Copy Number Variation and Complex Disease

Cytogenet Genome Res 123:169-175 (2008)
DOI: 10.1159/000184705

Cytogeneticand
yE}e%lomeResearch

Copy number variation in metabolic

phenotypes

M. Lanktree R.A.Hegele

Vascular Biology Group, Robarts Research Institute, and Departments of Medicine & Biochemistry,
Schulich School of Medicine and Dentistry, University of Western Ontario, London, Ont. (Canada)

Accepted in revised form for publication by H. Kehrer-Sawatzki and D.N. Cooper, 16 June 2008.

Abstract. Despite successes in identifying genetic con-
tributors to common metabolic phenotypes, only part of the
heritable component of these traits has thus far been ex-
plained. Copy number variation (CNV) is likely to be re-
sponsible for some of the unexplained variation. As ob-
served with single nucleotide changes, it is probable that
both rare and common CNVs will contribute to susceptibil-
ity to metabolic disease. For instance, CNVs in the LDLR
gene underlie a substantial portion of disease in patients
with heterozygous familial hypercholesterolemia. As well, a
common CNV in LPA encoding apolipoprotein(a) is the
primary determinant of plasma lipoprotein(a) concentra-
tions, a risk factor for atherosclerosis. Recent efforts to map

CNVs in control populations have defined their size, fre-
quency and distribution. Many of the identified CN'Vs over-
lap genes with important functions in metabolic pathways.
The overlap of CNVs that were found in control datasets
with functional candidate genes or genes with previous ev-
idence of association with metabolic syndrome presents an
important subset for future CNV association studies. Fi-
nally, we describe an approach to search for CN'Vs in a rare
high-penetrance metabolic disorder, namely lipodystrophy.
As methods to identify CN'Vs increase in precision and ac-
curacy, the prospect of identifying their role in both rare
Mendelian and common complex metabolic phenotypes
will become a reality. Copyright © 2009 S. Karger AG, Basel

Genetic investigations have successfully identified single
nucleotide variants contributing to metabolic phenotypes
generally following two models, namely, the ‘common vari-
ant-common disease’ model (Reich and Lander, 2001) and
the ‘heterogeneity’ model (Wang WY et al., 2005). In the
former, common genetic variants produce small-effect
changes to protein structure, function or expression leading
to small increases or decreases in disease susceptibility or
in levels of a quantitative trait. For a deleterious variant to
become common in a population, the negative effect of the
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variant must be sufficiently small for it to persist despite se-
lection. Thus, common variants are usually of the small-ef-
fect type. In contrast, in the ‘heterogeneity’ model of com-
plex disease, many rare mutations underlie susceptibility to
disease, which is often defined in individuals who are clus-
tered at the extreme of a quantitative trait. Rare mutations
often have large effects, markedly affecting protein expres-
sion or function, leading to overt phenotypes that follow
Mendelian inheritance patterns, such as low-density lipo-
protein receptor (LDLR) mutations in heterozygous famil-
ial hypercholesterolemia (HeFH) or ATP-binding cassette
transporter Al (ABCAI) mutations in Tangier disease
(Hegele, 2001). Genetic heterogeneity, in which variants in
arange of different genes all lead to a similar phenotype, can
be subsumed within either model of disease. Linkage dis-
equilibrium between variants complicates matters, but if
many individually rare mutations are found on the same
ancestral haplotype, a surrogate common variant can still
be used as a marker of disease susceptibility.

Deep resequencing methods attempt to identify the com-
mon and rare single nucleotide changes and small inser-
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tions or deletions affecting disease susceptibility by se-
quencing relatively small regions of the genome in many
individuals, typically beginning with those who are clus-
tered at the extremes of a quantitative phenotype (Ahituv et
al.,, 2007). Next generation DNA sequencers will provide
rare variant information on a much larger scale and will
stress bioinformatic capacity to separate variants that im-
pact upon susceptibility from those that are neutral. Micro-
arrays are also now commonly used to test common vari-
ants across the whole genome in order to find associations
with disease susceptibility. The aggregate of evidence to
date suggests that both common and rare variants contrib-
ute to overall susceptibility to metabolic disease pheno-
types, under a hybrid or combination of the ‘common vari-
ant-common disease’ and ‘heterogeneity’ models.

