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Variation in gene copy number is increasingly recognized as a common,
heritable source of inter-individual differences in genomic sequence. The
role of copy number variation is well established in the pathogenesis of
rare genomic disorders. More recently, germline and somatic copy number
variation have been shown to be important pathogenic factors in a range of
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have presently been completed.

During the past several decades, significant prog-
ress has been made in defining the genetic hasis
of Mendelian diseases. More recently, genome-
wide association studies (GWAS) using single
nucleotide polymorphism (SNP) markers have
localized and, in many cases, identified suscepti-
bility genes for a range of common, complex dis-
eases. Despite the success of GWAS in identifying
disecase genes, the newly discovered susceptibil-
ity genes explain only a modest fraction of trait
heritability or risk in common diseases, leading to
uncertainty as to the genetic basis of the ‘missing
heritability” {1-3).

Genomic copy number variants {CNVs) were
recognized as a cause of human disease in
the 1980s, but their population frequency was
presumed to be low and directly related to specific
‘genomic disorders’ (4, 3). For example, copy

common diseases, including infectious, autoimmune and neuropsychiatric
diseases and cancer. In this review, we describe the range of methods
available for measuring copy number variants (CNVs) in individuals and
populations, including the limitations of presently available assays, and
highlight some key examples of common diseases in which CNVs have
been shown clearly to have a pathogenic role. Although there has been
major progress in this field in the last 5 years, understanding the full
contribution of CNVs to the genetic basis of common diseases will require
further studies, with more accurate CNV assays and larger cohorts than
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number variation at the alpha-globin locus was
shown to be a cause of alpha-thalassaemia (6).
During the 1990s, deletions and duplications were
found as a cause of a number of other single
gene disorders, although these are mostly severe
syndromes caused by de nove mutations that
would not be expected to be transmitted from
generation to generation. Several examples of
these disorders are included in Table 1. These rare
genomic disorders and the mechanisms underlying
the genomic origins of CNVs have been reviewed
in detail elsewhere (5, 7-24) and are beyond the
scope of this review.

In the last 5 years, variation in gene copy
number has been recognized as a common source
of inter-individual variation in the genomes of
healthy individuals (25, 26). A CNV may be
defined as a DNA segment of 1 kb or more in
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Table 1. Human disorders associated with gemmiling CNVs

Disease Locus Gene(s} Structural variation Reference(s)
Rare genomic disorders
Cri du chat syndrorme £pi15.2 Multiple genes Deletion &)
Spinal muscular atrophy (SMA1-4) 5012.2-913.3 BIRCT, GIF2H? Deletion 1%
SERFIA, SERFIB
SMNT, SMNZ
Williams-Beuren syndrome 7011.23 Multiple genes Deletion/duplication (11}
CHARGE syndrome 8qi12.1 CHD? Deletion 12
Charcot-Marie-Tooth disease type 482 11pi15.4 ADM Deletion (13}
SBF2
Prader-Willi and Angelman syndrorme 15g11-g13 ATPI0A, OCAZ Deletion (14}
OR4AMEZ, OR4IN4
UBE3A
Smith-Magenis syndrome 17pi11.2 ATPF2, CORS3 Deletion (15)
DRG2, MEDS
NTBM, RAMT
SMCRS, SREBF1
Charcot-Marie-Tooth disease type 1A 17pi11.2 COXT0, HS3573A71 Deletion (16}
PMPZ22, TEKT3
ZNF286
Meurofibromatosis type 1 1rgite NFT Deletion/duplication (17)
Miller-Dieker lissencephaly syndrorme 17p13.3 LISt Deletion (18}
DiGeorge/Velocardiofacial syndrome 22q11.2 GGTZ2, GNBTL Deletion/duplication (19
HIC2, TBX1 (20}
Pelizaeus-Merzbacher disease Xg2? PLPT Deletion/duplication (21}
Common disorders
HIV/AIDS susceptibility 17q11.2 CCL3L1T Deletion (37)
Systemic lupus erythematosus 1923 FCGR3B Deletion (38-40)
Bp21.3 C4 Deletion (78}
Rheumatoid arthritis 17g11.2 CCL3L? Duplication 69
Kawasaki disease 17g11.2 CCL3L? Duplication (72}
Crohn’s disease 8p23.1 HBD-2 Deletion (74}
533.1 IRGM Deletion (77}
Psoriasis 8p23.1 HBD-2 Duplication (51)
ANCA-associated vasculitis 1023 FCGR3EB Deletion 39
1023 FCGH3B Duplication (40}
Atopic asthrma 10133 GETMT Deletion (79
22011.2 GSTT1 Deletion (80, 81)
Autism spectrum disorders 15g11-g13 Multiple genes Deletion/duplication (85)
16p11.2 Multiple genes Deletion/duplication (86)
22013.3 SHANK3 Deletion (87}
Xp22.33 NLGNA Deletion (88}
2p16.3 NEXNT Deletion (89}
Multiple Multiple genes De nova CNVs
Schizophrenia 2034 ERBB4 Deletion 91}
5p13.3 SLCIAS Deletion (93}
2q31.2 RAPGEF4 Deletion 90}
1224 CiT Deletion (92}
Multiple Multiple genes De nova CNVs
Epilepsy 15q13.3 CHRNA7Y Deletion (82, 85}
Helbig et
al. (2008)
Parkinson’s disease 4022 SNCA Duplication (98, 100)
Armyotrophic lateral sclerosis 5012.2-913.3 SMNT Deletion (104}
SMNZ
Farmilial hypercholesterolerria 19p13.2 tOLR Deletion/duplication (113}

