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Copy number variants and genetic
traits: closer to the resolution of
phenotypic to genotypic variability

Jacques S. Beckmann, Xavier Estivill and Stylianos E. Antonarakis

Abstract | A considerable and unanticipated plasticity of the human genome,
manifested as inter-individual copy number variation, has been discovered.
These structural changes constitute a major source of inter-individual genetic
variation that could explain variable penetrance of inherited (Mendelian and
polygenic) diseases and variation in the phenotypic expression of aneuploidies
and sporadic traits, and might represent a major factor in the aetiology of
complex, multifactorial traits. For these reasons, an effort should be made to
discover all common and rare copy number variants (CNVs) in the human
population. This will also enable systematic exploration of both SNPs and CNVs
in association studies to identify the genomic contributors to the common

disorders and complex traits.

The availability of genetic markers has

led to extraordinary progress in human
genetics in the past 25 years, including the
elucidation of the molecular genetic basis
of many Mendelian disorders or traits.
Several landmarks mark this progress.
Whereas studies of protein polymorphisms
in the 1960s predicted a limited amount

of genomic variation, analysis of DNA
sequences from several individuals
revealed an extensive and largely
unexpected level of variation (TIMELINE). In
1978, Kan and Dozy were the first to dis-
cover single nucleotide variants in the
Hpal restriction site that lies downstream
of the B-globin gene (HBB)'. In 1980,
Wyman and White described a highly
variable restriction fragment length
polymorphism (RFLP)? and, in 1985,
Jeftreys et al. reported the minisatellites®*,
soon followed by the description of variable
number of tandem repeats (VNTRs)®. These
advances paved the way to a systematic
genetic exploration of the human genome®.
As early as 1989, a number of independ-
ent reports”* described the widespread
existence of short sequence repeat (SSR)
variants, also called microsatellites or short
tandem repeats (STR). In the 1990s, thou-
sands of such markers were used to create
linkage maps of all human chromosomes'*'%.
These multiallelic markers were used
extensively by investigators worldwide to
map disease-causing mutations in more
than 2,000 genes. In 2005, the International

HapMap Project genotyped one million
SNPs" and, in a second phase, about

4 million of the nearly 12 million SNPs that
were deposited in public databases (see the
NCBI Single Nucleotide Polymorphism
database). These variants constitute the
major source of inter-individual genetic
and phenotypic variation. SNPs and SSRs
have found additional uses in forensic
studies, discovery of loss of heterozygosity
in cancers®, population genetic studies®>*,
discovery of uniparental disomies®,
elucidation of the origin of aneuploidies®,
diagnostic studies, evolutionary analyses
and association studies for polygenic com-
plex traits. This list is not exhaustive, and
the literature is continuously expanding
with elegant experimental uses of genetic
variation. To date, SNPs are the variant
type of choice for association studies in
common diseases and complex traits.

The results of this massive application to
case—control studies are just around the
corner?, as testified by the recent impres-
sive publications on age-related macular
degeneration® %, diabetes®, obesity***,
cardiovascular diseases**"!, prostate
cancer*>* and breast cancer* .

In addition to these by now ‘conven-
tional’ genetic markers, it has been known
since the 1980s that the human genome
also contains another abundant source
of polymorphism, one that involves
deletions, insertions, duplications and
complex rearrangements of genomic
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Timeline | Landmarks in the study of human genetic variation

(1960-1980) Analysis
of protein sequences
from several
individuals revealed
an extensive and
largely unexpected
level of variation.

Kan and Dozy
discovered single
nucleotide variants in
the Hpal restriction
site downstream of
the B-globin gene'.

Jeffreys et al. reported
hypervariability

at minisatellite
sequences® and their
use in assessing
individual genetic
profiles*.

Independent reports’**

described the widespread
existence of short sequence
repeat (SSR) variants, also called
microsatellites or short tandem
repeats (STR) and their
application as genetic markers.

