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Abstract

Copy number variants (CNVs) are submicroscopic deletions and duplications of genomic material that were previously thought to be rare phenomena. They
have now been robustly associated with a variety of disorders such as autism, schizophrenia, and attention-deficit/hyperactivity disorder through an
emerging research base in affective disorders. A complex picture is emerging of a polygenic, heterogeneous model of disease, with CNVs conferring broad
susceptibility to a variety of neurodevelopmental disorders, rather than specific disorders per se. Although the insights gleaned thus far only represent a
small piece of a much larger puzzle, progress has been rapid and new technologies promise even more insights into these hitherto opaque brain disorders. We
will discuss CNVs, the current state of evidence for their role in the pathogenesis of classical psychiatric disorders, and the application of such knowledge in
clinical settings.

Psychiatric disorders have been observed to run in families for
hundreds of years. Taking unipolar depressive disorder as an
example, first-degree relatives of probands with depressive
disorder are 2.83 fold as likely to suffer from the disorder
than controls (Sullivan, Neale, & Kendler, 2000). Likewise,
the monozygotic co-twin of a case of schizophrenia has a
risk of over 50% of also developing the disorder, with the
risk increasing exponentially as a function of the degree of re-
latedness to the proband (Sullivan, Kendler, & Neale, 2003).
Heritability estimates for psychiatric disorders are variable,
but autism (Bailey et al., 1995), schizophrenia (Cardno & Got-
tesman, 2000), bipolar disorder (McGuffin et al., 2003), and
recurrent and severe forms of unipolar depressive disorder
(McGuffin, Katz, Watkins, & Rutherford, 1996) all have strik-
ingly high heritability estimates. Clinical groups are usually
defined according to the International Classification of Dis-
eases, 10th Edition (World Health Organisation, 1992) and
Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition, Text Revision (American Psychiatric Associa-
tion, 1994) clinical descriptions. Although these have reliabil-
ity, they are limited in terms of validity. Within-group hetero-
geneity is a constant problem in genetic studies of psychiatric
disorders, and many individuals can fit criteria for more than
one clinical group. This suggests that the neurobiology under-
lying psychiatric disorders is complex and multifaceted.

Human neurodevelopment and genetics are intimately re-
lated subjects. Although a small number of disorders (e.g.,
Huntington disease) have been conclusively linked to particular
genetic abnormalities, the genetic etiology of the majority has
remained obscure, probably because it is more complicated
than a single-gene to single-phenotype relationship. At the
turn of the millennium, the first draft of the human genome
was published (Lander et al., 2001). At about the same time,
microarray chips were developed that allowed thousands of
genetic experiments to be performed at once on a single glass
slide. These two advances allowed what previously had been a
time-consuming and expensive process to be performed both
rapidly and relatively cheaply in large numbers of samples
(Schena, Shalon, Davis, & Brown, 1995). The Genome-
Wide Association Study (GWAS) was born, and with it has
come vast quantities of new genetic data allowing for associa-
tion studies of more complex traits with large numbers of dif-
ferent genomic variants.

Deletions and duplications of genetic material occur within
the human genome by various molecular mechanisms (Zhang,
Gu, Hurles, & Lupski, 2009). Down syndrome represents the
most obvious example, caused by a whole duplication of chro-
mosome 21. However, until comparatively recently it was
thought that such deletion and duplication events were rare phe-
nomena, explaining onlya handful of sporadic, infrequentlyoc-
curring genetic diseases (Perry et al., 2008). The new wave of
genetic data from GWAS showed that these events occurred
in the normal population, and the extent of this was a surprise
to many geneticists (Freeman et al., 2006; Iafrate et al., 2004;
McCarroll et al., 2006; Sebat et al., 2004). Copy number var-
iants (CNVs) may represent one of the largest and most dy-
namic forms of genetic variation and the formation of gametes
with reciprocal deletions and duplications is likely to be an es-
sential driver of species evolution (Locke et al., 2003; Lupski,
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2007). Within the field of psychopathology, this new realm of
variation has rapidly become of considerable interest.

Definitions

A CNV is rather arbitrarily defined as a deletion or duplica-
tion of genomic material of more than 1,000 base pairs
(Feuk, Carson, & Scherer, 2006; Iafrate et al., 2004; Sebat
et al., 2004). Deletion CNVs remove one copy (a hemizygous
deletion) or both copies (a homozygous deletion) of genetic
material. A homozygous deletion is likely to be more delete-
rious than a hemizygous deletion, because both copies of a
given genomic sequence, which may include genes, are de-
leted. Duplication CNVs can exist as three copies, four cop-
ies, or more than four copies.

CNVs occur with differing frequencies throughout popula-
tions, and they are divided for convenience into those defined
as “common” (occurring in .1 in 100 individuals in a popu-
lation) and “rare” (,1 in 100; Pinto et al., 2010). When study-
ing associations with disease states, the rarest CNVs are logic-
ally of the most interest, because they are more likely to be
evolutionarily under negative selection pressure (and therefore
conferring disadvantage, possibly disease). De novo CNVs
are defined as CNVs that are seen in children but not in their
biological parents, and they are usually generated in the cells
that give rise to gametes or, more rarely, in the immediate cell
divisions after conception. CNVs may also be referred to as
“singleton” CNVs, which refers to a CNV that is only seen
once in any given data set. Assuming the data set is large
enough, such CNVs are also rare in the general population.

