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Abstract

Background: Intellectual disability (ID) affects 2–3% of the population and may occur with or without multiple congenital
anomalies (MCA) or other medical conditions. Established genetic syndromes and visible chromosome abnormalities
account for a substantial percentage of ID diagnoses, although for ,50% the molecular etiology is unknown. Individuals
with features suggestive of various syndromes but lacking their associated genetic anomalies pose a formidable clinical
challenge. With the advent of microarray techniques, submicroscopic genome alterations not associated with known
syndromes are emerging as a significant cause of ID and MCA.

Methodology/Principal Findings: High-density SNP microarrays were used to determine genome wide copy number in 42
individuals: 7 with confirmed alterations in the WS region but atypical clinical phenotypes, 31 with ID and/or MCA, and 4
controls. One individual from the first group had the most telomeric gene in the WS critical region deleted along with 2 Mb
of flanking sequence. A second person had the classic WS deletion and a rearrangement on chromosome 5p within the Cri
du Chat syndrome (OMIM:123450) region. Six individuals from the ID/MCA group had large rearrangements (3 deletions, 3
duplications), one of whom had a large inversion associated with a deletion that was not detected by the SNP arrays.

Conclusions/Significance: Combining SNP microarray analyses and qPCR allowed us to clone and sequence 21 deletion
breakpoints in individuals with atypical deletions in the WS region and/or ID or MCA. Comparison of these breakpoints to
databases of genomic variation revealed that 52% occurred in regions harboring structural variants in the general
population. For two probands the genomic alterations were flanked by segmental duplications, which frequently mediate
recurrent genome rearrangements; these may represent new genomic disorders. While SNP arrays and related technologies
can identify potentially pathogenic deletions and duplications, obtaining sequence information from the breakpoints
frequently provides additional information.
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Introduction

Many genetic diseases and disorders are caused by alteration

of gene dosage due to duplication or deletion of large genomic

regions [1]. More benign copy number variants (CNVs) are

common, although they may contribute to normal individual

variation and the occurrence of complex diseases in the general

population [2,3]. Many deletion/duplication abnormalities are

known to cause intellectual disability (ID) and/or multiple

congenital anomalies (MCA) as part of well-characterized

genetic syndromes. While ID affects ,2–3% of the population

[4] and is the most common serious disability in children and

young adults [5], an accurate diagnosis is possible in fewer than

50% of cases [4–6]. Visible chromosome aberrations, which

constitute the majority of definitive diagnoses, are found in

approximately 28% of individuals with ID [7]. Of the re-

maining cases, half are estimated to have an underlying genetic

cause [5].
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Many common genetic disorders, including Williams syndrome

(WS, OMIM:194050) [8], Prader-Willi/Angelman syndromes [9]

Smith-Magenis syndrome [10], and Charcot-Marie-Tooth disease

type 1A/hereditary neuropathy with liability to pressure palsies

[11,12], are caused by submicroscopic chromosome abnormalities

with recurring breakpoints. Clinical diagnoses are relatively

straightforward for these syndromes because there are well-defined

suites of clinical features and it is possible to rapidly test for the

appropriate chromosome anomaly. Architectural features of the

genome, most commonly low copy repeats (LCRs, also known as

segmental duplications), are associated with deletion or duplication

boundaries in these disorders and have been causally implicated in

their characteristic genome rearrangements [1,13–15]. Intra-

chromosomal non-allelic homologous recombination (NAHR)

between directly oriented LCRs causes deletions or duplications,

while NAHR between inverted repeats leads to inversions [1].

With the advent of array comparative genomic hybridization

(aCGH) and microarray techniques it is now possible to examine

the genome of individuals with non-syndromic ID and MCA at

even higher resolution. Such studies have identified putatively

pathogenic genome rearrangements in 10–25% of otherwise

undiagnosable ID cases [16–22]. Identification of affected genes

in these cases may suggest targeted genetic tests in other probands

with similar phenotypes.

The WS clinical phenotype includes elastin arteriopathy,

developmental delay (DD) and/or ID, and a recognizable pattern

of dysmorphic facial features [23]. Over the past several years we

have studied the relation between phenotype and genotype in

individuals with WS, which is characterized by a deletion of

7q11.23. During this time numerous individuals with an initial

diagnosis of WS were referred to us whom on subsequent

cytogenetic analyses were found not to have the typical 7q23.11

deletion. These individuals, who had ID and/or MCA, pose

difficult challenges with respect to treatments and recurrence risk.

In an attempt to ascertain the cause of the phenotypes in 31 such

individuals we used SNP microarrays to determine genome wide

copy number. We report that 6/31 individuals had large genome

rearrangements, either deletions or duplications, which may be

responsible for their clinical phenotypes. Two in particular were

the result of alteration in regions flanked by LCRs, which may

represent regions of genomic instability.

Materials and Methods

Participants
All participants were part of a 14-year study of genotype-

phenotype relations in WS. Most of the probands in this report, 31

individuals with unidentified ID and or MCA, were referred to us

with a clinical diagnosis of WS but subsequently tested negative for

the expected 7q11.23 deletion using fluorescent in situ hybridiza-

tion (FISH). In addition, samples from seven probands with

cytogenetically confirmed chromosome 7 alterations and four

individuals from the general population were used to validate our

methods and ensure our analysis strategy could identify the

expected alterations. Familial relationships were confirmed using

the GenePrint GammaSTR kit (Promega, Madison, WI). All

participants and/or their parents/guardians signed informed

consent forms under protocols approved by the Institutional

Review Boards of the University of Nevada School of Medicine

and/or the University of Louisville.

Cytogenetics
High-resolution cytogenetic analyses used standard methods

including thymidine synchronization of the cultured cells and

addition of ethidium bromide during metaphase harvest. FISH

analyses were performed as described previously [24]. Probes were

obtained through commercial sources (MYCN region, Vysis/

Abbott, Des Plaines, IL) or generated from purified BACs.

Observation was performed with a Zeiss Axioscop (Göttingen,

Germany) and documented on a Metasystems (Altlussheim,

Germany) imaging system. Image levels were adjusted in Photo-

shop CS2 (Adobe, San Jose, CA).

SNP copy number determination
DNA was isolated from cultured lymphoblastoid cell lines

(LBLs), fibroblasts, or peripheral blood lymphocytes (PBLs). DNA

from PBLs was used whenever possible to exclude the possibility of

cell line artifacts. RNA was isolated from LBLs using a Ribopure

RNA isolation kit (Ambion, Austin, TX), and cDNA was

synthesized using Superscript III reverse transcriptase and random

primers (Invitrogen, Carlsbad, CA).