(1989-1996) Microsatellites
became the gold-standard
DNA markers for genetic

|| studies’** and thousands of
microsatellite markers were
used to create linkage maps of
allhuman chromosomes®*%.

The HapMap consortium
genotyped 1 million single SNPs*.

1980

1985

1987 1989

1991

2004

2002 2005 2007

(1975-1980)
Description of copy
number variation of the
a-globin genes by Kan
and co-workers*’#%,

Wyman and White described a
highly variable restriction
fragment length polymorphism

Nakamura et al.
described the
use of variable

Genomic
rearrangements
are identified as

Redonetal”’
identified 1,447 copy
number variable

Identification that a
large subset of SNPs
are paralogous

Interrogation of
genomic variability by
array hybridization

(RFLP)%

Botstein et al.® proposed to use

number of tandem
repeat (VNTR)
markers for human
gene mapping®.

the mutational
mechanism that leads
to Charcot-Marie—
Tooth disease type 1A

sequence variants
(PSVs) and define
regions of structural
variability®.

methods demonstrated
the existence of copy
number variants
(CNVs)se,

regions showing that
atleast 12% of the
human genome
contains CNVs.

RFLPs to generate linkage maps
of the human genome.

regions of 1 kb in length or larger. For
example, Goossens et al. showed that in
a fraction of cases the a-globin loci are
triplicated*; normally, they are present in
two copies per haploid genome, although
in some instances they carry deletions*.
Subsequently, the number of X-linked
pigment genes was found to vary among
individuals*~°. The Rhesus blood group
gene RHD is another familiar example of a
long-established deletion polymorphism®'.
Importantly, the existence of intra-
chromosomal duplicons®? (regions of the
genome with identical sequence) predicted
the possibility of genomic rearrange-
ments as a result of non-allelic homologous
recombination (NAHR) between these
regions. In 1991, this course of events was
identified as the mutational mechanism
that leads to Charcot-Marie-Tooth
neuropathy type 1A (REF. 53). Numerous
reports describing genomic rearrange-
ments have since followed*. In 2004, the
interrogation of genomic variability by
array hybridization methods clearly dem-
onstrated the existence of copy number
variants®®. Intense analysis of this type
of genomic variability followed, and the
current conservative estimate from studies
in a few hundred individuals is that at
least 10% of the genome is subject to copy
number variation®”*® (see the Database of
Genomic Variants and the UCSC Genome
Bioinformatics web site).

This submicroscopic structural type
of variation has been termed copy number
variation (CNV) or copy number polymorphism
(CNP). Although a typical SNP affects only

(REF. 53).

one single nucleotide pair, their genomic
abundance (over 10 million) makes them
the most frequent source of polymorphic
changes. By contrast, CNVs are far less
numerous but can affect from one kilobase
to several megabases of DNA per event,
adding up to a significant fraction of the
genome® .

The discovery of extensive copy number
variation in the genomes of normal
individuals provides new hypotheses to
account for the phenotypic variability
among inherited (Mendelian and poly-
genic) disorders and aneuploid syndromes.
Many aspects of the importance of the con-
siderable plasticity of the human genome
have previously been discussed®”**%-%, but
their impact on the myriad of phenotypic
traits and genetic diseases remains to be
elucidated>***-". Here we provide examples
to show how CNVs might account for
phenotypic variability in genetic disease.

Dominant traits and penetrance
Penetrance, the fraction of individuals with
a particular genotype that show the associ-
ated phenotype, is an important aspect

of all genetic disorders. Penetrance is a
complicated issue in genetic counselling,
clinical practice, mapping of disease loci,
positional cloning and association

studies for complex, multifactorial and
polygenic disorders. Remarkably, many
dominant disorders have variable pen-
etrance, such as tuberous sclerosis,
neurofibromatosis type 1 or breast cancer
due to mutations in BRCAI or BRCA2. We
propose that CNV could be one determinant

to explain reduced penetrance of some
disease-causing mutations. Consider the
pedigree in FIC. 1a: individual II-4 mani-
fests the disease phenotype because she
has only one copy of the normal allele. By
contrast, although individual II-2 receives
the mutant allele from his affected mother,
he is not affected, because he inherited

a duplicated (compensatory) allele from
his father (the father is healthy because a
higher copy number is not harmful). So,
for a dominant loss-of-function mutation,
a CNV gain in trans (on the non-carrier
chromosome) could rescue the phenotype.
Note that individual II-2 can transmit

the mutant allele to his offspring, which
could — depending on the status of its
other allele — manifest the phenotype.