Despite successes in identifying genetic contributors to
metabolic phenotypes, unexplained heritability exists and
the development of new strategies and the examination of
new types of variation may help reduce the unexplained
proportion. Improved precision and accuracy in identifying
copy number variations (CNVs) will allow for these variants
to be tested for their association with susceptibility to com-
mon diseases. CN'Vs are defined as quantitative increases or
decreases in copy number (duplications or deletions) above
the resolution of sequencing, but below the resolution of mi-
croscopic evaluation (>1 kb), while the term insertion/dele-
tion (indel) is referring to copy number changes from 1 bp
to 1 kb (Scherer et al., 2007). The terms CNV and indel do
not imply anything about the frequency or phenotypic ef-
fect of the variation (Scherer et al., 2007). As with other
types of genetic variation, it is likely that both common
CN'Vs with small effect sizes and rare CN'Vs with large ef-
fect sizes will each play a role in complex diseases. Thus,
studies should be designed with methods tailored to detect
CNVs of different frequencies. In this paper, we review two
types of CN'Vs that are associated with metabolic pheno-
types: 1) rare CN'Vs that are causative for HeFH; and 2) a
common CNV resulting in altered plasma concentrations
of lipoprotein(a) (Lp(a)). In addition, we demonstrate how
CNVs observed in control populations overlap genes that
are involved in susceptibility to the metabolic syndrome.
Finally, we report a preliminary approach to screen for a
rare large-effect CN'V in a rare metabolic disorder, namely
lipodystrophy.

Rare CNVs causing HeFH

HeFH (MIM 143890) is an autosomal dominant disorder
affecting ~1 in 500 people, characterized by the failure of
the liver to catabolize plasma low-density lipoprotein (LDL)
cholesterol (Yuan et al., 2006). The resulting elevation of
plasma LDL cholesterol concentrations is associated with
development of cholesterol deposits in the cornea, called
corneal arcus, on their eyelids and extensor tendons, called
xanthelasmas and xanthomas, respectively, and in their ves-
sel walls, leading to atherosclerosis and up to 100 times
greater risk of coronary heart disease (CHD) for men under
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45 years of age (Yuan et al., 2006; Pollex and Hegele, 2007).
The molecular mechanism for disease in the majority of
HeFH patients are small insertions or deletions, or mis-
sense, splicing, or nonsense mutations within the LDL re-
ceptor gene (LDLR, MIM 606945), the majority of which
were identified through sequencing of the coding exons and
intron-exon boundaries using an approach called exon-by-
exon sequence analysis (EBESA) (Wang et al., 2001). Over
500 different missense mutations and over 200 small inser-
tions and deletions have been reported within LDLR (Sten-
son et al., 2003). Genetic heterogeneity is indicated by phe-
nocopies of HeFH resulting from dominant mutations in
genes encoding apolipoprotein (apo) B-100 (APOB, MIM
107730) and proprotein convertase subtilisin/kexin 9
(PCSK9, MIM 607786). Despite efforts to identify addition-
al variants, approximately one third of patients clinically
diagnosed with HeFH in some series have had no mutations
identified (Pollex and Hegele, 2007).

