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Summary

Despite the long recognised effects of chromosomal structural abnormalities and
completion of the Human Genome Project, much of the structural variation in the genome
has gone unrecognised until recently. Deletions and duplications of DNA strands of between
a few hundred bp and several million bp—collectively referred to as copy number variants—
are now known to be widespread. Since 2007, rigorous and adequately powered genome-
wide association studies based on single nucleotide polymorphisms have yielded replicated
associations to several common diseases. Some copy number variants explain rare,
previously uncharacterised disorders, and they are now expected to explain some of the
genetic contribution to common diseases. We review efforts to map copy number variants
and discuss present and future prospects for assessment of their relation to human health

and disease.
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Introduction

Human genomic variation in the form of single nucleotide substitutions has been catalogued
in incredible detail since the completion of the draft human genome sequence in 2000. The
HapMap project, which by 2007 had documented more than 3-1 million single nucleotide
polymorphisms (SNPs) and their inter-relation, has underpinned subsequent successful
genome-wide association studies.® While findings from these studies were showing novel
SNP associations for a range of common diseases,” ™3 detailed efforts were underway to

comprehensively map submicroscopic structural variants across the human genome.*>% 7%

9,10, 11and12 |5 of emerging molecular biology technologies has shown that the extent of

structural genomic variation is much greater than was previously suspected.> 13214

In view of the established role of large deletions, duplications, and other structural

15and16 +hese discoveries

rearrangements in specific diseases termed genomic disorders,
have excited interest about the contribution of intermediate-scale structural genomic
variation to disease risk. Structural variation caused by a variable number of copies of a
particular DNA segment are referred to as copy number variants.’” Much of the scientific
infrastructure to support genome-wide association studies of copy number variation has
already been established to undertake genome-wide SNP-based association studies
including consortia of studies to achieve large total sample sizes.? Genome-wide SNP

association studies could be supplemented with association studies of copy number

variation by use of existing SNP data or by the undertaking of appropriate further assays.2

The potential role of copy number variation in complex diseases,® including susceptibility to

19, 20, 21, 22 and 23 24, 25, 26 and 27

autism, schizophrenia, Crohn's disease,28 psoriasis,29 systemic

30,31 and 32

lupus erythematosus, amyotrophic lateral sclerosis,® and HIV-1,** is supported by a

growing amount of published work. Such variation has also been associated with vertical

342nd35 9nd the progression and response to treatment of HIV-

transmission of HIV-1,
1/AIDS.*® Although some of these associations could be false positives, others have had

either technical validation or replication of findings in different study populations, or both.
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These validated associations are probably a direct or an indirect result of changes to the

copy number of the relevant genomic sequence.

Understanding of the disease mechanisms of a range of common diseases could soon be
informed by the discovery of copy number variants associated with predisposition to
disease. However, many challenges lie ahead for the reliable detection of such associations.
The location, size, and boundaries (breakpoints) of these variants documented in public
databases have been very imprecise, although the new generation of maps of copy number

142nd37 gealable methods to characterise copy

variants are providing much improvement.
number variation in association studies have been inexact. New genome-wide SNP arrays
have advanced coverage and resolution, but the potential for misclassification remains

14,38and 39t rthermore, studies of

much higher for variations in copy number than for SNPs.
this variation are constrained by the same issues of power, differential bias, and extreme

multiple-testing that are encountered by SNP-based association studies. In this Review, we
introduce copy number variation, examine advances in our understanding, and discuss the

inferences that can be reasonably drawn from association studies of copy number variation.
Definition

For nearly all genes in the human genome, we inherit one copy from each parent, so that
we have two copies in the nucleus of every diploid cell. However, the copy number per
genome varies for some genes. For example, a cluster of several B-defensin genes shows
common copy number variation of between two and seven copies per diploid cell, and
occasionally copy numbers are as high as ten or 11.%° Similarly, the salivary amylase gene,
AMY1, varies in copy number from two to 15 with a mean of seven in the European—

American population.*!

The simplest type of copy number variation is the presence or absence of a gene (figure
1A)—eg, in Europe, the rhesus-negative allele at the main antigen locus for the rhesus blood
group is commonly caused by complete deletion of the RHD gene.** An individual's (diploid)
genome could therefore contain two, one, or zero copies of RHD, with the zero copies
corresponding to rhesus-negative and absence of D antigen expression. Generally, genomic

segments with variable copy number could encompass parts of genes, reside entirely
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outside genes or, in the case of larger variants, include several known genes. A simple
duplication of a genomic segment could result in diploid copy numbers of two, three, or four
(figure 1B), and successive rounds of duplication could produce a wide range of diploid copy
numbers, known as multiallelic copy number variants (figure 1C). These deletions and

duplications result in variants that range from a few hundred to several million bp.

