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Letter

Copy number variation at the 7qll.23 segmental
duplications is a susceptibility factor
for the Williams-Beuren syndrome deletion
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Large copy number variants (CNVs) have been recently found as structural polymorphisms of the human genome of
still unknown biological significance. CNVs are significantly enriched in regions with segmental duplications or
low-copy repeats (LCRs). Williams-Beuren syndrome (WBS) is a neurodevelopmental disorder caused by a heterozygous
deletion of contiguous genes at 7qll.23 mediated by nonallelic homologous recombination (NAHR) between large
flanking LCRs and facilitated by a structural variant of the region, a ~2-Mb paracentric inversion present in
20%-25% of WBS-transmitting progenitors. We now report that eight out of 180 (4.44%) WBS-transmitting
progenitors are carriers of a CNV, displaying a chromosome with large deletion of LCRs. The prevalence of this
CNV among control individuals and non-transmitting progenitors is much lower (1%, n = 600), thus indicating that
it is a predisposing factor for the WBS deletion (odds ratio 4.6-fold, P = 0.002). LCR duplications were found in
2.22% of WBS-transmitting progenitors but also in 1.16% of controls, which implies a non-statistically significant
increase in WBS-transmitting progenitors. We have characterized the organization and breakpoints of these CNVs,
encompassing ~100-300 kb of genomic DNA and containing several pseudogenes but no functional genes.
Additional structural variants of the region have also been defined, all generated by NAHR between different blocks
of segmental duplications. Our data further illustrate the highly dynamic structure of regions rich in segmental
duplications, such as the WBS locus, and indicate that large CNVs can act as susceptibility alleles for
disease-associated genomic rearrangements in the progeny.

[Supplemental material is available online at www.genome.org.]

Knowledge of the human genome sequence and availability of
genome scanning technologies such as microarray-based com-
parative genomic hybridization, paired-end clone sequencing,
computational approaches, and high-throughput single-
nucleotide polymorphism genotyping have facilitated detection
of previously unrecognized sub-microscopic structural variants
of the human genome, including inversions, insertions, and
copy number variations (CNVs) which range from 1 kb to >3 Mb.
Recent reports have demonstrated the presence of thousands of
such sub-microscopic structural variants spanning up to 18% of
the human reference DNA sequence (http://projects.tcag.ca/
variation/?source=hg18) (Iafrate et al. 2004; Sebat et al. 2004;
Sharp et al. 2005; Tuzun et al. 2005; Conrad et al. 2006; McCar-
roll et al. 2006; Redon et al. 2006). A high percentage of these
variants (25%-50%) are located in close proximity to segmental
duplications or low-copy repeat elements (LCRs), large blocks of
highly identical sequence (>95%) generated recently during pri-
mate evolution (Bailey et al. 2002; Cheung et al. 2003; Zhang et
al. 2005). Regions enriched in LCRs are known to show higher
genomic instability mediated by nonallelic homologous recom-
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bination (NAHR) between the repetitive LCR elements (Inoue
and Lupski 2002), which may also explain their association with
large structural variation. In fact, locus-specific mutation rates for
genomic rearrangements in several regions appear to be up to
four orders of magnitude greater than nucleotide-specific rates
for base substitutions (Lupski 2007).

Structural variants, jointly with single-nucleotide and other
small sequence changes, are thought to be the major contributors
to genetic variation among individuals (Feuk et al. 2006). Al-
though structural variants in some genomic regions have no ob-
vious phenotypic consequence, others may have a significant
influence either alone or in combination with other genetic or
environmental factors. Contribution of CNVs to phenotypic
variation and/or disease is thought to occur mainly through al-
tering gene dosage, disrupting genes, perturbing gene expression
regulation even at long distances, or unmasking recessive muta-
tions on the other allele (Gonzalez et al. 2005). In addition, nor-
mal structural genetic variation could increase the risk of second-
ary rearrangements associated with disease, either somatic, caus-
ing a sporadic disease in the individual, or in the germline,
predisposing to disease in the offspring (Eichler et al. 2007;
Lupski 2007).

The Williams-Beuren syndrome (WBS) locus is a model re-
gion of high genome plasticity. WBS is a rare genetic neurode-
velopmental disorder [OMIM 194,050] caused by a heterozygous
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deletion of multiple contiguous genes at chromosome band
7q11.23 (Pérez Jurado et al. 1996; Morris and Mervis 2000). Al-
though it can be transmitted in an autosomal-dominant fashion,
the majority of the cases occur sporadically with an estimated
prevalence of the disease as high as 1/7500 newborns (Stromme
et al. 2002). Two-thirds of the deletions arise from crossover
events between both chromosome 7 homologs during meiosis,
while intrachromosomal rearrangements occur in one-third of
cases (Urban et al. 1996; Baumer et al. 1998; Bayés et al. 2003).
The genomic architecture of the 7q11.23 region is complex with
a single-copy interval flanked by three blocks (A, B, and C) of
highly homologous (~99.5%) LCRs with a modular structure
shaped during genome evolution (Fig. 1) (Peoples et al. 2000;
Valero et al. 2000; Antonell et al. 2005). NAHR between mis-
aligned LCRs is the mechanism that mediates the recurrent WBS
deletions (Bayés et al. 2003) which are almost identical size in
most cases. Fine mapping of deletion ends has revealed that most
WBS individuals (89%) present a common deleted interval of
1.55 Mb containing 26-28 genes between the centromeric and
medial LCR blocks B, while ~8% of cases present a larger recur-
rent deletion of 1.83 Mb between centromeric and medial blocks
A (Del Campo et al. 2006), and only ~2%-3% carry atypical de-
letions (Korenberg et al. 2000; Pérez Jurado 2003; Howald et al.
2006).