Genomewide SNP copy number was determined using the

Affymetrix Human Mapping 500K SNP Array Set (Affymetrix,

Santa Clara, CA) consisting of 250K StyI and NspI subarrays

containing probes for 238,304 and 262,264 SNPs, respectively.

DNA was prepared for array analyses, and arrays were hybridized,

washed, stained, and scanned following the manufacturer’s

protocol (Affymetrix, Santa Clara, CA). Genotypes were deter-

mined by Affymetrix GTYPE 4.0 software using the DM

algorithm. CEL files were normalized and modeled in dChip

using invariant set normalization and a perfect match/mismatch

difference model [25]. Subarrays were normalized and modeled

separately and subsequently combined for analyses. Copy number

was inferred using median smoothing with a 7 SNP window and

10% trimming including all samples as references. Loss of

heterozygosity was calculated by hidden Markov model consider-

ing haplotype with all samples considered to be references.

MIAME compliant array data from this study have been uploaded

to the Gene Expression Omnibus (GEO) database. Relevant data

for the probands discussed in this manuscript will be submitted to

the DECIPHER database.

CNVs were identified by statistical analysis of inferred copy

number using Partek Genomics Suite 6.3 (Partek, St. Louis, MO).

The significance of SNP copy number changes was determined

using a 50 kb window and copy number thresholds of 1.5 and 2.4

for deletions and duplications, respectively. CNVs were detected

using a minimum region size of 50 kb and p-value cutoff of 0.01.

These parameters were selected to minimize false-positive results

and were not suitable for the identification of small variants.

Statistically identified regions were visualized in dChip to remove

artifacts due to low SNP density and edited using raw copy

number to more precisely refine endpoints. The boundaries of

potentially pathogenic CNVs were confirmed by qPCR and

cloned when possible.

Determining whether CNVs are likely to be pathogenic versus

benign is one of the greatest difficulties currently facing clinical

geneticists. We considered CNVs to be putatively benign if they

are present as normal polymorphisms in the UCSC Genome

Browser’s structural variation track [26] and/or the Database of

Genomic Variants [27], and/or were present in at least one of our

general-population control samples. Novel CNVs that occurred in

multiple probands with different clinical presentations were also

considered to be normal polymorphisms. We chose to consider

CNVs potentially pathogenic if they met one or more of the

following criteria: (1) affected at least one gene whose haploinsuf-

ficiency or mutation is known to cause an abnormal phenotype

based on the database of Online Mendelian Inheritance in Man

[28]; (2) affected at least five Reference Sequence (RefSeq) genes
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whose copy numbers are not known to vary in the general

population; (3) intersected a region associated with a known

genetic disorder or Database of Chromosomal Imbalance and

Phenotype in Humans using Ensembl Resources (DECIPHER)

[29] feature. RefSeq genes are those annotated as part of the effort

to provide a comprehensive list of all genes for all organisms

(http://www.ncbi.nlm.nih.gov/RefSeq/index.html). In one case

(9152) these criteria conflicted with a report of a CNV in the

general population. This discrepancy was resolved by consider-

ation of CNV credibility versus evidence for pathogenicity (see

Discussion). Genes of unknown function that are strongly

expressed in fetal and/or adult neural and/or cardiac tissues were

considered potential candidates for developmental disorders with

phenotypic features overlapping WS. Whenever possible, putative

abnormalities were determined to be de novo by SNP array or

qPCR.

Cloning of deletion breakpoints
Microarray analyses allowed us to identify the location of

molecular breakpoints to varying extents, which were largely

determined by the SNP density on the arrays. In regions where the

SNP density was low we designed qPCRs across the deleted region

to narrow the interval to ,40 kilobases (kb). To clone the deletion

breakpoints we used one of several strategies. First, we designed

PCR primers at 3–4 kb intervals between the nearest deleted and

non-deleted region, on both sides of the deletion (Figure S1). PCR

reactions using all combinations of forward and reverse primers

then were analyzed. If any primer pair yielded PCR products, they

were cloned and sequenced. If this strategy failed, we used either

adaptor ligation based PCR walking [30] or inverse PCR to

amplify junction fragments. For all identified junction fragments,

PCRs were designed to confirm the junction position in genomic

DNA. The sequence of the primers used and 100 bp of flanking

DNA for each breakpoint are given in Table S1.

PCRs (20 ml) contained ,100 ng of genomic DNA and

AccuPrime Taq DNA Polymerase High Fidelity in buffer II

(Invitrogen, Carlsbad, CA). DNA fragments were cloned into

pCR-4-TOPO (Invitrogen Inc., Carlsbad, CA) and sequenced

using the BigDye Terminator v3.1 kit (Applied Biosystems, Foster

City, CA) on an ABI 3130xl Genetic Analyzer (Applied

Biosystems, Foster City, CA). Sequences were mapped to physical

positions on the February 2009 Human genome assembly, using

the UCSC BLAST-Like Alignment Tool [31]. The BLAST 2

sequences program [32] was used to evaluate the regions flanking

breakpoints for sequence similarity. Genome architecture at the

breakpoints was examined using the segmental duplication [15]

and RepeatMasker [33] tracks of the UCSC genome browser [26].

Quantitative PCR analyses were done using either TaqMan

assays or Power SYBR Green PCR Master Mix (Applied

Biosystems, Foster City, CA) and standard primers (Table S2)

on an ABI 7900HT Real-Time PCR System (Applied Biosystems,

Foster City, CA). All reactions (10 ml) contained 5 ng of DNA and

were analyzed using conditions recommended by the manufac-

turer. Copy number using triplicate reactions was calculated by

the instrument software using the DDCT method, with parental

samples used as references whenever possible. Relative values for

gene expression were determined using TaqMan assays for GTF2I

(Hs00263393_m1) relative to 18S RNA (Hs01073657_m1) as

recommended by the manufacturer (Applied Biosystems, Foster

City, CA).

Web Resources
BLAST 2 sequences, http://www.ncbi.nlm.nih.gov/blast/

bl2seq/wblast2.cgi; Database of Genomic Variants, http://

projects.tcag.ca/variation/; dChip, http://www.dchip.org; DECI-

PHER, http://decipher.sanger.ac.uk/; UCSC BLAT, http://

genome.ucsc.edu/cgi-bin/hgBlat; UCSC Genome Browser, http://

genome.ucsc.edu/cgi-bin/hgGateway. Reference Sequence (Re-

fSeq), http://www.ncbi.nlm.nih.gov/RefSeq/index.html.