Variable copy number can affect SNP genotyping. A deletion might cause contiguous SNPs
to show loss of heterozygosity because hemizygous genotypes are judged to be
homozygous. For example, if the major allele (A) is present on one chromosome and the
homologous chromosomal location is deleted, then only allele A is detected and the
genotype is called AA. This misrepresentation can cause deviation from Hardy-Weinberg
equilibrium—in which the expected frequencies of genotypes for any variant can be
predicted from the allele frequencies—and apparent inconsistencies with mendelian
transmission in family data. This occurrence caused many SNPs in regions of copy number

variation to be excluded from the earliest genome-wide genotyping arrays.s' 11,14 and 38

Copy number variation is a subset of the broad occurrence of genomic structural variation,
which is any variation exceeding that detected for SNPs or microsatellite variation (blocks of
two—six bp repeated ten—100 times). The range of structural genomic variation includes
rearrangements such as inversions, which change the orientation of a DNA segment, and
balanced translocations, in which a DNA segment is reciprocally exchanged between two
chromosomes. These rearrangements change the spatial organisation of DNA but do not
result in any net gain or loss of sequence. Copy number variation is not simple to define
either rigidly or rationally. For example, tandemly repeated minisatellites, insertions of
mobile genetic elements, and highly repeated tandem arrays of genes (eg, ribosomal RNA
genes) share common features with copy number variants, but are generally considered

separately.

Somewhat arbitrarily, copy number variation usually refers to DNA sequences of about 1000
bp (1 kb) or more. The Database of Genomic Variants* (panel 1) records structural variants

of 1 kb or more of DNA, but regards those in the 100—1000 bp range to be in a separate
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category of indel. This artificial division within a continuous range has been historically
defined by the size limits of the methods used to detect copy number variation, including
sequencing. Although extreme differences are often clear, no hard and fast criterion can
distinguish copy number variants from large-scale structural genomic variation that has
been implicated in syndromic anomalies and diseases, which are referred to as genomic

disorders (figure 2).

Researchers investigating the potential effect of copy number variation on human health
and disease can probably learn from the study of genomic disorders (panel 2). Some of
these disorders have phenotypes that are dependent on gene dosage, which is the number
of functioning gene copies and determines the amount of gene product. Because genomic
disorders are caused by de-novo (rather than inherited) deletions, insertions, or other
chromosomal rearrangements, these structural variants contribute to non-heritable
components of disease risk. The flanking genomic architecture and mechanisms generating

genomic disorders and some large copy number variants might be similar,
evidence suggests that most common copy number variants are inherited and therefore

. 14
caused by ancestral structural mutations.

Inferences about the mechanisms by which copy number variation arises have often been
made from the structure of alleles in the population, rather than from direct observation of
new mutations. Large copy number variants tend to be flanked by segmental duplications,*
and49 \which are segments of genomic DNA of at least 1 kb in length and 90% sequence
similarity that are duplicated throughout the genome, either in tandem array or on different

chromosomes. This variation occurred early in human evolution and is now widespread,
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whereas copy number variation is thought to have originated more recently. New copy
number variation can arise from non-allelic homologous recombination in which
recombination takes place between regions that are highly similar in sequence but not
allelic, such as non-cognate segmental duplications, resulting in loss or gain of regions

adjacent to the recombination event.*® 02"t

Nevertheless, variation can also arise even
when there is no sequence similarity between flanking sequences, via simple non-
homologous end-joining to repair double-stranded DNA breaks that can lead to loss or gain
of nucleotides from imprecise repair. Additionally, detailed sequence analysis has been used
for direct examination of germline (sperm) DNA to examine the rates and processes by

d 52,53, 54,55, 56 and 57

which copy number variation is generate The possibility of somatic

mosaicism of copy number variation® could complicate analyses.
Functional consequences

If copy number variation affects entire genes, especially those with important effects on
biological function, it would naturally be expected to affect susceptibility to disease. The
number of copies of the chemokine gene CCL3L1 varies within and between populations; in
Europe, common variation is from zero to four copies, whereas in Africa, copy numbers as
high as ten have been recorded. In fact, the copy number of CCL3L1 is associated with
chemokine concentrations, the proportion of CD4+ cells expressing the chemokine receptor
CCRS5, viral loads, and the rate of AIDS progression (low copy number is associated with

susceptibility to HIV-1 infection).>* ¢3¢ s

o far, evidence is consistent with a gradation of risk
corresponding to CCL3L1 copy number. Similarly the copy number of AMY1 is correlated
with salivary amylase protein concentration and dietary starch consumption across
populations sampled from Africa, Asia, and Europe.*! Of particular clinical interest is
CYP2D6, which affects the metabolism of about 50% of drugs including tricyclic
antidepressants, selective serotonin reuptake inhibitors, antipsychotics, antiarrhythmics, B
blockers, opioid analgesics, antiemetics, and antihistamines. The highly polymorphic copy

number of CYP2D6 affects expression of the cytochrome P450 enzyme CYP2D6, and

contributes substantially to the variation in drug metabolism between individuals.>®

