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Abstract. Copy number variations (CNVs) have effects
on phenotypes by altering transcription levels of genes and
may have major impacts on protein sequence, structure and
function. Therefore, CNV screening and analysis focused
on the identification of CNV-genetic disease relations are
actively progressing. CN'Vs can be detected and analyzed by
various methodologies at the genome-wide and locus-spe-
cific levels. The genome-wide analysis of CNVs has been
enhanced by bioinformatic tools for long-range sequence
analysis, and comparative genome hybridization using mi-

croarrays containing either single nucleotide polymor-
phisms or bacterial artificial chromosome clones that rep-
resent the whole genome. RFLP followed by Southern blot
analysis, quantitative real-time PCR, pyrosequencing, liga-
tion detection reaction and the invader assay have become
the main tools for locus-specific analysis so far. In this re-
view, we present a brief principle, application history, and
strengths and weaknesses of the methods used to detect
CN'Vs at the genome-wide and locus-specific levels.
Copyright © 2009 S. Karger AG, Basel

There is a wide range of genetic variations, from single
nucleotide polymorphisms (SNPs) to chromosomal abnor-
malities that include the well-known example of Down syn-
drome in humans (Jacobs et al., 1959). Phenotypic variation
due to the copy number of the Bar gene in Drosophila me-
lanogaster was discovered in 1936 (Bridges, 1936). Ever
since the human genome sequencing results were released
to the public domain, many reports have described the copy
number variations (CNVs) of DNA segments, with sizes
ranging from kilobases (kb) to megabases (Mb). These
CNVs, which contain deletions, insertions and multi-site
variants, have been discovered in mammals, such as hu-
man, mouse, rat, rhesus macaque and chimpanzees (Perry
etal.,, 2006; Redon et al., 2006; Graubert et al., 2007; Guryev
et al., 2008; Lee et al., 2008). The species mentioned above
already have draft genome sequences, and the genome-wide
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CNVs were investigated. This indicates that all mammals
have CNVs and they are important for genetic variability
and evolution.

Current CNV research, mostly in humans, is focused on
the identification of relationships between CNVs and ge-
netic diseases. The importance of CN'Vs in human genetic
disorders became evident in reports that over 300 proven
disease-causing genes overlapped with CNVs (Sebat et al.,
2004) and that 14.5% of CNVs overlapped with the OMIM
Morbid Map (Redon et al., 2006). This research on CNVs
will eventually be extended to various areas in order to de-
lineate complex genetic phenomena. CN'Vs can affect phe-
notypes by altering transcription levels of genes (Hegele,
2007). In addition, they may have major impacts on protein
sequence, structure and function because expansions of
gene family size by gene duplication occurs in several mam-
malian species (Demuth et al., 2006), and there is a signifi-
cantincrease in the effective SNP rate in duplication-transi-
tion regions when compared with unique genomic sequenc-
es (She et al., 2006).

These CN'Vs can be detected and analyzed by method-
ologies targeting the whole genome (referred to as genome-
wide level in this review), as well as those restricted to a
certain location on the chromosomes (locus-specific level).
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Fig. 1. An illustration of the flow from genome-wide screening to
locus-specific analyses of CN'Vs. Genome-wide analysis using hybrid-
ization of test and control samples on microarrays containing either
SNPs or large genomic clones. Once a CNV of interest is identified at
the genome level, the genomic organization and internal sequence in-
formation must be elucidated. Breakpoint 1 and 2 indicate duplication
initiation and stop point respectively. Nucleotides G and C indicate the