In the above example, we assumed that
extra copies of a CNV result in increased
gene expression. This is not always the
case — in ~10% of cases, negative cor-
relations between CNV and levels of gene
expression were reported®. Consider for
instance, a loss-of-function mutation in
the context of an expanding CNV that
reduces gene expression. In this case, indi-
vidual II-2 could be affected whereas I1-4
would be an asymptomatic carrier.

The mechanism described above
might not apply to gain-of-function or
dominant-negative mutations; however,
one could argue that the effect of these
mutations could be diminished in the
presence of two copies of normal alleles.
Similarly, a hypomorphic allele (with a low
level of expression, for example) could be
masked if the gene was duplicated within
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a CNV; its effect could only be manifested
in a state of a single allele on each chromo-
some. These arguments could also apply to
variations in the severity of the resulting
phenotype. Reduced penetrance has been
observed for several diseases that result
from CNV, including DiGeorge syndrome
and its reciprocal duplication syndrome, as
well as speech problems in patients with
duplication of the Williams syndrome
region.

An estimated 365 Mb of DNA were
found to have a variable number of copies
in the genomic DNA of lymphoblastoid cell
lines that were derived from 270 HapMap
individuals®. Approximately 15% of genes
within these CNVs are known to underlie
Mendelian monogenic disease phenotypes
(285 out of the 1961 genes listed in the
OMIM Morbid Map). We predict that
the overall penetrance and/or variations
in the severity of the phenotype of dominant
disorders that are caused by mutations
in genes located within CNVs will be
modified compared with the penetrance of
dominant traits that are caused by muta-
tions in genes that do not map in CNV
regions.

For example, it has been shown that an
amino-acid variant (Y402H) in the com-
plement factor H and membrane cofactor
(CFH) gene predisposes to age-related
macular degeneration***¢°. As CFH is
included in a CNV*, it is conceivable
that the risk that is conferred by one such
change (Y402H) is modified by variability
in copy number at the CFH gene or the
nearby genomic region that includes
the CFHRI and CFHR3 genes. In fact,
Hughes et al. have reported that a CFHR1
and CFHR3 deletion haplotype is protective
against age-related macular degeneration’.
Similarly, atypical haemolytic-uraemic
syndrome might be modified by copy
number variation at this locus, thereby
explaining the variability in the clinical
presentation of the disorder”’. Because
both gains and losses of genomic sequences
affect the region in which these genes lie”’,
studies that combine both SNPs and CNV's
might further clarify the contribution of
these two types of genomic variation
to these diseases.

CNV contribution to trisomy phenotypes
Despite the availability of the sequence

of the euchromatic portion of the human
and other mammalian genomes, and the
ongoing functional annotation, the genes
and other functional elements that are
responsible for the various phenotypes

of the common trisomies remain largely
unknown. Several attempts to define mini-
mum triplicated regions that underlie the
trisomy-associated phenotypes have not
yielded unequivocal results’. It now seems
logical to consider polymorphic triplicated
regions (that is, CNVs) in normal indi-
viduals as contributing to the phenotypic
characteristics of trisomies. For example,
CNVs involve 3.5 Mb on chromosome 21,
10.1 Mb on chromosome 13 and

6.5 Mb on chromosome 18 — respectively,
10.1%, 10.6% and 8.6% of the sequenced
nucleotides of these chromosomes (see the
Database of Genomic Variants). Regions
of these chromosomes that vary in copy
number might harbour genes or other
functional genomic elements that, in three
copies, are insufficient per se to cause the
various phenotypes of trisomy 21, 13 or
18, because these micro-triplications are
present in normal individuals and are
therefore free of any gene-dosage-dependent
phenotypic consequences. As nearly 50%
of CNVs have been detected only once®,
disclosure of the contribution of common
CNVs to the modulation of the phenotype
of trisomies will require the study of
larger cohorts.

