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Copy-number variation and association studies of

human disease
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The central goal of human genetics is to understand the
inherited basis of human variation in phenotypes, elucidating
human physiology, evolution and disease. Rare mutations have
been found underlying two thousand mendelian diseases; more
recently, it has become possible to assess systematically the
contribution of common SNPs to complex disease. The known
role of copy-number alterations in sporadic genomic disorders,
combined with emerging information about inherited copy-
number variation, indicate the importance of systematically
assessing copy-number variants (CNVs), including common
copy-number polymorphisms (CNPs), in disease. Here we
discuss evidence that CNVs affect phenotypes, directions

for basic knowledge to support clinical study of CNVs, the
challenge of genotyping CNPs in clinical cohorts, the use

of SNPs as markers for CNPs and statistical challenges in
testing CNVs for association with disease. Critical needs are
high-resolution maps of common CNPs and techniques that
accurately determine the allelic state of affected individuals.

=1, Empirical evidence that CNVs are associated with phenotypes

The first evidence that copy-number alterations can influence human
phenotypes came from sporadic diseases, termed ‘genomic disorders’,
caused by de novo structural alterations'. The number of genomic dis-
orders has grown, with several dozen reported to date?. In addition to
such sporadic diseases, inherited CNVs have been found to underlie
mendelian diseases in several families>—>. Nonetheless, CNVs have been
implicated in only a few percent of the 2,000 or more mendelian diseases
so far explained at a molecular level.

Little is known about the genetic basis of common, complex pheno-
types, and thus it would be premature to predict the relative propor-
tion of complex disease explained by SNPs and CNVs. In principle,
complex disease might be more susceptible to ‘soft’ forms of variation
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—such as variation in noncoding sequences and copy number — which
alter gene dose without abolishing gene function. Common CNPs have
been reported to be associated with several complex disease phenotypes,
including HIV acquisition and progression®, lupus glomerulonephritis’
and three systemic autoimmune diseases: systemic lupus erythemato-
sus, microscopic polyangiitis and Wegener’s granulomatosis®®. A recent
study of gene expression variation as a model complex phenotype mea-
sured the fraction of gene expression ‘traits’ that could be associated with
either SNPs or CNVs; in this study, SNP genotypes and CNV measure-
ments were associated with 83% and 18% of those gene expression traits
for which statistically significant associations were found!’. This may
still underestimate the role of CNVs, given the greater completeness and
accuracy with which SNPs can be queried at present.

Technical issues in assessing CNVs for a role in disease
The power to discover a relationship between DNA variation and phe-
notype is limited by the sensitivity and accuracy with which that DNA
variation is measured in each individual. (Accuracy in measuring phe-
notype, environment and behavior are equally or more important; these
challenges, which are not specific to CNV studies, are beyond the scope
of this review.) To the extent that the precise allelic state of any DNA
variant is not well measured, power declines. But although this issue
has been the subject of extensive discussion in the literature on SNP
association studies!!, little has been written about the extent to which
current attempts to measure copy number provide precise and accurate
measures of the underlying DNA variation in each individual.
Insufficient data have been collected at a sequence level to estimate
the correlation between quantitative measures of CNVs by existing
techniques and the true allelic state of each CNV in each individual.
However, there are reasons to believe that the correlation is low — much
lower, for example, than that offered by current SNP genotyping prod-
ucts for the underlying SNP variation in the genome'2. This difference
is due fundamentally to the greater challenge of measuring multibase,
often multiallelic variants compared with single-base, diallelic SNPs.
The specific challenge of genotyping CNVs is discussed in a later
section.

Enabling core knowledge about CNVs for association studies

An indispensable starting point for association studies is basic knowl-
edge about the genetic variations that are present in the human popu-
lation — their alleles, their frequencies, their precise locations. SNP
databases developed through a series of phases: first, rapid growth in
methods to detect the locations of putative SNPs; second, calibration
and standardization of discovery methods to maximize sensitivity and
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Figure 1 Many potential CNV locations are consistent with the coordinates
of a reported CNV-containing region (CNVR). An investigator will typically
have to perform extensive experiments to find the CNV within a CNVR.

An ongoing project to map structural variants at the sequence level28 will
provide important enabling knowledge for clinical genetic studies.
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minimize false positives'?; third, accurate genotyping of large numbers
of SNPs to validate (or invalidate) SNPs and characterize their proper-
ties!*1%; and fourth, assessment of the sensitivity of the resulting map
in comparison to systematic resequencing data'®. The resulting resource
enables researchers and technology companies to design assays for any
given SNP of interest (or a genome-wide collection) and to assess the
relationship between any given SNP and others that may or may not
have been typed.

