicentric chromo-
some 15 (IDIC15), with two extra copies leading to a total
of four copies of the 15q11.2-13.1 region; and (2) An
interstitial duplication leading to a total of three copies of
the region.

16p11.2: A Syndrome Discovered by Genomics

CNVs at 16p11.2 are the most common of these four loci
(Fig. 1a), however, the association with neuropsychiatric
disorders was only demonstrated in 2008 [15-17, 54]. The
deletion is observed in 1 in 3,500 live births [55] and was
initially described as a cause of idiopathic ASD. Subse-
quently, it has been identified in ID [56], schizophrenia
[18], and a host of other neuropsychiatric conditions. As
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more individuals have been examined a syndrome has
emerged including obesity, ID, speech problems, motor
delays, and macrocephaly along with a variety of con-
genital abnormalities [57¢]. The deletion is also observed in
individuals without ID, ASD, or schizophrenia [21e¢]; this
was initially described as incomplete penetrance, however,
careful examination of carriers compared with non-carrier
family controls showed a consistent decrease in IQ (by
about two standard deviations) and social impairment (1.6
standard deviations on the SRS) [57¢]. If all developmental
and neuropsychiatric conditions are included in the defi-
nition of “affected” then 16p11.2 deletions are over 95 %
penetrant [57¢].

The 16p11.2 duplication is observed in 1 in 1,350 live
births [55]. Like the 16p11.2 deletions, they were initially
detected in individuals with idiopathic ASD [15, 17], but
subsequently this CNV has been associated with many
neurodevelopmental disorders including ID, speech delay,
epilepsy, bipolar disorder, schizophrenia, ADHD, anxiety
disorder, motor delay, and spastic quadriparesis [18, 56,
58]. The phenotype also includes low BMI, microcephaly,
failure to thrive, congenital anomalies, and mild dysmor-
phic features [56].

While both the deletion and duplication increase risk for
neuropsychiatric disorders, in particular ID, they display
mirror phenotypes for head circumference and body mass
index (BMI) with the combination of high BMI and mac-
rocephaly in the deletion, and low BMI and microcephaly
in the duplication [56, 59]. These relationships raise the
possibility that these phenotypes are directly correlated
with 16pl11.2 gene dosage and possibly expression of
specific genes.

7q11.23: A Genetic Locus for Human Sociability

Deletions at 7q11.23 cause Williams—Beuren syndrome
(WBS) which was described in the early 1960’s [60, 61]
and is characterized by supravalvular aortic stenosis, ID
(with verbal IQ comparatively spared), hypersociable per-
sonality, growth retardation, endocrine abnormalities, and a
distinctive facial appearance [62]. The causal role of
7q11.23 deletions was discovered through FISH analysis of
the Elastin (ELN) gene in WBS patients following the
recognition of ELN disruption as a cause of familial su-
pravalvular aortic stenosis [63]. The disorder affects about
1 in 10,000 individuals [62]. Individuals with WBS can
have a concurrent diagnosis of ASD [64], however, this is
uncommon [62].

While the phenotype of deletions at 7q11.23 was rec-
ognized as a distinct syndrome over 50 years ago, the first
description of a phenotype associated with duplications at
this locus was in 2005 [65]. Analysis of multiple cases has
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revealed a new syndrome characterized by severe speech
delay, mild ID, and non-specific dysmorphic features. Of
note, the individuals tended to exhibit poor eye contact and
to be withdrawn [66, 67]. The population frequency is
estimated to be similar to that for WBS, affecting 1 in
13,000-1 in 20,000 individuals [67]. Duplications at
7q11.23 have been associated with ASD [19] and schizo-
phrenia [68].

In a similar manner to 16p11.2 CNVs, both the deletion and
duplication CNVs at 7q11.23 have an adverse effect on an
individual’s IQ, but a mirror phenotype is seen with sociability
and speech. Sociability is increased and verbal 1Q is relatively
preserved in the deletion, while sociability is reduced and
there is severe speech impairment in the duplication. Again
this raises the possibility of direct correlation between these
phenotypes and gene dosage/expression.

Multiple Risk Factors

These four CNV loci are among the most common risk
factors for neuropsychiatric disorders, however, together
they account for <2.5 % of patients with these disorders. In
ASD alone it is estimated that up to 1,000 distinct genetic
risk factors may contribute to the phenotype [69, 70], and
there is no reason to expect radically different figures in ID
or schizophrenia.

Despite being treated as single diagnostic entities, each
affected individual is likely to have a unique combination
of risk factors. In ASD, this etiological complexity has led
to the term “the autisms” [71] to reflect this extensive
phenotypic and genetic heterogeneity contained in the
single diagnostic label.