The first large deletion reported in LDLR was described
in 1985 when reduced LDLR protein size was observed in
cultured fibroblasts from an HeFH patient (Lehrman et al.,
1985). Southern analysis revealed a 5-kb deletion, includ-
ing two and a half exons, resulting from uneven recombi-
nation between repetitive Alu elements (Lehrman et al,,
1985). The same group later identified an HeFH patient
with a duplication of seven exons in LDLR (Lehrman et al.,
1987). Since then, >100 large deletions and duplications
have been reported in HeFH patients, most of which were
discovered with long range PCR or Southern analysis
(Stenson et al., 2003). In 2004, the first paper studying
prevalence of CNVs in LDLR using multiplex ligation-de-
pendent probe amplification (MLPA) found that of 70 un-
related HeFH patients in southern Ontario, Canada, 44
had LDLR mutations and five had APOB mutations identi-
fiable by EBESA, while 12 patients had deletions in LDLR,
suggesting CN'Vs were responsible for ~17% of HeFH cas-
es (Wang J et al,, 2005). In the second paper examining
LDLR with MLPA, 44 of 431 (10.1%) of HeFH patients from
Norway possessed a CN'V (Holla et al., 2005). A third paper
reported only 5 of 318 (1.5%) HeFH patients had an LDLR
CNV in a Danish study (Damgaard et al., 2005). Finally, a
British study found 13 of 153 (8.5%) HeFH patients had an
LDLR CNV (Tosi et al., 2007). MLPA was reported to be
more time-efficient, and importantly more sensitive, than
Southern analysis (Damgaard et al.,, 2005; Holla et al.,
2005). Possible explanations for the variation in observed
CNV frequency among HeFH patients includes differenc-
es in assay efficiency between studies, although all studies
used MLPA kits from MRC-Holland (Amsterdam, the
Netherlands), differences in study populations, although
most patients were European Caucasian in origin, differ-
ences in the founder populations of the geographical loca-
tions studied, or sampling error. Pooling of the results in-
dicates that 74/972 (7.6%) of HeFH patients have a CNV
within LDLR. Thus, a more sophisticated and comprehen-
sive molecular screening program that includes an assay
for LDLR CNVs would be required to accurately diagnose
HeFH at the molecular level.



Interestingly, the severity of phenotype found in HeFH
patients was significantly associated with the type of muta-
tion. HeFH patients with nonsense mutations or CNVs in
LDLR had higher untreated LDL cholesterol levels than pa-
tients with no detected abnormality or with missense muta-
tions in LDLR or APOB (Pollex and Hegele, 2007). This ex-
ample of phenotype-genotype correlation further under-
lines the potential for large effects due to a CNV within a
gene that encodes an important metabolic protein.

Common CNV polymorphism in LPA influencing Lp(a)
concentration

Plasma Lp(a) concentrations vary over 1000-fold be-
tween individuals, but remain stable from birth (Albers and
Hazzard, 1974). Heritability estimates for plasma Lp(a) con-
centrations are ~90%, indicating that this trait is under
strong genetic control (Austin et al., 1992; Boerwinkle et al.,
1992; Scholz et al., 1999). Studies evaluating Lp(a) and vas-
cular disease have, with some exceptions, shown a positive
association (Wild et al., 1997; Craig et al., 1998; Ariyo et al.,
2003). Hypothesized mechanisms for Lp(a) and increased
vascular disease risk include its involvement in both athero-
genic and thrombotic pathways, such as competitive inhibi-
tion of plasminogen and interactions with tissue factor
pathway inhibitor, platelets, monocytes, smooth muscle
cells, endothelial cells, oxidized phospholipids or Lp(a)-
associated phospholipase A, (Schlaich et al., 1998; Caplice
et al., 2001; Discepolo et al., 2006; Kiechl et al., 2007).

Lp(a) is composed of a large polymorphic apo(a) mole-
cule connected via a disulfide bond to the apoB moiety of
LDL (Brunner etal., 1993). Apo(a) is a very large protein en-
coded by the LPA gene (MIM 152200), which spans 132 kb
on chromosome 6 (6q27). The gene contains a signal peptide
region, a catalytic protease domain and five types of ‘krin-
gle’ domains, which are homologous to the kringle domains
found in plasminogen. Apo(a) contains a variable number
of kringle IV (KIV) repeats, ranging between 1 and 36 in
number, which is the result of genomic duplication or dele-
tion of the two exons and intervening intron that code for
KIV (~5 kb at the genomic level) (Lawn et al.,, 1997). Im-
paired production and intracellular transport of large pro-
tein isoforms encoded by an LPA gene with a large number
of genomic KIV tandem repeats results in an inverse rela-
tionship between the number of genomic KIV repeats and
the amount of apo(a) that is assembled and ultimately, the
number of Lp(a) particles that can be secreted into plasma.
At least 50% of the variation in plasma Lp(a) concentration
is due to this KIV copy number polymorphism (Boerwinkle
etal., 1992; Rosby and Berg, 2000). A recent study identified
strong association between an intronic SNP (rs7770628) and
Lp(a) concentrations, suggesting that either linkage between
the SNP and the number of KIV repeats exists or that large
proportions of Lp(a) plasma concentration variation could
be attributed to the two variations (Melzer et al., 2008).

