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6.1 An Introduction to Copy

Number Variation

Genetic variation ranges from single nucleotide
changes to large chromosome level events. The
most well characterized form of variation is sin-
gle nucleotide variants with a minor allele fre-
quency (MAF) > 1 %, referred to as single
nucleotide polymorphisms (SNP). SNPs have
been a workhorse of human genetics due to ease
and reproducibility of genotyping. In contrast,
structural variation encompasses variants with a
broad range of sizes and complexity and has
historically lagged behind the progress achieved
using SNPs due to difficulty of genotyping.
Structural variation is generally defined by 5
groups of variants: deletions, insertions, dupli-
cations, translocations, and inversions. In this
chapter we focus on a subset of structural vari-
ation comprised of deletions and duplications,
colloquially termed copy number variation
(CNV).
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Deletions are simply the absence of sequence
when compared to a reference genome. When
compared to a reference, the sequences flanking a
deletion of reference sequence are continuous
and juxtaposed in direct orientation. Deletions
are unambiguous, having a single genomic
location, although in some cases exact breakpoint
locations are ambiguous if there is high sequence
similarity, such as repetitive DNA, at the sights
flanking the deletion. Duplication refers to
sequences which share high sequence homology
(>90 %) that are found in greater than two copies
in the genome. Duplications are often broken
into tandem and dispersed categories. Dispersed
duplications are often further broken down into
inter-chromosomal and intra-chromosomal cate-
gories. Intra-chromosomal duplications are fur-
ther distinguished as being either in direct or
inverted orientation with respect to each other.

Originally copy number variation referred
only to variation larger than 1 Kb. However this
size limitation has largely been disregarded due
to its arbitrary nature when compared to the
observed spectrum of variant sizes. Very small
duplications and deletions (<50 bp) are often
referred to as INDELs. Although they are part of
a continuous spectrum of sizes of CNVs, these
smaller variants are often distinguished from
larger variants because they are almost exclu-
sively identified using sequencing. Generally, the
term copy number variation is reserved for sub-
microscopic events, therefore excluding mono-
somy and trisomy, but does include variants on
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the scale of 1-5 Mb even though these are
assessable by microscopic techniques such as
fluorescent in situ hybridization (FISH).

6.2  The Brief History of Copy
Number Variation

in the Human Genome

The account of the role of CNV in human disease
is appropriately centered on the publication of
the human genome. Access to a reference
sequence enabled new technologies which sub-
sequently powered the discoveries described
below. Examples of CNV and human disease
were present prior to the availability of the ref-
erence sequence. However, the extent of CNV
was unknown, and global investigation of CNVs
contribution to human disease was not feasible.
Thus, the publication and availability of the ref-
erence human genome represents a major
inflection point in the rate which new discoveries
regarding CNVs were made.

Prior to an Available Reference
Human Genome

6.2.1

In Tajima’s description of the use of the D sta-
tistic to test the Neutral Theory of molecular
evolution, he postulates that insertions and
deletions may be common in the genome of
Drosophila melanogaster (Tajima 1989). If this
observation is extended to reflect our under-
standing of genomes as a group at the time, it can
be viewed as an early prediction that CNV, albeit
small CNVs, would be common in the human
genome. Twenty years later we are reaching a
consensus understanding of the catalog of human
genetic variation at the population level, and
discovering that CNV is yet even more common
than had been anticipated. The functional effects
of these variants at all levels of biology, from
cellular processes to disease susceptibility, are
still being determined. However, even prior to an
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available reference sequence we could draw from
known examples that CNV plays an important
role in human disease.

Prior to the publication of the human genome,
examples of CN'Vs in human disease etiology were
known for single gene disorders. The role of dele-
tions at the alpha gene locus in a-thalassemias was
known since the 1970s (Ottolenghi et al. 1974;
Higgs et al. 1979). In the early 1990s we learned
that reciprocal deletions and duplications at
17p11.2 are involved in hereditary neuropathy with
liability to pressure palsies (HNPP) and Charcot-
Marie-Tooth neuropathy type 1A (CMTI1A)
respectively (Lupski et al. 1991; Chance et al.
1993). Examples such as these provided early evi-
dence that CNV plays a role in human disease, yet
there was no basic reference sequence for the
human genome, and the extent of CNV between
human genomes remained unknown.

6.2.2 Publication of the Human
Genome

The publication of the first drafts of the human
genome was a milestone event in human history
(Lander et al. 2001; Venter et al. 2001). These
first drafts were known to be incomplete because
structural variation such as large segmental
duplications, a course definition including both
polymorphic and evolutionarily fixed duplication
events generally defined as sequences
with 290 % homology, complicated the process
of sequencing and assembly. However, the next
draft of the human reference sequence, published
in 2004 by the International Human Genome
Sequencing Consortium (IHGSC), drastically
reduced the number of gaps in the human refer-
ence sequence (IHGSC 2004). A major discov-
ery during the process of completing the human
reference sequence was that an abundance of
insertions and deletions, identified by observing
length differences when using paired-end fosmid
reads, appeared to represent polymorphisms
(IHGSC 2004).
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6.2.3 Early Discoveries of Genome-
Wide Copy Number Variation