A structural variant consisting on a paracentric ~2-Mb in-
version of the WBS locus has been found with increased fre-
quency in the progenitors transmitting the WBS chromosome
(20%-25%) compared to the general population (4%-5%) (Os-
borne et al. 2001; Bayés et al. 2003). Heterozygosity for this poly-
morphic chromosomal microinversion in 7q11.23 is thought to
lead to abnormal meiotic pairing and therefore an increased sus-
ceptibility to unequal recombination causing the WBS deletion.
Similar paracentric microinversions have been found as putative
susceptibility variants for other recurrent genomic rearrange-
ments, such as the deletions causing Angelman syndrome, Sotos
syndrome, and the 17921 microdeletion syndrome (Gimelli et al.
2003; Koolen et al. 2006; Sharp et al. 2006; Shaw-Smith et al.
20006).

In this report we describe novel genomic rearrangements at
7q11.23 that are present as low-frequency polymorphic variants
in the general population and behave as susceptibility factors for

the WBS deletion. During our investigations, eight out of 180
(4.44%) progenitors transmitting the WBS chromosome were
found to carry large deletions of LCRs at 7q11.23, while four
(2.22%) carried a duplication of LCRs. The prevalence of these
polymorphic CNVs among control individuals was estimated to
be 1% and 1.16% (deletion and duplication, respectively). No
phenotype other than the increased risk for secondary germline
rearrangements was identified in the CNV carriers. We have char-
acterized those alleles and propose specific models for aberrant
chromosome pairing and recombination leading to the polymor-
phic CNVs and high plasticity of this chromosomal region.

Results

Identification of CNVs of the 7qll.23 LCRs in some WBS
parents

Genotyping of short tandem repeat markers (STRs) located at the
LCRs in WBS families had long ago suggested that some progeni-
tors were carriers of an abnormal number of copies of these LCR
blocks (Pérez Jurado et al. 1996). In order to better identify and
fully characterize such putative aberrant alleles, we analyzed all
WABS available families (n = 180 trios) with multiple assays sur-
rounding the WBS locus (Fig. 1). All 180 WBS patients had fully
characterized de novo 7q11.23 deletions 1.55 Mb (160, 89%),
1.83 Mb (14, 8.3%), or atypical (5, 2.7%) in size. The parental
origin of the deleted chromosome was determined in all cases by
the lack of parental inheritance at polymorphic loci within the
critical region (53% maternal, 47% paternal). The parents for
which a meiotic NAHR event occurred in their germ cell, result-
ing in a deleted chromosome present in the WBS offspring, are
hereafter defined as transmitting progenitors.

We first analyzed a site-specific paralogous sequence variant
(PSV) located in LCR blocks B that detects a GT deletion A in the
two NCF1 pseudogenes at blocks Bc and Bt with respect to the
NCF1 gene at block Bm (Fig. 2). Quantification of this indel PSV
had previously been used with high efficiency to map deletion
breakpoints in WBS patients, since the ratio of peak heights
(pseudogene-to-gene [Psd/Gene] ratio) indicates the relative
number of NCF1 pseudogenes and genes within an individual’s
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Figure 1. Schematic representation of the genomic structure of the WBS locus at 7q11.23. There are three large segmental duplications or LCRs—

centromeric (c), medial (m), and telomeric (t)—each of which is composed of three distinct blocks—A, B and C—represented by colored arrows that
indicate their relative orientation with respect to each other. The most common WBS 1.55-Mb deletion arising from NAHR between blocks B is indicated.
Note that block Cm is much shorter than blocks Cc and Ct, missing the darker green region that harbors BCSTR1. The locations of the relevant multiple-
and single-copy markers used in this study are indicated on top of the scheme, while the MLPA probes and the BACs used as FISH probes are shown

at the bottom.
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Figure 2.

Representative genotypes at the indel-type PSV of exon 2 of NCF1 in individuals with different pseudogene/gene copy numbers. (A) Each

panel includes a genotype with two peaks corresponding to the PCR amplicons of the NCF1 pseudogene (Psd, AGT) and gene (GT) copies from several
individuals. The predicted number of NCF1 pseudogene and gene copies is shown with asterisks on top of each peak. Note that some variability of the
relative ratios without affecting the total number of copies (upper panel) is observed among individuals in the normal population likely generated by
gene conversion between the gene and pseudogenes. The lower panel shows the genotypes of individuals with either deletion-type or duplication-type
CNVs affecting block B of the WBS LCRs. (B) The actual Psd/Gene peak ratio values (mean and range) obtained for each predicted genotype.

genome (Del Campo et al. 2006). Most individuals displayed ra-
tios of 4:2, compatible with four pseudogene and two gene copies
(one gene and two pseudogenes per allele). However, some varia-
tions not affecting the total number of block copies, generated by
gene conversion have been described (Del Campo et al. 2006).
We detected a total of 16 parents of WBS patients with abnormal
Psd/Gene ratios: 12 WBS transmitters and four non-transmitters
(Table 1). Eight transmitting parents (4.44%) and two non-
transmitters (1.11%) displayed values in the same range as some
WABS patients, either 3:2 or 2:3, indicating a deletion of one NCF1
pseudogene-type copy. Four transmitting parents (2.22%) and
two non-transmitters (1.11%) displayed values compatible with
the gain of an additional NCFI copy, either pseudogene-type
(5:2) or gene-type (4:3). Representative results of the genotypes at
this PSV are shown in Figure 2. No overlapping values were ob-
tained for any of the predicted genotypes.