By contrast, the number of copies of the X chromosome green photopigment gene,

OPNIMW, is highly variable but only the first gene copy seems to be expressed. Second and

6
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subsequent copies of OPNIMW on the X chromosome are postulated to be located too far
from the regulatory region (termed the locus control region) to be activated, so that
OPN1IMW duplications do not affect colour vision. Rather, defects in colour vision could be
caused by hybrid red—green (OPN1LW-OPN1MW) genes, gene deletions, or sequence

variation.®

The clinical consequences of copy number variation might not always be in direct proportion
to gene dosage.®! The functional effect could crucially depend on whether the copy number
variant changes the sequence or relative location of specific segments of genomic DNA that
act as enhancers or suppressors of gene expression.62 Studies examining the link between
gene disruption and gene expression® ¢! have been limited by substantial uncertainty
about boundaries of variants; further studies based on updated maps of variation are

needed before any conclusions can be made.™

The functional effects of copy number variation can depend on the phenotypic and cellular
context, and on the environmental background. For example, a 20 kb deletion in IRGM is
associated with a reduced expression of the gene and protein in HelLa (immortalised cervical
cancer) cells and hepatocellular carcinoma cells, but with increased expression in colon
carcinoma cells and human bronchus smooth muscle cells.?® A rhesus-negative blood group
might be regarded as an entirely healthy variation, but rhesus haemolytic disease of
newborn children can happen when the fetus is rhesus positive and the mother is sensitised
to the D antigen. Even increased CYP2D6 enzyme activity caused by duplications and
multiplications of CYP2D6 can lead to ultrarapid metabolism, and reduced or enhanced drug
efficacy and toxic effects, dependent on whether the drug is inactivated or activated by
CYP2D6.>° Drugs that are activated by CYP2D6 include tamoxifen and codeine. Extreme
caution is warranted for prescription of codeine to mothers who are breastfeeding because
morphine—a potent metabolite of codeine—might be present in high concentrations in the

breastmilk of those with ultrarapid metabolism who are taking codeine.®

12 il . . e
Redon and colleagues™ showed that genes within regions of copy number variation were
over-represented by Gene Ontology categories related to several environmental sensor
functions, such as cell adhesion, sensory perception, chemical stimuli, and

neurophysiological processes. This bias could be caused by positive or balancing selection
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for different copy numbers at these environmental sensor genes, indicating variable
selection pressure. Alternatively, copy number variation in these gene categories might be
better tolerated than in other gene categories for which variation might cause harm and

therefore would be quickly removed by selection.®
Mapping of copy number variation

Discovery of copy number variation has been accelerated by systematic genome-wide
application of array comparative genomic hybridisation, next generation sequencing, and
SNP genotyping arrays. Nevertheless, several copy number variants were identified between
10 and 20 years ago by standard methods of molecular genetic analysis at individual genetic

loci, including Southern blotting, cytogenetic methods, and PCR-based approaches.

Cytogenetic studies have used techniques such as fluorescent in-situ hybridisation to define
two major structural variants on chromosome 8 (p23.1): the so-called euchromatic variant
caused by high copy number of a repeat containing B-defensin genes,40 and common
inversion of nearly the whole chromosome band that is carried in a heterozygous state by
about a quarter of European people and about a third of Japanese people.65' 66,67and 68 pep
approaches, including quantitative real-time PCR, were originally used to verify copy
number. However, subsequent advances have mainly focused on definition of the nature
and extent of copy number variation across the entire genome. Quantitative PCR and
related locus-specific molecular methods are still of particular use for molecular validation

and detailed studies of putative regions of variation, to follow up evidence from genome-

wide screens.

Use of array comparative genomic hybridisation is well known for detection of changes in
copy number between normal cells and tumour cells. The method uses an array of probes
that represent the genome and differentially labelled test and reference DNA samples are
jointly hybridised to the array (figure 3); at each probe, the ratio of the labels is used to
identify comparative deletions or duplications of DNA. Arrays of either bacterial artificial
chromosome (BAC) clones (DNA constructs based on bacterial plasmids into which

fragments of genomic DNA 80—-200 kb from across the genome can be inserted and
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replicated) or oligonucleotides are often used as targets. Redon and coIIeagues12 used more

than 25 000 large-insert clones, effectively covering almost all the human genome.

However, data from array comparative genomic hybridisation are often much harder to
assess than a sequence trace. Even when changes to the BAC signal ratios indicate a real
copy number variant, a deletion in the test sample would be indistinguishable from a
duplication in the reference sample. Furthermore, although the technique is sensitive to
copy number changes of regions as small as 20 kb, the reported start and end coordinates of
the variant are actually those of the fragment of DNA inserted into the BAC clone, and

therefore the size of the copy number variant is often overestimated.