In 2002, Bailey et al. used computational methods
and available data from sequencing efforts by
IHGSC and Celera Genomics to identify seg-
mental duplications in the human genome (Bailey
et al. 2002). Interestingly, they observed patterns
of both interchromosomal and intrachromosomal
segmental duplications, and showed that unan-
notated segmental duplications created falsely
identified SNPs in the public SNP database
(dbSNP) (Bailey et al. 2002). Although this work
showed that segmental duplications were present,
what remained unclear is whether these segmental
duplications were polymorphic or fixed in the
human population. In the months prior to the
2004 publication by the IHGSC, two independent
groups reported observing large-scale copy
number variation which appeared to represent
polymorphisms (Iafrate et al. 2004; IHGSC 2004;
Sebat et al. 2004). Sebat et al. (2004) identified
221 copy number changes representing 76 copy
number polymorphisms (CNP) in 20 individuals
of geographically diverse ancestry using repre-
sentational oligonucleotide microarray analysis
(ROMA) (Sebat et al. 2004). Iafrate et al. (2004)
identified 255 loci which appeared to be poly-
morphic in 55 unrelated individuals using array-
based comparative genomic hybridization (array
CGH). These regions were significantly enriched
for overlapping segmental duplications and
regions of gaps in the human genome sequence
(Iafrate et al. 2004). These early studies, taken
together with observations from the 2004 publi-
cation by the IHGSC provided evidence that
structural variation, namely copy number varia-
tion (CNV), was common in the human genome.

Using 60 trios from the International HapMap
Project (International HapMap 3 Consortium
(IHM3C) et al. 2003) (30 European trios and 30
Yoruba trios) Conrad et al. (2006) identified 586
regions which had observed SNP genotypes
consistent with genotyping artifacts caused by
deletions. Concurrently, McCarroll and his col-
legues reported identifying 541 deletion variants
in 269 HapMap individuals by identifying in SNP
genotyping data the footprints of segregating
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deletions, such as Hardy-Weinberg disequilib-
rium, Mendelian inconsistency, and clusters of
null genotypes (McCarroll et al. 2006). The SNPs
that produce such errors are commonly disre-
garded in human genetic studies, so this study
group performed additional molecular assays to
confirm the presence of many of these deletion
variants. Interestingly, they observed that com-
mon deletions were often in linkage disequilib-
rium with nearby SNPs, which was an early
indication that CN'Vs could be tagged and indi-
rectly assayed in genome wide association studies
using SNPs (McCarroll et al. 2006).

In 2005, Tuzun et al. applied the paired-end
mapping strategy developed for finishing the
human genome sequence to a fosmid library
from a second genome and discovered 139
insertions, 102 deletions, and 56 inversions when
compared to the reference sequence (IHGSC
2004; Tuzun et al. 2005). Although most of the
variants they identified were novel, they repli-
cated the observation that CNVs were enriched
for regions of segmental duplication. The
approach used by Tuzun et al. (2005) was a
significant advancement that was able to detect
variants with a higher resolution than the CNVs
discovered by Iafrate et al. (2004) and Sebat et al.
(2004). Subsequently, Korbel et al. (2007)
applied the paired-end sequencing approach to
massively parallel shotgun sequencing on the
454 platform (Korbel et al. 2007). Using con-
servative thresholds for variant calling, they
identified 1,297 Structural Variants (SV) events,
the majority of which are CNVs, with an esti-
mated breakpoint resolution of 644 base pairs
(bp). The combination of paired-end sequencing
and massively parallel sequencing technologies
was a major contribution that set the foundation
for future studies to move from identifying
CNVs by comparing a handful of genomes to
characterizing CNV at the population level.

With the exception of being enriched in
regions of segmental duplication, poor consis-
tency was observed between various methodo-
logical techniques for CNV identification,
suggesting either high rates of Type I or Type II
errors. Since many of these studies had per-
formed conformational assays and estimated
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false discovery rates (FDR), it could be deduced
that many variants remained undiscovered, likely
due to methodological biases and conservative
interpretation of results. Using a custom high-
resolution array based comparative genomic
hybridization (aCGH) approach to target previ-
ously identified CNV regions at ~1 Kb resolu-
tion, Perry et al. (2008) observed that all previous
studies they investigated had overestimated the
actual size of a substantial portion of the CNVs.
Nonetheless, the methods developed for these
early studies, and the results of the studies
themselves, set the foundation for building a
comprehensive understanding of structural vari-
ation at the population level, identifying mecha-
nisms of formation, and discovering the role of
CNVs in human disease.

6.3  High-Throughput Methods
for Discovery and Genotyping

of Copy Number Variation

Two general groups of technologies have pri-
marily been used for CNV discovery and geno-
typing: array-based hybridization, and high-
throughput sequencing. Array-based hybridiza-
tion methods are affordable and are often superior
for detecting very large deletions and duplications.
However, array-based hybridization often misses
smaller variants. High throughput sequencing is
much more expensive than array-based hybrid-
ization, but is superior for detecting smaller vari-
ants, defining CNV boundaries, and for
determining absolute copy number of high copy
number duplications. Despite improvements in the
methods which are currently available, the field is
still in need of more comprehensive methods for
CNV discovery and genotyping, and more accu-
rate methods for CNV imputation in samples for
which these technologies cannot be applied.

6.3.1 Array Based Methods

Microarrays are a group of technologies which
rely on hybridization of prepared DNA samples
to oligonucleotides designed to represent specific
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locations of the genome. Therefore, microarrays
are a technology enabled by the availability of
the reference sequence. There are two basic types
of microarrays which are commonly used for
CNV discovery and genotyping, aCGH and SNP
genotyping microarrays (Alkan et al. 2011).