In order to determine the population frequencies of these
CNVs affecting block B, we analyzed the NCF1 PSV in additional
420 population individuals. We found four individuals with dos-
age values indicative of deletion (five loci instead of six) and five
with dosage values indicative of amplification (seven loci). In-
cluding non-transmitting WBS parents in the normal control
group, the population frequencies for the deletion and duplica-
tion CNVs were 1% (6/600) and 1.16% (7/600), respectively
(Table 1). Statistical analysis using x*> and Fisher’s exact tests

showed that the prevalence of the deletion-type CNV was signifi-
cantly increased among WBS-transmitting parents (P =0.0023/
P =0.0054), while a slight increase in the prevalence of the
duplication-type CNV was not significant (P =0.3/P =0.27)
(Table 1).

We analyzed two additional block B loci to verify the pre-
vious findings and define whether the entire block B was in-
cluded in the CNV in those samples. Genotyping of the 180 WBS
trios and additional 420 controls at the multiple-copy microsat-
ellites BBSTR1 (Fig. 3A) and BBSTR2 ratified the presence of either
five or seven alleles in the same samples defined by the NCFI1-PSV
(Table 2; Supplemental Table 1). The remaining parental and
control samples displayed the expected normal number of six
block B alleles, while WBS patients, as expected, displayed either
five (1.55-Mb deletion) or four alleles (1.83-Mb deletion). Therefore,
at least the fragment between BBSTR1 and BBSTR2 (~70 kb), if not
the entire block B (100-140 kb), is included in all CNVs found.

Characterization of different types of CNVs

To further define the extension of the CNVs, we analyzed addi-
tional loci located within the LCRs (blocks A and C) as well as in
the surrounding single copy regions by using microsatellites,
PSVs and multiple ligation probe amplification (MLPA) (Fig. 1).
The multiple-copy microsatellite BASTR1 (D7S489) recog-
nizes four loci: one within the WBS commonly deleted region
(allele range, 166-180 bp), one in block Am

Table 1. Frequency of the CNV in WBS-transmitting parents and control individuals (allele range, 136-144 bp), and two in
Deleti Amplificati Total blocks Ac and At (allele range, 144-160 bp)

eletion mplification ota (Pérez Jurado et al. 1996; Robinson et al.

WBS-transmitting progenitors 8 (4.44%) 4 (2.22%) 180 1996). In 13/14 individuals with the block B
Control samples deletion CNV (Table 2), only three alleles in
Non-transmitting progenitors 2(1.11%) 2(1.11%) 180 the 144- to 160-bp range were detected, in-
?n;)rlwymotus |b|°°d donors g E?i’??%) ; 8 }sz’g 2(2)8 dicating that they also missed one copy of
otal contro® > o this part of either block Ac or block At. In
Statistical test, WBS-trans. Fisher’s 8/11 individuals with gain of one block B, a
prog. vs. control samples Pearson’s x? exact test Odds ratio gain of one block A allele in the 144- to
Presence of CNV P=0.0026** P =0.0047** 3.2(1.3-7.8) 1§(§)—bl}) }'agge w(ais allso cf)bslfrved. Ali léldl_
CNV deletion P = 0.0023** P = 0.0054** 4.6 (1.3-16.4) Viduals independently of the type of CNV
CNV amplification P=03 P=0.27 2.0 (0.4-7.9) presented the normal two alleles in the size

**P < 0.01.

range of WBS commonly deleted region
(Fig. 3A). In addition, all single-copy loci
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Figure 3. Characterization of the 7q11.23 CNVs by quantitative PCR-based methods and FISH. (A) Representative genotypes at the multiple-copy PSV
(indel at exon 11 of POM121, block C) and microsatellites BASTR1 (block A) and BBSTR1 (block B) in individuals with different CNVs. Individual 1 is a
normal control, carrying six alleles per LCR block and two alleles at the WBS region. BASTR1 shows eight alleles because it recognizes four loci, one
deleted in WBS patients (D75489B), and three located in blocks A. BBSTR1 recognizes three loci, one from each block B. Individual 2 is a WBS patient
with the most common 1.55-Mb deletion that leads to the loss of one block B and the entire single-copy region in between. Individuals 3 and 4 carry
deletion-type CNVs resulting in deletion of the centromeric-type blocks C, A, and B (3, WBS-CNV1Del) or of only the telomeric-type blocks A and B (4,
WBS-CNV2Del). Individuals 5 and 6 carry duplication-type CNVs including all three blocks sequences (5, WBS-CNV1Dup) or just block B (6, WBS-
CNV3Dup). Asterisks over each peak indicate the number of alleles, as predicted by dosage analysis (US, unique sequence). The predicted number of
alleles is indicated by asterisks on top of each peak. (B) Dual-color interphase FISH in nuclei from the same individuals 1-5 with BACs RP11-204E14
(BZ724405) (block B), and RP11-622P13 (AC073846) (WBS region), giving red and green signals, respectively. Individual 1 shows the normal pattern
in both chromosomes. Individual 2 shows a deletion of the green probe and a red signal in one chromosome due to a deletion mediated by inter-block
B recombination. In individual 3, a red spot in one chromosome is missing due to deletion of block Bc, while in individual 4 the missing signal
corresponds to a block B located at telomeric side. Individual 5 shows an extra signal in one chromosome corresponding to an additional block B present
at the centromeric side. (C) Schematic representation of the hypothetical structure of the region as shown by FISH signals.

analyzed (STR and MLPA probes) surrounding the LCRs, either
proximal, within, or distal to the WBS-critical region, also
showed normal biallelic or diploid dosage in all cases (Supple-
mental Table 1).