Genome-wide analysis of CN'Vs has been enhanced by a
comparative genome analysis using bioinformatics tools
with long-range sequences (She et al., 2006). Hybridization
of test and control samples on microarrays containing ei-
ther SNPs or large genomic clones has revealed that repeti-
tive elements and motifs with unknown function, as well as
functional segments of genes, are spread throughout the ge-
nome. Asillustrated in Fig. 1, oncea CNV of interest is iden-
tified at the genome level, it needs to be analyzed more pre-
cisely at the locus level, and ultimately, the genotype and
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representative SNPs for Breakpoint 1 and 2 respectively. The methodol-
ogy for locus-specific analysis could be planned on the basis of the in-
formation. A CNV needs to be analyzed more precisely at the locus
level, using a variety of techniques. RFLP followed by Southern blot can
be applied for along-range mapping (from R1 to R2). Quantitative real-
time PCR, oligonucleotide ligation assay and pyrosequencing can ana-
lyze copy numbers using the representative SNPs.

haplotype must be determined to elucidate its relationship
with a particular genetic alteration (Seo et al., 2007). Locus-
specific CN'Vs were identified in conjunction with genome-
wide screening (Iafrate et al., 2004; Sharp et al., 2005; Wong
etal., 2007) and independently through gene family studies
(Ghanem et al., 1988; Trask et al., 1998) or functional anal-
ysis of genes associated with a certain phenotype (Johans-
son Moller et al., 1996). Among the latter cases, genomic
organization and detection methods for C4 CNVs associ-
ated with systemic lupus erythematosus in the HLA class I1I



region and for KIT CNVs related to porcine Dominant
White phenotype (Dominant White/KIT locus) are well es-
tablished; therefore, these regions could be suitable model
loci for explaining and comparing methodologies used to
detect locus-specific CN'Vs in general. The human C4 CNV
belongs to a tandem duplication having bimodular form
(spanning about 120 kb) of the RP-C4-CYP2I-TNX (RCCX)
region on human chromosome (HSA) 6p21.3. Long-range
mapping using rare-cut enzyme digestion and electropho-
resis of high molecular weight DNA followed by Southern
hybridization (RFLP-Southern blot) has been used for du-
plication analysis of the long module (Yang et al., 2007).
Also, quantitative real-time PCR (qPCR) has been used for
a detailed survey of the CNVs of C4B and C4A, C4L and
C4S, and the RCCX module (Wu et al., 2007). The porcine
KIT CNV is also a tandem duplication and is located on pig
chromosome (SSC) 8p1l. To analyze the KIT locus, RFLP-
Southern blot (Marklund et al., 1998), minisequencing,
qPCR (Pielberg et al., 2002), invader assay, pyrosequencing
(Pielberg et al., 2003) and quantitative oligonucleotide liga-
tion assay (QOLA, Seo et al., 2007) have been used. As men-
tioned briefly, a variety of techniques is necessary to provide
in-depth analysis of total copy numbers, SNPs on paralogs,
breakpoints, etc. on the locus level.

In this article, we review the development and current
state of the methodology for analysis of CN'Vs and discuss
perspectives of these techniques.

Methodology used for genome-wide detection of CNVs

The genome-wide CNVs can largely be detected by two
DNA chip-based methods that were comprehensively com-
pared by Redon et al. (2006). We call these (1) CGH-based
CNV detection and (2) SNP array-based CNV detection.
The differences between the two methods lie in the type of
microarray used and also the hybridization methods. The
former uses two fluorescent dyes for labeling test and refer-
ence samples, and the samples can be hybridized to the
same microarray spot. On the other hand, the latter method
uses only one fluorescent dye for each sample, and compar-
ison between the samples can give the location of the CNV.
Basically, both methods use log, ratios for identification of
the locations of CN'Vs. When different CN'V detection tech-
niques were applied in the same samples, it requires the de-
velopment of distinct algorithms to identify CN'Vs.