In aCGH two samples are fluorescently
labeled and competitively hybridized to oligo-
nucleotide arrays (Pinkel et al. 1998). Copy
number variable regions are represented by
imbalance in fluorescent intensity. As a QC
measure the experiments are often repeated with
swapped dyes. Since either of the two samples
can carry copy number differences, well charac-
terized reference genomes are preferred for
comparison. Oligonucleotides are designed to
uniquely identify specific locations along the
genome. Signal intensities are normalized and
converted to log, ratio, a measurement repre-
sentative of copy number. To identify CNVs,
various algorithms can be applied that segment
the genome into regions which appear to differ
from the average, which is presumed to represent
a copy number of 2. Deletions and duplications
are detected as multiple consecutive probes
which present similar decreases or increases in
log, ratio, respectively.

SNP-arrays also produce a measurement of
signal intensity by comparing the hybridization
intensities across samples (Peiffer et al. 2006).
This measurement is known to have a lower signal
to noise ratio than aCGH, but is still powerful
enough to be useful. The relative intensity of each
allele is informative for identifying copy number
variation (Peiffer et al. 2006). If the SNP alleles are
arbitrarily labeled A and B, the ratio of signal
intensity of B to the sum of intensities of A and B,
termed B-allele ratio, is informative of copy
number. In the normal copy number state of 2,
B-allele ratio will fall into three clusters: 0, 0.5,
and 1, representing homozygous AA, heterozy-
gous AB, and homozygous BB respectively.
However, in the case of deletion the cluster at 0.5
will be lost indicating a loss of heterozygosity
(LOH). Similarly, when there is copy number gain
the cluster at 0.5 will split into two clusters of 0.33
and 0.66 representing the AAB and ABB geno-
types respectively (Peiffer et al. 2006). Additional
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patterns of B-allele ratios are apparent for somatic
copy number variation and other defined copy
number states (Alkan et al. 2011). SNP arrays can
also detect copy-neutral loss of heterozygosity,
which is indicative of uniparental disomy or
identity by descent (Alkan et al. 2011). Further,
the application of SNP arrays to CNV calling
benefits from the availability of SNP genotypes
which can be used for phasing, tagging, and other
imputation directed purposes which we will cover
in Sect. 6.3.4.

Multiple statistical approaches have been
implemented to identify CNVs from aCGH and
SNP arrays, the most popular of which have been
versions of circular binary segmentation and
hidden Markov models (Olshen et al. 2004;
Colella et al. 2007; Venkatraman and Olshen
2007; Wang et al. 2007; Coin et al. 2010).
Comparative analyses of these algorithms indi-
cate that using multiple algorithms to identify
CNVs should be the preferred approach (Win-
chester et al. 2009; Dellinger et al. 2010; Pinto
et al. 2011). Array-based approaches are known
to be subject to variation in local DNA concen-
tration that is correlated with GC content, which
is often observed as “waviness” of log, ratios for
markers along the chromosome, and generally
requires additional normalization procedures
(Diskin et al. 2008). In a recent review, Pinto
et al. (2011) showed that newer arrays tended to
perform much better than legacy versions, that
algorithms tended to perform best on the plat-
forms they were designed for, and that current
approaches generally underestimate CNV size,
which is a shift from the observation of size
overestimation reported by Perry et al. (2008).
Overall, this suggests that many of the technical
artifacts of CNV discovery have been addressed
on newer chips and software pipelines.

CNV discovery differs from CNV genotyping in
that in the discovery phase there is no a priori
knowledge of the location of CNVs. Once copy
number variable regions have been identified,
common CNVs can often be genotyped more
accurately by comparing marker intensities
between samples within the region of interest. This
approach has been implemented to perform
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association testing (Barnes et al. 2008; Welcome
Trust Case Control Consortium (WTCCC) et al.
2010). Haplotype structure, determined from SNP
genotypes, has also been used to improve CNV
genotyping procedures (Coin et al. 2010). Taken
together, these implementations indicate that, when
available, added information available across
samples improves CNV genotyping accuracy.

6.3.2 Sequencing Based Methods

Sequencing approaches to CNV discovery can be
summarized into 4 approaches: split read, paired-
end read, read depth, and de novo assembly
approaches (Alkan et al. 2011). For the purpose of
this chapter we will describe the benefits of de
novo assembly in Sect. 6.3.3. Split-read approa-
ches seek to identify variation that is captured
within a single contiguous sequence read. By
computationally “splitting” the alignment of aread
to a reference sequence, split read approaches can
find small deletions, insertions, and duplications.
For split read approaches the upper bound on the
size of sequence insertions and duplications that
can be identified is the length of the read minus the
sequence needed to map the read uniquely to a
position in the genome, because the inserted or
duplicated sequence must be contained within the
length of the read. Given that most whole genome
sequencing (WGS) approaches produce small
reads, splitread approaches are generally only able
to detect very small insertions and duplications. In
theory, split read approaches could detect very
large deletions as long as there is a read that gaps
the deletion breakpoints. However, in practice
split read approaches are more effective for small
deletions. In 2006, Mills et al. used a split read
approach to identify 415,436 INDEL polymor-
phisms ranging in length between 1 and 9,989 base
pairs using sequencing reads from 36 individuals
(Mills et al. 2006). The overwhelming majority of
these variants were 1-10 base pairs in length, and
they observed little overlap with deletions identi-
fied by Conrad et al. (2006) and McCarroll et al.
(2006), consistent with the observation of poor
overlap between studies at the time.



