TRENDS in Genetics Vol.21 No.6 June 2005 315

Copy-number polymorphisms: mining the tip

of an iceberg

Patrick G. Buckley”, Kiran K. Mantripragada”, Arkadiusz Piotrowski,
Teresita Diaz de Stahl and Jan P. Dumanski

Department of Genetics and Pathology, Rudbeck laboratory, Uppsala University, 751 85 Uppsala, Sweden

Copy-number polymorphisms (CNPs) represent a
greatly underestimated aspect of human genetic vari-
ation. Recently, two landmark studies reported genome-
wide analyses of CNPs in normal individuals and
represent the beginning of an understanding of this
type of large-scale variation. Future array-CGH-based
CNP analyses should include standard criteria on a
common microarray platform. It is only when parallel
analyses of CNPs and SNPs are performed in an
integrated format that we will obtain a global picture
of our genetic diversity.

Introduction

The study of human genetic variation at the DNA level
constitutes a major challenge and has received consider-
able attention in the post-genomic era. The dominating
type of variation explored so far in the genome has been
single nucleotide polymorphisms (SNPs), overshadowing
the issue of copy-number polymorphisms (CNPs) (gains
and deletions) [1]. The current approach to study genetic
variation can be viewed as biased, in the sense that the
identification of genome-wide large-scale CNPs is vir-
tually untouched compared with detailed analyses of
millions of SNPs. We believe that analysis of SNPs and
CNPs are necessary to obtain a more complete picture of
our genetic diversity.

The presence of a limited number of the best-studied
form of DNA copy-number variation (indels) was pre-
viously observed in the human genome, and several
studies have ascertained their importance in health and
disease [2-8]. For example, in a study of ovarian cancer
cell lines, Lin et al., identified a 276-bp region of
chromosome 22q13 that was deleted not only in 47% of
ovarian cancer cell lines but also in 18% of constitutional
DNA samples from healthy individuals [6]. Another study
reported a 102-bp homozygous deletion on chromosome
8p12-21 in biliary tumors and pancreatic tumors (and cell
lines) as well as in normal individuals [9]. Both of these
studies concluded that the identified deletions might
represent normal human genetic variation rather than
cancer-associated aberrations. Interestingly, some indels
provide a protective effect against disease in ‘normal’ (or
unaffected) individuals. For example, the 32-bp deletion
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polymorphism of the C-C chemokine receptor 5 gene
(CCR5) confers a reduced susceptibility to HIV-1 infection in
homozygous individuals [10]. This demonstrates that the
hidden functionality of such normal variation only becomes
apparent when challenged by environmental factors.

The genome-wide detection of CNPs has been compli-
cated because of the lack of high-resolution and high-
throughput techniques. A fundamental step towards
identifying such variation was the development of micro-
array-based comparative genomic hybridization (array-
CGH) [11,12]. This method is based on the assessment of
fluorescence ratios between differentially labeled test and
reference DNA, hybridized to a microarray [13,14].
Altered fluorescence ratios are therefore indicative of
DNA copy-number imbalance (loss or gain) in the test
versus the reference genome. Although many array-CGH
studies that focus on tumor-associated gains or deletions
(indicating the presence of activated oncogenes or inacti-
vated tumor-suppressor genes) have been performed
[15-18], there are few studies addressing this type of
variation in normal individuals.

Genome-wide array-based detection of CNPs

Recently, two landmark studies have reported the pre-
sence of CNPs in humans using different genome wide
array-CGH based techniques [19,20]. Iafrate et al. used
commercially available bacterial artificial chromosome
(BAC) arrays, whereas Sebat et al. developed and applied
a custom-made oligonucleotide array for the assessment of
copy-number variation. A brief comparison of these
studies is presented in Table 1. Both studies convincingly
demonstrate the presence of genomic imbalances among
normal individuals, which overlap with genes and often
coincide with segmental duplications in the genome and
can contribute to phenotypic variation and disease
susceptibility. In these reports, Sebat et al. and Iafrate
et al. identified 76 and 255 loci, respectively, that display
copy-number variation in the human genome. One of the
disadvantages of both studies is the limited number of
samples used to assess DNA copy-number variation. One
would expect at least 100 individuals to be analyzed to
assess the frequency of CNPs using similar standards as
applied for SNPs (i.e. a change detected in <1% of
analyzed samples is considered a mutation, rather than
a polymorphism). However, this suggested number might
need to be revised, because the overall frequencies of
private [i.e. unique to single individual (or kindred) or
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Table 1. Comparison between two recent reports on global genome analysis of DNA copy-number polymorphisms (CNPs)

Aspects of the studies Sebat et al. [20]

lafrate et al. [19]

Array construction and study design
ROMA?

Array coverage

Individuals tested

Number of different ethnic populations 9
CNP loci detected 76
Average frequency of CNP per individual 11

Most common gain or loss
Major disadvantage

the human genome

70mer oligonucleotides, in combination with

One measurement point every 35 kb
20 phenotypically normal

A gain (90%) at 14911; a loss (90%) at 1511
Relies on restriction digest representation of

BAC clones; conventional array-CGH

One measurement point every 1MbP

39 phenotypically normal; 16 with previously
identified chromosomal abnormalities

5

255

12.4

A gain (31%) at 14912; a loss (38%) at 13921.1
Limited resolution

2Abbreviation; ROMA, representational oligonucleotide microarray analysis.