However, aspects of the phenotype are sufficiently similar
to allow the use of ID, ASD, and schizophrenia as diagnoses,
therefore, the myriad risk factors must converge on a limited
number of pathophysiological mechanisms that cause the core
features of each condition. Several groups have attempted to
leverage this convergence by seeking stages of brain devel-
opment and anatomical regions of the brain at which known
genetic risk factors are expressed. Such convergence has been
observed in the pre-frontal cortex during mid-fetal develop-
ment in both ASD [72-74] and schizophrenia [75]. These
approaches show the potential for rigorously identified genetic
risk factors to be leveraged to reveal fundamental insights into
the pathology of neuropsychiatric disorders.

Penetrance in Neuropsychiatric Traits
These syndromes challenge the conventional notion of

penetrance. While 16pl11.2 deletions show incomplete
penetrance for ID and ASD (when viewed as dichotomous,
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qualitative traits) they appear to cause a significant dele-
terious impact in cognition and social behavior, as mea-
sured by IQ and the Social Responsiveness Scale (SRS)
(both of which are continuous, quantitative traits), in both
cases and apparently unaffected carriers [57¢]. While the
disorder is incompletely penetrant, the effect is completely
penetrant. Similarly when unaffected carriers discovered in
a population-scale search for CNVs were examined, they
displayed a higher level of cognitive deficits than individ-
uals without such CNVs [21¢]. This concept of penetrance
across multiple neurodevelopmental and neuropsychiatric
disorders and the use of continuous, quantitative measures
such as SRS and IQ to compare probands with their
unaffected first-degree relatives is described further in the
Developmental Brain Dysfunction model [76¢¢].

Phenotypic Overlap

One of the most unexpected and striking findings from
analysis of CNVs in neuropsychiatric disorders has been
the extent to which specific loci are shared between dis-
orders. For example, deletions at both 22q11.2 (DiGeorge
syndrome) and 16p11.2 increase the individual’s risk for
ID [6, 77], ASD [10ee, 78], and schizophrenia [6, 23¢].
Furthermore, while the presence of these CNVs in ASD
cohorts does not correlate with ASD severity, they do
correlate (weakly) with IQ [10es]. These observations
challenge the notion that ID, ASD, and schizophrenia are
three entirely distinct diagnostic and etiological categories.
We will consider whether the CNV data support or con-
tradict four models for the relationship between neuro-
psychiatric phenotype and etiological mechanism.

Diagnostic Unity

The simplest explanation is that these three neuropsychiatric
disorders are, in fact, a single etiological entity. Clinical
observations would argue against this; a diagnosis of ASD is
rarely converted to a diagnosis of schizophrenia [79], which
holds true in a reciprocal fashion. Similarly individuals with
ASD or schizophrenia can have a high IQ. The genetic evi-
dence is also inconsistent with this explanation. We would
expect each CNV to be equally prevalent in all three con-
ditions (Fig. 1b), however, with the exception of 16p11.2
duplications, this does not appear to be the case (Fig. 1a).

1Q Buffering in ASD and Schizophrenia

Given the consistency with which de novo mutations are
associated with ID (Fig. 1a) and the correlation of de novo
mutations with IQ in ASD [10es] and, possibly, schizo-
phrenia [80] it could be argued that the primary effect of de

novo CNVs is to reduce IQ leading to ID directly and ASD
and schizophrenia indirectly. In this model [81] limited
social skills or the tendency to disordered thought patterns
are distributed normally within the population, but a higher
1Q has a buffering effect that masks the phenotype. A de
novo CNV disrupts this buffering effect potentially leading
to ASD or schizophrenia. Under this model, we would
expect each de novo CNV to be most prevalent in ID and
for ASD and schizophrenia to mirror this risk (Fig. 1b)
however, no CNVs show this pattern clearly.

1Q Buffering in ASD only

This is the same concept as the last model, however, given
the closer relationship between 1Q and ASD than between
IQ and schizophrenia we will consider the 1Q buffering
effect to only relate to ASD. At least two CNVs appear to
show a consistent pattern (16pl11.2 deletions, 7q11.23
duplications), however, the majority of CNVs show a more
complex pattern (Fig. 1a).

Trunk and Branches

De novo CNVs can disrupt key processes in brain develop-
ment (the trunk), thus raising the risk for multiple neuro-
psychiatric disorders [76e¢], but they can also disrupt more
specific neurological processes (the branches), e.g., social
skills, that further increase the risk for specific subsets of
neuropsychiatric disorders. Consequently, de novo CNVs
show a pattern of asymmetric sharing in which they are
observed in multiple neuropsychiatric disorders, but are
particularly prevalent in a subset of disorders. Most CNVs
show this asymmetric sharing: 15q11.2-13.1 duplications
disproportionately increase the risk of ASD, 22q11.2 dele-
tions increase the schizophrenia risk more than ASD risk,
and 22q11.2 duplications predominantly increase ID risk and
may even be protective against schizophrenia [82].