ADS, acqg

imminad
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length that is present in a variable number of copies
in the genome. These sub-microscopic ‘structural’
variants include simple deletions, insertions and
duplications as well as more complex multi-site
variants such as single nucleotide variants with
complex characteristics due to CNV or gene
conversion (27, 28) (Fig. 1).

In 2006, Redon et al. (29) constiucted the first
comprehensive CNV map of the human genome,
and made several key observations. Amongst
the 270 individuals studied, 12% of the human
genome {approximately 360 Mb pairs) was found
to be covered by CNVs, with a preponderance
of smaller size rearrangements {<20 kb). The
genomic regions encompassed by these CNVs
contain hundreds of genes and other functional
elements, and many CNVs reached a popula-
tion frequency of greater than 1%, in which case
they are referred to as copy number polymor-
phisms (29). These observations, together with
the substantial inter-population differences in gene
copy number reported by Redon et al. (29) and
others (30), suggest that CNVs could play an
important role in evelution and adaptation to dif-
ferent environments, and potentially in susceptibil-
ity to common diseases. Supporting the importance
of structural variants in modulating complex phe-
notypes, Stranger et al. examined mRNA levels in
Iymphoblastoid cell lines from 210 unrelated indi-
viduals and concluded that CNVs accounted for
almost 20% of the genetically determined vari-
ation in gene expression independent of other
genetic variants, including SNPs (31). Studies in
animal models support this view, showing that
CNVs can also affect the expression of genes
adjacent to the genomic location of CNVs, most
likely through alteration of adjacent regulatory
sequences (32, 33).

With the growth of information on CNVs in
the human genome, the accurate annotation of
these structural variations has become increasingly
important. At present, several databases are cur-
rently available for genome-wide investigation of
genomic variants {34-36).

The number of reports of association between
CNV5s and common diseases has increased mark-
edly over the past 5 years (Fig. 2). CNVs have
been associated with a growing number of com-
mon complex diseases, including human immun-
odeficiency virus (HIV) (37), sutoimmune discases
{38—40) and a spectrum of neuropsychiatric disor-
ders (7). As well as the associations with herita-
ble CNVs, de novo mutations, both germline and
somatic, have been reported as causes of several
disorders.

Gene copy number variation

Studies on human dystrophin gene suggested
that the mutation rate for de nove CNVs was equal
to one deletion per 8 newborns and one duplication
per 50 newborns (41, 42). While heritable de rovo
CNVs have been associated more commonly to
neuropsychiatric disorders (7), somatic CNVs that
are detected, e.g. in the genomes of cancer cells
are believed to play an important role in malignant
transformation and cancer pathogenesis {43 —45).
However, the methodologies for accurate measure-
ment of gene copy number remain challenging, and
still limit the scope of present genetic studies asso-
ciating CNV and disease, both at the individual
gene level and at the level of the genome (30, 46).

In this review, we discuss the currently available
methods for measurement of CNVs and then focus
on the role of transmissible germline CNVs and
somatic CNVs in the pathogenesis of common
diseases.

Methods for CNV detection

Several methods have been developed for mea-
surement of copy number within genomic CNVs.
These assays can be ecither locus specific or
genome wide and are mostly either array based
or polymerase chain reaction (PCR) based, giv-
ing different degrees of resolution, precision and
throughput.