Comparative genomic hybridization(CGH)-based CNV

detection

The CGH method is essentially based on the fluores-
cence in situ hybridization (FISH) method, and the probes
can be hybridized to the complementary DNA sequence in
metaphase spreads of chromosomes. In comparison with
FISH, which is normally used as a mapping tool for identi-
fying the cytogenetic location of a gene or a DNA segment
using fluorescence dyes, the CGH method uses two differ-
ent fluorescent dyes for the test (unknown or experimental)
and reference DNA samples, respectively. By measuring the

fluorescence signals for the two dyes and assuming that the
reference sample has a normal, diploid copy number, the
CNVs can be detected as either the gain or loss of signal in
the test sample. This CGH method was originally developed
for detecting copy number variations and their chromo-
somal locations in tumor and normal samples (Kallioniemi
et al., 1995). The major limitation of this technique is the
relatively low resolution, normally more than 5 Mb of de-
tectable signal. In order to overcome this size limitation,
array-based CGH has been developed, benefiting from the
improvements in microarray technology over the last de-
cade. The sources of the DNA used on the microarray were
BAC clones, cDNA clones, oligonucleotides and genomic
PCR products (Carter, 2007). The large-insert clones from
human libraries, such as bacterial artificial chromosome
(BAC) clones, cover most of the human genome, and this
method has been called array CGH (Pinkel et al., 1998;
Cheung et al., 1999). Later on, genome-wide tiling-path hu-
man BAC arrays became available (Ishkanian et al., 2004;
Fiegler et al., 2006). The advantage of using the large insert
clones for array CGH is not only the improvement of resolu-
tion, but also the ease of extracting the sequences of the
CNV regions and drawing conclusions about the pheno-
typic variations. Recently, array CGH has been widely used
for identifying CN'Vs and has become a standard method
for detecting tumors (Carter, 2007). Until now, CNV re-
search has been focused on the identification of relation-
ships with genetic diseases. However, these CNVs are not
always linked with genetic diseases, based on the observa-
tions of Iafrate et al. (2004) and Sebat et al. (2004) that un-
diseased individuals have these CN'Vs, indicating the com-
plexity of mammalian genomes including the human ge-
nome.

c¢DNA microarrays are mostly used for characterizing
variation in gene expression, identifying tissue-specific ex-
pression of genes and identifying up- or down-regulated
genes in a certain environment (Schena et al., 1995). These
c¢DNA microarrays have also been used to detect genome-
wide CNVs, and criteria for determining CNVs have been
developed (Pollack et al., 1999; Park et al., 2006). However,
c¢DNA microarray-based CNV detection has two limita-
tions. One is that genes are unevenly distributed in the ge-
nome, and therefore this method cannot cover the whole
genome, meaning that some of the CN'Vs may be missed in
the analysis. The other limitation is due to hybridization
problems. The cDNA clones on the microarray do not have
introns, so any mismatches between genomic DNA and
cDNA will affect the hybridization signals and ultimately
changes in relative ratios, which can give more possibility
of errors in the final results.

Asaresult of the development of microarray technology,
along with powerful bioinformatics tools, oligonucleotide
arrays are now commercially available for CNV detection.
Two different technologies were used for making the oligo-
nucleotide microarray slides. Inkjet technology has been
used for making a 44K human genome CGH microarray by
Agilent Technologies, based on 60-mer oligonucleotide
probes spaced at an average of 35 kb (http://www.home.ag-
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Table 1. Example of locus-specific CN'Vs and the methods applied for the detection

Locus Chromosome  Related function/disorder Applied method Reference
location
DEFA/DEFB HSA8p23-p22  Antimicrobial mediator of qPCR Linzmeier and Ganz (2005),

innate immunity

FCGR2, FCGR3 HSA1q23 Glomerulonephritis and
autoimmunity

CYP2D6 HSA22q13 Debrisoquine metabolism

RCCX HSA6q21 Systematic lupus erythematosus

GSK3B HSA3q13 Bipolar disorder

CCL3L1I HSA17q21 Susceptibility to HIV-1 infection

GSTM1 HSAlpl13 Atopic asthma

GSTTI HSA22q11

KIT SSC8pl1 Coat color (Dominant white)