90

For the paired-end read sequencing method, a
DNA library is prepared such that the length of
the DNA fragments to be sequenced fit into a
tight distribution. Various approaches are avail-
able to produce libraries of different size distri-
butions. Each DNA fragment is then sequenced
from both ends. Each read, one from each end of
the fragment, are then mapped back to the gen-
ome. The distance between read-pairs for regions
not carrying large CNVs will fall into a tight
distribution indicative of the distribution of sizes
of the DNA fragments in the library prep. Dele-
tions and duplications can be identified by
abnormalities in the distance between read-pairs
when they are mapped back to the reference.
Deletions will create read-pairs that map further
apart, and insertions will create read-pairs that
map closer together than expected based on the
distribution of the DNA library. As with a split-
read approach there is an upper bound on the size
of insertion/duplication that can be detected
because the duplication has to be carried by the
DNA molecule being sequenced. It is worth
noting that paired-end sequencing can also detect
inversion and novel sequence insertions by using
one read as an anchor. As mentioned earlier, in
the discovery of germ-line CNV, the paired-end
read approach was first applied to fosmid
libraries (Tuzun et al. 2005), and was later
combined with WGS (Korbel et al. 2007).

In the read-depth approach, the coverage of
the genome by sequencing reads is assumed to be
uniformly distributed. Therefore regions with a
loss or gain of genetic material are represented by
loss or gain in the number of sequence reads.
This approach was first applied to germ-line
variants by Yoon et al. (2009). This approach is
more effective and accurate with higher read-
depth and is superior to split-read and paired-end
read approaches for identifying large duplication
events. Additionally, this method is superior to
array based technologies for determining abso-
lute copy number of high copy number duplica-
tions. However, similar to aCGH this approach
requires correction for genomic “waviness” due
to local GC content (Yoon et al. 2009). A com-
prehensive assessment of the platforms and
computational strategies currently available

AN. Blackburn and D.M. Lehman

using the read depth approach has recently been
conducted (Magi et al. 2012).

6.3.3 Comprehensive Discovery
and Genotyping

The methods described in Sects. 6.3.1 and 6.3.2
are not comprehensive. Identifying variants using
array based hybridization is dependent on probe
hybridization at the locus of the variant. Thus
arrays with lower probe densities generally do
not detect smaller variants. Arrays have poorer
breakpoint definition than sequencing methods.
All of the sequencing based approaches pre-
sented are powerful, but each is dependent on
aligning reads to a reference sequence. There are
situations where aligning reads to a reference
sequence is not sufficient, such as the identifi-
cation of unique sequence insertions, or variant
calling in regions where short reads cannot be
uniquely mapped. This suggests that an alterna-
tive approach may be necessary to genotype
some CNVs.

De novo assembly followed by genome
comparison is argued to be the most likely route
to a comprehensive approach for variant dis-
covery and genotyping because this approach is
not dependent on aligning reads to a reference
sequence (Alkan et al. 2011). This argument is
very compelling, but current technologies pro-
duce short reads which limit the feasibility of this
approach. However, this is a promising route to a
truly comprehensive discovery and genotyping
assuming technologies can be developed which
produce extremely long reads, in the area of 100-
200 Kb, with high accuracy.

In 2010, Pang et al. used and compared
multiple approaches, including de novo assembly
and comparison of genomes to identify CNVs in
HuRef (Venter et al. 2001) DNA (Pang et al.
2010). Overall, de novo assembly was the most
comprehensive method for CNV identification,
but did miss known CNVs identified using other
techniques. Each method used had its own dis-
tribution of sizes of variants in which it per-
formed best, as expected based on the methods
described above. CNVs between 1 and 10 Kb
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had the highest proportion of overlap of variants
detected between technologies (Pang et al. 2010).

In the absence of a technology which pro-
duces long reads with high accuracy, there is
growing momentum toward considering various
forms of data in combined models. By combin-
ing read-depth with high resolution aCGH
developed a method for correcting the reference
copy number biases in aCGH alluded to in
Sect. 6.3.1 (Ju et al. 2010). This approach was
then applied to identify common Asian copy
number variants with high accuracy (Park et al.
2010). The 1000 genomes project has also taken
the approach of combining multiple lines of
evidence for CNV identification (Mills et al.
2011). More specifically, Mills et al. combined
results from multiple algorithms representing
split read, read-pair, read-depth, assembly, and a
combination read-pair/read-depth approach to
identify CNVs in low coverage sequencing and
trio sequencing data generated using three dif-
ferent sequencing platforms.

6.3.4 Imputation of CNVs

Comprehensive variant discovery through WGS
is currently prohibitively expensive, which has
motivated the development of methods to impute
unobserved genotypes in samples using a frame-
work of known genotypes (Howie et al. 2012).
The feasibility of imputing di-allelic CNVs was
demonstrated using data generated with SNP
genotyping platforms and HapMap samples
(International HapMap 3 Consortium (IHM3C)
et al. 2010; Surakka et al. 2010). Not surprisingly,
imputation performs more effectively with pop-
ulation-specific reference panels, especially for
polymorphisms with lower Minor Allele Fre-
quencies (MAFs) (IHM3C et al. 2010; Surakka
et al. 2010). Since 2010, major strides have been
made toward better computational approaches for
imputation (Li et al. 2010; Howie et al. 2011,
2012), and toward more comprehensive reference
panels (Mills et al. 2011; 1000 Genomes Project
Consortium et al. 2012). In population samplings,
imputation is currently limited to simple forms of
CNV with higher MAFs. However, examples are
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beginning to indicate that complex regions of the
genome containing CNV may be amenable to
imputation as well (Boettger et al. 2012). Addi-
tionally, in pedigrees, where phase can be deter-
mined with high accuracy for entire
chromosomes, imputation of complex regions
should also be achievable.