Comparative gencmic hybridization arrays

Comparative genomic hybridization (CGH) arrays
have been the most widely used method for
genome-wide identification of CNVs. For fabri-
cation of CGH arrays, genomic DNA sequences
across the genome are spotted onto a solid support
(usually glass). Test and reference DNAs (labelled
with different fluorescent markers) are then simul-
taneously hybridized to the array and the respective
signal intensities compared to give a measure of
copy number. The length of DNA sequences used
to construct the arrays ranges from 200 kb (bac-
terial artificial chromosome or BAC arrays) down
to 25 bp (oligonucleotide array) in size. Although
BAC arrays provide better coverage of the genome
with a higher signal-to-noise ratio, they cannot
identify CNVs of <50 kb due to the large size
of the BAC DNA probe (47). In the past, this
led to an overestimate of the size of discovered
CNVs and still represents an important limitation
given that the majority of CNVs are typically rear-
rangements of <20 kb in size (29). In contrast,
high-density oligonucleotide arrays provide better
resolution with more accurate definition of CNV
boundaries, but hybridization intensities have a
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poor signal-to-noise ratio that can lead to consider-
able experimental variability between studies (48).

SNP arrays

Arrays designed to detect SNPs can also be used
to identify CNVs by locoking for differences in
signal intensity that are independent of genotype.
SNPs in CNV regions may appear to violate
Mendelian inheritance—because they are assaying
non-diploid numbers of alleles—or may not to
be in Hardy—Weinberg equilibrium (29). There-
fore, such SNPs often failed quality control pro-
cesses {(46) and were likely to be discarded during
the original design of genotyping arrays, leaving
gaps in genome coverage. Furthermore, linkage
disequilibrium arcund CNVs has been reported to
be lower than SNPs. This can be explained by
the fact that CNVs might undergo recurrent muta-
tion, reversion or transposition events that would
modify the non-random associations at different
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Fig. 1. Different classes of copy num-
ber variants (CNVs). Genomic regions
or genes (indicated with dots) can
undergo duplication, deletion and inser-
tion events. Multi-site variants (MSVy)
refer to more complex genomic rear-
rangements, including concurrent CNV
and mutation or gene conversions., The
MSVs represented in the figure show a
mutation event (blue arrow) followed by
gene duplication.

loci. For these reasons, the detection of CNVs,
by tagging approaches, using SNP arrays has pre-
viously been limited. Newer generation of SNP
arrays have now been designed to Gll gaps in
whole-genome coverage and alse to include non-
polymorphic probes that are optimized for copy
number measurements {46).

Quantitative real-time PCR

Quantitative real-time polymerase chain reaction
{gPCR) has been one of the most commonly used
methods for screening targeted genomic regions
for CNVs. It 1s an efficient method for detection
of deletions or duplications at single loci as
well as being a relatively high-throughput and
technically straightforward assay. However, gPCR
is not suitable for simultancous amplification of
many targets of interest in a single reaction and,
in common with the other assays described above,
does not permit precise integer measurements
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Fig. 2. Number of publications reporting copy number variations (CNVs) in humans. Bars represent cumulative data for human
CNVs, including analysis tools and assays for CNV detection. Articles were initially identified in a PubMed search nsing the guery
strategy: ‘copy number variation’ (Title) OR ‘copy number polymorphism’ (Title) OR ‘copy number’ (Title) OR ‘duplication’
{Title) AND ([‘year’ (EDAT): ‘year’ (EDAT)] AND ‘humans’ (MeSH Terms) AND ‘English’ (lang) AND ‘pubmed pmc local’
{sby). The resulting list of articles was mapually refined by excluding papers reporting somatic rearrangements related to cancer.

of gene copy number because copy number
estimates from these assays form a continuous
distribution {49-51).

Paralogue ratio test

The paralogue ratio test (PRT) (50, 51) is an accu-
rate and relatively high-throughput method for
determining gene copy number at targeted single
loci. This method invelves the simultaneous ampli-
fication of a target clement whose copy number
is being estimated and another unlinked reference
locus that is simultaneously amplified by the same
primer pairs in the same reaction tube. The two
regions are subsequently distinguished by internal
differences (such as amplicon length or restriction
digest), quantified and compared to estimate the
copy number of the target compared to the refer-
ence. In this method, simultaneous amplification of
target and control in the same reaction decreases
experimental variability and improves precision of
the measurements, generating copy number esti-
mates close to integer values.

MLPA and MAPH

Multiplex ligation-dependent probe amplification
(MLPA) and multiple amplifiable probe hybridiza-
tion (MAPH) are alternative targeted PCR-based
approaches for simultaneous analysis of multiple
genomic regions (up to 40 target sequences) (52).
These approaches rely on the use of oligonucleotide
probes to generate locus-specific amplicons that

can be resolved by capillary electrophoresis:
enhanced peak signals indicate duplications while
reduced peaks are indicative of deletions. These
techniques are simple to apply, sensitive and,
although they are more commonly employed for
locus-specific studies, they can also be used for
screening multiple targets.