: SRAYIPR
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Trisomy and more than three copies

Most of the phenotypic variability that is
associated with trisomies has been attrib-
uted to the allelic contribution to trisomy
and threshold effect of gene-expression
variation’. But some of the phenotypic
variability might be due to the presence of
more than three copies of certain sequences.
Consider the pedigree in FIG. 1b: The
trisomy 21 individual has, through an error
in meiosis, inherited two copies of the chro-
mosomal segment from the mother and one
from the father. Because this segment car-
ries a CNV with two copies of the ‘red’ gene,
the total number of copies of the red

gene in the trisomy 21 individual is, in fact,
five. This genomic imbalance could contrib-
ute to her phenotype. Had she inherited two
copies of the other maternal allele, she would
be trisomic for the whole of chromosome 21,
with only three copies of the red gene, and
therefore would not develop the phenotype
that is associated with the red gene. Note that
the mother carries three copies of the red
gene, and she is not affected. According to
the discussion presented above, the region
of the red gene is excluded from contribut-
ing to the trisomy phenotype if triplicated
because the mother is a normal individual.
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Figure 1| Influence of copy number variations (CNVs) on penetrance and variation in severity
of the phenotype. a | A hypothetical example to show how CNVs could be used to determine the
penetrance of a dominant mutant allele; see text for details. b | A hypothetical example to show
how CNVs could modify the phenotypic expression of trisomies; see text for details.
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Figure 2 | Possible haplotype configurations
in a copy number variation (CNV)-prone
chromosomal region. A simplified schematic
representation of various haplotypic scenarios
of a CNV-prone chromosomal region (repre-
sented as a horizontal red bar) and its biallelic
SNPs (represented as vertical lines), with two on
either side of the CNV region (represented as
blue bars above the chromosomal region)
forming the black (in part a) or red (in part b)
haplotypes, and two that are internal to the
CNV. Individuals who are homozygous for
a CNV-null allele (I) will not contain the internal
SNPs, whereas all other combinations will vary
in copy number of the corresponding SNPs.
Offspring from a heterozygous I-lll combina-
tion will inherit either a null or a double dose of
the internal SNPs, and thus manifest a
non-Mendelian inheritance. Furthermore,
recurrence of CNVs in this chromosomal region
will blur any linkage disequilibrium between
the CNV and its flanking markers. Note also
that, although markers that flank rare CNVs
might be in perfect linkage disequilibrium with
them, the same haplotype will also be found on
the most common CNV allele.

However, the red gene region, although it
does not contribute to the phenotype in
three copies, could contribute if present in
five copies, either directly or as a modifier of
the phenotype. This hypothesis can be evalu-
ated by association studies and quantitative
molecular methods of the copy number of
DNA elements and certain phenotypic char-
acteristics, and CNVs should be considered
as potential modifiers of the phenotypic
variability of trisomies (or aneuploidies

in general).

CNVs and genomic disorders

The pathogenic role of CNVs has been
known since the elucidation of the aetiol-
ogy of Charcot-Marie-Tooth neuropathy
type 1 (REF. 53) and hereditary neuropathy
with liability to pressure palsies”. Point
mutations in the disease-causing genes
within these CNVs have been uncovered.
However, most patients with genomic
disorders have genomic copy number
abnormalities rather than point mutations,
suggesting that the frequency of de novo
events for these types of changes, and
hence their population prevalence, differ
significantly in favour of chromosomal
rearrangements>’.