By contrast, sequencing-based approaches can map copy number variants with much
greater accuracy than can array comparative genomic hybridisation, and can detect
inversions or translocations. Sequencing studies compare a segment of reference DNA with
the paired ends of DNA sequences from a test sample prepared directly from site-selected

genomic DNA® or from fosmid cloning (figure 4).”2" 1

For fosmid cloning, genomic DNA is
inserted into a fosmid cloning vector and transfected into cells for propagation; only a
restricted size range (32—48 kb) of DNA inserts can be efficiently cloned. The expense of
sequencing-based approaches at present prohibits their application on a genome-wide scale
across many individuals, but sequencing has played an important part in development of

maps of copy number variation.

Scalable mapping of copy number variation with improved cost-effectiveness can now be
undertaken with the latest generation of genotyping arrays. Early arrays were not ideal
since they excluded many SNPs that deviated from three distinct genotype clusters, Hardy-
Weinberg equilibrium, or mendelian inheritance. Since these deviations can be explained by
copy number variants, early arrays had a paucity of SNP probes in regions of these copy

14 and 38

number variants. However, new hybrid arrays include non-polymorphic probes to

detect copy number variation (widely referred to as non-SNP probes or copy number variant
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probes) and probes for many more SNPs, such as those purposely excluded from the early
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arrays, to address this problem. Approaches to identify copy number variants from

genome-wide SNP arrays differ. All methods use quantitative data from SNP probes,7°' .72,

73and7% 3nd some also use information from non-polymorphic probes and maps of copy

number variation (panel 3).222™ 7

Developed maps of copy number variation

An assay of 270 HapMap individuals on an Affymetrix 6.0 array has been used to produce a
map of copy number variation of much higher resolution (about 2 kb) than have maps
derived from BAC arrays. This map cast doubt about previous assumptions of the frequency,
size, and origin of copy number variants.* For example, copy number variant sizes were
between five and 15 times smaller than were shown by BAC arrays*? and almost half were
reported in multiple unrelated individuals.** Most copy number variants were inherited, and
although some were less easily tagged than SNPs of an equivalent frequency, common copy
number variants tended to show strong linkage disequilibrium with a HapMap SNP. Several
such variants that had been previously judged as complex, were explained by two separate
simple copy number variants co-occurring on homologous chromosomes (copy number

measurements are for the diploid genome).**

The knowledge gained from this map14 has several important implications. First, if most
copy number variants are stably inherited at an appreciable frequency in the population,
most common copy number variants might be expected to have an individually modest
effect on disease risk. Second, most small copy number variants with frequency greater than
1% are also diallelic and in Hardy-Weinberg equilibrium, and thus are analogous to SNPs.
Third, some such copy number variants associated with disease might also show association
with a nearby SNP. The corollary is that some findings from genome-wide association
studies could be explained by copy number variation, as can the signal of association with

Crohn's disease from SNPs in the region of IRGM.*

Association studies
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Many years before the surge of interest in the association between copy number variation
and disease, some associations were identified by candidate gene studies with low-
throughput molecular methods to measure copy number. Examples include association of

79 and 80

the a-globin copy number variant with a-thalassaemia and malaria resistance, and

the association between RHD gene deletion and haemolytic disease of newborn children.*
48l The link between deficiencies in the complement factor 4 gene (C4A/C4B) and systemic
lupus erythematosus is also well established;®* Yang and co-workers*? confirmed that low
copy number of these genes is a risk factor. Regions containing genes of the immune

system, especially the innate immune and complement systems, tend to be copy number

variable and have been the subject of many candidate gene association studies.

FCGR3B encodes a variant of the type Il IgG receptor. The gene has variable copy number,
and low copy number is associated with glomerulonephritis in systemic lupus
erythematosus..30 Further studies have shown that low FCGR3B copy number is associated
with a range of systemic autoimmune diseases, including systemic lupus erythematosus,
polyangiitis, and Wegener's granulomatosis.31 Sequence variation in the complement factor
H and related genes can increase the risk of age-related macular degeneration, whereas
deletion of the related genes CFHR1 and CFHR3 protects against the disorder®® and
predisposes individuals to atypical haemolytic-uraemic syndrome.®* However, the effect of
the deletion is modified by other risk factors, including risk alleles present on non-deletion
chromosomes. Once these other factors are accounted for, the protective effect of the

deletion on age-related macular degeneration might only be modest.*

A unit of seven B-defensin genes has variable copy number on chromosome 8.%° These
genes, including DEFB4, encode antimicrobial peptides, but findings from additional studies
have suggested that the genes have diverse functions such as chemokine activity.®® Low
copy number has been associated with Crohn's colitis,®” and high copy number with