Seguencing and gencme assemply compariscn

Alignment of DNA sequences from different
sources has been successfully used to identify
structural variants. This method consists of align-
ing and comparing two completed sequence assem-
blies and in one report has yielded 13,066 unde-
scribed structural variations including insertions,
deletions and CNVs in the human genome (33).
The main limitation of this approach was in the
assemblies used (International Human Genome
Sequencing Consortium and National Centre for
Biotechnology Information), that represented mos-
aics of different donor DNA sources (with neither
being fully completed), and therefore were not
ideal for sequence comparison. With the devel-
opment of high-throughput DNA sequencing pro-
tocols, so-called next-generation sequences, it has
been possible to generate new assemblies of com-
plete genome sequences from single individuals.
This enabled more robust and reliable genome
comparisons and CNV identification (54, 35). All
platforms that are commonly used for massively
parallel DNA sequencing {such as Roche/454
FLX (56), lllumina/Selexa Genome Analyzer (57)
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and Applied Biosystem Solid™ System) employ
single-strand amplification of a fragment library
followed by sequencing reaction of the amplified
strand, while using different chemistries, detection
methods and software (58). For all these platforms,
the libraries are obtained directly from the genome
of interest, thereby avoiding the bacterial cloning
step; moreover, they enable high-throughput gen-
eration of sequence reads, ranging from several
hundred thousand to tens of millions of reads (58).
Next-generation sequencing platforms prompted
the development of new computational methods
for identification of structural variations. Most of
the approaches are based on paired-end read map-
ping (PEM) (55, 59). This requires the generation
of a library of fragments (typically 300-500 bp of
genomic DNA), which is subsequently subjected
to deep sequencing {massively parallel sequenc-
ing generating millions of short sequence reads
from a given sample) to determine the ‘paired-end
spans’. The sizes of paired-end spans are compared
to a reference genome to identify structural vari-
ations. The distinctive advantage of this method
s that it allows the identification of inversions
and provides resolution of CNV boundaries at the
single nucleotide level. However, PEM is limited
to detect only insertions smaller then the aver-
age insert size of the library and it cannot reliably
identify variants located within complex genomic
regions {60). To overcome these limitations, a new
approach has been recently proposed (61). This
method takes advantage of the depth of single-read
coverage and employs a novel CNV calling algo-
rithm (namely Event Wise Testing) designed for
ad hoc analysis of read depth (RD). The cover-
age {RD) is estimated in non-overlapping intervals
across the genome and it is used as a quantitative
measure of copy number. A decrease or increase in
RD across multiple consecutive genomic windows
is indicative of deletion or duplication events,
respectively. However, RD analysis has several
limitations. For example, it is not able to ascer-
tain balanced rearrangements or structural varia-
tions that involve highly repetitive sequences, and
it shows limitations in identifying novel insertions
or their precise location. PEM and RD analyses
provide different and complementary advantages,
and using both approaches in combination will
enhance detection of different structural variations
employing next-generation sequence data.

Statistical tocls for disease asscciation with CNVs

Several methods for CNV calling from aCGH
data are now available, ranging from the use of
simply defined thresholds of mtensity values (62)
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to more complex statistical modelling (63—-66).
Examples of widely used algorithms that have been
implemented for CNV calling using CGH array
data include the Smith—Waterman array (SW-
array) (64) and the circular binary segmentation
method {63). Both are non-parametric methods,
i.e. they do not make any assumption about the
nature of the noise distribution and the intensity
data. Within a set of ordered array log-ratios val-
ues, the SW-array method identifies ‘islands’ of
probes whose intensity differs from a given thresh-
old value. The circular binary segmentation algo-
rithm recognizes ‘islands’ of probes by using 7-test
to compare their average intensity. Both methods
use permutations to assess the significance of the
differences between signal intensities.

When SNP arrays are used to call CNVs, one
simple approach searches for unusual patterns of
genotype inheritance or allelic segregation within
families, and as such is not suitable for analysis
in unrelated individuals (67). An alternative tool
for deriving integrated CNVs and SNPs from
array data has been recently developed (66). This
approach assigns CNVs across regions of known
common copy number polymorphism, calls SNP
genotypes and discovers rare and de rovo CNVs
via 4 hidden Markov model that takes into account
probe-specific means and variances.

For PCR-based assays, CNV calling is car-
ried out through quantification of the genomic
DNA, usually followed by binning in copy number
classes using pre-defined intensity thresholds. The
main challenge in the analysis of association stud-
ies of CNVs and human diseases is in minimising
false-positive rates that may arise as a consequence
of imprecision and inherent noise in copy number
measurements {68).