Specific efforts are underway to
uncover genomic changes that are
involved in cases of clinical abnormalities
(see the DECIPHER web site). Although
copy number changes were initially docu-
mented through the study of inherited
diseases, we now know that CNVs cover
approximately 12% of the human genome,
potentially altering gene dosage, disrupt-
ing genes or perturbing regulation of their
expression, even at long-range distances;
thus, a considerable number of apparently
Mendelian disorders might be due to
CNVs. And just as CNVs can affect mono-
genic traits (including monogenic forms of
common disorders, see REFS 74-76), CNV's
are also likely to underlie the aetiology of
common disorders as a result of variability
in gene dosage”’®.

CNVs and complex traits

Several complex disorders have already
been associated with CNVs. For example,
susceptibility to HIV-1, lupus and Crohn
disease have been found associated with
CNVs involving the CCL3L1 (REF. 79),
FCGR3B%*% and C4 (REF. 81), and DEFB4
(REF. 82) genes, respectively. The identifica-
tion of rare CNVs involved in susceptibility
to other common disorders, such as
chronic pancreatitis, autism spectrum
disorders, Alzheimer disease or Parkinson

disease, is likely to enhance the identifica-
tion of the molecular basis of inherited
monogenic forms of these diseases’™ %%,
In addition, the preponderance and overall
chromosomal dispersion of CNVs*%
might also impact on the inter-individual
differences in drug response®, as well as
susceptibility to infection” or cancer®,
either directly or by modulating pen-
etrance or variability in the expression of
the trait examined.

SNPs are generally considered in the
context of genetic association studies as
powerful markers for the mapping of loci
that underlie phenotypic variation; these
SNPs are mostly proxies for the causal
variants with which they are in linkage
disequilibrium. However, the use of SNPs in
association studies in CNV-related cases
will fail to identify the causative genomic
regions, because SNPs in these regions do
not fulfil the criteria for Mendelian inher-
itance or Hardy—Weinberg equilibrium in the
studied samples; this is especially true in
complex and multiallelic CNVs, probably
owing to recurrent expansion or contrac-
tion”. Furthermore, as many as 20% of
the SNPs deposited in NCBI are paralogous
sequence variants (PSVs)®, and therefore
are a resource for structural variation
studies. Redon et al. found that biallelic
CNVs can be tagged by SNPs”. However,
this is particularly difficult for CNVs that
are complex or that have multiple alleles.
This is likely to be due to de novo events
that might lead to many occurrences of
the same or similar CNV alleles (FIG. 2).
This is clearly the case for the complex
CNVs (containing several variable copies
of the CCL3L1 gene) that are associated
with predisposition to HIV-1 infection®””
(X.E., unpublished observations). We pro-
pose that genome-wide association studies
should be systematically complemented
by high-density array comparative genomic
hybridization (aCGH) studies, which
could capture the genetic information of
CNVs (FIG. 3).