Schizophrenia

Schizophrenia is a common (~0.8% lifetime incidence) psy-
chiatric disorder with a substantial heritable component (esti-
mated at around 80%), with first-degree relatives of sufferers
having a 10-fold increased risk of also developing the disor-
der (for a review, see Gottesman, 1991). Although it can oc-
cur at any age, even in childhood, it is most commonly seen in
early adulthood and is characterized by problems with per-
ception, inferential thinking, goal-directed behavior, and
emotional expression (Andreasen, 1995), and a critical lack
of insight into the disorder. No one symptom or sign is com-
mon to all individuals diagnosed with the disorder. Many fol-
low a chronic course of illness suffering substantial psychoso-
cial deficits and increased morbidity and mortality for the rest
of their lives, especially from suicide (Harris & Barraclough,
1998). Although past genetic studies involving linkage, sin-
gle nucleotide polymorphisms (SNPs), and candidate genes
have discovered some interesting regions in the genome,
these have not been replicated often (for a review, see, e.g.,
Schwab & Wildenauer, 2009; and Sullivan, 2005). A sub-
stantial proportion of heritability remains to be explained.

Deserving special mention before a wider discussion of
CNVs in schizophrenia is a deletion of a region of chromo-
some 22q11.2. This deletion syndrome, in addition to being

associated with a variety of congenital and neurodevelop-
mental abnormalities that result in eponymous syndromes
such as DiGeorge syndrome, velocardiofacial syndrome,
and conotruncal anomaly face syndromes (Robin & Shprint-
zen, 2005), is particularly significant because it is associated
with a notably high incidence of schizophrenia (Murphy,
Jones, & Owen, 1999). Attention-deficit/hyperactivity disor-
der (ADHD), autism, and mood disorders have also been as-
sociated with the deletion (Karayiorgou, Simon, & Gogos,
2010). It will be mentioned frequently in this article.

The first CNV studies in schizophrenia were published in
late 2007 and early 2008. The first report, which was by Kirov
et al. (2007), used comparative genomic hybridization arrays
to investigate 93 individuals with schizophrenia compared to
372 controls being investigated for disorders that the authors
considered unrelated to schizophrenia. They filtered out all
CNVs found in the control group or found in the Database
of Genomic Variants (http://projects.tcag.ca/variation/), which
left 13 CNVs for further analysis. They identified two CNVs
that were very likely to be etiologically significant. The first
was a 1.4 mb duplication in chromosome 15q13.1, covering
the amyloid beta A4 precursor protein-binding (APBA2), nec-
din-like 2, and tight junction protein 1 genes, neither of which
was found in either biological parent (a de novo event). The
APBA2 gene is particularly interesting because it is highly ex-
pressed in all areas of the brain, including the prefrontal cor-
tex, cingulate cortex, and amygdala. The protein product of
this gene is a neuronal adaptor protein that binds directly to
neurexins as part of a multiprotein complex that may act as
a facilitator of neurotransmitter release from synaptic vesicles
(Biederer & Südhof, 2000; Dulubova et al., 2007). This CNV
has also subsequently been associated with both autism (Ba-
batz, Kumar, Sudi, Dobyns, & Christian, 2009; Guilmatre
et al., 2009) and schizophrenia (Need et al., 2009). The second
CNV was a 250-KB deletion of 2p16.3 covering the neurexin-
1 gene (NRXN1). Although NRXN1 is a putatively interesting
gene, because it has a pivotal role in supporting synaptic func-
tion, the CNV was also found in the asymptomatic mother.

In April 2008 Walsh et al. (2008) published the results of a
study of 150 patients with schizophrenia and 268 ethnically
matched controls, genotyped on comparative genomic hybri-
dization arrays, and followed up with SNP microarrays, with a
replication sample consisting of 92 patients with childhood-
onset schizophrenia. They found a threefold enrichment of
CNVs in gene-coding regions in the schizophrenia cohort
and those with an onset of illness less than 18 years were
more than 4 times as likely to carry a CNV as controls.
Twenty-eight percent of the childhood-onset schizophrenia
cohort (which is conceptualized to represent a particularly se-
vere form of the disease) carried a CNV over a gene-coding
region, again, significantly greater than the control sample.
Of the CNVs that were detected, the authors found that
they were significantly more likely than chance to cover
genes known to be associated with central nervous system de-
velopment and function. Neuregulin signaling, extracellular
signal-regulated kinase/mitogen-activated protein kinase sig-
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naling, synaptic long-term potentiation, axonal guidance sig-
naling, integrin signaling, and glutamate receptor signaling
were particularly associated. In contrast, in the control group
the CNVs observed covered genes involving any biological
pathway. The authors looked at a number of gene-coding
CNVs in the case cohort in more detail, for example, v-erb-a
erythroblastic leukemia viral oncogene homolog 4, and showed
that the resulting transcribed protein was aberrant and unlikely
to be functional.

In July 2008 Xu et al. (2008) published an analysis of 152
individuals with schizophrenia and their biological parents
compared against 159 controls drawn from the same popula-
tion. The advantage of this approach is that, by looking at the
biological parents of the cases, the group could determine
whether the CNVs observed in the cases were de novo or in-
herited from the biological parents.