Mechanisms of CNV Formation
and Mutation Rates

6.4

Mechanisms of CNV formation can be broken
into two broad categories: those which involve
long homologous sequences, such as non-allelic
homologous recombination (NAHR), and those
which involve non-homologous repair (NHR),
which often entail micro-homology at the
breakpoint sites (Hastings et al. 2009).

NAHR between segmental duplications and
Variable Number of Tandem Repeats (VNTR)
shrinkage/expansion produce copy number vari-
ants with overlapping, but distinct, size distri-
butions (Conrad et al. 2010). Using arrayCGH
data with highly accurate breakpoint resolution,
Conrad et al. (2010) investigated mechanisms of
formation for CNVs genotyped in 450 individu-
als and determined that NAHR between seg-
mental duplications contributed more frequency
for larger variants than VNTR shrinkage/expan-
sion, which had a greater relative contribution to
formation of smaller CNVs. Interestingly, for-
mation of duplications appeared more likely to
be sequence dependent than formation of dele-
tions, yet without knowledge of the exact
sequence at the breakpoints the precise mecha-
nisms of formation for those which could not be
attributed to one of these two mechanisms
remained unclear (Conrad et al. 2010).

WGS has provided information for those
mechanisms of formation that requires knowl-
edge of the exact sequence at CNV breakpoints.
Mills et al. (2011) investigated sequencing data
generated during the pilot phase of the 1000
genomes project observed that micro-homology/
homology between 2 and 376 bases were present
in the sequence flanking 70.8 and 89.6 % of
deletions and insertion/duplications respectively.
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Interestingly, for tandem duplications, duplica-
tion size was linearly correlated with the length
of homologous sequence flanking the duplica-
tion. Mobile element insertions (MEI) were the
predominant mechanisms of formation of inser-
tion/duplications, while non-homologous repair
(NHR) mechanisms such as micro-homology
mediated break induced repair (MMBIR) were
the predominant mechanism of deletion forma-
tion. NAHR was the second most predominant
mechanism of formation for both insertion/
duplications and deletions, making up a sub-
stantial portion of both. NAHR and NHR con-
tribute to variants across the spectrum of CNV
sizes, yet VNTR-mediated events were enriched
for smaller events, which was consistent with the
aCGH study by Conrad et al. (2010). Among
MEI mediated duplications, there are enrich-
ments of variants at 300 bp and 6 Kb, repre-
senting Alu and long interspersed elements
(LINEs). It is important to note that very large
duplications and deletions, greater than 100 Kb
for deletions and 10 Kb for duplications are
likely underrepresented in this study due to dif-
ficulty detecting CNVs beyond these limits using
sequencing methods.

Among mechanisms of formation, NAHR
between segmental duplications is of high clini-
cal relevance. Through this mechanism, a large
portion (~ 10 %) of the genome is predisposed to
recurrent mutational events (Mefford and Eichler
2009). Recurrent copy number variants resulting
from this mechanism are often large enough with
sufficient shared genetic material that they can be
presumed to exert similar effects on phenotypes
of interest. Although NAHR is an important
mechanism for recurrent mutation the effect of
other mechanisms of formation should not be
discounted. There are examples of Mendelian
disorders which show that additional mecha-
nisms, which normally mediate non-recurrent
CNV mutations, produce similar phenotypic
effects as the observed CNVs generated through
NAHR between segmental duplications. For
example, NAHR between segmental duplications
is recognized to contribute to 99 % of CMTI1A
and HNPP cases, yet Zhang et al. (2010) iden-
tified 17 unique CNVs in this same region
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formed by additional mechanisms that produced
phenotypic effects consistent with CMT1A and
HNPP (Zhang et al. 2010).

6.5 Common CNVs and Disease

In recent years there has been much discussion
over the role of common and rare variants in
complex trait variation, with strong arguments
being presented in support of both (Gibson
2011). The common disease common variant
(CDCV) hypothesis has been tested through
GWAS, the hallmark of which was published by
the Wellcome Trust Case Control Consortium
(WTCCC) in 2007. GWASSs have identified over
1,000 SNPs which are associated with human
disease-related phenotypes (Hindorff et al. 2009).
However, these associations only explain a small
portion of the additive heritability of the majority
of traits investigated (Gibson 2011).

Given this observation, one may hypothesize
that common CNVs, which we will refer to as
copy number polymorphisms (CNPs), accounts
for a portion of this “missing heritability”.
However, as discussed above CNPs are generally
well tagged by SNPs, and therefore have already
been indirectly interrogated through GWAS and
are unlikely to explain the observed “missing
heritability” (Hinds et al. 2006; McCarroll et al.
2006; Conrad et al. 2010). This observation was
confirmed through direct interrogation of 3,432
CNPs in eight disease traits by the WTCCC, in
which all significantly associated CNPs were
tagged by SNPs already detected in GWAS
(WTCCC et al. 2010). CNPs generally make
more compelling candidates for functional alleles
than SNPs because of their size and increased
likelihood to overlap genes. Yet due to LD, proof
of functionality requires additional information in
the form of biological assays. In addition, asso-
ciated CNPs are also subject to the possibility of
synthetic association similar to those observed
with GWAS using SNPs (Dickson et al. 2010).