We then performed a MegaBLAST alignment of the entire
length of all three block C paralog sequences (~110 kb for Cc and
Ct, 44 kb for Cm) and defined microsatellites and site-specific
PSVs that could be genotyped either directly or following restric-
tion enzyme digestion. The microsatellite BCSTR1 recognizes two
loci located at the beginning of blocks Cc and Ct but absent in

block Cm (Fig. 1). All individuals analyzed revealed a normal
pattern with four alleles at BCSTR1 (Table 2), implicating that
this portion of the blocks C was not included in the CNVs found.
An indel-type PSV located on exon 11 of the POM121 genes dis-
tinguishes a 3-bp deletion (block Cc) and a 6-bp insertion (block
Ct) with respect to block Cm, then allowing the relative quanti-
fication of copy number at each of the Cc, Cm, and Ct loci in a
single assay (Fig. 3A). The Cc/Cm/Ct ratios obtained in most
control individuals corresponded to the estimated 2:2:2 copies;
however, some variations not affecting the total number of block
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copies have been detected. All tested WBS patients with 1.55 or
1.83 deletions displayed a relative reduction of the middle peak
compatible with the expected 2:1:2 ratio due to deletion of Cm
block sequences. Nine of the 14 individuals with deletion-type
CNV showed ratios compatible with the loss of a C block: either
Cc, with a 1:2:2 ratio, or Cm, with a 2:1:2 ratio. However, five
individuals with a deletion of block B sequences showed a nor-
mal 2:2:2 ratio, indicating that this locus of block C was not
affected by their CNV. In a similar manner, 7/11 individuals with
duplication-type CNV at block B displayed ratios compatible
with a gain of block C sequences, either Cc or Cm type, while
four out of the 11 individuals showed normal 2:2:2 ratios, indi-
cating a normal number of blocks C. Figure 3A shows represen-
tative genotypes at three loci, one per LCR block, of individuals
with the different variants found, while Table 2 contains the
relevant genotypic data set in all cases (full data set can be seen
in the Supplementary Table 1).

To confirm the number of LCRs and define the chromosom-
al organization of these CNVs, we performed dual-color inter-
phase FISH analysis in the available samples. We combined a
single-copy probe from the WBS region (RP11-622E21, in green)
with a probe for the block B LCR copies (RP11-204E11, in red)
(Fig. 3B,C). Control samples displayed the expected disposition
of signals per chromosome, with one LCR block on the centro-
meric side (Bc), then the single-copy probe, and two additional
LCR blocks (Bm and Bt). WBS individuals with a 1.55-Mb dele-
tion showed one normal chromosome and the other with only
two red signals corresponding to blocks Bt and the recombinant
Bc-Bm. In the WBS-transmitting father SW12.11, we found the
normal disposition of signals in one chromosome while the sig-
nal corresponding to block Bc was missing on the other chromo-
some, confirming the LCR deletion at the centromeric side (Fig.
3B,C, sample 3). In sample SW52.12, the signal corresponding to
block Bt was missing on one chromosome, indicating a deletion
on the telomeric side. Out of the duplication-type CNVs, only
sample SW204.12 was available for molecular cytogenetic analy-
sis. We observed four block B signals on the variant chromosome,
two at either side of the green signal, confirming a duplication of
LCR blocks on the centromeric side.

Chromosomal organization and predicted mutational
mechanism of the variant regions

Therefore, at least three types of rearrangements were defined by
quantitative analysis of the different LCR block loci and FISH
(Table 2): (1) a deletion of ~300 kb including all three blocks
(WBS-CNV1Del, nine cases) and the reciprocal duplication (WBS-
CNV1Dup, seven cases) affecting centromeric-type sequences; (2)
a deletion of ~250 kb (WBS-CNV2Del, four cases) and the recip-
rocal duplication (WBS-CNV2Dup, one case) including just
blocks A and B, most likely at the telomeric side; and (3) a dele-
tion (WBS-CNV3Del, one case) or duplication (WBS-CNV3Dup,
three cases) of only block B sequences, at least from BBSTR1 to
BBSTR2 (~70 kb).

Based on the known genomic structure of the region, we
predicted that the deletion and duplication CNV affecting the
three LCR blocks (WBS-CNV1Del and WBS-CNV1Dup) should
have arisen as reciprocal products of NAHR between misaligned
blocks Cc and Cm (Fig. 4). For the other variants identified, pre-
dictions were less obvious, although PSV data suggested that the
rearrangements most likely included telomeric LCRs. Given the
opposite orientation of the medial and telomeric blocks of LCRs,

small paracentric inversions in between those LCRs are likely to
occur. This architecture might facilitate the generation of dele-
tions and duplications of only two blocks (A and B) by NAHR
between the blocks now situated in tandem (Fig. 5), consistent
with the WBS-CNV2Del and WBS-CNV2Dup. WBS-CNV3 could
have been generated by rearrangements between smaller LCR
modules flanking the telomeric block B.