Pioneering genome-wide surveys of CNVs and databases holding
the results of those studies?’ are an important initial step toward a com-
prehensive database of CNVs, but much work lies ahead. Most reported
CNV locations actually correspond to the locations of CNV-containing
regions (CNVRs), generally the genomic coordinates of a BAC probe, set
of oligonucleotide probes, or fosmid from which a variant was discov-
ered. A reported CNVR is consistent with a large number of potential
variants (Fig. 1); of importance for the design of assays, seldom is it
known which precise locus or gene within the CNVR is actually affected.
An important step toward enabling knowledge of CNP locations is an
ongoing effort to sequence fosmid clones containing structurally vari-
ant haplotypes?®. Until the locations of CNVs within reported CNVRs
are known, researchers interested in studying a reported CNV in clini-
cal samples must first perform experiments to find the CNV(s) within
the reported CNVR. Ultimately, the utility of CNV databases will be
enhanced by data on the validation state of each putative CNV (to avoid
wasting resources on false positive CNVs) and on the frequency of each
allele in different populations (to estimate statistical power when design-
ing association studies), and by a map of the linkage disequilibrium (or
lack thereof) with nearby SNPs that may be easier to genotype or may
already have been assessed.

17-26

Genotyping CNVs in disease association studies

Disease association studies rely on accurate genotypes. Most CNV stud-
ies to date have been discovery studies (generating lists of regions that
contain CNVs) rather than association studies (assessing the correlation
between phenotype and genotype). The underlying problems in CNV

discovery and CNV genotyping are different. A discovery study begins
with a null hypothesis that no variation exists at a locus and assesses
whether the evidence for variation exceeds a genome-wide significance
threshold; a high false-negative rate (failure to discover variants) is tole-
rated in order to preserve a low false-positive rate?’. An association study
tests a null hypothesis that variation is not associated with phenotype;
all forms of misclassification (both over- and underascertainment of
altered copy-number levels) are problematic, and all levels of copy
number must be distinguished. This is a much more exacting require-
ment: for example, of some 1,500 CNVs that were identified in one
recent genome-wide survey, only 70 common, diallelic CNVs yielded
genotypes of the quality that could be used for linkage disequilibrium
analysis?®. Indeed, of the thousands of CNV-containing regions that
have been identified in the literature to date, only a few percent have
been genotyped in available reference samples (Fig. 2).

The development of assays for accurately typing CNVs in clinical
cohorts has required enormous effort in CNV-disease association stud-
ies to date® and is one of the most pressing needs in CNV research.
Although it is not yet clear what technology will be used, it is critical
that any assay be reproducible in other labs. Standards for publishing a
CNV-disease association should include genotypes for a publicly avail-
able set of reference samples, which can be used by other labs to develop
additional assays and to assess the original assay.

Copy-number measurements versus copy-number genotypes
Atany given nucleotide, biological copy numbers are integers. The more
precise and localized a measurement of copy number, the more its dis-
tribution in a population shows a discrete distribution reflecting the
underlying integer distribution of copy numbers (for example, 0, 1, 2;
or2,3,4;oreven2,3,4,5,6) (Fig. 3). Frequently, though, copy-number
measurements seem to be continuously distributed across a popula-
tion (Fig. 3¢). The factors which cause imprecision in copy-number
measurement can be divided into two categories. Measurement impre-
cision refers to the noise inherent in making any measurement. Spatial
imprecision occurs when an assay aggregates information across a large
region into a single measurement.

Surveys of copy-number variation have further summarized copy-
number measurements into discrete values of ‘gain’ or ‘loss’ in each
sample; although these assessments are sometimes referred to as ‘geno-
types, inspection of the underlying data often shows that these discrete
distinctions are not reflected in the underlying distribution of measure-
ments (Fig. 3c,e). Summarizing raw copy-number measurements into
such ‘calls’ may lose information present in the original measurements,
and is of uncertain relationship to the true genotype (Fig. 3e,g).

Until approaches for genome-wide CNP genotyping mature, a place-
holder strategy may be to rely on raw hybridization measurements as
an approximation to an unknown, underlying genotype. This approach
was used in a recent study of CNPs and gene expression!? that used
copy number data from an immediately preceding study?%; the analysis
dispensed with the CNV ‘calls’ from the previous study, instead using
the raw hybridization measurements for association analysis'®2° (Fig. 3).
The paucity of effective CNP genotypes means that techniques and
algorithms for making genotype calls are a critical need in CNP disease
research; until such approaches mature, raw measurements may be the
preferred basis for a preliminary association analysis.