Despite the observation that common CNVs
do not appear to account for a large portion of the
missing additive heritability of common complex
disorders, there are common structural variants
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which are associated with complex disease
phenotypes. A hallmark example is a study in
which the authors hypothesized and confirmed
that copy number variation at the gene CCL3L1
is associated with risk for HIV/AIDS suscepti-
bility (Gonzalez et al. 2005). Further they
showed that CCL3L1 copy number is highly
population differentiated with higher CCL3L1
being more prevalent in Africans than non-Afri-
cans (Gonzalez et al. 2005). Among CNVs
investigated by Conrad et al. (2010) this variant
was the most highly population differentiated
CNV overlapping gene exons.

A second hallmark example comes from age-
related macular degeneration. In 2005, three
groups independently identified a common SNP
coding variant, Y402H, in complement factor H
(CFH) which was strongly associated with risk
for age-related macular degeneration (AMD)
(Edwards et al. 2005; Haines et al. 2005; Klein
et al. 2005). The population attributable risk of
this variant to AMD was independently esti-
mated to be 43 and 50 % (Edwards et al. 2005;
Haines et al. 2005). This work strongly impli-
cated the complement system in age-related
macular degeneration. The following year,
Hughes et al. was investigating SNPs in the
complex region containing CFH and the related
receptor genes CFHR1, CFHR2, CFHR3,
CFHR4, and CFHRS. During their investigation
they discovered a deletion of CFHR1 and
CFHR3 on a common haplotype in Europeans
that conferred reduced risk (odds ratio of 0.4) for
age-related macular degeneration. Using multiple
techniques they found that the deletion was
84,682 bases and flanked by two nearly identical
29 Kb segmental duplications implicating NAHR
as the mechanism of formation.

A compelling, largely untested mechanism
which fits into the CDCV hypothesis is the role
of CNPs in mediating recurrent mutational
events. As described above, segmental duplica-
tion predisposes ~10 % of the genome to
recurrent mutation. As we just described, there
are known examples in which complex disease
risk CNVs were formed by NAHR between
segmental duplications. Further as will be pre-
sented in Sect. 6.6, there are known examples in
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which complex disorders are caused by NAHR
between segmental duplications which are poly-
morphic. It is therefore possible, depending on
the size of the gap between the duplicated
sequences, and the haplotype structure of the
population, for these duplications to be carried on
separate haplotype blocks. If both locations are
polymorphic, this mechanism represents a form
of potential epistatic interaction which has not
yet been tested.

6.6 De Novo and Low MAF

Variants

De novo and low MAF CNVs are known to play
a role in multiple complex disorders. Large rare
CNVs are enriched in patients with schizophre-
nia (Malhotra et al. 2011; Walsh et al. 2008; Xu
et al. 2008), bipolar disorder (Malhotra et al.
2011), autism spectrum disorders (Sebat et al.
2007; Mefford and Eichler 2009; Pinto et al.
2010; Levy et al. 2011; Sanders et al. 2011),
congenital heart disease (Soemedi et al. 2012),
and developmental delay (Cooper et al. 2011).
NAHR between segmental duplications is known
to be a major driving force of de novo and low
MAF CNVs across the size spectrum of CNVs,
including those identified in these enrichments.
Recurrent deletions mediated by NAHR between
segmental duplications are hypothesized to pre-
dispose to disease (Sharp et al. 2006; Cooper
et al. 2011). Micro-deletion syndromes can pro-
vide an example through which NAHR derived
rare CNVs affect human disease. They are clin-
ically heterogeneous phenotypes which are
associated with specific recurrent deletions
mediated by NAHR between segmental dupli-
cations. In general there is a correlation between
the size of deletions and the severity of the
phenotypes observed in individuals carrying
these deletions due to increased likelihood for
large deletions to overlap genes or create effects
on gene expression, as discussed in Sect. 6.8.
Since currently known micro-deletion syndromes
are caused by very large deletions, it is likely that
the micro-deletion syndromes represent the tail-
end of a continuous distribution of phenotypic
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effects that are caused by deletions resulting from
NAHR between segmental duplications.

A well-known micro-deletion syndrome is
Koolen syndrome involving chromosome
17921.31, for which carriers present with mental
retardation, hypotonia, recognizable facial char-
acteristics, and other heterogeneous phenotypes
(Koolen et al. 2006, 2008; Sharp et al. 2006).
Flanking segmental duplications predisposing to
deletion fall on an inversion polymorphism
shown to be under positive selection in Europe-
ans (Stefansson et al. 2005), and has been shown
to be a genetic determinate of meiotic recombi-
nation rates (Stefansson et al. 2005; Chowdhury
et al. 2009; Fledel-Alon et al. 2011). Further
investigation of this region has delineated at least
9 unique common haplotypes determined by
inversion and duplication status of two unique
sequences (Boettger et al. 2012; Steinberg et al.
2012). Segmental duplications containing the
gene KANSLI1 have independently derived and
risen to high population frequencies in two
unique instances suggesting positive selective
pressure for increased copy number of KANSL1
(Boettger et al. 2012; Steinberg et al. 2012). The
duplicated sequences are in direct orientation in
only one of these two distinct segmental dupli-
cations events, and therefore only one of the two
segmental duplication events predisposes to
17921.31 micro-deletion syndrome. The haplo-
type carrying this segmental duplication is only
observed at an appreciable frequency in Cauca-
sian individuals (Boettger et al. 2012; Steinberg
et al. 2012). This example and others, such as the
complexity of the regions harboring CFH,
CFHR1, and CFHR3 genes, suggest that similar
complexity can be expected to underlie currently
unidentified regions responsible for the heritable
component of complex disease.

