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bedded in complex regions of the genome. CNPs that are collectively common in the population and possess a
dynamic range of copy numbers have proved the most difficult to genotype in association studies. This is in
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. 1. Introduction
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and duplications >50 bp, can be rare (<1%) or common (>5%), large
(>1Mp) or small (<500 bp), and di-allelic (0-3) or multi-allelic (>3
diploid copy numbers) [1]. CNVs that segregate at appreciable fre-
quency in the population are termed copy number polymorphisms
(CNPs), and those that show a dynamic range of diploid copy number
(multi-allelic) will be the focus of this review. Multi-allelic CNPs are
attractive candidates for disease association studies for several
reasons. Many of these CNPs contain genes, and these genes appear
to be over-represented in pathways associated with immunity and
interaction with the environment [2]. Furthermore, there is evidence
of stratification in human populations, indicating that such regions
are positively selected and are of clinical relevance [3]. Finally, gene
duplication followed by adaptive evolution can facilitate new gene
function, resulting in changes of phenotype [4].

Several techniques have been described to measure CNVs in the
human genome, however, with such diverse genetic properties, no
single existing methodology has the scope for accurately genotyping
all CNV classes. The dynamic range that exists within complex CNPs
poses significant challenges for accurate genotyping. In principle, this
likely reflects the greater quantitative differences when detecting
deletion copy numbers compared to duplications or multi-allelic loci.
Distinguishing four from five diploid copy numbers reproducibly, com-
pared to that of one and two, is difficult using standard methodologies
[5]. This clearly poses problems for genotyping in association studies.

Such observations have highlighted the substantial ascertainment
bias towards the detection of deletion variants from high resolution
genome wide studies (77%) [6], and the limitations of certain tech-
niques for assessing these regions [7]. This is further complicated by
the fact that CNVs are enriched (10-fold) for segmental duplications
(SDs, defined as sequences >95% and >1 kb in length) making charac-
terization of these regions difficult using current methodologies [8].
Whole Genome Sequencing (WGS) in combination with sequence
read depth, allows the analysis of many complex regions of the genome
that were excluded from conventional genome wide association studies
(GWAS) [9]. Seminal work by Sudmant et al. identified nearly 1000
genes within these regions, ranging from 0 to 48 copies at 3 kb resolu-
tion. Such a result expands our knowledge of the “assayable” portion of
the genome, but indicates that many highly duplicated regions are yet
to be analyzed in studies of disease. It has also been demonstrated
that a significant proportion of CNPs residing in SD's are not in Linkage
Disequilibrium (LD) with nearby single nucleotide polymorphisms
(SNPs) [8]. A study of 192 CNPs, showed that only 40% of those located
in SDs had high correlation to nearby SNPs, in comparison to 70% of 892
CNPs in unique regions of the genome [8]. These findings illustrate that

for a large number of CNPs, genotypes cannot be imputed through the
use of tagSNPs and must be measured directly.

There is continued interest in assessing the relevance of multi-allelic
CNPs in complex disease, however, in some cases technical difficulties
have impeded the reproducibility of these associations [7,10]. In
addition, techniques amenable to genotyping in large scale studies can
suffer from poor resolution particularly assignment of integer copy
number, meaning that a compromise must be reached between accura-
cy and cost (Table 1). In general the most accurate techniques are the
most labor intensive. Given that large numbers of individuals are re-
quired for robust associations and batch effects have the potential to
create bias in genotyping, it is necessary to understand the strengths
and limitations of methodologies used to analyze multi-allelic CNPs.

1.1. Hybridization-based techniques

1.1.1. Fiber FISH

Fluorescence in-situ hybridization (FISH) is a visual technique, typi-
cally used to identify chromosomal abnormalities from metaphase or
interphase spreads using fluorescent probes. The strength of FISH lies
in the direct visualization of DNA copy number at the single cell level.
Multi-allelic CNPs, however, can be more difficult to analyze, especially
when attempting to resolve tandem duplications. A modified approach,
known as Fiber FISH, possesses sufficient resolving power to analyze
complex structural rearrangements. The principle of this technique
involves the release and fixation of DNA molecules from interphase nu-
clei onto a slide, with the DNA stretched in a linear fashion through me-
chanical or gravitational force [11]. The DNA fibers can be hybridized
with fluorochrome-labeled DNA probes, producing a characteristic
“beads on a string” pattern which is easily distinguishable from back-
ground probe signals [12]. Visualization of multiple DNA targets can
be achieved using multi-colored probes, which appear as barcode-like
signal patterns in the presence of tandem duplications [12]. Simple
and complex genomic rearrangements, as well as repetitive sequences,
can be accurately resolved using Fiber FISH. A striking example of the
ability to resolve complex multi-copy gene re-arrangements was dem-
onstrated in a study of the salivary amylase (AMY1) gene [13]. Individ-
uals with tandem duplications of >10 copies could be accurately
resolved using Fiber FISH. Techniques which measure changes in dip-
loid dosage have the potential to miss assign complex copy numbers
as de-novo events in the offspring, purely due to the number of different
combinations and inheritance patterns [2]. A key advantage to using
Fiber FISH, is that it allows the determination of CN per allele which is
important for studies of inheritance and disease [13]. Limitations of

Table 1
Methods to measure complex copy number polymorphisms.
Fiber Southern Blot PFGE QPCR® MAPHP MLPAP PRT" SNP array ~ Array CGH* NGS
FISH
Detection Absolute Inferred absolute copy Inferred Change Change Change Change Change Change Absolute
copy number/change from absolute from diploid from diploid from diploid from diploid from diploid from diploid copy number
number  diploid dosage copy dosage dosage dosage dosage dosage dosage
number
Sample Cells 2-5 ug DNA 2-5ug DNA  5-10 ng 0.5-1 g 100-200 ng  10-20 ng 0.5-1 g 0.5-1 g 1-2 ug DNA
DNA DNA DNA DNA DNA DNA
Loci Single Single Single Single >40 >40 Single >2 million >2 million Genome-wide
Throughput Low Low Low High High High High High High Low/moderate
Minimum >1kb'? >1kb" 0.5-1 kb'® 100 bp 100 bp 100 bp 100 bp 5-10 kb 5-10 kb*’  >1 kb®
resolution
Cost per Low Low Low Low Low Low Low Moderate Moderate High
sample
Time to >24 h 2-3 days 2-3 days 4 h >24 h >24 h 4 h >24 h >24 h 2-3 days
result
Labor High High High Low Low Low Low Moderate Moderate High

requirement

2 High resolution Array CGH can achieve a minimum resolution of >500 bp®.
b Minimum resolution is in general the length of a single probe.
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