They found 15 cases with CNVs where the CNV was not
seen in either parent (de novo) as opposed to 2 in controls, a
significant enrichment of approximately eightfold. Two cases
carried two de novo CNVs each. To assess whether or not de
novo CNVs might be important in the etiology of schizophre-
nia, they went on to look for de novo CNVs in a further cohort
of 48 cases of schizophrenia who had a first- or second-degree
relative who also had the disorder. In contrast, they did not
find de novo CNVs in this cohort. They also found that spo-
radic cases of schizophrenia were only 1.5 times as likely than
unaffected controls to harbor an inherited rare CNV.

Taken together, this suggests that de novo CNVs are more
likely to explain sporadic cases of schizophrenia than cases
where there is a family history of the disease (a similar picture
to autism). It also suggests that only a small proportion of rare
inherited CNVs might be expected to contribute to the patho-
genesis of sporadic cases. They did not find any association of
rare CNV events with age of onset, presence or history
of learning disability, or parental age at birth. Three cases
of the 22q11.2 deletion were identified in this cohort, of
which two had mild facial dysmorphism.

In September 2008 the International Schizophrenia Con-
sortium (2008) reported results of their analysis in 3,391 pa-
tients with schizophrenia and 3,181 ethnically matched con-
trols. They found that the overall burden of CNVs was
increased 1.15 fold in their case cohort in comparison to
the control cohort. They also found that large CNVs (.500
kb), CNVs that occurred rarely in the overall sample, and
CNVs that covered genes, were particularly enriched in the
cases of schizophrenia.

The general increase in burden of rare CNVs partly reflected
the observation of large, rare deletion CNVs in a minority of
cases but no controls. Although statistical tests of association
of these large CNVs mostly failed to reach significance levels,
probably because of a lack of statistical power, CNVs similar to
those found in other disorders such as autism were observed,
which, taken with other studies, is a significant finding.

The 22q11.2 deletion was found to be significantly asso-
ciated, but the group also reported new associations with de-
letion CNVs at 15q13.3 and 1q21.1. The 15q13.3 deletion had

also been associated with mental retardation and seizures in an
article published earlier that year (Sharp et al., 2008), and the
region at 1q21.1 had previously been associated with schizo-
phrenia by linkage (Brzustowicz, Hodgkinson, Chow, Honer,
& Bassett, 2000).

In a further large study, Stefansson et al. (2008) initially
looked for de novo CNVs in an exploratory population sam-
ple, and then tested these 66 regions for association in a sam-
ple of 1,433 cases of schizophrenia against 33,250 controls.
Those regions found to have a suggestive association were
followed up in a replication cohort comprised 3,285 cases
and 7,951 controls. CNV deletions at 1q21.1, 15q11.2, and
15q13.3 were identified as candidates for association in the
first sample and all three of these deletions showed significant
association in the follow-up sample.

The 22q11.2 deletion was present in 8 out of 3,838 cases,
but was notably absent in all controls. This lends support to the
idea that schizophrenia is polygenic, but that some genetic
variants confer more risk than others. It is worth noting that,
in this study, the authors also had access to clinical data, so
they were able to study whether or not various clinical indica-
tors were different in those individuals with CNVs. They
found no differences in clinical response to treatment and there
was no sex bias or tendency for those with a CNV to have a
family history of schizophrenia. The authors noted that cases
carrying the 1q21.1 deletion had learning disabilities, and of
the controls that had the deletion, 2 had dyslexia.

A “multiple hit” hypothesis is hinted at here. No one indi-
vidual variant is either necessary or sufficient to cause schizo-
phrenia (although they may cause mild subclinical problems
on their own), but together multiple variants may act to predis-
pose an individual strongly toward developing the disorder.

McCarthy et al. (2009) investigated the role of recurrent
CNVs at 16p11.2 in schizophrenia, working on the basis of
past findings implicating this region in autism (Marshall
et al., 2008; Weiss et al., 2008). This research group had
also previously detected this variant in 2 cases of childhood-
onset schizophrenia (Walsh et al., 2008). Two cohorts of
schizophrenia cases were analyzed, matched against suitable
control sets. In the first cohort, they found the 16p11.2 dupli-
cation CNV in 12 out of 1,906 cases (0.63%), but only 1 out of
3,971 controls (0.03%). In the second cohort, they found this
duplication in 9 out of 2,645 (0.34%) cases, but only 1 out of
2,420 controls (0.04%). This represents a 14.5-fold increased
risk of schizophrenia for those carrying the CNV.

It is interesting that the deletion CNV at 16p11.2 was not
associated with schizophrenia. However, in a meta-analysis
of previous reports the authors showed that the deletion was ac-
tually more associated with developmental disorders and au-
tism rather than schizophrenia, whereas the duplication might
be associated with autism, schizophrenia, and bipolar disorder.

At first glance the results of the analysis of this region of
16p seem confusing. Deletions and duplications at 16p11.2
appear to be associated with autism, whereas only the dupli-
cation is associated with schizophrenia and bipolar disorder.
Some individuals with 16p11.2 CNVs are apparently normal.