Taken together with the enrichment of large
de novo and low MAF CNVs in complex dis-
orders it is likely that additional micro-deletions
will account for a portion of the apparent missing
heritability of complex traits. As much as 5 % of
schizophrenia and autism have been attributed to
rare copy number variation at only a half dozen
genomic locations (Gibson 2011). The strong
known role of rare and de novo copy number
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variation is cited as support of rare variation
in the etiology of common complex diseases
(Gibson 2011).

As an example, micro-deletion at the 17q12
locus causes renal cyst and diabetes syndrome,
also referred to as maturity onset diabetes of the
young 5 (MODY5) (Nagamani et al. 2010). The
effect of this deletion is sufficiently strong such
that we were able to predict diabetes status in 2
of 3 related women carrying a ~ 1.44 Mb dele-
tion in this region (Blackburn et al. 2013).
Interestingly, the age of onset of the women with
diabetes were 17 and 22.4 years respectively,
representing the tail end of the distribution, while
one woman was diabetes free at age 31, indi-
cating incomplete penetrance (Blackburn et al.
2013). This observation fits the described sce-
nario in which currently identified micro-deletion
syndromes represent the tail-end of a continuous
distribution of phenotypic effects, and supports
the hypothesis that recurrent micro-deletions
account for a portion of the observed phenotypic
variation in complex disorders.

6.7 Population Studies of CNV

CNYV has been investigated in multiple popula-
tions including Caucasians (Conrad et al. 2010;
International HapMap 3 Consortium (IHM3C)
et al. 2010; Mills et al. 2006, 2011), Asians
(IHM3C et al. 2010; Ku et al. 2010; Park et al.
2010; Lou et al. 2011; Mills et al. 2011), Afri-
cans (IHM3C et al. 2010; Mills et al. 2011;
Wineinger et al. 2011), and admixed populations
such as Mexican Americans (IHM3C et al. 2010;
Itsara et al. 2010; Mills et al. 2011; Blackburn
et al. 2013). Following expected results accord-
ing to population genetics theory, populations
which have undergone bottlenecking carry the
lowest number of polymorphisms, followed by
admixed populations and populations which have
not undergone recent bottlenecking such as
Africans. Smaller CNVs are more frequent in
individual genomes than larger CNVs, which
may be attributable to selective forces, but may
also be a byproduct of the mechanisms of for-
mation. Deletions overlapping genes are enriched
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for lower minor allele frequencies (Conrad et al.
2010; Mills et al. 2011). Additionally, there is an
inverse relationship between the size of deletions
and their individual minor allele frequencies,
which suggests that large deletions are under
stronger purifying selection (Blackburn et al.
2013). Interestingly, CNPs in segmental dupli-
cation regions appear to be more population
differentiated than CNPs in unique regions, and
biallelic CNPs show greater population stratifi-
cation than frequency matched SNPs (Campbell
et al. 2011). Taken together these observations
suggest that large deletions in regions of seg-
mental duplication generally produce stronger
effects and are under stronger selective pressure
than SNPs, smaller deletions, and less complex
regions of the genome. It is also observed that
low MAF CNVs are more likely to be population
specific (Mills et al. 2011) which is consistent
with an enrichment of rare variants due to recent
population expansion. These low MAF variants
may contribute significantly to heritability of and
ethnic differences in complex disorders. In sum-
mary, population genetic studies of CNVs pro-
vide evidence that suggest that large deletions
and regions of segmental duplication may be
especially deleterious and that these are good
candidate regions to affect complex disease.
Their low MAF may explain why their role has
remained undiscovered to date.

6.8 CNV and Gene Expression

The role of gene expression in gene mapping is
extensively covered in Chap. 5. Briefly, a
mechanism through which disease variants can
exert their effect is by affecting gene transcript
abundance. Further, the expression quantitative
trait loci (eQTL) with the strongest effect sizes
have been observed to act primarily in cis
(Goring et al. 2007). As a result, transcript
abundances are of great interest as highly map
able endophenotypes, and as a model of disease
gene mapping. Given this, it is important to
briefly address the role of CNVs in heritable gene
expression.
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Currently there are only a few comprehensive
reports regarding investigating the role of copy
number variation in heritable variation in gene
expression. Schlattl et al. (2011), used Bacterial
Artificial Chromosomes (BAC) arrays and 500 k
SNP arrays to ascertain CNVs in 210 unrelated
HapMap individuals, and attempted to identify a
relative contribution of CNVs and SNPs to gene
expression (Stranger et al. 2007). They deter-
mined that there was little overlap between eQTL
associated with SNPs and those associated with
CNVs (Stranger et al. 2007). However, a more
comprehensive study by Schlattl et al. used CNV
calls from the 1000 genomes project data, and
equally high quality gene expression data and
concluded that ~48 % of CNV-associated eQTL
genes are also identified using SNPs (Schlattl
et al. 2011), an observation that is consistent with
LD between common CNVs and SNPs. As with
SNP associations from GWAS, it often remains
unclear whether the CNVs identified are causally
related to the expression phenotypes of interest
because they could simply be tagging truly cau-
sal variants through LD. Schlattl et al. (2011)
showed that significant CNV-gene pairs in which
the CNV and gene overlap were enriched for
positive correlations, strongly suggesting cau-
sality. Further, Gamazon et al. (2011) found that
SNPs tagging CNVs are significantly enriched
for cis eQTLs, and are overrepresented in the
National Human Genome Research Institute
(NHGRI) catalog of GWAS SNPs. Taken toge-
ther; this evidence suggests that CNVs overlap-
ping genes make very compelling candidate
variants in eQTL, QTL, and GWAS regions.