Junction fragment mapping of WBS-CNV1

We decided to further characterize the most common and appar-
ently reciprocal WBS-CNV1Del/Dup, by mapping the Cc-Cm
junction fragments in the CNV-bearing recombinant chromo-
some (Fig. 4). We genotyped five of the identified site-specific
PSVs distributed along the block C sequence, quantified the rela-
tive number of Cc- and Cm-type sequences, and then inferred
the copy type at the recombinant chromosome.

In addition to the indel-type PSV located at exon 11 of the
POM121 genes, we analyzed PSVs at exons 6 and 16 of POM121,
exon 4 of NSUN5/NSUNSC/NSUNSB, and exon 2 of TRIMS50/
TRIM74/TRIM?73, along with a site-specific nucleotide at the bor-
der between blocks C and A. The location and the copy-specific
nucleotides at the five PSVs are shown in Figure 4, and the de-
tection method and numerical results are summarized in Supple-
mental Tables 1 and 2. All recombination breakpoints leading to
the deletion and duplication CNVs were predicted to occur
within the first half of the misaligned Cc-Cm blocks with no
unique hotspot, although most deletion-type CNVs had occurred
in the ~5-kb interval between POMex11 and POMex16 (Fig. 4). In
terms of gene copy number, individuals with the WBS-CNV1
displayed a deletion or duplication of the centromeric NSUN5C
and TRIM74 genes, the medial copy related with POM121 that is
not expressed due to the lack of the first five exons, along with
the pseudogenes located in the centromeric blocks B (GTF2IP1,
NCF1P1, and GTF2IRD2P1) and A (STAG3L1 and PMS2L). There-
fore, none of the ancestral functional copies of the genes present
in the WBS LCRs was found to be affected by the CNVs in these
individuals.

Haplotype analysis

In order to investigate whether the deletions mediated by paren-
tal CNVs occurred through either intra- or interchromosomal
events and whether the polymorphic CNVs had originated in a
common ancestor or through recurrent genomic mutations, we
determined the CNV-associated haplotypes by genotyping eight
microsatellites distributed along the 7q11.23 region located ei-
ther centromeric (D7S672/D7S653), within (BBSTR1c/m,
D75489B, CR16T, ELN, D751870), or telomeric (D752518/
D782490) to the common WBS deletion (Fig. 6). Genotype analy-
sis in all the studied samples showed that there was not a single
haplotype shared by the chromosomes identified with each of
the structural variants, consistent with the finding of different
breakpoints and suggesting that most regional CNVs occurred
through independent mutational events in multiple founders.
Haplotype analysis of the unaffected siblings in three families
also enabled us to establish the phase of the alleles on the paren-
tal chromosomes, showing that all three WBS deletions were the
result of interchromosomal NAHR events.

Lack of phenotypic consequences of the CNVs

Family history and medical records were available from all the
WBS parents with the CNVs, and five of them underwent a for-
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Schematic representation of the WBS-CNV1 deletion and duplication variants and characterization of breakpoints. (A) Scheme of the

7q11.23 genomic region with a more-detailed structure of the entire block C and its gene content represented by arrows that define the transcriptional
direction (POM121, NSUN5, TRIM50, and FKBP6). The location and sequence differences of the specific PSVs analyzed in this study are shown below.
A complete alignment of blocks Cc and Cm is shown in Supplemental Figure 1. (B) Mapping the region of exchange in block C in the individuals with
the ~300-kb deletion or duplication WBS-CNV1. Each row represents the inferred recombinant block Cc-Cm in the indicated individual, with predicted
genotypes at each locus depicted by circles: (open circles) Cc-type; (solid circles) Cm-type. A question mark in the circle indicates that the genotype
at that specific locus could not be predicted due to polymorphism/gene conversion. The resulting chromosomes with deletion or duplication CNVs are

shown.

mal medical evaluation including a more detailed medical his-
tory and physical exam. No significant medical disorder or family
history of disease susceptibility was prevalent among the CNV
carriers. Medical records were not available from the other popu-
lation individuals carrying CNVs.

Deletion-type CNVs at 7qll.23 predispose to unequal
crossing-over, leading to WBS deletion

The significantly higher frequency of deletion-type CNVs at
7q11.23 among WBS-transmitter parents supports the hypoth-
esis that heterozygosity for such alleles is a susceptibility factor
for the WBS deletion (4.6-fold increased risk; range, 1.3-16.4) by
facilitating the misalignment and unequal recombination in
meiotic prophase. All but one of the WBS children of CNV car-
riers had deletions of 1.55 Mb in size, mediated by NAHR be-
tween blocks Bc and Bm. The only exception was patient SW530,
whose deletion was 1.83 Mb in size mediated by NAHR between
blocks A.