CNVs, SNPs and genetic information
The study of SNPs has revealed that any
two randomly selected human genomes
differ by 0.1% (see the International
HapMap Project web site). Remarkably,
the study of CNVs revised this estimate:
in fact, two randomly selected genomes
differ by at least 1%, and most of this
difference is due to CNVs®. Both types
of variants, SNPs and CNVs, are widely
dispersed throughout the genome,
although their genomic prevalence may
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differ by two orders of magnitude in
favour of SNPs. Yet, because common
CNVs affect as much as one-tenth of the
human genome®, any variation in copy
number will affect a wide spectrum of
genomic sequences (from the kilobase
up to the megabase range), and possibly
many genes. By contrast, although SNPs
are present throughout the entire genome,
they involve only a single nucleotide at
a time. Therefore, it might be that only a
minority of SNPs, those that affect func-
tional elements, have a causative role in
phenotype. Considering the higher muta-
tion rate for CNVs versus point muta-
tions®, and the fact that common CNV's
span at least one-tenth of the human
genome®, these types of mutational
events are likely to be important players
in the aetiology of common disease traits
and sporadic birth defects. Furthermore,
because of their nature, a significant frac-
tion of CNVs are likely to have functional,
causal consequences rather than being
linked only to the disorder or trait.
Cataloguing millions of common
human SNPs has already yielded impor-
tant insights into human chromosomal
architecture and evolution. It has revealed
a block-like structure of linkage dis-
equilibrium, as well as the existence of
areas of low or high recombination rate,
leading to the identification of so-called
tagging SNPs — SNPs that can be used to
predict with high probability the alleles at
other co-segregating ‘tagged’ SNPs". We
are only beginning to identify and cata-
logue human CNVs, and our perception
of their impact is constrained by the cur-
rently unknown nature of their variability
and the technology limitations for CNV
analysis. Indeed, one might anticipate that
common CNVs are likely to affect the
recombination landscape in their vicinity,
and thus the haplotypic relationships to
common genetic markers in these regions.
It is therefore legitimate to assume that the
abundance of CNVs and their impact on
chromosomal haplotypic architecture will
also be reflected in the informativeness of
syntenic SNPs. For this reason, a common
CNV is not likely to be adequately covered
by SNPs, as markers that map within the
CNV (FIC. 2) have most probably been
excluded from the HapMap SNP markers
because of their departure from Mendelian
inheritance or Hardy—Weinberg equi-
librium. SNP selection and current SNP
maps are (by design) biased for markers
that show Mendelian inheritance. In
multiallelic, recurrently occurring CNVs,

even flanking SNPs will fail as markers
whenever recurrent CNV:s fall in different
haplotypes, as defined by their respective
tagging SNPs (FIC. 2).

Even in the case of a recent and rare
CNYV, with which all the flanking tag-
ging SNPs will be in complete linkage
disequilibrium, these marker alleles will
usually be poor predictors for this CNV,
as they will also be found on the common
CNV allele, and therefore be of little use
in association studies (FIC. 2). Several such
CNVs (common and rare) that are likely
to be predisposing have been associated
with some disorders such as HIV-1 and
AIDS susceptibility”, hereditary pancrea-
titis”, Crohn disease®? and systemic lupus
erythematosus®*#'. A detailed analysis of
the genomic architecture and genetic char-
acteristics of these regions should provide
important clues about the use of CNVs
and SNPs in the discovery of molecular
causes of complex disorders and traits.

SNP-based case-control studies have
limited power when the causal variation
is distributed over different chromosomal
backgrounds; that is, no single tagging
SNP allele or haplotype sufficiently
discriminates affected subjects from
control subjects. This is in contrast to
causal CNVs, the recurrence of which
is less of an issue because one need not
follow specific haplotypes of each CNV
but, rather, relate the overall gene dosage
to the phenotype (for example, using log,
ratios) (FIG. 3). This is illustrated in two
recent reports showing that a fraction of
autism risk loci is likely to involve rare
CNVs rather than SNPs***. These studies
also show how CNVs could rapidly lead to
the identification of the genes that carry
disease-causing mutations, many of which
arise de novo®’.

SNP and CNV patterns, together with
CNV dosage and environmental factors,
could combine to produce the phenotype
of a trait or disease (FIC. 3). In support of
the need of a combined SNP and CNV
genotyping approach, Stranger et al.®®
recently examined RNA levels in lympho-
blastoid cell lines from 210 unrelated
HapMap individuals and studied CNVs
using BAC arrays®™; they concluded that as
much as 18% of the detected genetic varia-
tion in expression of around 15,000 genes
could be explained by variability in CNVs.
Furthermore, comparing the efficiency
of SNPs or CNVs in detecting expres-
sion QTLs through association studies,
they reported that fewer than 20% of the
detected CNV associations overlapped

PERSPECTIVES

Genetic risk:
SNPs and SNVs

Genetic risk:
CNV alleles,
Copy number dosage

Figure 3 | The genetic and environmental
risks combined confer the total risk for a
complex phenotype. The genetic risk could
be subdivided into that contributed by the SNP
alleles, and that contributed by copy number
variation (CNV alleles or copy number dosage).
SNV, single nucleotide variant.

with SNP associations, demonstrating that
these two approaches interrogate differ-
ent parts of the genome and arguing in
favour of combining both SNP and CNV
analysis in such investigations. This study
represents the first attempt to evaluate the
impact of both SNPs and CNVs on gene
expression; however, the CNV molecular
definition must be refined before general
conclusions about CNVs with respect

to the effect of SNPs on phenotype can

be made.