The implication of kringle repeat number for Lp(a) func-
tion is not yet understood. To date, identification of Lp(a)

KIV repeat genotype requires either digestion of whole ge-
nomic DNA followed by pulse-field electrophoresis and
Southern analysis (Kraft et al., 1992), or plasma electropho-
resis with immunoblotting to identify apo(a) protein iso-
form size (Kamboh et al., 1991). Both methods are laborious
and time consuming; many studies are reported without
obtaining the KIV repeat genotype. Furthermore, genome-
wide CNV detection methods, such as array-comparative
genome hybridization (CGH) or oligonucleotide microar-
rays, at current resolutions, will have difficulty identifying
a CNV of only 5 kb, and are not sensitive enough to differ-
entiate the multiple alleles of the repeat. Other methods to
quantify gene dosage, such as quantitative PCR (qPCR),
could potentially be used to quickly identify the number of
apo(a) KIV repeats in the genomic DNA, although this has
not yet been reported, to our knowledge.

Overlap between reported CNVs and genes involved in
metabolic syndrome pathways

Recent efforts have been made to measure and map the
spectrum of CN'Vs found in the control population (Redon
et al., 2006; Pinto et al., 2007). Collecting CNV data on
thousands of individuals was important to define the loca-
tions, sizes and frequencies of CN'Vs. While study partici-
pants had no overt disease phenotypes when they provided
samples for the study, it is still possible that CN'Vs in these
individuals could modulate susceptibility to development of
later-onset complex traits.

Metabolic syndrome (MetS) is a constellation of abnor-
mal phenotypes including dyslipidemia, specifically in-
creased plasma triglycerides and decreased high-density li-
poprotein (HDL) cholesterol, dysglycemia, insulin resis-
tance, and abdominal obesity. MetS is extremely common
in westernized societies and is associated with 2- to 5-fold
increased risk of development of type 2 diabetes and CHD
(Pollex and Hegele, 2006). Non-molecular heritability stud-
ies suggest a genetic component. Also, mutations have been
discovered that cause relatively rare monogenic forms of
MetS, and common SNPs have been associated with in-
creased susceptibility to MetS (Pollex and Hegele, 2006).

To calibrate the degree of overlap between reported
CNVs and genes with important roles in MetS pathways, a
Perl program, overlap.pl (available upon request), was writ-
ten to identify regions of overlap between reported CNVs
and genes with potential roles in MetS pathophysiology. Fif-
ty-five genes were selected from a literature review and were
separated into the following categories: adipokines, adipose
tissue distribution, energy metabolism, lipid metabolism,
central regulation and reward sensitivity, and obesity asso-
ciated. Queries of the NCBI Entrez Gene database (http://
www.ncbi.nlm.nih.gov/sites/entrez?db=gene) were per-
formed to determine the physical location of these genes
(NCBI build 36.2). The Toronto Centre of Applied Genom-
ics Database of Genomic Variants (DGV, http://projects.
tcag.ca/variation, build hgl8v3) (Iafrate et al., 2004) was
then searched for all variants, CN'Vs or indels, that over-
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Table 1. Genes implicated in metabolic syndrome containing a CN'V or insertion/deletion reported in control populations