predisposition to psoriasis.29

As mentioned above, the chemokine genes CCL3L1 and CCL4L1 are both present on a unit of
variable copy number,® which shows interesting differences in variation between European
(generally zero—four copies) and African populations (four—ten copies).>* A large study

including more than 1500 individuals with HIV-1 indicated that infection and progression to
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AIDS were both associated with lower than average copies of the unit,** but the result was
not confirmed by a subsequent study of infection in adolescents.?? Copy number variation of
CCL3L1 and CCL4L1 has also been associated with systemic lupus erythematosus90 and

rheumatoid arthritis.>*

Genome-wide approaches have provided aetiological insights, particularly for autism and
schizophrenia. In autism, large-scale structural abnormalities have long been recognised,
including inherited duplications (15)(g11;913). Strong evidence that rare copy number
variants are causally related to familial and sporadic autism has come from studies that use
a range of molecular approaches such as representational oligonucleotide microarray
analysis,?! array comparative genomic hybridisation with BAC clones,*® SNP arrays,?* and
new generation hybrid arrays containing SNP probes and non-polymorphic probes.20 and 23
Most of the copy number variants detected in these studies are rare—perhaps unique to an
individual or family—and are therefore difficult to replicate in independent studies.
However, autism has been associated with uncommon de-novo and inherited deletions and

19,20 and 23 Weiss and

duplications of a 593 kb genomic segment on chromosome 16 (p11.2).
colleagues®® have validated and replicated this association, and noted that developmental
regression, which is common in late-onset autism (about 40% of cases), was absent in the
subgroup of cases with deletions or duplications of the 593 kb genomic segment. Several
rare copy number variants also predispose to schizophrenia®* 2> ®"?” including del(1)(q21.1)
of about 1-4 Mb,?*242> del(15)(q11.2) of about 470 kb,?* del(15)(q13.3) of about 1-6 Mb,**

and 25 and del(22)(q11.2),% *"?” which was the locus responsible for velo-cardio-facial

2
syndrome.’

Many candidate gene associations relate to multiallelic copy number variants, which could
indicate either an increased biological propensity for multiallelic variants to affect function,
or a tendency for multiallelic variants to be selected as candidates for association studies.
Artifactual associations might be more probable with multiallelic than with diallelic copy

number variants because of the technical difficulties with accurate genotyping.®®

Design of association studies
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The examples of genome-wide association studies mentioned previously reported large rare
copy number variants, which might identify important subgroups of some common

. 12,21 and 27
diseases. an

Crucially, such studies have often used genome-wide arrays with
inadequate resolution to study small common copy number variants and filtering strategies

that tend to exclude such variants.

Consequently, different strategies are needed to study common copy number variants.
Almost all the factors that are relevant to SNP-based association studies are also important
for the design of association studies of copy number variation. Therefore, we consider some
aspects of the design, analysis, and reporting of association studies of copy number

2,93, 94, 95 and 96

variation from an epidemiological perspective. SNP association studies and

copy number variation association studies®*"®® have been reviewed in detail previously.

Adequate statistical power to detect the generally modest effects expected for common
copy number variants is only likely to be achieved through large sample sizes. If common
copy number variants exert effects on disease risk that are as modest as those often
recorded for common SNPs, then at least several thousand cases and controls will be
needed, and study size will need to increase if typing of copy number variation has an

appreciable measurement error.”’

Do copy number variants need to be measured directly (panel 3) or can they be measured
adequately through linkage disequilibrium (tagging) from nearby SNPs? Estimation of the
proportion of copy number variants across the genome that can be effectively tagged by
neighbouring SNPs has varied substantially, which is unsurprising in view of differences in

the accuracy of genotyping of copy number variation and the density of SNP genotyping.” **

11and 12

Most common copy number variants (allele frequency >5%) detected by McCarroll and
colleagues™ from an Affymetrix 6.0 array were in perfect linkage disequilibrium with a
HapMap SNP. Although copy number variants were less well captured than were SNPs of an
equivalent allele frequency, the mean pairwise r* as a function of distance was similar for
both, suggesting that this reduced tagging was caused by a paucity of SNPs in the relevant

regions, rather than recurrent mutations. Even on first-generation SNP arrays, 40-50% of
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common copy number variants (allele frequency >5%) were tagged (r>>0-8) and this

proportion was increased with the newest arrays (about 65% for the lllumina 1M array).14

Of the common copy number variants detected with the lllumina Human 1M array by
Cooper and coIIeagues,38 about 50% were tagged by the newest arrays (54% for the lllumina
1M array). These estimates need to be refined, ideally with copy number variants
ascertained from independent approaches, but evidence suggests that SNP arrays can
capture a substantial proportion of simple deletions through linkage disequilibrium with
neighbouring SNPs. However, the remainder of simple and almost all complex multiallelic
copy number variants will not be adequately captured by tag SNPs. Comprehensive

association studies will therefore need such variants to be measured directly (panel 3).