Results

Genome copy number was determined using 500K SNP

microarrays on 42 individuals. The analyzed samples fell into

three groups. The first group contained 7 probands who had

previously been identified with chromosome 7q11.23 alterations

but whose clinical phenotypes suggested either deletion lengths not

typical for WS or the possibility of additional genetic lesions. The

second group consisted of 31 individuals who had ID/DD and/or

MCA and had been previously diagnosed with WS but who did

not have the characteristic 7q11.23 deletion. The third group

consisted of 4 control individuals with normal phenotypes and

karyotypes. Tables S3 and S4 summarize the molecular and

clinical findings, respectively, of the individuals with genomic

alterations described in detail below.

Analyses of probands with chromosome 7 alterations
A major focus of our research effort has been to correlate

phenotype and genotype in individuals with WS or other

chromosome 7q11.23 alterations. Seven probands with cytoge-

netically confirmed chromosome 7 alterations were analyzed by

microarrays: five probands with 7q11 deletions and two

probands with 7q11 duplications. Two probands with WS and

one proband with a duplication showed the expected deletion or

duplication of the WS critical region, respectively, and are not

discussed further. Of the remaining 4 probands, 3 had atypical

deletions and one had a 7q11 duplication and a deletion on

chromosome 1.

Three of the probands with chromosome 7 deletions (8399,

9061, 9101) provide new insights into the nature of genome

rearrangements and highlight the power of this approach to refine

and discover new potentially pathogenic changes at the genome

level. In all three cases we were able to clone the deletion

breakpoints providing accurate information about which genes

were deleted. Figure 1 shows the alignment of chromosome 7

ideograms indicating the extent of the deletions in these three

individuals relative to the typical WS deletion. Below each

schematic of the deletion is shown the sequence of the deletion

junction.

Proband 8399 has WS and additional features including severe

ID and a seizure disorder. The array analyses and subsequent

cloning of the breakpoint showed this individual has a 10.8 Mb

deletion (Figure 1A) which begins 1.2 Mb centromeric to and ends

3.5 Mb telomeric to the typical WS deletion. In total, this deletion

removes 91 RefSeq genes (Figure S2).

Proband 9061 and four additional family members have been

described previously (pedigree K3804 in ref. 24) and have an

atypically small deletion within the WS region. They have normal

intelligence but have deficits in visuospatial construction, which is

characteristic of individuals with WS [34]. The SNP arrays refined

the deletion end points sufficiently to allow us to clone a 4.2 kb

fragment containing the deletion junction (Figure 1B). Sequence

alignments indicated the deletion was 503 kb and includes 13

RefSeq genes (Figure S2). The deletion begins in MLXIPL and

extends to and includes most of LIMK1. Haploinsufficiency of

LIMK1 is thought to be critical to the visuospatial construction

deficits seen in individuals with WS and therefore is consistent with

the phenotype in this proband.

Detecting Genomic Disorders
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Proband 9101 has multiple congenital anomalies including

supravalvar aortic stenosis and on cytogenetic analysis was found

both to have the WS region deleted and also a translocation,

t(7;11)(q21.1;p14), unrelated to the deletion and telomeric to the WS

region. FISH analyses showed that the deletion involving the WS

region extended further in the telomeric direction than does the

typical WS deletion. Array analyses and cloning of the breakpoint

indicated the deletion was approximately 4.4 Mb (Figure 1C) and

affects 71 RefSeq genes (Figure S2). From the array analyses there

was no indication that there were deletions or duplications associated

with the translocation breakpoints t(7;11)(q21.1;p14) (data not

shown). However, another large deletion of 7.38 Mb was detected

on chromosome 5 that impacted 13 RefSeq genes (Figures 2A and

S2). The reason this deletion was not detected in the original

karyotyping is unclear but likely relates to the fact that it also involves

a large inversion. We cloned the chromosome 5 breakpoint and the

most parsimonious conclusion was that the deletion was also

associated with an inversion, shown schematically in Figure 2B. PCR

analyses of the predicted junction fragments supported this

conclusion and showed the rearrangement occurred de novo in the

proband. Finally, we used metaphase FISH with three BAC clones

that based on the sequence predictions should be diagnostic of the

inversion. These analyses show that one of the two chromosomes has

the predicted inversion (Figure 2C). Analyses of the inversion

Figure 1. Breakpoint identification in individuals with deletions in the WS region and atypical phenotypes. Chromosome 7 ideograms
showing the region of interest, including the typical WS deletion (yellow boxes) relevant to rearrangements in probands 8399, 9061, and 9101. The
LCR and CNV tracks show the location of these features. The copy number track for each individual shows the copy number data from the arrays
(black dots), analyzed as described in Methods. The red box on the ideogram represents the extent of the deletion. The sequence tracks show the
sequence of the junction fragment aligned with the same region from the non-deleted chromosome. The sequence highlighted in green for
probands 9061 and 9101 is present at both breakpoints so the actual break cannot be known. The gel images to the right show the validation of the
junctions by PCR amplification of the junction fragment from genomic DNA. (A). Proband 8399 has a 10.8 Mb deletion that includes the entire WS
typical region and includes 91 genes. The parents of 8399 were lost to follow up but the junction fragment was absent from two control samples. (B)
Proband 9061 has a deletion of 503 kb affecting 13 genes, which includes only part of the WS critical region. The gel image to the right shows the
junction fragment was inherited from her mother and was absent from an unaffected relative. (C) Proband 9101 has a 4.4 Mb deletion affecting 71
genes including the entire WS critical region. Chromosome ideogram is the same as that for 9061. The gel image shows this was a de novo deletion in
the proband because the junction fragment was absent in both parents. A detailed list of affected genes in these three probands is provided in
Figure S2.
doi:10.1371/journal.pone.0012349.g001
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breakpoints showed that the CDH10 gene, located 5.6 Mb

centromeric to the deletion, also was disrupted. The affected genes

on chromosome 5 are all within the Cri du Chat syndrome region

and likely contribute to the child’s complex phenotype.

The fourth proband studied (9164) in this group was known to

have a duplication in the WS region and initially was used as a

control. However, we discovered a 1.46 Mb de novo deletion on

1q21.1 in this proband (Figure S2). This rearrangement has been

previously reported as a genomic disorder with variable pene-

trance and has been found in both affected and unaffected

individuals [35]. The clinical features in this proband are

consistent with those of other individuals who have 7q11.23

duplications [36–38], indicating the deletion at 1q21.1 in this

individual may not have any phenotypic effect.