Gene name Gene Chromo- Variation  Size of Detection Region Gain/  Fre-
symbol some start posi-  variation ~ method of gene loss quency?
tion (kb) (kb)
Adipokines
Adiponectin ADIPOQ 3 188057 239 multiple 3" 12% loss common
187820 230.2 multiple 3" 44% loss rare
Resistin RETN 19 6661 1126.0 multiple 100% both rare
Peroxisome proliferator-
activated receptor o PPARA 22 44952 8.4 resequencing middle 9% loss rare
Inflammation
Interleukin 6 IL6 7 22722 165.3 array CGH 100% both  N/A
Adipose distribution
Lamin B2 LMNB2 19 183 2430.6 multiple 100% both common
2402 0.3 sequencing middle 1% loss rare
Bernardinelli-Seip congenital
lipodystrophy 2 BSCL2 11 62052 167.3 array CGH 5" 30% both  rare
1-acylglycerol-3-phosphate
O-acyltransferase 2 AGPAT2 9 136968 3304.8 multiple 100% both  common
Energy metabolism
Glucocorticoid receptor NR3ClI 5 142715 4.4 resequencing middle 3% loss rare
142618 61.3 array CGH 5" 27% loss rare
142645 0.1 resequencing middle 0.1%  loss rare
Lipid metabolism
Lipoprotein lipase LPL 8 19784 132.9 array CGH 100% loss rare
Hepatic lipase LIPC 15 56630 0.2 resequencing middle 0.1%  loss rare
Endothelial lipase LIPG 18 45356 15.9 null SNPs middle 52%  loss N/A
45358 0.3 sequencing middle 1% loss rare
ATP-binding cassette
subfamily A memberl ABCAI 9 106670 17.9 fosmid end mapping middle 12%  gain rare
Glucokinase receptor GCKR 2 27511 189.4 SNP array 100% gain rare
CAP-GLY domain containing
linker protein 2 CLIP2 7 73335 123.0 array CGH 100% loss common
Dedicator of cytokinesis 7 DOCK7 1 62924 0.3 multiple middle 0.2%  loss rare
Central regulation and reward sensitivity
Serotonin receptor 2C HTR2C X 112815 2086.5 multiple 100% both common
113903 0.1 resequencing middle 0.1%  loss rare
Dopamine receptor D4 DRD4 11 201 1112.5 multiple 100% both  common
Dopamine receptor D5 DRD5 4 8573 1351.1 multiple 100% both common
Obesity associated
Leptin LEP 7 127587 131.3 multiple 100% both  rare
Proopiomelanocortin POMC 2 25141 321.6 array CGH 100% loss rare
Fat mass and obesity associated ~ FTO 16 52637 154.7 array CGH 3" 17% gain common
Cytochrome P450 family 11,
sub B polypeptide 2 CYPIIB2 8 143956 36.8 resequencing 5" 56% loss rare

*  Common: 25% in at least one study with a sample size >50; rare: <5% in a study with a sample size >50 or only found in studies with sample

sizes <50; N/A: frequency data not available.

lapped the candidate genes. Because the size and number of
CNVs detected depends on the technology used, the variant
frequency was approximated to either ‘common’ or ‘rare’
based upon the frequency the variation was observed in the
studies in which it was reported.

Of the 55 genes investigated, 22 (40%) contained a CNV
or indel that had been observed in the general population (see
Table 1). These CN'Vs and indels ranged in size from 0.3 kb
to 3 Mb. It is not surprising that 40% of genes investigated
here overlapped with at least one CN'V, since the DGV reports
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that ~40% (7,242 of 26,091) of MIM genes are overlapped by
a CNV (DGV website). However, many of these CNVs may
be found in heterozygous carriers for recessive diseases, in
individuals at increased susceptibility for development of
complex diseases, or in subjects affected with subtle pheno-
types. For instance, homozygous or compound heterozygous
mutations in 1-acylglycerol-3-phosphate O-acyltransferase 2
(AGPAT2, MIM 603100) are causative for an extremely rare
metabolic disease called Berardinelli-Seip congenital lipo-
dystrophy (BSCL, MIM 608594). However, three out of 39



unrelated healthy individuals and 16 individuals with previ-
ously identified chromosomal imbalances (3/55, ~5%) had
complete deletions of AGPAT2 (Iafrate et al., 2004), suggest-
ing that the frequency of homozygous deletions would be
much more common in the population than the prevalence
of diagnosed BSCL. Similarly, heterozygous mutations in the
gene encoding lipoprotein lipase (LPL, MIM 609708), have
been reported to have half normal LPL activity, which is as-
sociated with elevated plasma triglyceride concentrations
(Wilson et al., 1990). One out of 50 European Caucasian con-
trols was identified to carry a complete deletion of the LPL
gene (de Smith et al., 2007), which is a frequency that greatly
exceeds the expectation based on the extraordinarily rare fre-
quency of clinical LPL deficiency. Finally, heterozygous la-
min B2 (LMNB2; MIM 150341) mutations were found in 5 of
9 patients with acquired partial lipodystrophy (APL, MIM
608709), and not found in a sample of 1,100 control subjects
(Hegele et al., 2006), and yet heterozygous deletions and du-
plications of LMNB2 have been discovered in up to half of
control individuals using array-CGH (de Smith et al., 2007).
This again indicates discordance between the high expected
frequency of putative disease-causing mutations in LMNB2
and the very low frequency of clinically ascertained APL.