RFLP - Southern blot

Multiplex ligation-dependent probe
amplification (MLPA)
qPCR

Pyrosequencing
Invader assay
qPCR

PCR - RFLP

RFLP - Southern blot
Locus-specific PCR
qPCR

qPCR
qPCR
qPCR

RFLP - Southern blot
qPCR

Minisequencing

Invader assay, Pyrosequencing
Quantitiative oligonucleotide ligation
assay (QOLA), Pyrosequencing

Chen et al. (2006)
Aldred et al. (2005)

Breunis et al. (2008)

Aitman et al. (2006),
Fanciulli et al. (2007)

Zackrisson and Lindblom (2003)
Nevilie et al. (2002)
Miiller et al. (2003),
Schaeffeler et al. (2003)
Gjerde et al. (2008)

Yang et al. (2007)
Lee et al. (2006)
Wu et al. (2007)

Lachman et al. (2007)
Nakajima et al. (2007)

Brasch-Andersen et al. (2004)

Johansson Moller et al. (1996)
Johansson Moller et al. (1996),
Pielberg et al. (2002)

Pielberg et al. (2002)

Pielberg et al (2003)

Seo et al. (2007)

ilent.com/). This microarray was used to detect hidden ab-
errations in patients with myelodysplastic syndromes (Evers
etal., 2007). Currently, a 244K human genome CGH micro-
array is commercially available through Agilent Technolo-
gies and has been used in various research areas. Another
technology for making oligonucleotide microarrays is pho-
tolithography. NimbleGen Company commercialized a
385K human tiling array and a 2.1-million oligonucleotide
array (HD2) using this technology, which has been used for
various lines of CNV research (http://www.nimblegen.
com/). The main limitation of these oligonucleotide arrays
is the poor signal-to-noise ratio of hybridizations, and re-
searchers normally use the average from only a few separate
hybridizations in order to decrease the measurement vari-
ance (Carter, 2007).

CNYV detection using SNP arrays

A large portion of phenotypic variation is due to nucleo-
tide changes, and the investigation of SNPs has become a
very important research area. In the case of humans, more
than 1 million SNPs were reported from four of the major
human populations (International HapMap Consortium,
2005), and recently, a second generation of the human hap-
lotype map containing over 3.1 million SNPs was reported
(International HapMap Consortium, 2007). Using these
large numbers of SNPs, two companies, Affymetrix and Il-
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lumina, have commercialized high-throughput human SNP
arrays, mainly used for detecting the causative genes for
specific diseases and traits. For the Affymetrix SNP array,
each SNP allele is determined by the results of 20 matched
and mismatched probe pairs (http://www.affymetrix.com/).
On the other hand, Illumina uses a different platform called
abead array (http://www.illumina.com/). These two differ-
ent SNP arrays have both been used for CNV detection. In
these SNP arrays, only one test DNA sample is labeled with
fluorescent dye, which is different from the array CGH
method. In order to identify the CN'Vs, the SNP informa-
tion is compared in two different individuals. The limita-
tion of these arrays is that the SNPs are not evenly distrib-
uted across the genome, and additionally the CN'V regions
are difficult to genotype.

Technologies used to analyze locus-specific CNVs

In Table 1, examples of locus-specific CNVs and detec-
tion methods are shown. Reported locus-specific CNVs can
be classified into two main types: 1) module duplications in
which a few different kinds of genes/segments constitute a
module; and 2) unit duplications composed of paralogs
originating from one type of ancestral gene/segment. Be-
cause the C4 region CNV in HLA class III (module CNV)
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Fig. 2. A schematic description of the RCCX modules and haplo-
types in HLA class IIT on HSA6q21. (A) The map showing the gene or-
ganization with a bimodular haplotype containing two long C4 genes.
The target positions of quantitative real-time PCRs are indicated over
the map. Flags turning upside down below RP1, RP2, CYP21A, CYP2IB,