High frequency of genome copy number alterations in
individuals with MCA and/or ID or DD

Over the past several years we have had many individuals

referred to our study who carried a diagnosis of WS but who on

subsequent clinical evaluation did not have WS. In general these

individuals had non-syndromic MCA, and/or ID and/or DD. We

used genome wide copy number analyses to screen 31 of these

probands for potential genome abnormalities. Potentially patho-

genic rearrangements were discovered in 6 probands. In these cases

the alterations were confirmed using qPCR along with cloning

breakpoints when possible. The location, size of alteration (deletion

or duplication), number of RefSeq genes affected, and any features

of interest at the breakpoints are given in Table S3. Three probands

had deletions (including one mosaic deletion) and three had

duplications that we hypothesize are responsible for their pheno-

types, confirmation of which will require identification of additional

individuals with similar alterations and phenotypes. The specific

rearrangements for each of the 6 probands are described briefly

below and in Table S3 part B. A clinical summary of each proband

is given in Table S4, part B. In addition, our analyses identified 117

other regions of copy number variation (Table S5). Many of these

have been previously reported in the general population, and none

satisfy our criteria for potential pathogenicity.

Figure 2. Determination of a complex rearrangement on chromosome 5p15.2-5p14.3 required sequencing deletion breakpoints.
(A) Ideogram of chromosome 5 showing the 5p15.2-5p14.3 deletion present in proband 9101. The copy number plot was derived from our
microarray (black dots) and qPCR (Xs) results. The green arrowhead indicates an inherited CNV at the telomeric deletion breakpoint. Black and gray
boxes depict regions of normal copy number, the red box indicates the extent of the deletion, and the gray box shows the inverted region. The
sequence tracks show junction fragments along with genomic positions and orientations of flanking sequences. Eight base pairs of 5p14.2 sequence
present at both breakpoints are highlighted in green. (B) Schematic of deletion and inversion including relative locations of PCR primers and FISH
probes on reference and affected chromosomes 5. Telomeric is to the left. The gel image on the right shows amplification of the junction fragments
present at the deletion/inversion breakpoints. The absence from both parents indicates this rearrangement occurred de novo. (C) Metaphase FISH
analyses of cells from proband 9101, using BAC probes RP11-91A5 (green), RP11-91E20 (red), and RP11-90G17 (yellow) confirming the presence of the
inverted region of chromosome 5p14.5 (white arrowhead).
doi:10.1371/journal.pone.0012349.g002
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Proband 9239 has DD, microcephaly, and dysmorphic features.

He has a 2.57 Mb deletion on chromosome 5q15. Sequencing of

the breakpoint showed that 15 RefSeq genes were deleted

(Figures 3A and S3). The centromeric breakpoint was within the

C5ORRF21 gene and the telomeric breakpoint just centromeric of

PCSK1.

Proband 9152 has DD and mildly dysmorphic features. She has

a de novo 2.13 Mb deletion at 7q11.23, with the centromeric

breakpoint in the telomeric block of CNVs that give rise to WS

(Figures 3B and S3). We were particularly interested in this

deletion because of the possibility that GTF2I, which extends into

the telomeric CNVs flanking the WS critical region, might be

disrupted without other genes in the WS critical region being

affected. GTF2I is a transcription factor, haploinsufficiency of

which has been implicated in ID, visuospatial construction deficits,

and/or personality characteristics associated with WS [24,34,38].

To evaluate whether GTF2I was disrupted we first examined its

expression levels in LBLs from the proband, the proband’s

unaffected sibling, and seven unrelated individuals with known

deletions that included GTF2I. The expression level of GTF2I in

LBLs from proband 9152 was 49% of the sibling’s and similar to

that in the seven individuals with known deletions (data not

shown), suggesting GTF2I may be disrupted in proband 9152. The

SNP arrays we used had poor resolution in the CNVs that flank

the WS region. However, the arrays localized the telomeric

deletion breakpoint to within intron 6 of ZP3 (Figure 3B). We

hypothesized that if the deletion was in the GTF2I gene then a

GTF2I-ZP3 fusion transcript might be produced, which would

allow us to precisely define the centromeric breakpoint. We used

RT-PCR with primers in exon 2 of GTF2I and exon 7 of ZP3 and

amplified a 2.1 kb cDNA fragment from proband 9152. Sequence

analysis showed it to be derived from a fusion of exons 2–9 and

11–12 of GTF2I and exon 7 of ZP3. This predicts the centromeric

deletion breakpoint is within intron 12 of GTF2I, which is

embedded in the CNVs that mediate the typical WS deletion. The

fusion of GTF2I mRNA with ZP3 is out of frame and is predicted

to produce a truncated GTF2I protein that contains an additional

12 amino acids. This fragment of GTF2I contains the domain

involved in dimer formation and could potentially act as a

dominant negative, although its reduced expression level may

decrease the likelihood of this outcome. In addition to GTF2I and

ZP3, this child is haploinsufficient for 32 other RefSeq genes

(Figures 3B and S2).

One proband (8722), who was lost to follow-up, showed a SNP

copy number of ,1.5 for a 0.81 Mb region on chromosome

2p11.2 suggesting a mosaic deletion (Figures 4A and S3). To

Figure 3. Deletion breakpoints on chromosome 5 and 7 associated with ID/MCA. Chromosome features for the region of interest are
shown versus the physical position in Mb on the February 2009 human genome assembly. Red boxes on ideograms denote regions of detail. Gene
and LCR tracks were adapted from the UCSC Genome Browser. CNV tracks show type and position as reported in the general population: red, loss;
green, gain; blue, both. The copy number chart was derived from our SNP microarray (black dots) and qPCR (Xs) results. The red box on the copy
number plots indicates the deletion. Sequence tracks from top to bottom show the junction fragment and the sequences flanking the centromeric
and telomeric breakpoints. Regions of sequence identity at the breakpoints are highlighted in green. (A) Deletion of 2.57 Mb at 5q15 in proband
9239 that involves 15 genes. The gel image shows the presence of a PCR fragment amplified from the deletion junction in the proband but not in
control samples (parental samples were not available). (B) Deletion of 2.13 Mb at 7q11.23 in proband 9152 that involves 34 genes. Genes shown in
red are typically deleted in WS. This deletion includes a single gene, GTF2I, within the WS critical region. The GTF2I-ZP3 fusion transcript resulting from
the deletion is shown below the genes track. The green arrowhead shows the location of a CNV at the telomeric breakpoint inherited on the deleted
chromosome 7. The gel image shows presence of a PCR fragment amplified from the deletion junction in genomic DNA from the proband, but not in
either parental sample, indicating the deletion occurred de novo.
doi:10.1371/journal.pone.0012349.g003
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confirm mosaicism, we used FISH analyses with two BACs as

probes, one in the putative deletion (RP11-554H10) and a second

in an adjacent non-deleted region including MYCN (Figure 4B, C).