Genomic structural variation 1337

https://doi.org/10.1017/S0954579412000740 Published online by Cambridge University Press

https://doi.org/10.1017/S0954579412000740


Deletion CNVs, because they reduce gene dosage by 50%,
are more likely to affect overall function than duplication
CNVs, which increase gene dosage by 33.3%. It is worth not-
ing that duplication events appear to be critical in human evo-
lution, where divergence of a duplicated gene from its origi-
nal allows the formation of genes and proteins with different,
but usually related, functions (Zhang, 2003). If a gene copy is
deleted, this process cannot happen. This observation sheds
an oblique light on why a more severe disorder such as autism
is only associated with the deletion CNV. Schizophrenia and
bipolar disorder, which have later onset and are usually treat-
able, can be considered less severe; thus, perhaps the associa-
tion with the duplication is more likely. However, this does
not explain why (a) normal controls are seen with the CNV
and (b) why the duplication CNV is also seen in autism.
For a complex disease such as autism, it is more likely from
current evidence that multiple deleterious variants are re-
quired, each contributing a small, and probably clinically un-
detectable, liability. Thus, normal individuals may harbor the
CNV, but because they do not possess other relevant variants,
go clinically undetected. Those with an autism diagnosis
probably manifest a range of unfavorable variants, perhaps
with interacting effects with the 16p11.2 CNV. With this in
mind, the original result is perhaps more explicable, and we
simultaneously receive a glimpse of the genetic complexity
of these disorders.

Need et al. (2009) studied CNVs in 1,013 cases of schizo-
phrenia compared to 1,084 controls. They initially looked at
CNVs larger than 2 mb and found eight deletions in the cases
and nine duplications in 6 cases and 3 in controls. Large de-
letions were statistically more likely to occur in cases than
controls, but not duplications. They then went on to look
for deletion events larger than 2 mb in a further cohort of
1,547 controls screened with an extensive battery of cognitive
tests. They did not find any deletions larger than 2 mb in this
group, further underlining the association with the schizo-
phrenia cohort. They observed four of the large deletions in
the 22q11.2 region, three in the 1q21.1 region, and two
new CNVs, one in 16p13.11 (and within which 2 further
cases had a smaller CNV), and one on 8p22. They also saw
duplications larger than 2 mb in 15q11.2-13.3, extending
across the Prader–Willi/Angelman syndrome critical region
and the gene APBA2, which had previously been reported
in another case of schizophrenia by Kirov et al. (2007).
They commented that although duplications were also seen
in controls, very large duplications (.3 mb) were not, and
were segregated entirely with cases, suggesting that although
duplications may not be as deleterious as deletions, very large
duplication events may be significant in schizophrenia. They
also investigated common CNVs, which were arbitrarily de-
fined, using an approach capitalizing on the fact that some
SNPs tag CNVs (i.e., a particular SNP allele that segregates
with the CNV). They did not find any significant associations
in their data.

Levinson et al. (2011) studied 3,945 subjects with schizo-
phrenia or schizoaffective disorder compared to 3,611 screened

controls, and compared the rates of rare CNVs between groups.
The use of screened controls in this study adds power to the
groups’ ability to detect an association, because it may be rea-
sonable to expect that controls screened for an absence of med-
ical problems harbor fewer CNVs than cases. The group con-
firmed previous associations found for deletions at 15q13.3,
1q21.1, and 22q11.2, as well as duplications at 16p11.2.
They identified a new association region at 3q29. Seven cases
had a deletion in this region, but no controls. This CNV had
previously been found in 14 individuals in a sample of
14,698 individuals with mild to moderate mental retardation,
and a variety of other phenotypes, including autism (Ballif
et al., 2008). Overall, this article provides strong independent
support for the role of certain rare CNVs in schizophrenia.

Buizer-Voscamp et al. (2011) investigated CNVs over
gene coding regions in 834 Dutch schizophrenia patients
and 672 Dutch control subjects screened for an absence of
psychiatric symptoms and history. They found that their cases
had a similar burden of CNVs (2.1 per sample) to controls.
When they stratified their CNVs by type (deletion or duplica-
tion) and size (50–500 kb, 500 kb to 1 mb, and �1 mb), how-
ever, they found significantly more deletion CNVs in cases
than controls across size ranges. They also found CNVs over-
lapping with those previously found in other studies (1q42
and 22q11.2) and a new locus at 5q35.1.

The CNVs discussed so far are large, usually spanning
hundreds of thousands or millions of base pairs. The advan-
tage of studying such CNVs is that they are easy to detect with
current array technology, and stand out as candidates for dis-
ease association. The disadvantage of studying such large
variants is that they usually encompass large numbers of
genes. One or more than one gene may be relevant to a par-
ticular disorder, but without more focused study it is difficult
to tell which gene may be playing an etiological role. In this
case, smaller CNVs that cover or interrupt individual genes
are more informative, although they can be harder to detect.