and the KIT CNV in pigs (unit CN'V) are well characterized,
and applied methods are diverse, we will primarily explain
and discuss the techniques used for these two model loci.
In Fig. 2A, the RCCX module, which is composed of RP,
C4, CYP21, TNX, and gene segments, is illustrated. Derived
haplotypes become more complicated by internal involve-
ment of endogenous retroviral HERV-K sequences in the C4
gene, generating long (C4L) and short (C4S) forms (Fig. 2B).
More detailed information about SNPs on C4A and C4B,
their functions and CNV-disease relations is described in
another paper in this special issue by Szilagyi and Fiist.
Figure 3A shows a schematic description of tandem du-
plication at the porcine KIT locus. Two KIT mutations cause
the Dominant White phenotype in pigs: 1) gene copy num-
bers associated with a semi-dominant phenotype, which is

re1l ca M <4 ] xs
re1 N ca c4 —{)nxs

RP1 4

Ao —milhce H)me

' Endogenous retrovirus HERV-K

TNXA and TNXB indicate the location of DNA probes employed for
RFLP followed by Southern blot analysis. (B) Schematic descriptions of
RCCX haplotypes. Each halpotype could be estimated by a long-range
mapping for the total length of the module, and constituent analysis
using gene/segment specific probes or qPCR for the total C4 copies.

designated as normal and duplicated (Fig.3A), and 2) a
splice mutation leading to the fully dominant allele, which
is depicted as an SNP (G/A) at the first nucleotide of intron
17. In Fig. 3B, four known major alleles at the KIT locus are
described: the recessive i allele for the Color phenotype, the
I? allele for the Patch phenotype, the dominant I allele for
the White phenotype and I* for the Belt phenotype. Diver-
sity of the dominant I allele has been reported as I', I?, I and
I" by Pielberg et al. (2003). All possible alleles and their ge-
nomic organizations are shown in Fig. 3B.

RELP followed by Southern blot analysis

(RELP - Southern blot)

The most conventional method for interrogating CN'Vs
in the range of 5-500 kb is RFLP - Southern blot. Isolation
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phism causing the Belt phenotype. Discrimination between i and

of high molecular weight DNA, digestion with rare-cut en-
zyme, and resolving digested DNA fragments by pulsed
field gel or low percentage (< 1%) agarose gel electrophoresis
are sequentially applied for this method. The resolved frag-
ments are transferred to membranes and hybridized with
appropriate probes.

RFLP analysis of the RCCX locus was achieved by long-
range mapping using either Pmel digestion to catch the total
length of the locus (BF to TNXB) or Tagl digestion to ad-
dress what kinds of components are located within the du-
plicated module (Yang etal., 2007). A C4-specific probe was
used for long-range sizing. Probes specific to RPI, RP2,
CYP21A,CYP21B, TNXA and TNXB were used for the com-
ponent analysis through Southern hybridization. Integrat-
ing the results from the two analyses, RCCX modules and
gene CN'Vs were clearly resolved in four selected families
with systemic lupus erythematosus (Yangetal., 2007). How-
ever, the analysis did not use direct quantification of the
CNYV but instead detected the CNV state through combin-
ing and finding pieces that fit every component in the mod-
ule. Johansson Moller et al. (1996) applied the quantitative
RFLP-Southern blot method to analyze the porcine KIT
CNV. Tagl-digested DNAs were resolved on a 0.7% agarose
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IPE is not possible at present.

gel, transferred onto membranes and hybridized with
probes prepared from KIT intron 18 and PLANH2. The
probes were separated, labeled and applied together in the
hybridization. The signals from both probes were quanti-
fied using an image analyzer. Detection of CNV was
achieved by calculating the ratio between the signals from
both probes. Discrimination of CNV from two to four KIT
copies in a diploid genome was successful.

The RFLP-Southern blot method may be a good choice
to resolve large size CN'Vs and structural variations within
the duplication. As this method does not require a high-
priced detection apparatus, it could become a widely-used
method. However, there are some drawbacks to this meth-
od: 1) the higher cost per analysis compared to other meth-
ods such as real-time PCR, pyrosequencing, etc.; 2) time-
consuming and laborious procedures that require more
than a week between DNA isolation and detection; 3) the
need for purified high molecular weight DNA; and 4) the
potential need for radioisotopes for detection.