Most of the genotyping platforms described ear-
lier produce copy number estimates, which are
distributed on a continuous scale in the population
sample. Although forcing the raw copy number
measurements into discrete copy number bins has
proved adequate to discover CNVs that have a
large effect on disease susceptibility (37—40, 69),
the approach may result in loss of information
and reduced power to detect weaker associations.
Moreover, other confounding factors such as dif-
ferent DNA quality or sample handling between
cases and controls can affect the accurate quan-
tification of SNPs and CNVs and potentially lead
to spurious associations (i.e. high false-positive
rate) (68, 70).

Recently, a meore appropriate statistical tool
for CNV case—control association testing has
been developed (68). This methodology takes into
account a disease model for the trait of interest



together with a mixture model for the signal
which accommodates several determining factors,
including different variability and noise levels.
These kinds of approach appear to be robust
enough to avoid potential confounding factors, and
are likely to be particularly helpful when assays
with poor signal-to-noise ratio are used for the
copy number measurements.

CNVs and common human diseases

Since recognition of the widespread distribution
of transmissible germline CNVs in the human
genome, associations have been reported to a range
of common diseases, including autoimmune and
infectious diseases, neuropsychiatric and cardio-
vascular diseases. Associations have also been
reported between both germline and somatic CNVs
and cancer. We review here the evidence for and
nature of these associations.

CNVs in infecticus and autoimmune disease

Gene ontology analysis has shown that regions
of the genome affected by copy number variation
are significantly enriched for genes mvolved m
inflammation and the immune response (29, 71).
To date, a number of studies have reported associ-
ation between CNVs in these classes of genes and
HIV, asthma, Crohn’s disease and other autoim-
mune disorders (Table 1). CNV at CCL3LI has
been implicated in the pathogenesis of several
disease phenotypes (37, 69, 72). CCL3L! gene
encodes a HIV-1-suppressive chemokine that is
the most potent ligand known for the HIV co-
receptor CCR5. CCL3L! copy number that was
fower than the population-specific average was
associated, in several ethnic groups, with both HIV
susceptibility and with an accelerated rate of HIV
progression {37). Subsequent smaller studies in
different ethnic groups have been variable in repli-
cating these initial findings, indicating the need
for larger replication cohorts to establish finnly
the link between CCL3LI copy number and HIV
susceptibility and progression {73). In the context
of autoimmune disease, it is also of intersst that
high copy number at CCL3L{ has been associated
with disease susceptibility to rheumatoid arthri-
tis and with a protective effect in Kawasaki dis-
ease (69, 72).

Similarly, both high and low beta-defensin copy
numbers have been associated with susceptibil-
ity to different diseases (51, 74). The proteins
encoded by these genes act as cytokines linking
the innate and adaptive immune responses. Con-
sequently., quantitative variation in gene dosage

Gene copy number variation

might be anticipated to contribute to susceptibil-
ity to infectious and inflammatory disorders. Low
beta-defensin 2 (HBD-2) copy number has been
reported to predispose to colonic Crohn’s dis-
ease in three independent cohorts (74), and high
HBD-2 copy number was associated with psoriasis
in Dutch and German populations (51).

CNV at FCGR3B has been shown to confer
increased susceptibility to a range of autoimmune
disorders (38—40). The FCGR3B gene encodes
the low affinity receptor for the Fc fragment
of immunoglobulin G. FCGR3E i1s a member
of a gene family whose proteins play a key
role in the immune response by binding the Fc
fragment of immunoglobulins, thereby providing
a critical link between the humoral and cellular
immune responses. FCGR3B is expressed mainly
in neutrophils and is necessary for neutrophil
tethering to immune complexes {75).

Variation of copy number at the Fcgr3 gene
locus was initially demonstrated in a rat model
of crescentic glomerulonephritis where loss of a
newly wdentified Fegrd paralogue, Fegr3 -related
sequence (Fegr3-rs) in the Wistar Kyoto rat strain
predisposed to the development of disease (38).
In humans, low copy number of FCGR3B was
shown to predispose to glomerulonephritis in sys-
temic lupus erythematosus (SLE). Further stud-
ies of unrelated case—control cohorts in different
populations found low FCGR3B copy number to
be a genetic susceptibility factor in the devel-
opment of several systemic autoimmune disor-
ders, including SLE and anti-neutrophil cytoplas-
mic antibody (ANCA)-associated vasculitis (39).
The association between low FCGR3B copy num-
ber and SLE susceptibility was replicated in a
subsequent case—control study, although this study
did not replicate the association between low
FCGR3B copy number and ANCA vasculitis,
instead finding an association with high copy num-
ber and ANCA vasculitis (40). More recently,
low FCGR3B copy number has been found to
increase the risk of developing rheumatoid arthritis
in a Caucasian cohort from The Netherlands, with
smaller cohorts, from UK and New Zealand, show-
ing similar non-significant trends (M. F., T. A,
unpublished data, Tony Merriman, personal com-
munication). The association of FCGR3B copy
number and SLE therefore appears robust, but dif-
ferences in methodology, sample size and ethnicity
may account for some of the varying results in
ANCA vasculitis, for which larger cohort sizes
studied with the recently developed and more pre-
cise PRT assay for FCGR3B number (76) would
help to provide definitive data.
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At least two inflammatory or autoimmune
diseases have been shown to be associated with
CNVs at different gene loci. For instance, as
discussed carlier, Crohn’s disease is associated
with low copy number at HBD-2, but also
with a common 20-kb deletion pelymorphism
immediately upstrearn of the /RGM gene that
encodes a member of the p47 immunity-related
GTPase family (77). In addition to the association
with 'CGR3B copy number, SLE susceptibility
has also been reported to be significantly increased
among subjects with a lower number of copies of
complement component 4 (78).