NRXN1 encodes the presynaptic neuronal cell surface pro-
tein that mediates neurotransmission by interacting with neu-
roligins. Disruptions of this gene impair normal synaptic
function (Sudhof, 2008). CNVs in this gene were shown by
Kirov et al. (2007) in two siblings with schizophrenia, and
an analysis of this gene within a subcohort of schizophrenia
patients in 2008 found significant associations between
CNVs affecting exons of this gene and schizophrenia (Ru-
jescu et al., 2009). Walsh et al. (2008) also found a deletion
of NRXN1 affecting identical twins with early onset schizo-
phrenia. Marshall et al. (2008) and Weiss et al. (2008), among
others, have also linked variants in NRXN1 to autism (see,
e.g., Feng et al., 2006; Kim et al., 2008; Morrow et al.,
2008; Szatmari et al., 2007), and a further study has linked
this gene to mental retardation (Friedman et al., 2006).
NRXN1 is large, and the CNVs demonstrated in the gene
(usually deletions) variously affect different regions. CNVs
that disrupt exons (i.e., the protein-coding parts of genes) ap-
pear to be most associated with disease, as might be expected,
but other CNVs may also be relevant.
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A complicated picture for even a single gene emerges here.
NRXN1 encodes alpha and beta subunit proteins formed from
transcription via different promoters, and multiple isoforms
of each alpha and beta variant are produced by splicing the
messenger RNA. A disrupting CNV within NRXN1 is likely
to disrupt the balance of splice variants produced at different
sites in the CNS, and probably subtly affects synaptic neuro-
transmission, with the extent of disruption being dependent
on the precise nature of the CNV involved. In a review of
this gene and meta-analysis of association studies Kirov, Ru-
jescu, Ingason, Collier, O’Donovan, and Owen (2009)
showed the CNV to be present in 17 out of 8,798 cases
(0.19%) but only 17 out of 42,054 controls (0.04%; p ¼
1.3�1025) with deletions of more than 100 KB even more
strongly associated with disease ( p ¼ 3.7�1026). Thus, al-
though there is compelling evidence of association, NRXN1
CNVs only account for a tiny proportion of overall liability
to the disorder, and most cases will not exhibit a CNV in
this gene. Nonetheless, here is an important small piece of
a much larger puzzle.

ADHD

ADHD is a common childhood psychiatric disorder that in a
substantial proportion of cases continues into adulthood (Bie-
derman, 1998). It is more often seen in boys and comprises
extreme degrees of impulsivity, inattentiveness, and hyperac-
tivity. Although it remains a somewhat controversial diagno-
sis in some circles, a recent meta-analysis estimated the
worldwide pooled prevalence at 5.29% (Polanczyk, de
Lima, Horta, Biederman, & Rohde, 2007). The term hyperki-
netic disorder is sometimes used outside of North America,
but the diagnostic criteria are similar (World Health Organi-
sation, 1992). ADHD has substantial heritability estimates
from twin and adoption studies of around 76% (Franke,
Neale, & Faraone, 2009). However, the genetic etiology re-
mains obscure.

Elia et al. (2010) genotyped 335 cases of ADHD and their
parents and 2,026 healthy controls to study CNVs. They de-
tected 222 inherited CNVs in cases that were not present in
any of the controls. Twenty-eight covered 22 genes pre-
viously implicated in other disorders such as autism and
schizophrenia. Eleven CNVs had also previously been asso-
ciated with autism and schizophrenia. Although in a pathway
analysis the authors found an overrepresentation of genes in-
volved in learning, central nervous system development,
hindbrain development, and cell adhesion, they found no dif-
ference in mean CNV count and CNV size between cases and
controls. This suggests that cases of ADHD, although not
having a higher CNV burden in general, do have a focused
set of CNVs occurring over genes occurring in particular bi-
ological pathways.

In a further large study of large, rare CNVs in 410 children
with ADHD compared to 1,156 controls, Williams et al.
(2010) detected a highly significant difference of 57 CNVs
in their case set, equivalent to 15.6% of cases, and 78 in

the control set, equivalent to 7.5%. Of particular note in
this study was that some children had intellectual disability
(IQ , 70). Even when cases with intellectual disability
were excluded, however, 12.5% of the cases still harbored a
CNV, maintaining statistical significance. The average IQ
of children in the case group was 89, perhaps suggesting
that more CNVs than this might actually be attributable to
general intellectual ability. However, the overlap between dif-
ferent neurocognitive problems (e.g., ADHD) and general in-
tellectual ability (measured by IQ) is particularly hard to mea-
sure and may in any event not be a meaningful distinction.
This reinforces the notion that CNVs can confer a broadly in-
creased risk of neuropsychiatric illness (that may be partially
mediated by general intellectual ability) rather than contribut-
ing to any particular disorder on its own.

Lesch et al. (2011), in a smaller and more focused study,
considered 99 children and adolescents with severe ADHD.
Two-thirds of these children came from families with at least
2 members affected with ADHD, 8 patients were from ex-
tended families with high numbers of sufferers of ADHD,
and the remainder (24 cases) were sporadic. In contrast to
Williams et al. (2010), they excluded any case with an IQ
of less than 80 in this study and any case with a comorbid di-
agnosis of autism or schizophrenia. They found 17 CNVs in
their cohort: 4 deletions and 13 duplications. Two CNVs were
de novo. Many of the CNVs contained genes that may be as-
sociated with ADHD etiology, and the study provides a good
basis for more focused research on the neurobiological
changes that these CNVs may elicit.

Bipolar Affective Disorder

Bipolar affective disorder occurs in about 1% of the general
population, affecting males and females equally, and is char-
acterized by episodic periods of mania and depression (or,
less commonly, mania alone) usually accompanied by distur-
bances in behavior and thinking (World Health Organisation,
1992). In contrast to schizophrenia, where residual deficits
are common, recovery is usually complete between episodes
(Judd & Schettler, 2010). Most twin and adoption studies in-
dicate a heritability of about 80% and the lifetime risk for the
disorder in monozygotic co-twins of a sufferer of bipolar dis-
order is about 40%–70%, and first-degree relatives about
5%–10% (Craddock & Jones, 1999). SNP GWAS of bipolar
disorder have met with some success, with the Psychiatric
GWAS Consortium Bipolar Disorder Working Group, in a
meta-analysis 11,974 cases of bipolar disorder compared to
51,792 controls, confirming an association with the alpha
subunit of the L-type voltage gated calcium channel and a
new SNP in an intron of a human homolog of the Drosophila
pair-rule gene 10-m (Sklar et al., 2011). Previous studies had
also identified SNPs in the neurocan gene (Cichon et al.,
2011) and the ankyrin 3 gene (Schulze et al., 2009).