PThe average resolution of the two studies is difficult to compare on the basis of the presented data.

rare] versus common CNPs are currently unknown.
Another striking aspect of these studies is that neither
has observed variation at each others most frequent
polymorphic sites (Table 1). For example, the most
common CNPs detected by Sebat et al. that were
polymorphic in 90% of studied cases (14qll gain of
201 kb and 15q11 loss of 1.57 Mb) were not detected by
Iafrate et al. Therefore, the ability or failure to detect such
variation might largely rely on the genome coverage and
the nature of the DNA used for microarray construction.
Interestingly, Sebat et al., who used tiled oligos, claim to
have higher resolution than the BAC-array approach used
by Iafrate et al., but detected three times less polymorphic
genomic loci. This can probably be explained by the
differences in experimental design (e.g. the represen-
tational amplification step used by Sebat et al.) or in the
selection bias of analyzed samples.

There is a need for a standard terminology when
describing DNA copy-number variation. Iafrate et al. used
the term large-scale variation (LSV), whereas Sebat et al.
used CNP (copy-number polymorphism) to define copy-
number changes that they detected in the genome. Indel
(insertion or deletion) is a well-established and accepted
term that refers usually to deletion or insertion variation of a
limited number of bases. We endorse the term CNP, which
could be used to describe any DNA copy-number variation
(di-allelic or multi-alleleic) that is > 200 bp. This category of
genetic polymorphism should not include the variation
based on multiallelic tandem repeats [i.e. minisatellites or
variable number of tandem repeats (VNTRs) and micro-
satellites also called short tandem repeats (STRs)].

Initial analysis of chromosome 22 CNPs

Our knowledge of the extent of CNPs in the human
genome is likely to increase considerably with advance-
ments in technologies. The current resolution of array-
CGH using total genomic DNA enables analysis at the
exon level [21]. Our group is focused on the development
and application of genomic microarrays for the detection of
copy-number alterations in patient cohorts and in normal
individuals. We have developed a genomic clone-based
microarray covering human chromosome 22 with an
average resolution of 75kb [22]. After identification of
loci prone to DNA copy-number alterations using this
array, a more detailed analysis is performed using a
PCR-based repeat-free strategy for the construction of
arrays with an average resolution of 2kb [23]. The
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array-CGH data obtained so far suggest that there exists
a wide range of copy-number variation on chromosome
22q. From our experience, using the PCR-based strategy,
the higher the resolution of analysis the more CNPs
detected. For example, deletions and/or amplifications
have been observed in the Cat-Eye syndrome, immuno-
globulin lambda locus, the LARGE gene (encoding like-
glycosyltransferase), glutathione S-transferase 6 1
(GSTT1) and several other loci on 22q, ranging from
200 bp to 3 Mb (C. de Bustos, et al., unpublished; T. Diaz
de Stahl et al., unpublished; P.G. Buckley et al., unpub-
lished). When we were able to study families, we observed
that these CNPs show transmission through generations.
A large proportion of the CNPs detected also coincide with
segmental duplications, which point to their importance in
the mechanism generating this variation. Thus, we believe
that the results from Iafrate et al. and Sebat et al. represent
the ‘tip of the CNP iceberg’. However, it is currently difficult
to estimate its size. Based on our preliminary work from
chromosome 22q (~ 1% of the genome), it seems inappropri-
ate to extrapolate the frequency of observed CNPs to the rest
ofthe genome, when we consider that chromosome 22 is rich
in segmental duplications.

In contrast to SNPs (which are usually binary +/—),
the analysis of CNPs is considerably more difficult owing
to the complexity of variation and the expense involved in
their detailed assessment. It is not only the presence or
absence of the CNP that matters, but the type (i.e. zero,
one, two, three copies) and physical extent of duplication
or deletion must also be considered. We can illustrate this
by our experience with the known CNP of the GSTT'I locus
[24] on 22q, using the repeat-free and non-redundant
array-CGH platform mentioned previously [23]. Based on
the analysis of 100 normal individuals, we observed two,
one and zero copies of this locus, which reflects one level of
complexity. An additional level is represented by the
possible differences in the size of such polymorphic
deletions or gains. This can possibly affect other genes in
the vicinity of CNPs within gene-rich segments of 22q.
However, these size differences are difficult to estimate
using available methodologies because GSTT1 is flanked
by segmental duplications and has a high content of
common repeats.

Concluding remarks
Currently, the approaches for analysis of copy-number
variation include the use of arrays of genomic clones
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(BACs, PACs and cosmids), cDNA clones, PCR products and
oligonucleotides. The comparability of the results generated
from these different platforms is currently the major
obstacle in the field and contributes to confusion in data
interpretation between different reports. Furthermore,
there is a lack of common uniform criteria for the quality
assessment of published array-CGH data. A standard
similar to the ‘minimum information about microarray
experiment’ (MIAME; http:/www.mged.org) expression
array criteria should be introduced. The recently reported
32K human BAC array [25] could serve as an initial
standard platform for genome-wide large-scale analysis of
CNPs. We advocate that to study disease-associated copy-
number variation accurately, a baseline of CNP frequency
should be established (similar to the approach used for
SNPs) by analyzing a large sample group derived from
multi-ethnic backgrounds using this resource. The data
generated should be processed using standardized criteria
and compiled in a publicly available database. The identified
polymorphic sites should be followed up with detailed
analyses using higher resolution arrays. However, even in
the case where the majority of CNPs and SNPs are
characterized, the challenge of understanding the pheno-
typic effects of both types of variation still remains. It is only
when the majority of CNPs and SNPs in the human genome
are characterized and their phenotypic effects understood
that we can begin to understand our genetic differences.
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