Associations between genomic deletions at the
GSTMI and GSTT! loci and increased risk of
atopic asthma have been reported in a number of
independent studies (79—81), although previously
Fryer et al. found no association between GSTM I
and GSTT! and asthma or atopy (82). The con-
flicting results are most likely due to differences
in the study population, the phenotype studied or
different methodologies, particularly the inability
of the assay used by Fryer et al. (82) to distinguish
between subjects with one or two gene copies of
GSTMI or GSTTL.

CNV diseases of the nervous system

In addition to the well-established causal rela-
tionship between CNV and rare neurclogical dis-
eases (83, 84) (Table 1), associations have more
recently been reported between several common
neurclogical and psychiatric disecases and both
de novo and inherited CNVs. These diseases
include conditions such as auntism, schizophrenia
and epilepsy as well as some cases of neurode-
generative diseases such as Parkinson’s discase,
amyotrophic lateral sclerosis (ALS) and autosomal
dominant Alzheimer’s disease (85-93).

Autism and autism spectrum disorders (ASDs)
have a population frequency of 15-60 per
10,000 children and have a high concordance rate
in monozygotic compared with dizygotic twins
(around 80% vs 5—10%). Cytogenetic abnormali-
ties have been observed in 5—10% of affected indi-
viduals, with duplications at 15g11-ql3 observed
in 1-3% of cases. Family studies favour an oli-
gogenic model of inheritance, with substantial
underlying heterogeneity demonstrated in cytoge-
netic and linkage studies (96, 97).

In 2007, two landmark studies showed a high
prevalence of de nove CNVs (i.e. CNVs not
present in either parent) in both sporadic and
familial cases of ASD compared with controls (85,
86). Secbat et al. examined 264 families with
one or more cases of ASD and found de nove
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CNVs in 10% of sporadic cases, compared with
3% of families with multiple cases and 1% in
control families (85). The Autism Genome Project
Consortinm studied over 1400 ASD families,
finding a total of 154 CNVs including several
recurrent CNVs, either on chromosome 15q11-13
as previously observed in autism cases or at new
genomic locations including chromosome 2pl6,
1g21 and at 17pl2 in a region associated with
Smith—Magenis syndrome that has overlaps with
ASD (86). These and subsequent confirmatory
studies have noted recurrent microdeletion or
microduplication events spanning on chromosome
16p11.2, found in approximately 1% of ASD cases
and have also highlighted the observation that de
nove CNVs were often detected at loci that were
enriched for genes such as SHANK3, neurexin
1 and the neuroglins that are known to regulate
synaptic differentiation and regulate glutaminergic
neurotransmitter release {85—88). Together, these
findings have established copy number variation,
in the form of micredeletion and microduplication
at multiple loci, as substantial primary risk factors
for development of ASD.

As with ASD, schizophrenia has also been asso-
ciated with multiple, individually rare de nove
CNVs (91, 93). A recent case—control study iden-
tified rare microdeletions and microduplications
{>100 Kb) as genetic risk factors for schizophre-
ma {92). Walsh et al. found novel deletions and
duplications in 15% of cases and in 20% of young-
onset cases, compared to 5% of controls (90),
with similar results reported by others (91, 93).
Microdeletions and microduplications associated
with schizophrenia contain an overrepresentation
of genes belonging to neurodevelopmental and
glutaminergic pathways (90), suggesting that mul-
tiple, individually rare CNVs affecting genes on
these pathways may contribute directly to the
pathogenesis of schizophrenia.

Interestingly, an overlap in some of the genes
and pathways affected by specific CNVs identified
has been observed for different neuropsychiatric
disorders including ASD. schizophrenia and men-
tal retardation (7, 98). The reasons for this are as
yet unclear, but may be due to pleiotropic effects
of the underlying genes and pathways, as well as
shared effects of genetic background, or as yet
unrecognized environmental factors that are shared
in common between these conditions.