Statistical models to test association are usually straightforward compared with the complex
statistical approaches used by calling algorithms for copy number variants. An additive
genetic model is usually assumed in SNP association tests,” and this model would be an
appropriate starting point for association studies of copy number variation to test dose
dependency. Such a model assumes that the diploid copy number has an additive relation to
the log odds ratio of disease, which is equivalent to a multiplicative effect on the odds ratio.
Primary association tests do not need to be adjusted for a wide range of covariates in
association studies of copy number variants or SNPs, since associations can be masked if the
relevant covariate is an intermediate on the causal pathway. Furthermore, phenotypic and
lifestyle characteristics do not confound associations between a disease and a genotype
because the genotype is randomly assigned at meiosis (mendelian randomisation).
Presentation of findings adjusted in this way leaves scope for data-derived selection of the

most noteworthy model and can be misleading.”®

Many issues that seem unique to studies of copy number variation are, in fact, special cases
of problems encountered generally in epidemiological studies, such as misclassification.”
For example, overlapping but non-identical copy number variants might be collectively
assigned into one exposure category, on which tests of association between variation and
disease would be based. This classification is correct when the variant breakpoints differ

only because of measurement error; however, if the differences in breakpoints represent
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separate biological events with differing phenotypic consequences, the resulting

misclassification will bias the findings of any association test.

In SNP-based association studies, over-stringent quality thresholds for SNP genotype calling
can cause differential misclassification of genotypes between cases and controls (differential
bias).”® Similarly, in the context of an association study of copy number variation, calling as
missing data copy number variant calls that are less than certain could cause or exacerbate
differential bias. Incorporation of this uncertainty into the association testing would be
preferable, for example by weighting the call according to the posterior probability of the
call. The importance of differential bias might decrease as the accuracy of assays for copy
number variation improves, but until then, methods that take appropriate account of the
uncertainty in calling will be advantageous. One approach to keep differential bias to a

minimum is to combine calling and association testing into one statistical procedure.100

The choice of statistical threshold for declaring associations to be significant demands
careful examination for copy number variation. In genome-wide association studies based
on SNP genotypes, artifactual associations tend to be over-represented among the smallest
p values.? Even when the distribution of p values does not indicate obvious sources of bias,
the use of a very low p value threshold does not, on its own, provide any guarantee of
causal association.’ Presently, the number of copy number variants across the human
genome is not known, and therefore a correction for multiple testing based on this number
is not possible to define. A cautious approach would be to use a threshold for genome-wide
association tests of copy number variation similar to those used for SNPs (eg, p<5x10~).> By
comparison, a less-stringent threshold would be appropriate for candidate gene studies,
provided that the selective reporting of only significant associations can be kept to a

minimum.

In either case, results should be interpreted in view of the power of the study and existing
evidence. The false-positive report probability can also be a helpful adjunct for reporting of
study findings since this value explicitly acknowledges existing evidence and the power of

the study.101

Replication is central to assessment of the robustness of results from genome-
wide SNP association studies, and therefore association studies of copy number variation

are likely to be similar in this respect. If replication is not feasible, investigators should be
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encouraged to report findings fully to allow broad replication efforts. Furthermore,
replication studies should ideally be powered to detect a smaller effect size than that

reported in the original study.'®
Future prospects

Rapid advances in our understanding of the nature of copy number variation in the human
genome have been made in the past 5 years. The resolution of emerging maps of copy
number variation seems to be improving to one probe per 50 bp.>’ Genome-wide and
candidate region approaches to detect copy number variation are also improving, together
with statistical calling algorithms that can take account of the information provided by maps
of copy number variation. We seem to be on the threshold of new discoveries in association
studies of copy number variation and of developing our understanding of the contributions

of sequence and structural variations to predisposition to common diseases.

Search strategy and selection criteria

We searched PubMed with the terms “copy number variation” and “structural variation” for
articles published in English between Jan 1, 2004, and Nov 3, 2008. We received regular
updates from PubMed of papers published with these terms. We also searched related
articles and followed up articles cited in reference lists. Review articles were sometimes
selected in preference to original articles because of space constraints. Precise search terms
were used to search PubMed for detailed articles on specific traits and methods. The date of
the last search was Nov 30, 2008. Information about relevant database entries was updated

during proof-reading (April 30, 2009).

Contributors

LVW, JALA, and MDT reviewed published work and participated in writing of the report.
LVW designed the figures.

16


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib102
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib37

Conflicts of interest

We declare that we have no conflicts of interest.