Conclusions

The recent demonstration of the consider-
able plasticity of the human genome might
help to explain phenotypic discrepancies in
the penetrance of genetic traits and/or

in the severity of the resulting phenotype;
it might also provide new leads for the
detection of the molecular basis of
common complex disorders.

CNVs could offer some of the missing
clues to the genetic enigma of complex
disorders, as they could harbour genes or
other functional elements that, either by
copy number alterations or deleterious
point mutations, cause or predispose to
these phenotypes. Full exploration of the
impact of CNVs on phenotype will neces-
sitate CGH arrays with higher resolutions
and alternative methods such as multiplex
ligation-dependent probe amplification
(MLPA)38, multiplex amplification and probe
hybridization (MAPH)®*° or quantitative
multiplex PCR of short fluorescent fragment
(QMPSEF)”" for selected regions of the
genome, allowing the detection of small
CNVs while providing precise quantitative
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estimates of copy numbers. In view of the
growing awareness of the need to capture
both types of variation in genome-wide
studies, the genotyping industry is cur-
rently adapting genotyping platforms to
allow for simultaneous monitoring of
SNPs and known CNVs. It is therefore
highly likely that in the foreseeable future
high-quality diagnostic tools for a system-
atic exploration of both types of variations
will be produced including the emerging
cost-effective ultra high-throughput genome
sequencing technologies.

Currently, our knowledge of CNVs is
still incomplete, and higher-resolution
whole-genome tiling arrays are needed to
capture CNVs of smaller size; that is, in
the range of several kilobases. Meanwhile,
granted the availability of high-density,
whole-genome SNP genotyping arrays
that extract a considerable amount of
the genetic information (about 80%),
investigators should be encouraged to
report chromosomal regions that contain a
series of consecutive markers®? that are not
in Hardy-Weinberg equilibrium, or that

depart from Mendelian transmission®>*,
in cases or controls. This information
could not only pinpoint additional CNVs
but also facilitate the identification of
chromosomal regions that are associated
with a given disease phenotype.

Note added in proof

In an elegant recent review, Lupski
estimated that the de novo locus-specific
mutation rates for rearrangements are
between 100- and 10,000-fold greater than
those for point mutations®.

Glossary

Aneuploidy
Having more or less than the typical chromosome
number (46 for humans).

Array comparative genomic hybridization

A technology in which sampled and reference DNA are
differentially labelled and hybridized on BAC or
oligonucleotide microarrays to show copy number
differences between the sampled genomes.

Association study

A population-based genetic study that examines

whether a marker allele segregates with a phenotype

(such as disease occurrence or a quantitative trait) at a
significantly higher rate than would be predicted by chance
alone. This is ascertained by genotyping variants in both
affected and unaffected or control individuals.

BAC

A DNA construct, derived from a fertility plasmid

(or F-plasmid), which usually carries an insert

of 100-300 kb. Complete genomic libraries cloned in
BACs (or PACs, which are produced from P1-plasmids)
have been useful in constructing arrays for array
comparative genomic hybridization experiments.

Copy number variant or polymorphism

A structural genomic variant that results in confined copy
number changes in a specific chromosomal region. If its
population allele frequency is less than 1%, it is referred
to as a variant; if its frequency exceeds 1%, the term
polymorphism is used.

Duplicon

A duplication, or portion thereof, of genomic
sequence that shows a high level of sequence identity
(over 90%) to another region of a reference genome.
Also sometimes referred to as a low copy repeat or
segmental duplication.