Why are CNVs within genes that also contain mutations
causative for rare phenotypes so common? Potential expla-
nations are biological in nature, such as inaccurate estimates
of the rare disease frequency due to subtle or late-onset phe-
notypes, incompatibility of the homozygous CNV with fetal
viability, or additional interacting genetic or environmental
factors (Hegele, 2007). Other potential explanations are tech-
nical in nature, such as bias within CNV detection methods,
or sampling error (Hegele, 2007). Large case-control and
family-based association studies are undoubtedly on the ho-
rizon to examine the role of these CN'Vs in modulating sus-
ceptibility to metabolic disease (McCarroll and Altshuler,
2007). However, determining the frequency of a CNV re-
mains difficult due to technical issues that will need to be
addressed (Scherer et al., 2007), since the power of a study to
determine association between a CNV and a phenotype is
limited by the sensitivity and specificity of the method used
to identify the CNV (McCarroll and Altshuler, 2007).

Preliminary screen for rare CNV changes in
lipodystrophy patients

Patients with lipodystrophy experience selective or gen-
eralized atrophy of adipose tissue. The disruption of lipid
metabolism results in a severe form of MetS that also great-
ly increases the CHD risk (Hegele et al., 2007). A mutation
within one of six genes (LMNA, PPARG, BSCL, AGPAT?2,
LMNB2 and CAV1) is responsible for about half of all lipo-
dystrophy patients (Hegele, clinical observation). Similar to
HeFH discussed above, it seems conceivable that a rare,
large-effect CN'V causing the functional loss of an allele of
a gene in which two copies are required to prevent a lipo-
dystrophy phenotype could be identified. However, a pre-
liminary MLPA analysis of LMNA (LMNA Kit, MRC Hol-

133 individuals with normal adipose distribution
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Fig. 1. (A) One hundred and thirty-three individuals with no adi-
pose tissue distribution abnormalities were selected as controls for
identification of potentially pathogenic CNVs in lipodystrophy pa-
tients with no previously detected lipodystrophy-causing mutations.
Control subjects were randomized to two groups, and the average SNP
intensity for each probe was calculated within each group creating two
baselines. The process was then repeated to create a total of four ge-
nome-wide sets of baseline intensities. Copy number determination
was obtained by comparing an individual’s probe intensity to the four
baselines using Hidden Markov Models in Partek Genomics Suite v6.3
(St. Louis, MI, USA). (B) Venn diagrams representing the overlap of
CNVs identified using the four different baselines.

land, Amsterdam, Netherlands) in a sample of 41 lipodys-
trophy patients with noidentified disease-causing mutations
(specifically none in LMNA, PPARG, BSCL, AGPAT2,
LMNB2, CAV1 genes) and 40 controls uncovered no LMNA
CNVs (Lanktree and Hegele, unpublished observations).
As part of a preliminary screening experiment, these
same 41 lipodystrophy patients with no known lipodystro-
phy-causing mutations were genotyped using the Affyme-
trix GeneChip Human Mapping 500K array set (Santa
Clara, CA, USA) (Fig. 1). Because a rare, high-penetrance
CNV causative for a dominant monogenic disorder was as-
sumed, we performed a filtering process to remove all CN'Vs
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Table 2. CNVs found in lipodystrophy patients with no previously detected lipodystrophy-causing mutations and
not observed in >2 control samples or published controls