Zhang, Cheng, et al. (2009) compared the frequency of
rare CNVs detected in 1,001 bipolar affective disorder cases
against 1,034 controls. Looking specifically at singleton dele-
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tions (deletion CNVs occurring only once in the entire sam-
ple) they found that 16.2% of cases contained a singleton de-
letion CNV compared to 12.3% in controls. Some singleton
CNVs covered genes already implicated in schizophrenia,
specifically the metabotropic glutamate receptor 7 gene and
LARGE. Bipolar disorder and schizophrenia are considered
to be distinct yet overlapping disorders, and so this is an inter-
esting and plausible finding. The metabotropic glutamate re-
ceptor 7 gene encodes a metabotropic glutamate receptor ex-
pressed in the brain, and LARGE encodes a gene that has
previously been associated with mental retardation (congenital
muscular dystrophy type 1D gene; Longman, 2003).

Singleton CNVs are an interesting group of variants, and a
logical group to focus on. They are defined as occurring only
once in a data set, and they thus are more likely to represent
variants that occur rarely in a population. Rarely occurring
variants are more likely to be functional (i.e., they have
some sort of effect, usually negative, on the organism) simply
because their rarity suggests that evolution is placing them
under negative selection pressure.

Grozeva et al. (2010) have also studied CNVs in a sample
of 1,697 bipolar cases compared with 2,806 unscreened con-
trols. In contrast to Zhang, Cheng, et al. (2009), they found
significantly fewer deletion CNVs in the cases of bipolar dis-
order than controls. However, it is notable that the control
group in this study is unscreened whereas Zhang, Cheng,
et al. screened their control group for an absence of neuropsy-
chiatric disorder. The two studies are difficult to compare in
this context.

McQuillin et al. (2011) focused on 546 cases of bipolar
disorder compared to 517 controls screened for lifetime ab-
sence of psychiatric disorder. Similar to Grozeva et al.
(2010), but in contrast to Zhang, Cheng, et al. (2009) they
found no evidence to suggest an increased burden of rare
CNVs, including singleton CNVs. They also found that, over-
all, bipolar cases tended to have a lower burden of CNVs
compared to, in this case, screened controls. Nevertheless,
they found instances of CNVs previously seen in other
CNV association studies. Five cases had a CNV on chromo-
some 19 covering a variety of zinc finger domain containing
proteins that had previously been identified by the Interna-
tional Schizophrenia Consortium (2008). Three cases had a
CNV on chromosome 1 identified by Zhang, Cheng, et al.
(2009); 4 cases had CNVs on chromosome 10 that had also
been seen by Grozeva et al. (2010).

Priebe et al. (2011) studied 882 cases of bipolar disorder
compared to 872 population controls. They found that the fre-
quency of samples with rare duplications and the average total
length of singleton deletions was significantly increased in
cases with an age of onset of disorder of �21 years when
compared to controls. They also found evidence for a signif-
icant overrepresentation in cases of two common CNV re-
gions in 10q11 and 6q27. Comparing the frequency of
CNVs in regions previously implicated in psychiatric disor-
ders, they did not find a significant increase when cases
were compared to controls in any region. In contrast, like

many studies, the rarity of the CNVs themselves suggests a
lack of power to detect an association.

Malhotra et al. (2011) recently published a study looking at
a cohort of 788 trios, including 185 with bipolar diagnoses and
177 with schizophrenia diagnoses. They found that the fre-
quency of de novo CNVs was significantly higher in the bipo-
lar diagnosis cohort, with an odds ratio of 4.8, and a particular
enrichment in those with a younger age of onset (,18). Within
the schizophrenia cases, a similar picture for de novo CNVs
was also observed.

Unipolar Depressive Disorder

Unipolar depressive disorder is a variously estimated to have
a prevalence of between 4.4% (Weissman et al., 1988) and
17.1% (Kessler et al., 1994), with estimates depending on
the severity cutoff used to define the disorder. Whatever cri-
teria are used, unipolar depression has one of the highest mor-
bidity burdens of any physical or mental disorder (World
Health Organisation, n.d.). An episode is usually defined
by a pervasive lowering of mood, reduction of energy, and
decrease in activity with a reduced capacity for enjoyment, in-
terest, and concentration lasting for at least 2 weeks (World
Health Organisation, 1992). Biological symptoms including
sleep and appetite disturbance are commonly seen. The above
symptoms are almost always associated with a lowering of
self-esteem and self-confidence in conjunction with ideas
of guilt and unworthiness. Although a meta-analysis of de-
pressive disorder estimated the heritability to be 37% (Sulli-
van et al., 2000), this figure increases to approximately
70% when samples with recurrent and severe forms of the dis-
ease are analyzed (Kendler, Neale, Kessler, Heath, & Eaves,
1992; McGuffin et al., 1996). Like schizophrenia, a gradation
of risk is seen as genetic distance from the proband increases,
with monozygotic co-twins of a sufferer having a risk of
about 50% of also suffering from the disorder (Craddock &
Forty, 2006). Although three linkage studies of depressive
disorder all implicated a region of chromosome 15 (Camp
et al., 2005; Holmans et al., 2004; McGuffin et al., 2005),
no genome-wide association studies of the disorder have
yet generated a replicated locus that survived correction for
multiple testing (Lewis et al., 2010; Muglia et al., 2010; Riet-
schel et al., 2010; Shi et al., 2011; Sullivan et al., 2000; Ter-
racciano et al., 2010; Wray et al., 2012).