Acknowledgments

We thank Ammar Al-Chalabi, Cother Hajat, Ed Hollox, and James R Lupski for providing
comments on the report; and anonymous reviewers for their helpful comments and
suggestions. MDT holds a Medical Research Council Clinician Scientist Fellowship

(G0501942).

17



Panel 1. Database of Genomic Variants

The Database of Genomic Variants® is the most up-to-date repository for results of
comprehensive genome-wide screening for copy number variation from peer-reviewed
studies. Duplications, insertions, or deletions of more than 1 kb of DNA are classed as copy

number variants and those of 100—1000 bp as indels.

In April, 2009, the database contained more than 6558 loci of copy number variants and the
database is regularly updated with new studies and perspectives. Data from some of the
oldest studies have been removed, but the data are otherwise not subject to editorial
screening. Furthermore, interpretation of the database presents challenges even for
knowledgeable researchers because the contributing studies use a variety of methods with

different resolutions, error rates, and genome coverage.

Crucially, the database can provide inaccurate estimates of variant boundaries and size. For
example, array comparative genomic hybridisation is often used to detect changes in copy

number but usually overestimates the size of the variant. X243

Interpretation of variants
with close or overlapping boundaries presents additional challenges, especially when their
size has been overestimated and the locus could contain more than one underlying copy

number variant.

The most satisfactory records of copy number variants will be those for which the structural
basis has been defined, ideally based on the DNA sequence, and for which frequencies have

been established by population surveys.
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Panel 2. Genomic disorders

Genomic disorders are diseases attributable to genomic rearrangements that occur as a
result of specific genome architecture.™ Lupski*® described four examples that take place on
the proximal short arm of chromosome 17. This region is rich in segmental duplications,

which are thought to predispose to genomic rearrangements.

Charcot—Marie—Tooth neuropathy 1A (CMT1A) is a well characterised genomic disorder, and
most cases result from tandem duplication (17)(p12) of a 1:4 million bp (1-:4 Mb) region.
Deletion of the same region causes hereditary neuropathy with liability to pressure palsies
(HNPP).* Although this region contains many genes, the PMP22 gene that encodes a
component of the peripheral nervous system myelin® is the dose-sensitive gene responsible

for the clinical phenotype.*

Deletion (17)(p11.2) of a 4 Mb region that excludes the PMP22 gene causes Smith—Magenis
syndrome, which is characterised by developmental delay and neurobehavioural
abnormalities.*® By contrast, duplication of the same region causes Potocki—Lupski
syndrome, which has clinical features distinct from Smith—Magenis syndrome that include
infantile hypotonia, failure to thrive, cardiovascular anomalies, and autism spectrum
disorder.”’ These duplications and deletions affect the retinoic acid inducible 1 gene (RA/1).
Smith—Magenis syndrome has also been documented with point mutations in RA/1, showing
that this gene is responsible for the clinical effects.*® Smith—-Magenis and Potocki—Lupski
syndromes have also been documented with deletions and duplications of differing sizes
and breakpoints, all of which affect RA/1.

19


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib15
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib16
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib44
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib45
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib16
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib46
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib47
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1B-4WHY86N-1&_user=123215&_coverDate=07%2F31%2F2009&_rdoc=33&_fmt=full&_orig=browse&_srch=doc-info(%23toc%234886%232009%23996250313%231346064%23FLA%23display%23Volume)&_cdi=4886&_sort=d&_docanchor=&_ct=36&_acct=C000010181&_version=1&_urlVersion=0&_userid=123215&md5=3e1db1f7a7534a8d4e792698725c40b5#bib48

Panel 3. Use of genome-wide SNP arrays and hybrid arrays to identify copy number variants

Association studies of copy number variation have been undertaken with commercial

20, 23 and 27

genome-wide SNP assays marketed by Affymetrix (Santa Clara, CA, USA) and

Illumina (San Diego, CA, USA),*® 262733 and with hybrid arrays composed of both SNP

14,232nd 38 Thage studies measure the combined signal

probes and non-polymorphic probes.
(r) from both alleles at a particular SNP, and express the value as a log, r ratio between the
recorded intensity and the expected intensity; the expected intensity is derived from the
average intensity of the genotype clusters (not a reference sample, as in array comparative
genomic hybridisation). Additionally, some studies also use the ratio of fluorescence signals
between allelic probes, since these ratios would be expected to be 0, 0-5, and 1-0 in the
absence of copy number variation. A range of normalisation strategies (eg, adjustment for
possible batch effects, adjustment for restriction fragment length, corrections for GC
nucleotide content or other variations in genome architecture, and quantile normalisation),
and a plethora of calling algorithms for copy number variants have been used for these

23, 26,33,70,71,72,73,74 and 76
data.