In 79% of the cells two signals from each BAC were present

indicating the cells were not deleted (Figure 4B). In the remaining

21% of cells one chromosome lacked a signal from the BAC within

the putative deleted region (Figure 4C) confirming mosaicism. We

were not able to clone a junction fragment from this proband

because of the presence of LCRs at the deletion boundaries.

However, qPCR data confirmed the deletion was at least 1.37 Mb

and contained 14 RefSeq genes.

The last group of probands with non-syndromic MCA and ID

we describe had large duplications (Figures 5 and S4). Because of

the nature of duplications cloning the end points was not feasible.

However, the identification of these large rearrangements

demonstrates the power of arrays to identify alterations not

detected by standard cytogenetics. Proband 9148 has moderate ID

plus dysmorphic features. She has a 17.16 Mb duplication at

2(p22.1p16.1) involving at least 74 RefSeq genes. Proband 8464

also has moderate ID and a range of other anomalies (Table S4).

He has a 7.82 Mb duplication at 16(p12.2p11.2) involving 61

RefSeq genes. For these two cases we used FISH to demonstrate

that the rearrangements were tandem duplications (data not

shown). The final proband studied, 8293, has mild ID and a large

number of other clinical signs (Table S4). He has a 1.1Mb

duplication at 1(p36.11p35.3) involving at least 25 RefSeq genes.

Large rearrangements of this region have not been previously

reported, although the telomeric breakpoint is located in a CNV

present in the general population [39].

The duplications in 9148 and 8464 have one or both

breakpoints, respectively, in LCRs. The duplication in 8464

involves LCRs that are involved in mediating, or located near to,

the boundaries of a reciprocal microdeletion syndrome with

variable breakpoints [40]. Therefore, this duplication is likely to

represent a new genomic syndrome. Confirmation will require

ascertainment of additional individuals with similar duplications

and phenotypes.

The three duplications described above contain large numbers

of genes including many known to be important in development.

As a consequence, we believe that these duplications are very likely

responsible for the ID/MCA observed in the probands. However,

confirmation of pathogenicity must await identification of

additional cases with similar duplications.

Discussion

High resolution cytogenetic analyses have been used clinically

for many years and while enormously powerful; their resolution is

usually restricted to detecting deletions and duplications of several

megabases. Recently, several new technologies to examine genome

copy number have been described and now are being used

clinically. These include aCGH utilizing BAC clones and

oligonucleotide arrays with dense whole genome coverage. In this

report we describe the results from high density SNP array

analyses of 38 individuals with unusual 7q11.23 alterations or with

non-syndromic ID/DD and/or MCA. Consistent with other

studies that have used this or similar technologies we found several

individuals with large genome rearrangements that have not been

described in the general population.

The use of microarrays yielded several benefits. In many cases

the resolution of known cytogenetic abnormalities could be refined

greatly and in several cases we were able to rapidly clone and

characterize the deletion breakpoints. We found that, even in

individuals previously characterized with high-resolution karyo-

Figure 4. Identification of LCR mediated mosaic deletion using SNP arrays. (A) Chromosome features for the region of interest in proband
8772 are shown versus the physical position in Mb on the February 2009 human genome assembly. Red box on ideogram denotes region of detail.
LCRs, structural variants, the FISH probes used and the location of qPCR assays also are shown. The copy number section shows the data for the SNP
arrays (black dots) and qPCR (Xs) assays. The tick marks represent 2 copies (red) and 1.5 copies (blue). Note the paucity of SNPs in the LCRs and that
the putative deletion ends in the LCRs. (B, C) metaphase FISH using BAC probe RP11-554H10 (green) and a BAC probe (red) located within MYCN at
2p24.3, which is distal to the region of interest. (B) FISH analyses show images from a normal cell from 8872. (C) FISH analyses showing a cell with one
chromosome deleted for BAC RP11-554H10. (B1, B2, C1, C2) Detailed views of both chromosomes 2 in each cell. Note absence of hybridization to
RP11-554H10 in C2.
doi:10.1371/journal.pone.0012349.g004
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types and FISH for targeted regions, additional genome

rearrangements were present. While this study is not the first to

use this or similar technologies to characterize genome rearrange-

ments, it is unique in that we characterized the extent of the

deletions to very high resolution by cloning and sequencing several

breakpoints.

These studies lead to important findings that need to be

considered when interpreting data from arrays. The significance of

CNVs in determining clinical phenotypes is difficult to determine.

However they are often involved in the creation of genomic

rearrangements, both benign and pathologic (see ref [14] for

recent review). The consequence of these rearrangements with

respect to their clinical relevance usually relies on knowledge of

what constitutes normal verses pathogenic variation. Databases of

structural variants and abnormalities [27,29] are often used to

determine whether an observed copy number change is potentially

pathogenic. CNVs reported to be present in the general

population are typically considered unlikely to be the causative

mutation in individuals with abnormal phenotypes. However, the

validity of this approach depends on the accuracy of the data in

the databases. Many of the CNVs in public databases were

computationally identified from genomic data and the alterations

Figure 5. Duplications in probands with ID/MCA. Chromosome features for the regions of interest are shown versus physical position in Mb on
the February 2009 human genome assembly. Red boxes on ideograms denote regions of detail. LCR and structural variant tracks were adapted from
the UCSC Genome Browser. CNV and structural variation tracks show type and position of variants as reported in the general population: red, loss;
green, gain; blue, both; grey, inversion. SNP copy number charts were derived from our microarray (black dots) and qPCR (Xs) results. Heat maps
indicate p-values of observed copy number change for individual SNPs calculated using Partek Genomics Suite 6.3. Shading from blue to red
represents probability from 0.0–1.0 of normal copy number. (A) Dup(1)(p36.11p35.3) in proband 8293. (B) De novo dup(2)(p22.1-2p16.1) in proband
9148. (C) De novo LCR-mediated dup(16)(p12.2-16p11.2) in proband 8464. (D1) and (D2) show detailed views of LCR architecture at the16p12.2 and
16p11.2 breakpoints, respectively. Directly oriented copies of UCSC segmental duplication 11963 are boxed in black.
doi:10.1371/journal.pone.0012349.g005
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have not been validated using an independent method. This could

lead to CNVs being considered to be normal population variants

when in fact they cause clinically relevant phenotypes. We

identified one such CNV, variation 3686 in the Database of

Genomic Variants [27] at 7q11.23. Variation 3686 includes the

complete coding region of GTF2I and several exons of GTF2IRD1.