Within the sphere of CNVs, three studies have been re-
ported. Glessner et al. (2010) analyzed 1,693 cases of depres-
sion and 4,506 controls genotyped on the Perlegen 600k plat-
form. They found significant association between cases and a
duplication at the SLIT1 gene on chromosome 5. This study
was, unfortunately, hampered by the microarray platform
that, because the polymerase chain reaction in the assay is
run to saturation, tends to have a high signal-to-noise ratios
that make calling CNVs difficult.

Rucker et al. analyzed large, rare CNVs in 3,106 cases of
recurrent depression, 459 controls screened for lifetime-ab-
sence of psychiatric disorder, and 5,619 unscreened popula-
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tion controls from Phase 2 of the Wellcome Trust Case Con-
trol Consortium (Rucker et al., 2011). Within these groups,
they found an ordered increase in the frequency of samples
with deletion CNVs, but not duplication CNVs, with the
screened control sample showing the lowest frequency of de-
letion CNVs, cases of depression the highest frequency, and
unscreened controls falling in the middle. Further analysis
showed that CNVs deleting protein coding regions of the ge-
nome were largely responsible for the association, and, within
an analysis of regions previously implicated in schizophrenia,
there was an overall enrichment of CNVs in cases when com-
pared to the screened controls, although no individual area
was significant. One individual was found to harbor the
22q11.2 deletion and five individuals had CNVs at
16p11.2. Although this study highlights that part of the etiol-
ogy of recurrent depression is likely to involve rare CNVs, as
it does in autism and schizophrenia, it also suggested that
screened control groups may have a particularly low fre-
quency of deletion CNVs. That a relatively uniform fre-
quency of duplication CNVs was observed throughout the co-
horts within this study may suggest that duplication CNVs are
less likely to be pathogenic.

Degenhardt et al. (2012) genotyped 604 cases of major de-
pressive disorder and 1,643 controls on Illumina SNP arrays.
They found evidence that CNVs in four regions of the genome,
7p21.3, 15q26.3, 16p11.2, and 18p11.32, were associated with
their depressed cases. Reciprocal CNVs at 16p11.2 were al-
ready discussed in this article, which are associated with
many different psychiatric disorders, and were observed in
the CNV study of depressive disorder by Rucker et al.
(2011). The statistically significant association of this particu-
lar CNV with depressive disorder is novel, however.

Common CNVs

Common CNVs, which are usually called copy number
polymorphisms (CNPs), are defined variably by different
groups, but usually as occurring in more than 1%, 5%, or
10% of the population (Conrad et al., 2010; Craddock et al.,
2010; Grozeva et al., 2010; McQuillin et al., 2011; Rucker
et al., 2011). Depending on the definition used, they account
for a varying but significant proportion of variation within
the genome, but have not been as intensively studied as rare
and de novo CNVs, probably because they are intuitively
less attractive candidates for explaining disease susceptibility.
Some groups have argued that CNPs may in fact account for
most of the susceptibility to complex diseases (Risch & Mer-
ikangas, 1996). Others propose that both CNPs of small effect
and rarer CNVs of larger effect play interacting roles (Uher,
2009).

Previous work in genome-wide association studies using
SNPs observed that most CNPs are “tagged” by SNPs (Crad-
dock et al., 2010). In other words, the presence of a CNP can
be inferred if a particular allele at a particular SNP is seen.
Using this observation, Conrad et al. (2010) were able to ana-
lyze the origins and impact of CNPs and show that, at least

with current methods for analysis and detection, that they
are unlikely to contribute to a substantial proportion of heri-
tability in neuropsychiatric disorders. This is not a surprising
result, because no particular form of genetic variation has yet
been shown to substantially contribute to complex disease
susceptibility. However, it does place CNPs in context and in-
form us that, as with CNVs, SNPs, and other forms of genetic
variation, our expectations should be modest.

Conclusion

Multiple lines of evidence exist that CNVs, especially those
that are rare and de novo, contribute to susceptibility for com-
plex psychiatric diseases such as schizophrenia and ADHD,
and possibly, to a lesser extent, bipolar disorder and unipolar
depressive disorder. Most data sets in existence have been
collected based on the aggregation of groups of individuals
who share similar diagnoses or characteristics. In this context,
the etiological association of CNV with disease state is nat-
ural, but it runs the risk of oversimplifying a complex picture.
Nature is unlikely to respect our own phenotypic delineations,
and this appears to be the case at this level of genetic varia-
tion. It may be more reasonable to conceive from the evidence
so far that rare and de novo CNVs are associated with a gen-
eral liability to psychiatric and other outcomes rather than
specific diseases. Large, rare deletion CNVs may be associ-
ated with more severe disorders than duplications, but even
here the spectrum of phenotypic variation is surprisingly
wide, suggesting an interacting concert of genetic variants
in addition to those observed.