Quantitative real-time PCR (qPCR)
qPCR is performed on an apparatus uniting a thermal
cycler and an optical instrument to capture spectral fluo-



rescence, and it can monitor the kinetics of the entire PCR
in real time. qPCR does not require post-PCR processing of
PCR products. It helps high-throughput analysis by reduc-
ing the chances of carryover contamination (Dorak, 2006).
At present, therefore, it has become one of the most popular
and effective methods for analyzing CNVs (Chen et al.,
2006; Fanciulli et al., 2007; Nakajima et al., 2007; Wu et al.,
2007).

Fluorescence-monitoring systems for qPCR consist of
the following: 1) hydrolysis probes; 2) hybridizing probes;
and 3) DNA-binding agents. The TagMan assay is a typical
system using the hydrolysis probe, for which fluorescence
resonance energy transfer (FRET) technology is applied
(Hiyoshiand Hosoi, 1994; Chen etal., 1997). The probe con-
tains two labels, a fluorescent reporter dye at the 5’-end and
a fluorescent quencher at the 3’-end. The probe is hybrid-
ized to the target sequence prior to annealing PCR primers.
When the polymerase elongates the newly synthesized
strand, the probe is cleaved by the 5’-exonuclease activity of
the polymerase (Holland et al., 1991). When the reporter
and quencher are separated, the reporter dye is activated.
Hybridizing probes also use the FRET technology, but these
differ from hydrolysis probes because they contain two
short probes that bind to an internal sequence of the ampli-
fied fragment. The donor dye labeled at the 5'-end of one
probe is excited by the light source of a qPCR instrument
and transfers part of this excitation energy to the acceptor/
reporter dye labeled at the 3’-end of another probe. Conse-
quently, when two probes are hybridized together to the tar-
get PCR product, the fluorescence signal can be captured.
The use of a non-sequence-specific fluorescent intercalat-
ing agentin qPCRis cheaper and simpler than the two probe
types mentioned above (Dorak, 2006). The agent binds to
double-stranded DNA. A fluorogenic minor groove bind-
ing dye, SYBR green, exhibits little fluorescence when in
solution but emits a strong fluorescent signal upon binding
to double-stranded DNA (Morrison et al., 1998). With the
accumulation of target sequence during PCR, more probes
and agents are hydrolyzed, hybridized or intercalated, and
the fluorescence signal increases. Quantification of the ini-
tial amount of template in a reaction is based on the number
of cycles up to a threshold (Cy) at which the fluorescence
signal is exponentially increased and passes an arbitrarily
defined value (Livak et al., 1995).

Wuetal. (2007) analyzed C4 copy numbers and the con-
stituents in the RCCX module by qPCR using TagMan
probes. For C4 CNV analysis, primers on the TNXA and
RP2 segments were used for PCR, and a hydrolysis probe
designed by using the junction sequence of the breakpoint
between the two segments was applied for the TagMan as-
say. They showed that resolving two to four total copies and
identifying the copy number of each type of C4 were both
possible. PCR primers and TagMan probes specific to C4A,
C4B, C4L and C4S were applied for the constituent analysis.
RPI was used as an endogenous control for the analysis.
qPCR with TagMan probes was used for KIT CNV analysis
(Pielberg et al., 2002). The assay was carried out for the
target KIT gene and a single copy control sequence from

ESR. They inferred KIT copy numbers using the equation
Cr(ESR) - C(KIT) and estimated the relative copy number
from two to five copies.