Using SNPs as markers for CNPs

Given the technical challenges in finding and typing CNPs, and the
early stage of basic knowledge about their locations and molecular
structures, an appealing strategy might be to rely on more-easily-typed
SNPs to serve as markers by linkage disequilibrium for common variants
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throughout the genome. Linkage disequilibrium—based approaches uti-
lize the observation that the human recombination rate is (i) low relative
to the typical age of alleles in the human population and (ii) clustered
into hotspots across the genome®’. These features mean that ancestral
variants (whatever their molecular nature) segregate in the population
on haplotypes, are correlated with one another and thus can be ‘tagged’
by a reduced set of SNPs?!. Because such linkage disequilibrium—based
approaches require neither a priori identification of all variants nor
technology for typing every variant individually, they might address
the limitations of current knowledge and genotyping technology in the
CNP field.

To assess a specific CNP through linkage disequilibrium, one would
genotype the CNP in the HapMap (or other reference) samples and
assess whether nearby SNPs were able to capture the CNP through
linkage disequilibrium; if so, one would then type those SNPs in
affected cohorts as a proxy for the CNP. To analyze a genomic region,
one would select a dense set of SNPs sufficient to capture almost all
common, ancestral polymorphisms through linkage disequilibrium!!
and test them for association with disease. On a genome-wide scale,
one would presumably use commercial whole-genome SNP genotyping
products. In all cases, positive association (if found) could be due to a

la.l CNV or to anything else in linkage disequilibrium with the associated

SNP — possibilities that would be assessed by directed resequencing,

= copy-number analysis and additional genotyping in following up any

initial association.

The performance of linkage disequilibrium-based approaches
will depend on the strength and generality of linkage disequilibrium
between CNPs and SNPs. Using available SNP data and PCR-based
genotyping of deletion polymorphisms, initial studies found that dele-
tion polymorphisms are generally ancestral and are tagged by SNPs?>23,
A subsequent study of the linkage-disequilibrium properties of CNPs
in the genome’s segmental-duplication-rich regions found that copy-
number measurements from such CNPs were less well captured by
HapMap SNPs?%; a more recent study of 70 genotyped CNPs found that
the CNPs showed appreciable linkage disequilibrium with SNPs, but
were less well tagged than frequency-matched SNPs were?°. The extent
of linkage disequilibrium between SNPs and CNPs remains unclear,
for two reasons. First, assessing linkage disequilibrium around CNPs
requires accurate genotyping of a large and representative collection
of CNPs in samples with dense SNP genotypes — and yet accurate
genotypes exist for only a small and nonrandom collection of CNPs
(Fig.2). Second, regions rich in segmental duplications contain almost
half of all reported CNPs!924.26 but contain a density of validated SNPs
(that could serve as potential tags) much lower than that of the rest of

the genome?4.
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Figure 2 Although the number of reported copy-number-variable regions has
increased dramatically, only a few percent of CNVs have been successfully
genotyped. An important step in association study of any CNV will be the
development of a genotyping assay that accurately determines the allelic
state of every individual in a cohort.

Integrated association studies for SNPs and CNPs

Many genome-wide SNP association studies, each involving hundreds
to thousands of affected individuals, are underway. The raw intensity
data generated during SNP genotyping can be mined for copy-number
information®>~33, making such studies a potential source of data for
CNP-disease association studies. However, several factors limit the utility
of previous generations of SNP arrays for this purpose. Most important
is coverage: because common CNPs cause SNP genotyping assays to fail
Hardy-Weinberg and mendelian inheritance checks, genomic regions
harboring common CNPs had been filtered out (partially or completely)
of commercial whole-genome SNP array platforms during the selec-
tion of high-performance SNP assays. Another limitation is technical:
because SNP assays are optimized for allelic discrimination rather than
copy-number measurement, the copy-number measurements they
provide are noisy, with the result that only large variants are typically
detected. Commercial SNP arrays are used to find the large copy-num-
ber alterations typical of cancer?>~3%, but have not to date been used to
perform association studies for germline CNPs, and seem to detect many
more rare CNVs than common CNPs?6.

Ideally, every DNA sample would be simultaneously queried for
SNPs and CNVs in a single, integrated analysis. We have been work-
ing with collaborators to develop hybrid oligonucleotide arrays that
contain both SNP allele-discrimination probes and dedicated ‘copy-
number probes’ — probes whose sequences have been optimized for
copy-number quantification by (i) designing them to nonpolymorphic
sequences, (ii) selecting sequence features predictive of technical efficacy
and (iii) empirically assessing responsiveness in screening experiments
(Fig.3d,f,)h). Such hybrid arrays (or some other technological solution)
offer the potential for integrated association studies in which SNP and
copy-number variation are considered together. Moreover, as databases
of CNPs and SNPs become ever more complete, the content of such
arrays should similarly approach completeness.