Chromosome ~ ~Size (kb) ~ Start position (kb) Genes within Copies Reports
2 254 133028 GPR39 (G-protein coupled receptor) 5 2
LYPDI (Ly6/PLAUR domain)
5 415 154979 None 3 1
6 5300 57436 GUSBL2 (glucuronidase, beta-like 2) 3
PRIM2A (primase, polypeptide 2A)
5 putative loci
13 125 92534 None 1 1
21 515 35833 PPPIR2P2 (protein phosphatase) 3 0
2 pseudogenes
21 350 22518 1 pseudogene 1 1
X all Triple X syndrome 3

CNVs found in
controls
N=71,n=18

CNVs found in
control datasets
N=28,n=24

CNVs with less than 5
contiguous probes
N=13,n=9

CNVs found in
lipodystrophy
patients:
N=126,n=64

+>5
contiguous
SNPs in size:
N=14,n=13

o

CNVs found using all
baselines:
N=7,n=6

+notin
controls:
N=55n=46

+ not
published:
N=27,n=22

N = number of CNVs
n =number of unique CNVs

Fig. 2. Filtering algorithm used to enrich for rare, potentially lipo-
dystrophy-causing CN'Vs. One of the CN'Vs was found in two lipodys-
trophy patients who were also sisters.

found in either our control population, a sample of ~2,000
individuals unaffected by lipodystrophy (Marshall et al.,
2008), or reported in the DGV (Fig. 2). Six genomic regions
ranging in size from 125 kb to 5.3 Mb were identified as be-
ing entirely unique for lipodystrophy patients. None of the
regions contained genes with known roles in lipodystrophy
pathogenesis or metabolic pathways. Each unique CNV re-
gion was discovered in only one lipodystrophy proband.
Additionally, one lipodystrophy patient was found to be a
carrier of three X chromosomes (Table 2).

We do not suspect at this time that any of these regions
are necessarily associated with lipodystrophy. The purpose
of this preliminary screening experiment was to demon-
strate a strategy to identify CNVs that were potentially
causative for a rare disorder. If loss of a functional copy of
a gene resulted in a lipodystrophy phenotype with high
penetrance, then a CNV overlying part of or the entire gene
would not be expected to be found in control subjects. Ide-
ally, the discovery of a CNV in lipodystrophy patients but
not controls, that also intersects a gene with a known func-
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tional metabolic role, or is found in a substantial propor-
tion of lipodystrophy patients, would justify further inves-
tigation into a biological, functional role for the CNV in
the pathogenesis of lipodystrophy. CNVs not fulfilling
these criteria are likely to be simply rare but not necessar-
ily pathogenic CNVs. Study of cosegregation of the CNV
with the disease phenotype in extended families would
help clarify the issue. One important limitation of this pre-
liminary filtering approach is the potential discounting of
atrue disease-causing CNV from the candidates, especial-
ly if the CNV is not fully penetrant, or requires an interac-
tion with additional genetic or environmental factors, or if
the phenotype is present in a mild form and goes unde-
tected in a ‘control’ subject. Nonetheless, such filtering and
evaluation of CN'Vs might form the basis of a more gener-
ic strategy to search for causative CNVs for other rare dis-
orders.

Summary

As methods to identify CN'Vs increase in their precision
and accuracy, the prospect of discovering new genetic causes
of both rare Mendelian and common complex diseases will
become a reality. However, it will be important to differen-
tiate the methods used to identify a CNV that causes a rare
Mendelian metabolic disease in contrast to methods used to
identify association between a CNV and susceptibility to a
complex metabolic disease. Screening a pool of CN'Vs dis-
covered in a disease cohort and then removing all CNVs
previously identified in control populations will enrich for
rare CN'Vs that are potentially associated with disease, but
these CN'Vs cannot be implicated as causative without ad-
ditional experimental data. However, a filtering strategy,
similar to the one described here, may be appropriate to
screen for CN'Vs that are potentially causative for a rare
high-penetrance disease. Alternatively, standard case-con-
trol designs, such as those already employed in SNP asso-
ciation studies of complex traits may prove to be ideal for
more common CNVs. Large disease cohorts may be re-



quired for study to overcome the reduced power from the
low frequency of many CNVs. Additional investigations
into CN'Vs will not only discover CN'Vs applicable to diag-
nostic testing, but will uncover new biological mechanisms

for human metabolic disease.
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