In general, qPCR using TagMan probes requires very lit-
tle optimization. It presents reliable results because non-
specific amplified PCR products and primer dimers do not
interfere with the assay (Dorak, 2006). However, we have
found a few limitations in this method: 1) underestimation
with increasing copy number (a question of accuracy); 2)
incrementing of the standard deviation with increasing
copy number (a question of precision); 3) applications re-
stricted to human and animal samples having pedigree in-
formation so far; and 4) need of good controls to yield reli-
able standard curves and convert to real copy numbers. Un-
derestimation athigher copy numbers seems tobeacommon
phenomenon that could be overcome through the use of a
well-approximated standard curve. Because a good curve
should result from the choice of a proper control sequence,
selection of a good control would be the most important fac-
tor for the qQPCR method.

Pyrosequencing

The principle of pyrosequencing was developed by
Ronaghi et al. (1998). It is based on the detection of released
pyrophosphates (PP;) upon addition of one of four dNTPs
corresponding to the template sequence at the 3" end of the
newly synthesized strand. This technology uses an enzyme
cascade of DNA polymerase, sulfurylase, luciferase and
apyrase. The PP, released during DNA synthesis is convert-
ed quantitatively to ATP by sulfurylase in the presence of
adenosine 5’-phosphosulfate. The ATP is used for the lucif-
erase-mediated conversion of luciferin to oxyluciferin, gen-
erating visible light in amounts that are proportional to the
amount of ATP. Quantification for CNV analysis simulta-
neously with sequence analysis for SNP detection is there-
fore plausible.

Pielberg et al. (2003) applied this method to analyze KIT
copy numbers and to distinguish between wild and mutant
copies. The estimation of the genotype of animals was per-
formed using the combined information from the two py-
rosequencing analyses. Two to six KIT copies were resolved,
and the ratio of mutant copy was identified in the total copy
number. Zackrisson and Lindblom (2003) used this method
for the analysis of CYP2D6 CNVs.

There are a few drawbacks to this method: 1) it is not real-
time but end-point analysis. PCR followed by this method
must be well-optimized and the total number of PCR cycles
must be well-established in order to get templates for end-
point analysis from an exponential phase before reaching a
plateau; 2) there is underestimation with increasing copy
numbers, as happens in the qPCR method; and 3) there is a
strong negative effect resulting from poor quality of tem-
plate DNA.

Ligation detection reaction (LDR)

An oligonucleotide ligation assay (OLA) had been estab-
lished by Landegren et al. (1998). When two oligonucleotide
probes are hybridized and perfectly base-paired to the sin-
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gle-stranded template DNA such that the 3’-end of one
probe is immediately adjacent to the 5’-end of the other one,
DNA ligase can covalently link these two oligonucleotides
(Wu and Wallace, 1989). If a mismatch at either the 3’-end
of the first probe or the 5’-end of the second probe is intro-
duced, ligation does not occur. This feature could be applied
to detect SNPs. Involvement of thermostable DNA ligase in
the assay allowed for product capture and detection in a
chain reaction manner. A ligation chain reaction (LCR)
based on an OLA has been developed to both amplify DNA
and identify any SNPs. Exponential amplification of liga-
tion is achieved by thermal cycling of ligation reactions in
the presence of a second set of adjacent oligonucleotides,
complementary to the first set and the target. A single-base
mismatch prevents ligation/amplification and is thus de-
tected (Barany, 1991). As a result of the introduction of flu-
orescence reporter dyes and automated DNA sequencers to
LDR, the method is done in a multiplex and high-through-
put manner.