Genomic disorder

A disorder that results from the gain, loss or re-orientation
of a genomic region that often contains dosage-sensitive
gene(s). The result is a genomic rearrangement (such

as duplication, deletion and inversion). Segmental
duplications are often involved in the rearrangement
event through non-allelic homologous recombination.

Haplotype Block

A chromosomal region in which groups of alleles at
different genetic loci are inherited together more often
than would be expected by chance. Adjacent blocks are
separated by recombination hotspots (short regions with
high recombination rates).

Hardy—Weinberg equilibrium

The binomial distribution of genotypes in a
population, such that frequencies of genotypes AA,
Aa and aa will be p?, 2pq and g?, respectively,
where p is the frequency of allele A, and g is the
frequency of allele a.

High-resolution tiling path CGH arrays

Arrays for comparative genomic hybridization

(CGH) that offer a resolution in the order of bases to
kilobases. The arrays currently use BACs or long
oligonucleotides.

Hypomorphic
Describes an allele that carries a mutation that causes
a partial loss of gene function.

Linkage disequilibrium

A measure of whether alleles at two loci coexist

within gametes in a population in a nonrandom fashion.
Alleles that are in linkage disequilibrium are found
together on the same haplotype more often than
would be expected by chance.

Microsatellite

A class of repetitive DNA sequences, scattered
throughout the genome, that are made up of
tandemly organized repeats of 2—-8 nucleotides in
length. They can be highly polymorphic and are
frequently used as molecular markers in population
genetics studies.

Minisatellites
Regions of DNA in which repeat units of 7-100 bp
are arranged in tandem arrays of 0.5-30 kb long.

Multiplex amplification and probe hybridization
A technique in which, following hybridization to
immobilized samples of nucleic acid sequences,
amplification of each oligonucleotide probe yields a
product of unique size. The copy number of target
sequences is reflected in the relative intensities of the
amplification products.

Multiplex ligation-dependent probe amplification
A technique involving the ligation of two

adjacent annealing oligonucleotides followed by
quantitative PCR amplification of the ligated products,
allowing the detection of deletions, duplications and
trisomies, and characterization of chromosomal
aberrations in copy number or sequence and SNP

or mutation detection

Non-allelic homologous recombination
Recombination between non-allelic paralogous segmental
duplications (also known as low copy repeats); a major
mechanism leading to deletions, duplications and
inversions, as well as complex structural polymorphism
and rearrangements in the human genome.

Paralogous sequence variants

Cenetic changes that are not due to polymorphism but
to nucleotide mismatches from paralogous copies of
duplicated sequences of the genome. About 20% of the
SNPs deposited in databases are not true SNPs but
paralogous sequence variants.

Penetrance

The extent to which a given genotype manifests itself

in a given phenotype. The penetrance of some genotypes
for some diseases is age-related, complicating the
determination of true penetrance.

Quantitative multiplex PCR of short fluorescent
fragments

Semi-quantitative, high-throughput analysis of targeted
genomic alterations using locus-specific primers.

Restriction fragment length polymorphism
A fragment length variant of a DNA sequence that
is generated through the gain or loss of a site for a
restriction enzyme.

Tagging SNPs

SNPs that are correlated with and therefore can
serve as proxies for a set of variants with which they
are in linkage disequilibrium.

Ultra high-throughput sequencing

A compendium of new sequencing technologies with a
common aim to accelerate (from years to days or hours)
and reduce the cost (from millions to thousands or
hundreds of dollars) of sequencing.

Uniparental disomy

A state wherein both homologues (alleles) at a locus

derive from the same parent. Uniparental disomy of some
chromosomal segments generates characteristic syndromes.

Variable number of tandem repeat locus

A locus that contains a variable number of short
tandemly repeated DNA sequences that vary in length
and are highly polymorphic.

Whole-genome tiling array
A high-density oligonucleotide array that represents the
majority of DNA sequences of an organism’s genome.
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