The authors of this book chapter, and others,
have reported that larger CNVs appear at lower
frequencies, which suggest purifying selection
(Blackburn et al. 2013). Similarly, it is observed
that larger CN'Vs are more likely to influence the
expression of nearby genes, which provides a
mechanism through which larger CNVs could be
under stronger purifying selection (Schlattl et al.
2011). Currently there remain many aspects of
the relationship between CNV, heritable gene
expression, and complex disease that remain
undetermined. Presumably there is a plethora of
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unidentified CNV-associated eQTL to be
discovered. Further, we don’t know the contri-
bution of dispersed duplications to heritable gene
expression at their insertion sites since, for some
duplications, the insertion sites currently remain
unknown. We also do not know if CNVs which
affect the expression of a gene are more likely to
affect the expression of a second non-overlap-
ping gene, and if so, what the predominant
mechanisms for this effect are. The relative
contribution of common and rare variants on
gene expression in most human tissues is also
unknown at this time.

6.9 Somatic CNVs, Aging,

and Cancer

Somatic mosaicism of copy number variation is
an understudied aspect of the heritable compo-
nent of human disease. Initially, these two areas
seemed divorced from each other, as somatic
events were thought to be stochastic. However,
elucidations of the mechanisms which determine
copy number mutational events suggest these
may be related to each other. As we discussed,
some regions of the genome are predisposed to
recurrent mutational events. One can now image
a scenario in which CNVs predispose a region of
the genome harboring a tumor suppressor or
oncogene to deletion or duplication through
mechanisms outlined in Sect. 6.4 above, the end
result being predisposition to the specific recur-
rent somatic mutational events observed in can-
cer. Multiple lines of evidence already strongly
suggest that mutations in genes regulating DNA
repair predispose to cancer phenotypes. How-
ever, little work has been done to identify whe-
ther the somatic events observed in cancer are
themselves heritable, and if so what the genetic
determinates of this heritable component are. The
high heritability estimates of some cancers and
the observed recurrent causal mutation events
might suggest that the recurrent mutational
events themselves are heritable, although to our
knowledge this hypothesis has not been directly
tested.
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In 2008, two studies reported results indicating
somatic mosaicism of copy number variation.
Bruder et al. (2008) reported observing discordant
CNVs between monozygotic twins, a clear indi-
cation of somatic mosaicism. Piotrowski et al.
(2008) reported observing copy number differ-
ences between otherwise healthy differentiated
tissues. However, three sets of twins studied
using WGS did not appear to harbor discordant
copy number variation (Baranzini et al. 2010).
These observations seemed to be at odds.
However, improved methods for detection of
somatic mosaicism from SNP array and array-
CGH data have been developed (Gonzalez et al.
2011), which is beginning to lead to a more
refined understanding of somatic structural
changes (Forsberg et al. 2012). The primary
observations thus far are that somatic structural
changes increase with age and that there appears
to be self-removal of these aberrant cells in blood
(Forsberg et al. 2012). Both of these observations
may potentially explain the apparent discrepan-
cies observed in the previous studies. Interest-
ingly, these observations are consistent with late
age of onset somatic diseases such as cancer.

6.10 Final Remarks

Technological advances following the publica-
tion of the human genome have allowed us to
begin to investigate copy number variation in
human populations in a genome-wide fashion.
Early studies investigating copy number varia-
tion showed poor overlap of identified variants
between studies, but provided important methods
which are now commonly used in the field.
Comprehensive methods for CNV discovery and
genotyping are a necessity for thorough investi-
gation, and these methods are still in develop-
ment. Genome wide association studies of copy
number variation have provided examples of
variants that fit the CDCV hypothesis; however
the observed associations are not sufficient to
account for the estimated additive heritability of
complex disorders. Rare and de novo CNVs have
been strongly associated with multiple complex
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disorders, and have provided evidence for
recurrent mutation as a mechanism of disease.
Although little work has been done to elucidate
the relationship between CNV and heritable gene
expression, early investigations from this area of
research indicate that CNVs which overlap genes
make especially enticing functional variant can-
didates in complex disease loci. The role of
heritable predisposition to somatic mosaicism of
CNV in complex disease is a wholly unstudied
research area which is empirically promising
based on observations from studies in cancer and
the mechanisms of formation of CNVs. Initial
studies indicate that somatic mosaicism of CNV
is likely ripe with undiscovered disease mecha-
nisms. In summary, the field of investigation of
the role of CNV in common complex disorders is
immature, yet early work indicating that CNV is
a major source of genetic and heritable pheno-
typic variation between individuals suggests that
those willing to investigate these more compli-
cated regions of the genome in complex diseases
should be prepared for interesting discoveries.
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