Rare CN'Vs have also been associated with other
neurclogical disorders including epilepsy, Parkin-
son’s disease and ALS. For example, a microdele-
tion on chromosome 15q13.3, previously asso-
ciated with several neuropsychiatric features (92,
93), has recently been reported in 1% of cases



of idicpathic generalized epilepsy. making this the
most prevalent genetic risk factor for this condition
reported to date (94). Rare CNVs in the alpha-
synuclein {SNCA) locus were shown to underlie
autosomal dominant Parkinson’s disease in a small
number of families (99-101). In ALS, two recent
studies have reported an excess of recurrent CNV
loci and replicated gene dosage alterations, some
of which were specific to ALS (102, 103), while an
earlier study showed an overrepresentation in ALS
patients of homozygous deletions in the SMN2
gene that is known to modify the severity of spinal
muscular atrophy (104). These data suggest that
multiple, often rare CNVs play an important part
in the pathogenesis of these neurological disorders.

CNV and cancer

Cancer is caused by dysregulation of the expres-
sion and activity of genes that control cell growth
and differentiation, leading to abnormal cell pro-
liferation (105). These effects are often mediated
by germline or somatic mufations in oncogenes
and tumour suppressor genes. With increasing use
of whole-genome technelogies to detect CNVs,
germline and somatic CNVs are now recognized as
frequent contributors to the spectrum of mutations
leading to cancer development.

Genome-wide analyses with high-resolution
SNP arrays have started to define the extent of
somatic CNVs in cancer genomes. In acute lym-
phoblastic leukaemia (ALL), analysis of leukaemia
cells for 242 paediatric ALL patients showed struc-
tural rearrangements in genes encoding principal
regulators of B-lymphocyte development and dif-
ferentiation in 40% of cases (44). In these patients,
54 recurrent somatic regions of deletion were iden-
tified that were not present in matched genmline
samples. Many of these deletions created fusion
proteins in known oncogenes or led to other spe-
cific, pathogenic mutations. Copy number changes
in PAXS5, a known gene on the B-cell development
pathway, were found in 57 of 192 B-progenitor
ALL cases.

Somatic CNVs have also been detected as fre-
quent pathogenic events in solid tumours. In ade-
nocarcinoma of the lung, a total of 57 recur-
rent copy number changes were detected in a
collection of 528 cases (43). Amongst 206 cases
of glioblastoma, somatic copy number alterations
were also frequent, and concurrent gene expres-
sion analysis showed that 76% of genes affected
by copy number alteration had expression pat-
terns that correlated with gene copy number (45).
Similar reports of somatic CNVs have been
reported in prostate cancer (106), breast cancer
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and colorectal cancer (107). CGH analysis of 64
prostate cancer patients showed numerous recur-
rent genomic copy number aberrations associated
with the discase (106). Specific loss at 8p23.2 was
associated with pathelogical advanced stage dis-
ease. and gain at 11q13.1 was found to be pre-
dictive of post-operative recurrence. Moreover, the
comparison between an independent set of tumours
that ultimately metastasized and organ metas-
tases vs non-progressors identified 40 genomic
aberrations more frequent in primary tumours
that metastasized (20—-45%) and organ metastases
(20-90%), rather then primary tumours that did
not progress {0-20%). These structural variants
represented strong candidate markers associated
with metastatic potential. High-resolution analyses
of copy number and nucleotide alterations have
been camried out on breast and colorectal can-
cer (107). Individual colorectal and breast tumours
had, on average, 7 and 18 copy number alter-
ations, respectively, with 24 and 9 as the average
number of protein coding genes affected by ampli-
fication or homozygous deletions. Potential driver
genes were considered as those altered in both
tumour types and showed at least one amplifica-
tion or homozygous deletion. The analyses also
identified several gene pathways, mcluding the
ERBB2, epidermal growth factor receptor (EGFR)
and PI3K pathways, that were affected by copy
number changes and point alterations in both can-
cers, thereby peinting to potentially useful targets
for diagnosis and therapy.

The correlation between somatic CNV and
gene expression in these studies, particularly in
certain kinase genes that are targets of anti-cancer
drugs, suggests that the analysis of cancer genome
CNVs may be useful in informing therapeutic
decisions on management of individual patients
with particular patterns of mutations (45).

With regard to heritable germline CNVs and
cancer, a heritable CNV at chromosome 1g21.1
was found to be associated with neuroblas-
toma, and a new neuroblastoma breakpoint family
gene, NBPF23, whose expression correlated with
NBPF23 copy number was implicated in neurob-
lastoma tumorigenesis {108). Similarly, genome-
wide CNV analysis revealed a germline deletion
at chromosome 2p24.3 that was more com-
mon in prostate cancer patients than in controls,
with apparently stronger risk in patients with
aggressive compared with non-aggressive prostate
cancer {109).