This CNV was reported to be present in 47 of 270 HapMap

samples analyzed using BAC aCGH, but was not detected in the

same samples when they were analyzed using 500K SNP

microarrays [41]. Given that this deletion includes GTF2I,

haploinsufficiency of which is pathogenic [24,42], we believe that

Variation 3686 is an artifact of the CGH array and/or the

computational methods used to define/merge CNVs. The case of

proband 9152 who has a CNV in this region provides a cautionary

example of conflicts that may arise when using publicly available

CNV data for interpretation of CNV data in a clinical setting.

Two of the chromosome rearrangements we identified here,

mosaic del(2)(p11.2p11.2) and dup(16)(p12.2p11.2), are associated

with LCRs. Both of these regions have been considered candidate

loci for genome rearrangements in unexplained ID based on their

segmental duplication architecture [43]. The 16p12.2-16p11.2

duplication discovered in proband 8464 is the reciprocal

duplication of a recently described deletion disorder [39] and

should be considered a putative genomic disorder pending

identification of further cases with common breakpoints. Other

duplications of 16p11-16p12 have been reported but not

examined beyond the cytogenetic level [39,40]. Identification of

additional individuals with del(2)(p11.2p11.2) will be required to

establish whether this rearrangement is in fact a recurrent finding

in cases of non-syndromic MCA/ID.

Structural polymorphisms including deletions, duplications, and

inversions are common in the general population and occur

throughout the genome [3,27,41,44–47]. It has been estimated

that ,12% of the human genome is likely to be copy number

variable in the general population [48]. Although most structural

variants do not appear to cause overt effects on phenotype, it is

possible that some may predispose to pathogenic chromosome

rearrangements. For instance, individuals carrying a common

inversion polymorphism of the WS critical region [49] or copy

number polymorphisms in the flanking LCRs [50] have increased

likelihood of offspring with WS [51]. There are structural variants

in the general population that co-localize with 11 of 21 (52%) of

the breakpoints we have defined in this study. An elegant

discussion of the importance of structural variation of the genome

and the difficulties in CNV data interpretation has recently been

published [52].

It is not unusual to discover that individuals with ID phenotypes

have more than one significant genomic rearrangement, as seen in

probands 9101 and 9164. In addition, large deletions and

duplications are frequently complex in nature. Proband 9101,

who carries a large deletion and an inversion that shared one of

the deletion breakpoints, highlights this point. The inversion

would not have been discovered had we not cloned the breakpoint,

because there was no reason to suspect this defect. Further, the

inversion inactivated an additional gene, which could be

important for interpreting genotype-phenotype relations. The

frequency of such complex rearrangements in individuals with

deletions is currently unknown. In the very near future whole

genome sequencing will become feasible from a cost perspective

and such rearrangements will be readily detected. Until that time,

care needs to be taken in interpreting CNV data, particularly using

relatively low resolution methods.

Increasing the percentage of ID/MCA cases that can be rapidly

and correctly diagnosed is a major goal for clinical genetics. We

successfully used SNP microarrays to discover novel genome

rearrangements in 6/31 (19%) of probands with non-syndromic

ID/DD or MCA. Further, the ascertainment of two cases with

unsuspected multiple chromosome rearrangements in a relatively

small cohort suggests that this phenomenon may not be rare. The

identification of additional rearrangements in some individuals on

cloning the breakpoints, which were not detected by copy number

measurements, indicates that care should be taken in genotype-

phenotype correlations in the absence of sequence data. This

concern will no doubt be eliminated as whole genome sequencing

enters the clinic, increasing our understanding of the dynamics

involved in sporadic chromosome rearrangements.

Supporting Information

Table S1 Primers used for amplification of deletion junctions

and sequences flanking breakpoints.

Found at: doi:10.1371/journal.pone.0012349.s001 (0.05 MB

PDF)

Table S2 Primer sequences for qPCR assays.

Found at: doi:10.1371/journal.pone.0012349.s002 (0.08 MB

PDF)

Table S3 Chromosome rearrangements characterized by SNP

microarray.

Found at: doi:10.1371/journal.pone.0012349.s003 (0.02 MB

PDF)

Table S4 Clinical findings in probands with genome

rearrangements.

Found at: doi:10.1371/journal.pone.0012349.s004 (0.01 MB

PDF)

Table S5 List of statistically identified CNVs.

Found at: doi:10.1371/journal.pone.0012349.s005 (0.08 MB

PDF)

Figure S1 Schematic representation of staggered primer method

for identifying deletion junctions. Gene and LCR tracks are from

the UCSC Genome Browser [26]. (A) SNP copy number results

from 250K StyI array showing 503 kb deletion in proband 9061.

Black dots on copy number track represent raw copy number,

magenta triangles show copy number inferred by median

smoothing using a 7 SNP window, and red line indicates a cutoff

of 1.5 for defining deleted SNPs. (B) Detail of relative locations of

PCR primers tested. The 4.1 kb fragment represents the junction

fragment amplified and sequenced in this proband.

Found at: doi:10.1371/journal.pone.0012349.s006 (0.16 MB TIF)

Figure S2 Schematic diagrams detailing genes deleted in

probands. The red box on each diagram represents the affected

region. The LCR-mediated, typical WS deleted region is shown in

yellow on A and B. The RefSeq and sno/miRNA genes deleted for

each proband are shown. Diagrams were adapted from UCSC

Genome Browser [26]. (A,B) Genes affected on chromosome 7

including all or part of the WS typical region for probands (A)

8399, (B) 9164, 9061, 9101 and 9152. (C) Genes impacted by the

deletion (red) and inversion (grey) on chromosome 5 of proband

9101. Note the disruption of CDH10 at the inversion junction. (D)

Deletion on chromosome 1 of proband 9164 impacting 10 RefSeq

genes.