Therefore, while some CNVs increase the general risk of
neuropsychiatric disorders, the majority appear to increase
the risk of certain conditions more than others, suggesting
that at least some genetic risk factors may be specific to each
disorder. These CNV risk factors not only modify an indi-
vidual’s position on continuous neuropsychiatric traits but
also do so in an asymmetric manner, affecting some traits to a
greater extent than others. The extent of this sharing between
phenotypes may reflect the degree to which etiological
mechanisms are shared between disorders.

“Missed Syndromes”

While some of these CNVs cause well-recognized syn-
dromes (DiGeorge, WBS, AS, PWS) others, such as
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16p11.2 and 7ql11.23 duplications, were discovered in
cases of idiopathic ASD or schizophrenia without appar-
ently syndromic features. It was only with the examination
of large cohorts of individuals that share the same CNV
that a syndrome has emerged.

This raises a question regarding which factors separate
recognizable syndromes from those that are “missed.” The
clearest factor would appear to be the presence of dis-
tinctive, uncommon, and specific characteristics. For
example, WBS accounts for a substantial proportion of
individuals with supravalvular aortic stenosis and is asso-
ciated with a distinctive appearance and behaviors. Simi-
larly the distinctive combination of absent thymus and
hypoparathyroidism allowed the recognition of DiGeorge
syndrome [25]. Conversely, the abnormalities in cognition,
behavior, and energy balance observed in CNVs at 16p11.2
are observed relatively frequently in the population, such
that large cohorts of cases are required to demonstrate
syndromic features [57°, 59].

Population frequency of the syndrome must play a role,
since several cases must be brought to the attention of the
clinician and/or researcher, however, above this threshold
population frequency would appear to be less important
than distinctive features, since 16p11.2 is three times more
common than 15q11.2-13.1 but was recognized consider-
ably later. Penetrance might also be expected to play a role,
since a highly penetrant variant will show a clear segre-
gation with the disorder allowing easier recognition. While
the late discovery of syndromes for 16p11.2 and 22q11.2
duplications would support this, 7q11.23 duplications have
the highest penetrance of all eight CNVs (Table 1), but
were discovered almost last.

In summary, a syndrome has emerged for CNVs at all
four loci associated with neuropsychiatric disorders after
sufficient cases have been examined, however, only syn-
dromes with particularly distinctive features are identified
prior to genomic analysis of large cohorts.

Single Gene Mutations

Exome sequencing in ID [83, 84], ASD [69, 85-87], and
schizophrenia [80] has highlighted the role of de novo loss
of function mutations as risk factors for these disorders.
Furthermore, by observing multiple mutations in the same
gene in different individuals, specific genes have been
associated with disorders [69].

As with de novo CNVs, no single gene will explain a
large proportion of ID, ASD, or schizophrenia; FMRI
triplet expansions (Fragile X) are the most common single
gene cause of ID [88] and ASD [89, 90] accounting for
only 4 % and 1 % of cases, respectively. Unlike the CNVs,
most of the identified genes have no equivalent mutations
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in controls suggesting 100 % penetrance, however, with
increasing sample size this is likely to change.

It is less clear whether single gene mutations will show
similar patterns of asymmetric sharing between disorders
as is observed with CNVs (Fig. 1a). This mixture of phe-
notypic effects may be a consequence of the multiple genes
within a CNV; if this were the case, we might expect to see
a group of genes that increase the general risk of neuro-
psychiatric disorders (disrupting the “trunk”) and another
group that are specific to one disorder (disrupting the
“branches”). Alternatively the pleiotropic effects of each
gene might lead to similarly diverse patterns of prevalence
within these disorders as is seen with CNVs.

Finally, it is unclear whether careful examination of indi-
viduals with disruption of the same gene will lead to a rec-
ognizable syndrome or not. Some of the syndromic features
appear to be a consequence of the multiple genes within each
CNV. However, disruption of a single gene can certainly
cause syndromic effects (e.g., FMRI, TSCI); it remains to be
seen if these genes represent the exception or the rule.

Conclusion

Advances in technology have allowed systematic identifi-
cation of CNVs that mediate risk for neuropsychiatric
disorders leading to the recognition of novel syndromes
(16p11.2, 7q11.23 duplications). The identification of these
CNVs has transformed our understanding of the genomic
architecture of these disorders leading to the conclusion
that thousands of risk factors converge on a limited number
of diagnoses. Furthermore, a complex pattern of asym-
metric sharing of genetic risk factors between neuropsy-
chiatric disorders suggests that ID, ASD, and schizophrenia
are caused by a combination of shared and distinct
neuropathological mechanisms.
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