De novo events may partly explain some cases of sporadic
disease occurring in families with no prior history, although
transmissible events may also contribute to disease running
through families. The observation of similar variants in the
normal parents of affected probands reinforces the concept
that CNVs have mostly low penetrance values for individual
disorders, and lends evidence to a “multiple-hit” hypothesis
of etiology.

Even with these new findings, in a field with a modest
number of replicated genetic associations, the proportion of
heritability accounted for by CNVs is likely to be low. Ge-
netic association studies are currently underpowered to detect
interaction effects or the effects of variants with a small effect
size, although large consortiums of collaborating research
centers may help with this problem (Cichon et al., 2009). Un-
tangling the interacting effects of different genetic variants is
likely to be particularly tricky, but could pave the way for a
new etiological model for susceptibility to psychiatric disor-
ders. This is much cause for celebration in a field with, hi-
therto, a lack of replicated evidence to explain the large her-
itability estimates from twin and adoption studies. We must
add, however, a cautionary note. The human brain is the least
amenable organ to study, and research in the genetics of men-
tal disorders is currently far removed from clinical reality.
Psychiatric diagnoses in particular are notable for their lack
of validating objective biomarkers and, more so in the past,
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have been notorious for their lack of reliability. What is abun-
dantly clear, in a field where many research findings of the
past have not stood the test of time, is that the gap between
a genetic variant and observed behavior is vast and we should
be cautious about inferring causation from association.

Are we yet at a stage where knowledge about CNVs may
be safely translated into the clinic? Although CNVs are
clearly associated with human disease states, they also
represent normal genetic variability within the population
(the mechanisms of CNV formation are most probably an
essential driver of normal species evolution). Separating be-
nign from pathogenic CNVs is difficult, especially when di-
agnostic boundaries are blurred and clinical measurements
of neurocognitive function are difficult to make. Nonethe-
less, from the evidence presented thus far, some CNVs
are clearly associated with disorders such as schizophrenia.
If a deleterious variant is detected, then there are implica-
tions for genetic counseling and family planning, because
such variants may or may not be passed on to offspring,
mediated largely by chance. Thus, although the detection
of a variant may not directly benefit the patient, it may ben-
efit future generations.

Could it be possible to predict development of disease by
screening for CNVs? The answer to this is almost certainly
“no.” Frequently observed in the studies contributing to this
article are apparently normal individuals harboring sup-
posedly pathogenic CNVs. Even in individuals with the
22q11.2 deletion, currently associated with the highest risk
of development of psychiatric disorders of any CNV, only a
minority will go on to develop schizophrenia. Vassos et al.
(2010) analyzed the penetrance of variants associated with
schizophrenia occurring in the genomic regions 15q13.3,
1q21.1, 15q11.2, 17p12, 2p16.3, 16p13.1, and 16p11.2. Es-
timates for these variants, themselves already having been
identified as significantly associated with schizophrenia in
various different studies (Ingason et al., 2011; International
Schizophrenia Consortium, 2008; Kirov et al., 2007; Kirov,
Grozeva, et al., 2009; McCarthy et al., 2009; Rujescu et al.,
2009; Stefansson et al., 2008; Vrijenhoek et al., 2008), ranged
between 2% and 9%. In other words, 91%–98% of indi-
viduals with one of these variants will not go on to develop
schizophrenia. Although they may go on to develop another

disorder (the penetrance level for “any disorder” is probably
higher than for individual disorders alone) the levels of pene-
trance seen are likely to be much below levels seen in Men-
delian disorders (Vassos et al., 2010).

Taken together this suggests that screening for CNVs is
unlikely to be informative. For those who are free of disease
and do not harbor a CNV, there will be no reassurance that
they will not go on to develop disease. Likewise for those
who are free of disease but found to harbor a CNV, there is
no certainty that they would go on to develop it; indeed, the
likelihood is that they would not. The limitations of screening
are starkly seen with these examples. Even if strong interac-
tional effects are found between individual CNVs or between
CNVs and other forms of genetic variation, clinical tests for
diagnosis and prediction demand high sensitivities and speci-
ficities, which are unlikely to be achieved in the near future.

What of treatment? Although no study has demonstrated
that those harboring CNVs show any differences in terms
of treatment outcome, relatively few studies have been de-
signed to search for such effects. The study of CNVs and
the proteins produced by the genes that they involve may
lead to new, targeted therapies in the future. This picture
has already become a clinical reality in cancer therapeutics
for some individuals. In psychiatry, however, many barriers
exist for a similar aspiration to be realized.

CNVs represent the first replicated evidence in the search
for the genetic etiology of psychiatric disorders. Disorders
with high heritability scores appear to be particularly associ-
ated with CNVs, as would be expected. More research is re-
quired to clarify the contribution of CNVs to different disor-
ders. Even so, from a broad perspective, it is unlikely that
CNVs will account for a large amount of unexplained herita-
bility, which will probably be filled by other genetic variants,
interaction effects, epigenetic effects, and as yet unknown
factors. Large, rare CNVs represent the tip of the etiological
iceberg. Taken together, the evidence strongly argues for a
polygenic, complex model of disease of the type Gottesman
and Shields (1967, based on the work of Falconer (1965), ar-
gued for over 40 years ago. The effect of CNVs with smaller
effect sizes, and particularly the interaction effects between
different CNVs, have yet to be defined and may require novel
research and analysis strategies.
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