Such findings suggest that {NVs could con-
tribute to increased DNA instability and occur-
rence of genomic imbalance. This hypothesis
was strengthened by Shlien et al. (110) who
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investigated the frequency of germline CNVs in
families with Li—Fraumeni syndrome, an autoso-
mal dominant disorder characterized by a high
frequency of various early-onset cancers in indi-
viduals harbouring germline mutations in the TP53
gene. Shlien et al. found enrichment in germline
CNVs in the cancer-prone individuals’ family
members and, in particular, a significantly higher
frequency of CNVs amongst carriers of TP53
mutations with a family history of cancer.

How CNVs, cither somatic or germline,
contribute to cancer development is still poorly
understood. Possible explanations came from the
Knudson’s two hit hypothesis (111): tamour sup-
pressor genes can be lost as a consequence of a
homozygous deletion leading directly to cancer
susceptibility. Alternatively, heterozygous dele-
tions may harbour tumour candidate genes that
become unmasked when a functional mutation
arises in the other chromosome resulting in tumori-
genesis. With respect to duplications, gains of
chromosomal regions may result in the increase
of gene expression levels of one or more onco-
genes. Germline CNVs can provide a genetic basis
for subsequent somatic chromosomal changes that
arise in tumour DNA. It has been proposed that
CNV5s are more abundant in cancer-prone individ-
uals because of germline defects in DNA repair
processes (24, 110).

CNV and metabolic or cardiovascular diseases

The association between metabolic and cardiovas-
cular traits, such as familial hypercholesterolemia
{FH), atherosclerosis and corenary artery disease,
and CNVs has been reported in a number of
studies (112-114). Moreover, the overlap between
CNV regions and loci that have been previously
associated with cardiovascular traits suggested a
potential role for CNVs in the development of such
diseases.

For instance, the MLPA method led to the
identification of germline rearrangements, mainly
deletions, at the LILR gene in arcund half of
FH patients who carry no other LDLR muta-
tions (113). Ancther example is the LPA gene that
encodes apolipoprotein(a) (apo{a)) whose plasma
concentration is associated with risk of coro-
nary artery disease, myocardial infarction (MI)
and stroke. Plasma concentrations of the apo(a)
containing lipoprotein Lp(a) vary over 1000-fold
between individuals and 90% of this variabil-
ity is genetically determined at the LPA locus,
with plasma concentration and Lp(a) isoform size
being proportional to a highly variable number of
‘kringle 4 repeat sequences (range 5-50) (112).
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Although these data indicate that CNV in at least
two genes can be associated with cardiovascular
risk, a recent genome-wide association study for
MI in 3000 cases and 3000 controls, that found
several SNPs associated with M1, did not find any
CNVy, either rare or common, that were associ-
ated with MI (115). Further large studies searching
specifically for CNV associations with cardiovas-
cular disorders are likely to be required to demon-
strate definitively the role of CNVs in the devel-
opment of these common diseases.

Conclusions and final remarks

The study of CNVs in human disease has evolved
rapidly since discovery of the widespread existence
of these structural variants in human genomes.
Many lines of evidence have now shown that
rare, common and de novo CNVs play an impor-
tant pathogenic role in a range of human disor-
ders, from causative high penetrance CNVs in rare
genomic disorders to intermediate or low pene-
trance CNVs in complex multifactorial diseases.
The role of germline CNVs in the pathogenesis
of aptommune, mflammatory, mfectious and neu-
ropsychiatric disorders appears particularly well
established, as does the role of somatic CNVs
in cancer. However, the mechanisms through
which most common (ransmissible CNVs con-
fer increased disease susceptibility remain largely
unknown.

Many genomic disorders have highly variable
penetrance, which may be due to the interaction
between structural variants and additional genetic
or environmental risk factors, including individ-
ual genetic background (116, 117). In addition,
somatic mosaicism for CNV in normal individu-
als has also been reported (118, 119), raising the
possibility that certain commeon human phenotypes
other than cancer can arise as a consequence of
CNVs that develop in differentiated tissues.

Recent advances in technology have provided
powerful tocls for detection and analysis of CNVs
at the level of the genome as well as for tar-
geted loci. It is clear that copy number variation
has a profound effect on inter-individual variation
in gene expression, but persistent technical chal-
lenges in accurate measurement of copy number
mean that the extent of the contribution of com-
mon CNVs to the molecular basis of common
diseases remains to be established (46). Further
studies, using accurate genotyping assays in large
population coborts, will be able to define more pre-
cisely the overall role of CNVs in the pathogenesis
of common diseases.
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