We also tested the possibility that the regional CNVs could
be related with the previously described paracentric inversion. In
order to determine whether an inversion had mediated the WBS

deletions in these cases, we obtained data from three site-specific
PSVs within block B in the WBS patients born to CNV carriers
(SSNs 8, 10, and 11 reported in Bayés et al. 2003). At these posi-
tions there should always be a gain of a Bt-type sequence and loss
of a Bc-type sequence if the rearranged WBS chromosome was
originated by interchromosomal unequal exchange in an inver-
sion carrier, as we previously predicted (Bayés et al. 2003). We
identified a single case, SW52.01, with a deletion that had oc-
curred through this mechanism. Heterozygosity for the inversion
polymorphism was documented by three-color FISH in inter-
phase nuclei in the transmitting parent, also carrying the CNV
(SW52.12), and was discarded in the remaining 5/5 WBS-
transmitting parents available for molecular cytogenetic testing
(data not shown). Therefore, the single association found is likely
due to chance, and the large CNVs described here appear not to
be related with the paracentric inversions.

Based on the observed breakpoints and documented inter-
chromosomal exchange, we propose a model for the chromo-
somal pairing between normal and polymorphic chromosomes
in carriers of deletion-type CNVs at 7q11.23 that leads to a WBS
deletion in the offspring (Fig. 7). Interchromosomal misalign-
ment and unequal crossing-over between blocks Bc and Bm due
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Predicted schematic representation of the WBS-CNV2 deletion and duplication variants and mechanisms of generation. Based on the known

architecture of the WBS locus, inversions between the medial and telomeric blocks of LCRs are likely to occur. In fact, such inversions are already present
in the regional maps obtained by different assemblies of the human genome (Hillier et al. 2003; Scherer et al. 2003). Chromosomes with such inversion
types would present two blocks of the medial and telomeric LCRs, A or B, depending on the inversion breakpoint, arranged in tandem with the other
block between. This structure might facilitate the generation of deletions and duplication of only two blocks (excluding block C) by NAHR between the

blocks in tandem, consistent with the WBS-CNV2 variants found.

to the absence of Bc in the WBS-CNV1Del chromosome would
lead to an allele missing the WBS-critical region (1.55 Mb) or the
reciprocal duplication.

Discussion

Several submicroscopic paracentric inversions have been associ-
ated with increased risk of disease-associated rearrangements in
the progeny. A common paracentric in-
version in 8p23 present in 26% of indi-
viduals of European descent increases
susceptibility to the formation of unbal-

D7s653/07s672  [132]152

a recombination event takes place in the loop. However, if the
region contains segmental duplications, misalignment and
NAHR between those segmental duplications within the loop or
in the flanking regions may cause either deletion or duplication
of the intervening genomic interval, causing a genomic disorder
(Bayés et al. 2003).

We have identified and characterized a variety of structural
copy number polymorphisms in the 7q11.23 region that may

anced chromosome rearrangements BBSTRIcen

such as invdup(8p) or +der(8p) (Giglio et D754898B

al. 2001). Other relatively common gmw
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Shaw-Smith et al. 2006). Heterozygosity g?&gﬁgmd

for paracentric inversions is known to
lead to the formation of a loop for the
correct sequence alignment during pair-
ing of homologous chromosomes, re-
sulting in either acentric or dicentric,
usually nonviable, chromosomes when

Figure 6. Haplotype analysis in three WBS families with parental CNVs We have performed the
haplotype using polymorphic markers located centromeric (D75672/653), within (BBSTR1c, D75S4898,
CR16T, ELN, D751870, BBSTR1m), and telomeric (D752158) to the WBS locus. Parental haplotypes
were inferred from the siblings’ genotypes, assuming no recombination. The presence of recombina-
tion between centromeric and telomeric in all three WBS cases indicates that the deletions arose as a
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result of interchromosomal meiotic NAHR.
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also confer increased susceptibility to the formation of germline
deletions causing WBS. We found that 4.44% WBS-transmitting
progenitors that are carriers of an allele with only two LCRs at
7q11.23. Similar genomic variants were found in six out of 600
(1%) control individuals including non-transmitter parents. The
significantly increased prevalence of this CNV among WBS-
transmitting parents (P = 0.002) suggests that heterozygosity for
this allele is a susceptibility factor for the WBS deletion (4.6-fold
increased risk) by facilitating the misalignment and unequal re-
combination in meiotic prophase and thus the generation of the
WABS deletion. On the other hand, we have found 2.22% WBS-
transmitter parents as carriers of duplication-type CNVs in the
region have a slight but not significant (P = 0.3) increased preva-
lence with respect to that of the general population (1.16%).
Most likely, heterozygosity for the duplication-type CNV could
also facilitate misalignment in the region, but NAHR between
misaligned LCRs would not involve the single-copy WBS locus in
most cases.

We have also shown that the most common CNV alleles,
WBS-CNV1Del and WBS-CNV1Dup, originated as predicted by
unequal crossing-over within the ~39-kb region of homology be-
tween blocks Cc and Cm, which are in the same orientation at
the centromeric side of the WBS locus. Interphase FISH docu-
mented the deletion or duplication of LCRs at the centromeric
side, and we were able to infer the haplotype of the recombinant
Cc-Cm block from the genotype at several site-specific PSVs. In-
terestingly, all WBS-CNV1Del junction fragments were located
centromeric to the POMex16 PSV (16 kb of Cc-Cm alignment),
while WBS-CNV1Dup junction fragments were more variable but
all had occurred centromeric to the NSUNSex4 PSV. This cluster-
ing of WBS-CNV1 junction fragments in the first part of the
block Cc-Cm alignment could be due to the higher sequence
identity of the first 17 kb compared with the last 22 kb (98.8% vs.
95.2%, Supplemental Figure 1), since NAHR preferentially occurs
in regions of very high sequence identity (Stankiewicz and Lupski
2002). Alternatively, the observed clustering could be an ascer-
tainment bias caused by the fact that we have screened pheno-
typically normal individuals. Rearrangements with more distal