Testing the disease association of common CNPs

Once an accurate and complete set of CNV measurements is obtained
in a sample, there are few unprecedented statistical challenges to the
assessment of association with disease. As with SNPs, a key dividing line
is whether the statistical test involves common variants or a collection
of individually rare events.

For common CNPs, statistical tests will involve a straightforward
comparison of allele frequencies (or of diploid genotype frequencies):
between affected individuals and controls in a population cohort;
between transmitted and untransmitted chromosomes in families with
affected offspring; or between affected and unaffected siblings. Most
successfully genotyped CNPs seem to be diallelic, showing 2 or 3 dip-
loid copy-number classes and therefore most likely representing two
underlying alleles>>2°. Such variants are readily incorporated into cur-
rent frameworks for SNP association testing; in fact, the copy-number
classes could be subjected to the same quality-control tests (mendelian
inheritance, Hardy-Weinberg equilibrium) used to ensure the quality
of SNP genotypes. Such CNPs could for practical reasons be recoded
as SNP genotypes (for example, ‘AA’ for zero copies, ‘AC’ for one copy,
‘CC’ for two copies) and thereby benefit from the software and analytical
approaches already available for SNP-based analyses, including correct-
ing for population stratification (discussed below) and scrutinizing a
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Figure 3 Using copy-number
measurements and copy-number
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genome-wide study for P-value inflation.

Some CNPs seem to involve more than three copy-number classes,
and therefore more than two copy-number alleles (Fig. 3). Nineteen
such loci were identified in a recent genome-wide CNV survey?. A
related class of CNPs appears to harbor both deletion and duplication
alleles?*2°, Notably, the common CNPs reported to be associated with
HIV progression and autoimmune phenotypes are multiallelic®. For
the population-based analyses in those studies, researchers used a variety
of techniques to test for disease association, including (i) reducing the
copy-number genotype to a binary class (for example, >4 versus <4
copies), then performing a chi-squared analysis on the distribution of
disease status between these two groups®; (ii) a logistic regression analy-
sis, with copy number as an explanatory variable and age and gender
as covariates’; and (iii) nonparametric tests of the null hypothesis that
affected individuals and controls were drawn from the same distribution

though the primary benefit may simply
be greater clarity about the distribution
of genetic variation and its relationship
to phenotype.

@
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o

PDPR copy number genotype call
(5.0 array)

of copy numbers’. Family-based analyses — which are favored by many
researchers because they are more robust to population stratification
(discussed below) — will also need to be generalized to address multial-
lelic CNPs and continuously distributed copy-number measurements.

Testing the disease association of rare CNVs

For rare variants, association analysis is more challenging, as it is less
constrained: there are many potential ways to group a collection of
unique events, and thus more degrees of freedom. When copy-number
ascertainment was limited to large, microscopically visible (and there-
fore usually functional) variants, such variants were generally assumed
to be causative (although the specific gene involved is, conversely, very
imprecisely localized). The new ability to detect smaller, submicrosco-
pic CNVs — hundreds of which may be present in any one individual,
and the vast majority of which are benign — requires statistically well

S40
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founded assessment of their association with disease.

As submicroscopic CNVs cannot be assumed to have functional con-
sequence, it is critical to search for them in affected individuals and
controls with equal rigor, and to use a statistical framework to determine
whether rearrangements are truly more common in the affected. It is
critical that CNVs not be discovered in a set of cases and then the specific
variants that were found queried in controls; such an approach is subject
to ‘ascertainment bias’ and is statistically unsound. Given the existence
of hundreds of rare CNVs with apparent frequencies of less than one
percent, even in a well designed study it will frequently occur thata CNV
is present (for example) in 3/200 cases and 0/200 controls. Such results
are expected to occur by chance in a genome-wide search, and so do not
necessarily imply a causal effect. (The observation of three independent,
de novo structural mutations at the same locus in a disease cohort might
be highly significant, because the rate of sporadic structural mutation
seems to be much lower than the rate of CNV inheritance; such sporadic
genomic disorders are discussed in an accompanying Perspective?).