Found at: doi:10.1371/journal.pone.0012349.s007 (0.41 MB TIF)

Figure S3 Schematic diagrams showing genes affected by

deletions in three probands with ID/MCA. Schematic diagrams

of the affected chromosomes showing the location of the

duplication on the February 2009 map. The green bars show
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the location of the duplicated region for the three probands (9239,

9152, 8771) discussed in the text.

Found at: doi:10.1371/journal.pone.0012349.s008 (0.27 MB TIF)

Figure S4 Schematic diagrams showing genes affected by

duplications in three probands with ID/MCA. Schematic

diagrams of the affected chromosomes showing the location of

the duplication on the February 2009 map. The green bars show

the location of the duplicated region for the three probands (8293,

9148, 8464) discussed in the text.

Found at: doi:10.1371/journal.pone.0012349.s009 (0.28 MB TIF)

Acknowledgments

We would like to thank the individuals and families who participated in this

study. Real-time PCR and DNA sequencing services were provided by the

University of Louisville DNA core facility. SNP arrays were processed by

the microarray core facility at the University of Louisville James Graham

Brown Cancer Center. We thank Dashzeveg Bayarsaihan for comments on

the potential functionality of the GTF2I-ZP3 fusion gene and Sabine

Waigel, Jane Williams, and Susan Eichholtz for technical assistance.

Author Contributions

Conceived and designed the experiments: CAM CBM RGG. Performed

the experiments: AMP HHH PBW KWK CMR RGG. Analyzed the data:

AMP HHH PBW KWK RCC MDG RGG. Contributed reagents/

materials/analysis tools: RCC GCG RGG. Wrote the paper: AMP CAM

CBM PBW RGG.

References

1. Lupski JR, Stankiewicz P (2005) Genomic disorders: molecular mechanisms for

rearrangements and conveyed phenotypes. PLoS Genet 1: e49.

2. Lupski JR (2006) Genome structural variation and sporadic disease traits. Nat
Genet 38: 974–976.

3. Feuk L, Carson AR, Scherer SW (2006) Structural variation in the human

genome. Nat Rev Genet 7: 85–97.

4. McDermott S, Durkin MS, Schuff N, Stein ZA (2007) Epidemiology and
etiology of mental retardation. In: Jacobson JW, Mulick JA, Rojahn J, eds.

Handbook of intellectual and developmental disabilities. New York: Springer. pp
3–40.

5. Winnepenninckx B, Rooms L, Kooy RF (2003) Mental retardation: a review of

the genetic causes. Bri J Dev Disabil 49: 29–44.

6. Rauch A, Hoyer J, Guth S, Zweier C, Kraus C, et al. (2006) Diagnostic yield of
various genetic approaches in patients with unexplained developmental delay or

mental retardation. Am J Med Genet 140A: 2063–2074.

7. Curry CJ, Stevenson RE, Aughton D, Byrne J, Carey JC, et al. (1997)
Evaluation of mental retardation: recommendations of a consensus conference.

Am J Med Genet 72: 468–477.

8. Bayes M, Magano LF, Rivera N, Flores R, Perez Jurado LA (2003) Mutational
mechanisms of Williams-Beuren syndrome deletions. Am J Hum Genet 73:

131–151.

9. Amos-Landgraf JM, Ji Y, Gottlieb W, Depinet T, Wandstrat AE, et al. (1999)
Chromosome breakage in the Prader-Willi and Angelman syndromes involves

recombination between large, transcribed repeats at proximal and distal
breakpoints. Am J Hum Genet 65: 370–386.

10. Chen KS, Manian P, Koeuth T, Potocki L, Zhao Q, et al. (1997) Homologous

recombination of a flanking repeat gene cluster is a mechanism for a common
contiguous gene deletion syndrome. Nat Genet 17: 154–163.

11. Pentao L, Wise CA, Chinault AC, Patel PI, Lupski JR (1992) Charcot-Marie-

Tooth type 1A duplication appears to arise from recombination at repeat
sequences flanking the 1.5 Mb monomer unit. Nat Genet 2: 292–300.

12. Chance PF, Abbas N, Lensch MW, Pentao L, Roa BB, et al. (1994) Two

autosomal dominant neuropathies result from reciprocal DNA duplication/
deletion of a region on chromosome 17. Hum Mol Genet 3: 223–228.

13. Lupski JR (1998) Genomic disorders: structural features of the genome can lead

to DNA rearrangements and human disease traits. Trends Genet 14: 417–422.

14. Carvalho CMB, Zhang F, Lupski JR (2010) Genomic disorders: A window into
human gene and genome evolution. Proc Natl Acad Sci U.S.A. 107: 1765–1771.

15. Bailey JA, Yavor AM, Massa HF, Trask BJ, Eichler EE (2001) Segmental

duplications: organization and impact within the current human genome project
assembly. Genome Res 11: 1005–1017.

16. Vissers LE, de Vries BB, Osoegawa K, Janssen IM, Feuth T, et al. (2003) Array-

based comparative genomic hybridization for the genomewide detection of
submicroscopic chromosomal abnormalities. Am J Hum Genet 73: 1261–1270.

17. Shaw-Smith C, Redon R, Rickman L, Rio M, Willatt L, et al. (2004) Microarray

based comparative genomic hybridization (array-CGH) detects submicroscopic
chromosomal deletions and duplications in patients with learning disability/

mental retardation and dysmorphic features. J Med Genet 41: 241–248.

18. de Vries BBA, Pfundt R, Leisink M, Koolen DA, Vissers LE, et al. (2005)
Diagnostic genome profiling in mental retardation. Am J Hum Genet 77:

606–616.

19. Slater HR, Bailey DK, Ren H, Cao M, Bell K, et al. (2005) High-resolution
identification of chromosomal abnormalities using oligonucleotide arrays

containing 116,204 SNPs. Am J Hum Genet 77: 709–726.

20. Friedman JM, Baross A, Delaney AD, Ally A, Arbour L, et al. (2006)
Oligonucleotide microarray analysis of genomic imbalance in children with

mental retardation. Am J Hum Genet 79: 500–513.

21. Ming JE, Geiger E, James AC, Ciprero KL, Nimmakayalu M, et al. (2006)
Rapid detection of submicroscopic chromosomal rearrangements in children

with multiple congenital anomalies using high density oligonucleotide arrays.
Hum Mutat 27: 467–473.

22. Menten B, Maas N, Thienpont B, Buysse K, Vandesompele J, et al. (2006)

Emerging patterns of cryptic chromosomal imbalance in patients with idiopathic
mental retardation and multiple congenital anomalies: a new series of 140

patients and review of published reports. J Med Genet 43: 625–633.