proteins (Cc and Ct) while the Cm copy
is not expressed due to the lack of the
promoter region and first five exons. The
other two LCR blocks completely de-
leted or duplicated in the WBS-CNV1
polymorphisms, Ac and Bc, contain only
pseudogenes (either not expressed or
not translated) and multiple-copy transcriptional units of un-
known functional relevance. Therefore, deletion or duplication
WBS-CNV1 in all cases does not appear to affect functional
genes, in agreement with the observed lack of phenotype in CNV
carriers.

Given the opposite orientation of the medial and telomeric
blocks A and B, small paracentric inversions mediated by those
blocks are likely to occur. In fact, such inversion was already
reported in one of the reference human genome assemblies of
human chromosome 7 as well as chimpanzee (Hillier et al. 2003;
Scherer et al. 2003; Antonell et al. 2005). The chromosomes with
that type of inversions would present two blocks of LCRs, A or B,
depending on the inversion breakpoint, arranged in tandem with
the other block in between. This structure might facilitate the
generation of deletions and duplication of only two blocks (A
and B) mediated by NAHR between the blocks in tandem, con-
sistent with the WBS-CNV2 polymorphisms (Fig. 5). Since blocks
Bm and Bt contain apparently functional copies of the GTF2IRD2
gene, individuals with WBS-CNV2 or WBS-CNV3 present with
either a deletion or duplication of one of those copies along with
other pseudogenes and transcriptional units, but no significant
phenotypic consequences were evident in the CNV carriers.

Analysis of the deposited sequences in genome databases
from several individuals along with recent experimental data in-
dicates that the degree of structural polymorphism of this region
is likely more frequent than reported here. The modular structure
of some of the segmental duplications with internal repeats pre-
disposes the region to further variability, especially at blocks A
and the distal portions of blocks Cc and Ct. In fact, comparative
analysis of BACs from different genomic libraries unambiguously
assigned to specific loci revealed a 28-kb CNV (1-3 repeats) con-
taining PMS2L sequences within block A. Blocks A and C are
composed of smaller modules of segmental duplications that are
also located in other genomic regions mainly of chromosome 7,
with up to 20 copies for some portions of block A in the reference
genome. Copy number variation at some of those repetitive loci
has been obtained by comparative genomic hybridization experi-
ments with BAC microarrays, affecting multiple HapMap indi-
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viduals (Redon et al. 2006; Wong et al. 2007). However, given the
multiple copy nature of those LCRs, the specific location, size,
and copy number of these CNVs cannot be easily determined by
high-throughput experimental procedures. On the contrary, our
data indicates that, although variability mediated by smaller
modules of the LCRs can be frequent, the large CNVs in 7q11.23
are not common (~1%) and the CNV boundaries defined in the
human genome variation database are not accurate.

WABS is mostly a sporadic condition with a few cases of docu-
mented vertical transmission and only two families reported
with affected siblings from normal parents (Kara-Mostefa et al.
1999; Scherer et al. 2005). Out of those families, a set of WBS
siblings was likely due to maternal gonadal mosaicism for a pre-
meiotic deletion event, while the other set was indeed caused by
recurrent meiotic deletion events in an inversion-carrier father.
Given the rare finding of WBS recurrence in families, the recur-
rence risk in the sibship of a proband with WBS appears to be
very low. Assuming the reported 1:7500 prevalence of WBS in
newborns, the 4.6-fold increased risk for progenitors with “pre-
disposing” alleles would imply an estimated global risk of 1:1500,
similar to that of paracentric inversion carriers. In theory, a simi-
lar risk for the 7q11.23 duplication syndrome associated with
language impairment should also be considered, given the recip-
rocal deletion/duplication nature (Somerville et al. 2005). De-
spite the numbers, the implications for genetic counseling in
population carriers in the absence of family history are uncertain.

In summary, genomic structural features of the 7q11.23 re-
gion render this genomic region unstable and prone to structural
variation mediated by misalignment and NAHR. In addition to
the WBS deletions, we observed a variety of genomic rearrange-
ments mediated by NAHR between different LCR blocks leading
to deletions and duplications of LCRs. Our data further illustrate
the highly dynamic structure of regions rich in segmental dupli-
cations such as the WBS locus and demonstrate that large CNVs
can act as susceptibility alleles for disease-associated genomic re-
arrangements in the progeny. Since thousands of submicroscopic
CNVs spanning a large proportion of the human genome have
been found, heterozygosity for large CNV could be a rather fre-
quent finding in several regions of any given diploid genome.
Although with a lower mutation rate, rearrangements mediated
by similar mechanisms may also be responsible for human so-
matic disorders.

Methods

Subjects

We studied parental samples of a total 180 WBS patients with
defined 7q11.23 deletions under institutional review board-
approved informed consent. WBS deletions had been previously
characterized, and the parental origin of the rearranged chromo-
some had been established as reported elsewhere (Bayés et al.
2003; Del Campo et al. 2006). Non-transmitting WBS progenitors
(n =180) and Spanish anonymous blood donors (n = 420) were
used as controls. Genomic DNA was extracted from peripheral
blood by the salting-out method using a Puragene DNA purifica-
tion Kit (Gentra Systems).