It is natural to also consider the hypothesis that distinct CNVs at the
same genomic locus may similarly influence disease risk in different indi-
viduals. An important precedent for such reasoning is the argument that
diverse sequence variants in candidate genes are more frequently found
in affected individuals than in controls®®37. In the case of rare coding
SNPs, a framework is typically used in which nonsynonymous SNPs are
examined based on their a priori likelihood of functionality. In the case
of CNVs, similar paradigms may be useful: for example, pooling just
those CNVs confirmed as affecting a candidate gene’s coding sequence
and nearby highly conserved elements. Although defining the right a
priori criteria is not straightforward, the need for such criteria is: there
is a great danger in (and long history of) post hoc explanations that can
be invoked to support nonsignificant findings in discovery research.

Systematic biases can lead to false association

Years of SNP association studies — the vast majority of which proved
irreproducible — have led to increased awareness of the factors that
cause artifactual associations between genetic variants and phenotypes.
CNP association studies are equally susceptible to these artifacts, which
include population stratification, technical artifacts attributable to vari-

=Y ability in the quality of DNA samples, and the general problem (inher-

@ent in all genome-wide studies) of distinguishing true signals from a

=" genome-wide distribution of statistical sampling fluctuations.

Many phenotypes are associated with continental ancestry, and many
CNPs (like many SNPs) vary in their frequencies across populations?*~2°.
In disease association studies, such variants can be associated with dis-
ease owing to the confounding effect of ancestry (known as population
stratification). Even in a study of individuals of European ancestry, vari-
ants that differ in frequency between northern and southern Europeans
(such as the lactase persistence allele) can be artifactually associated
with phenotypes (such as stature) that differ between northern and
southern Europeans®. Methods to correct for stratification have been
developed®*+*? and require the investigator to obtain extensive genetic
information beyond the locus in question; it would seem reasonable
to require such analyses in any CNP-based genome-wide association
study, as in any SNP-based study. Family-based designs are another way
to prevent stratification.

Disease association studies often utilize DNA that has been collected
at a variety of clinical sites, extracted by different techniques, and pre-
pared or assayed at different times. To the extent that DNA samples from
affected individuals and controls differ, systematic technical bias can be
introduced between the two groups. Some SNP assays are sensitive to
DNA quality in ways that bias toward a particular result in lower-quality

samples and can thereby lead to artifactual associations with disease*!.

PERSPECTIVE

This observation seems certain to apply to CNV studies as well. For
example, the sensitivity of array comparative genomic hybridization
(CGH) for detecting variants has been shown to vary from sample to
sample based on variation in DNA and hybridization quality®®. To the
extent that altered copy numbers are undercalled in lower-quality DNA
samples and hybridizations, heterogeneity in DNA preparation could
lead to artifactual associations.

Although such biases may be sporadic and infrequent in focused,
single-locus candidate-gene association studies, they are pervasive in
genome-wide studies. This is because such studies involve looking for
effects in the tails of a P-value distribution, where artifacts inevitably
collect. As genome-wide CNP-disease association studies begin to be
performed, it will be critical to seek out any systematic bias that distin-
guishes how DNA samples from affected individuals and controls are
treated throughout the process of research. An important assessment is
the extent to which the genome-wide distribution of P values conforms
to the expected uniform distribution.

Perhaps the greatest cause of false association in the SNP literature
has been the use of statistical thresholds inadequate to distinguish true
associations from false positives. This is particularly problematic because
of the low prior probability that any given variant (SNP or CNP) truly
influences the trait of interest (at least, to an extent measurable with the
sample size, technical approach and statistical framework employed)*2.
Just as in SNP association studies, it seems unlikely that an association
of a CNP with disease that displays a P value of 0.05 will prove reproduc-
ible. On the other hand, a robustly significant P value (given the lower
prior probability intrinsic in a genome-wide search), perhaps combined
with functional data, surely can result in a compelling finding. Insistence
upon the highest standards for proof in the early days of a field will save
the community the consternation of irreproducible findings muddying
the literature.

Opportunities

The coming years are likely to be tremendously exciting, as initial obser-
vations of common human common copy-number variation mature
into an understanding that is crisp in molecular detail, complete in
knowledge of location and frequency, and conducive to discoveries in
the pathogenesis and genetic epidemiology of human disease. Perhaps
the greatest impediments to such a future would be not the discovery
of too few CNP-disease associations in the next year or two, but an
insufficient investment in a truly effective set of tools and databases for
their study, coupled with overly enthusiastic (but not quite reproduc-
ible) early claims of association with disease. With the proper focus and
standards, CNP research will yield important insights, elucidating not
only human genetic variation, but biological pathways and the mecha-
nisms of human disease.
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