23. Ewart AK, Morris CA, Atkinson D, Jin W, Sternes K, et al. (1993) Hemizygosity
at the elastin locus in a developmental disorder, Williams syndrome. Nat Genet

5: 11–16.

24. Morris CA, Mervis CB, Hobart HH, Gregg RG, Bertrand J, et al. (2003) GTF2I
hemizygosity implicated in mental retardation in Williams syndrome. Am J Med

Genet 123A: 45–59.

25. Li C, Wong WH (2001) Model-based analysis of oligonucleotide arrays:

Expression index computation and outlier detection. Proc Natl Acad Sci U.S.A.

98: 31–36.

26. Karolchik D, Baertsch R, Diekhans M, Furey TS, Hinrichs A, et al. (2003) The

UCSC Genome Browser Database. Nuc Acids Res 31: 51–54.

27. Lafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, et al. (2004)
Detection of large-scale variation in the human genome. Nat Genet 36:

949–951.

28. Online Mendelian Inheritance in Man, OMIMTM website. Available: http://

www.ncbi.nlm.nih.gov/omim/. Accessed 2010 July 5.

29. DECIPHER: DatabasE of Chromosomal Imbalance and Phenotype in Humans
using Ensembl Resources. Available: http://decipher.sanger.ac.uk/. Accessed

2010 July 5.

30. Padegimas LS, Reichert NA (1998) Adaptor ligation-based polymerase chain
reaction-mediated walking. Anal Biochem 260: 149–153.

31. Kent WJ (2002) BLAT - The BLAST-Like Alignment Tool. Genome Res 12:
656–664.

32. Tatusova TA, Madden TL (1999) Blast 2 sequences – a new tool for comparing

protein and nucleotide sequences. FEMS Microbiol Lett 174: 247–250.

33. Repeatmasker website (2010) Available: http://www.repeatmasker.org. Ac-

cessed 2010 July 5.

34. Edelmann L, Prosnitz A, Pardo S, Bhatt J, Cohen N, et al. (2007) An atypical
deletion of the Williams-Beuren syndrome interval implicates genes associated

with defective visuospatial processing and autism. J Med Genet 44: 136–143.

35. Christiansen J, Dyck JD, Elyas BG, Lilley M, Bamforth S, et al. (2004)

Chromosome 1q21.1 contiguous gene deletion is associated with congenital

heart disease. Circ Res 94: 1429–1435.

36. Somerville MJ, Mervis CB, Young EJ, Seo EJ, del Campo M, et al. (2005)

Severe expressive-language delay related to duplication of the Williams-Beuren

locus. N Engl J Med 353: 1694–701.

37. Osborne LR, Mervis CB (2007) Rearrangements of the Williams-Beuren

syndrome locus: molecular basis and implications for speech and language
development. Expert Rev Mol Med 9: 1–16.

38. Dai L, Bellugi U, Chen X-N, Pulst-Kornberg AM, Järvinen-Pasley A, et al.

(2009) Is it Williams syndrome? GTF2IRD1 implicated in visual-spatial
construction and GTF2I in sociability revealed by high resolution arrays.

Am J Med Genet Part A 149A: 302–314.

39. Ballif BC, Hornor SA, Jenkins E, Madan-Khetarpal S, Surti U, et al. (2007)

Discovery of a previously unrecognized microdeletion syndrome of 16p11.2-

p12.2. Nat Genet 39: 1071–1073.

40. Engelen JJM, de Die-Smulders CEM, Dirckx R, Verhoeven WMA, Tuinier S,

et al. (2002) Duplication of chromosome region (16)(p11.2Rp12.1) in a mother

and daughter with mild mental retardation. Am J Med Genet 109: 149–153.

41. Redon R, Ishikawa S, Fitch KR, Feuk L, Perry GH, et al. (2006) Global

variation in copy number in the human genome. Nature 444: 444–454.

42. Tassabehji M, Hammond P, Karmiloff-Smith A, Thompson P, Thorgeirsson SS,

et al. (2005) GTF2IRD1 in craniofacial development of humans and mice.

Science 310: 1184–1187.

43. Sharp AJ, Hansen S, Selzer RR, Cheng Z, Regan R, et al. (2006) Discovery of

previously unidentified genomic disorders from the duplication architecture of

the human genome. Nat Genet 38: 1038–1042.

Detecting Genomic Disorders

PLoS ONE | www.plosone.org 10 August 2010 | Volume 5 | Issue 8 | e12349



44. Sebat J, Lakshmi B, Troge J, Alexander J, Young J, et al. (2004) Large-scale copy

number polymorphism in the human genome. Science 303: 525–528.
45. Tuzun E, Sharp AJ, Bailey JA, Kaul R, Morrison VA, et al. (2005) Fine-scale

structural variation of the human genome. Nat Genet 37: 727–732.

46. Fredman D, White SJ, Potter S, Eichler EE, Dunnen JTD, et al. (2004) Complex
SNP-related sequence variation in segmental genome duplications. Nat Genet

36: 861–866.
47. Sharp AJ, Locke DP, McGrath SD, Cheng Z, Bailey JA, et al. (2005) Segmental

duplications and copy-number variation in the human genome. Am J Hum

Genet 77: 78–88.
48. Slavotinek AM (2008) Novel microdeletion syndromes detected by chromosome

microarrays. Hum Genet 124: 1–17.

49. Osborne LR, Li M, Pober B, Chitayat C, Bodurtha J, et al. (2001) A 1.5 million-

base pair inversion polymorphism in families with Williams-Beuren syndrome.
Nat Genet 29: 321–325.

50. Cusco I, Corominas R, Bayes M, Flores R, Rivera N, et al. (2008) Copy number

variation at the 7q11.23 segmental duplications is a susceptibility factor for the
Williams-Beuren syndrome deletion. Genome Res 18: 683–694.

51. Hobart HH, Morris CA, Mervis CB, Pani AM, Kistler DJ, et al. (2010) Inversion
of the Williams syndrome region is a common polymorphism found more

frequently in parents of children with Williams syndrome. Am J Med

Genet C Semin Med Genet 154C: 200–228.
52. Sharp, AJ (2009) Emerging themes and new challenges in defining structural

variation in human disease. Hum Mutat 30: 135–144.

Detecting Genomic Disorders

PLoS ONE | www.plosone.org 11 August 2010 | Volume 5 | Issue 8 | e12349