Some algorithms are designed to use additional data from non-polymorphic probes that are

included in several genome-wide assays, such as Affymetrix 5-:0 and 6-0 arrays.z‘q"'de 7

Many
of the calling algorithms use a hidden Markov model, which segments the continuous data
into several predefined and biologically meaningful discrete states. The data are assumed to
be generated by a stochastic process defined by a specific number of hidden states;’’ for
example, QuantiSNP assumes six states of differing copy number and genotype

combinations.”®

Generally, association studies based on either genome-wide or candidate region data
cannot produce accurate copy number estimates for the large number of samples needed
for case—control association studies.’® Both new genotyping arrays and use of a-priori data
from updated maps of copy number variation (about variant locations and breakpoints)

14 and 75

have improved accuracy. However, typing in most published association studies of
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copy number variation is subject to substantial measurement error; validation and

replication of findings is crucial.
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Figure 1. Diallelic and multiallelic copy number variation

Diallelic locus (grey) and flanking loci (green and blue) with variation caused by (A) deletion
and (B) duplication, each showing the locus with (i) normal copy number, (ii) heterozygous
modification, and (iii) homozygous modification. (C) Multiallelic locus showing (i) normal
copy number, (ii) multiple rounds of duplication on one chromosome and a deletion on the
homologous chromosome, (iii) duplication on one chromosome and no deletion on the
homologous chromosome, (iv) multiple rounds of duplication on one chromosome and no
deletion on the homologous chromosome, (v) one round of duplication on each
chromosome, (vi) one round of duplication on one chromosome and multiple rounds of
duplication on the homologous chromosome, and (vii) multiple rounds of duplication on
both chromosomes. Multiallelic assays measure diploid copy number and therefore cannot
distinguish between (ii) and (iii), or (iv) and (v). Note that although duplications are usually

assumed to be contiguous, this might not always be the case.
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100 Mb 10 Mb 1Mb 100 kb 10 kb 1kb

® )
Down syndrome aglobin
trisomy of chromosome 21 dup(16)(p13.3) or del(16)(p13.3)
@ [ ]
Cridu chat syndrome B-defensin repeat unit
del(5)(p15.2) or del(5)(p15.3) dup(8)(p23.1)
[
Autism spectrum disorder
de-novo deletions ®
= Green photapigment gene*
. 5 del(X)(q28) or dup(X)(428)
Smith-Magenis syndrome
del(17)(p11.2) @
® Rhesus blood group*
Potocki-Lupski syndrome S
dup(17)(p11.2)
e
Di George (velo-cardio-facial)
syndrome
del(22)(q11.2)
L ) (=
Williams-Beuren syndrome RCCX module of major
del(7)(q11.23) histocompatibility complex
(including complement C4)
_ — dup(6)(p21.3)
Charcot-Marie-Tooth disease
neuropathy 1A (CMT1A)
dup(17)(p12)
® ®
Hereditary neuropathy with CCL3L1/CCL4LL
liability to pressure palsies (HNPP) dup(17)(q12)
del(17)(p12)
Salivary amylase FCGRIA/FCGR3B
dup(1)(p21) del(1)(p23) or dup (1)(p23)

Figure 2. Size range of structural genomic variationStructural variants with obvious clinical effects
(purple), underlying normal phenotypic variation (red), and implicated in normal phenotypic
variation with evidence for disease association (blue). Black circles and lines above the boxes show
the size of the variants on the log scale. No lower limit is defined for autism or Cri du chat syndrome.
For some disorders, causes other than structural variation have also been identified—eg, Smith—
Magenis and Potocki—Lupski syndromes, rhesus negative blood group, and CMT1A are also caused
by sequence variation. The size range shown for B-defensin indicates uncertainty about the true size
of the repeat unit. *Variants can also have obvious clinical effects.
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Figure 3. Array comparative genomic hybridisationTest and reference DNA samples are differentially
labelled, mixed, and passed over a target array of probes (eg, BAC clones or oligonucleotides)
containing DNA fragments from across the whole human genome. The experiment is often repeated
with reversal of the test and reference dyes to detect dye effects or identify spurious signals. DNA
samples hybridise with their corresponding probe, and the ratio of fluorescence from each probe
(test:reference) is used to detect regions that vary in copy number between the test and the
reference sample (red line: original hybridisation; blue line: dye-swapped hybridisation). Equal copy
number for both the test and reference DNA is identified by equal binding, resulting in a ratio of one.
Duplication in a genomic region of the test sample is identified by an increased ratio, and a deletion
by a decreased ratio, but a deletion in the test sample is indistinguishable from a duplication in the
reference sample. These ratios are usually converted to log, scale for further analysis. Adapted from
Feuk and colleagues'’ with permission from Nature Reviews Genetics.
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Figure 4. End-pair sequencing to identify copy number variation between a sample and reference

genome sequence(A) Preparation and sequencing of sample DNA and (B) example results.
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