Seo et al. (2007) used quantitative OLA (QOLA) for the
detection of KIT CN'Vs. The first oligonucleotide probe, the
common probe, for JOLA was designed from the -24 to the
-1 nucleotide position from the duplication breakpoint
(Fig. 3A). One of each breakpoint-specific probe, the sec-
ond probe, for the duplicated or normal copy was designed
from the duplication breakpoint (Fig. 3A). The 5’-end of the
first probe was labeled with a fluorescent dye, a phosphate
group was added to the 5’ ends of the two second probes,
and (dA),y and (dA);s were added at the 3’-ends of the sec-
ond probes to distinguish the two OLA products and sepa-
rate them further from the unused oligonucleotide peak at
the size fractionation step. A cycled ligation reaction for
qOLA can be applied because the Ampligase enzyme (Epi-
centre Biotech, USA) is a thermostable DNA ligase, and the
OLA products are resolved on an ABI Prism 3100 Genetic
Analyzer (Applied Biosystems, USA). Seo et al. (2007)
showed that the qOLA method is a reliable assay for mea-
suring KIT CNV from two to six copies and could be used
for a variety of samples, such as those in a known pedigree,
those with predictable segregation, those without pedigree
information, and those consisting of poor-quality genomic
DNA.

This study suggested that the application of LDR to a
quantification assay rather than positive/negative screening
could yield another robust method for analyzing CN'Vs.
However, it is an end-point analysis and needs well-opti-
mized PCR conditions, as did pyrosequencing.

Other techniques

The invader assay uses an allele-specific primary probe
that contains a 5’-flap that is non-complementary to the tar-
get DNA and an Invader probe hybridized in tandem to the
target DNA to form a specific overlapping structure. The
Cleavase enzyme cuts the 5'-flap on the primary probe at
the base of the overlap with the Invader probes. The cleaved
5'-flap is released as a target-specific product. The target-
specific 5’-flap oligos are involved in a secondary reaction,
where they act as Invader probes on a FRET cassette, lead-
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ing to the formation of an overlapping structure that is rec-
ognized by the Cleavase enzyme.

As described in Table 1, human CYP2D6 and porcine
KIT CNVs have been analyzed using this technology. This
method has a limitation in accurately resolving copy num-
bers greater than three copies of CYP2D6 (Nevilie et al.,
2002). Pielberg et al. (2003) reported that the quantification
of KIT CNVs using the Invader technology showed a good
correlation with that of pyrosequencing. However, as copy
number increased, the results of this method became in-
creasingly underestimated.

Locus-specific PCR and multiplex ligation-dependent
probe amplification (MLPA) have been applied for the
RCCX CNVs and FRGB CN'Vs, respectively.

Perspectives

For the genome-wide CNV detection, arrays using large
insert genomic clones and SNPs are widely used. However,
there are large limitations for using the SNP arrays, since
the SNPs are not evenly distributed in the entire genome.
In order to overcome this limitation, a genome-wide Af-
fymetrix array (Genome Wide SNP Array 6.0) is already
commercially available, which contains non-polymorphic
probes for the locations of known CNV regions as well as
the genomic locations that were not well-covered with
known SNPs. Very recently, an Nsp CN (Copy Number) ar-
ray was designed using non-polymorphic oligonucleotide
probes for the improved detection of global CNV (Shen et
al., 2008). Therefore, CN'V researches will be more focused
on the previously unidentified chromosomal regions using
the non-polymorphic probes.

When the CNV has been detected by the array based
method, sequencing of the CNV region has to be carried out
in order to confirm the identified CN'V. Until now, the cap-
illary-based sequencing is predominantly used with high
sequencing cost. Recently, low cost and efficient sequencing
technologies, such as 454 Life Sciences and Solexa, have
been developed and more results of CNV research will be
achieved.

A major problem in the measurement of CN Vs at the lo-
cus level is that the higher the copy number in a genome, the
more difficult it is to resolve the copies. There has been un-
derestimation of the copy numbers in most techniques de-
scribed in this review when copy number increased. The
bias would be mainly caused by differences in the kinetics
at the early and late stages of PCR amplification. To over-
come this limitation, development of more advanced tech-
nologies using highly sensitive reporter molecules and de-
tection tools so as to exclude PCR amplification is needed.

Based on current knowledge and developed technolo-
gies, these CN'Vs are known to be very important for under-
standing diseases and phenotypic variances. In the future,
CNV research will be more actively pursued and will give a
more detailed understanding of these variations.
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