Copy number quantification in LCR blocks

Sequence analysis

We assembled and aligned all sequence data available from ge-
nomic BAC and PAC clones spanning blocks Cc (RP11-313p13,

RP11-780k20, RP11-45003), Cm (RP11-483g21, CTB-23il5,
RP11-225k6), and Ct (RP5-953a4, RP5-1188a4, RP11-776g16,
CTD-25621£8). Site-specificity of the clones was defined by differ-
ential anchoring points at least at one of their ends. Consensus
sequences for LCRs were established by using the SeqMan
program (DNASTAR). Identity and homology distribution be-
tween the sequences were determined by PipMaker software
(http://bio.cse.psu.edu/pipmaker). A MegaBLAST alignment of
the entire length of all three block C paralog sequences (~110 kb
for Cc and Ct, 44 kb for Cm) was done to define microsatellites
and site-specific PSVs that could be genotyped.

Quantification of multicopy microsatellite markers

Short tandem repeats (STRs) located on block A (D75489 or
BASTR1), block B (BBSTR1 and BBSTR2), and block C (BCSTR1) of
the LCRs flanking the WBS locus were amplified in order to iden-
tify the number of copies of each block in WBS progenitors and
control individuals. Primers and PCR conditions have been pre-
viously reported for the block A and B amplicons and were the
same for the novel block C STR (Supplementary Table 2; Bayés et
al. 2003). Estimation of the number of alleles at multiloci mi-
crosatellites was performed by comparing the relative ratios of
the area under the peaks from alleles of the same size in different
samples, using the GeneScan 3.1 software (PE Applied Biosys-
tems) as previously described (Bayés et al. 2003).

Quantification of paralogous sequence variants

Site-specific nucleotides

To detect the junction between the blocks C and A we analyzed
a site-specific PSV that corresponds to a single nucleotide change
located at close to C-A junction, detected using the restriction
enzyme Hinfl (New England Biolabs), followed by size fraction-
ation on a 3% MetaPhor agarose gel (Bayés et al. 2003). To iden-
tify the specific block C (Cc/Cm/Ct), we performed two addi-
tional SSN studies by PCR amplification of (1) POM121ex6: the
262-bp PCR product contained a single-nucleotide change, T/C,
in the centromeric block C and it was studied using restriction
enzyme Rsal (New England Biolabs) followed by size fraction-
ation on 2% MetaPhor agarose gel, and (2) the TRIM50 gene
followed by restriction analysis of NgoMIV. The TRIM50 copies
located in Ct and Cc correspond to pseudogene copies contain-
ing a non-digested product, while a Cm TRIM50 copy contains
the functional gene that was digested by the NgoMIV enzyme.
Primers and estimation of the number of TRIM50 pseudogene/
gene ratio have been described previously (Antonell et al. 2005).
In brief, for each assay, a digital image of the gel was captured at
varying exposure times to ensure that the bands were not satu-
rated. Then, intensities of bands corresponding to presumed
blocks Cc, Cm, and/or Ct were quantified using the Volume Tool
from the Quantity One software package (Bio-Rad). Relative in-
tensities were calculated by means of a dosage quotient for the
block that can be distinguished relative to the others, using sev-
eral controls as reference values in the same experiment. Repro-
ducibility of results was evaluated by repeating each experiment
at least twice with a different number of PCR cycles.

Indel-type paralogous sequence variants

A PSV at the NCF1 locus that consists of a 2-bp deletion at the Bc
and Bt blocks (99 bp) (corresponding to NCF1 pseudogenes) with
respect to the Bm block (101 bp) (containing the functional
copy) was analyzed for study of block B by previously described
protocols (Del Campo et al. 2006).
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Additional assays to quantify PSVs that distinguish among
all three blocks C were also designed: (1) POM121ex11: a 3-bp
deletion is present in the Cm copy (256-bp PCR product) and a
6-bp deletion in the Cc copy (253-bp PCR product) with respect
to the Ct copy that harbors the ancestral gene copy (262-bp PCR
product); (2) POM121ex16: a 2-bp deletion is present in Cc copy
(150-bp amplicon) with respect to the Cm and Ct copies (152-bp
amplicon); and (3) NSUNS: a 4-bp deletion exists in the Ct and Cc
blocks with respect to Cm block (242-pb) containing the ances-
tral functional gene.

Genotyping of indel-type PSVs was performed on an ABI
3100 sequencer, and results were analyzed using the GeneScan
3.1 software (Applied Biosystems). Pseudogene/gene ratio quan-
tification was performed by comparing the peak heights corre-
sponding to each variant. Reference values for the most common
genotypes (mean and range) were obtained from at least 10 in-
dividuals. Deletion or duplication of a specific copy type was
predicted when the ratio values fell outside the normal range
(Supplemental Table 2). Reproducibility of the results was evalu-
ated by repeating each experiment at least twice.

Fluorescence in situ hybridization (FISH)

Selected BAC clones for FISH analyses were purchased from the
HGMP Resource Center (Cambridge, UK). Chromosome prepara-
tions were generated from cultures of peripheral blood lympho-
cytes. Cultures were exposed to Colcemid (GIBCO) in order to
obtain metaphase chromosomes in addition to interphase nuclei.
Slides were prepared by hypotonic treatment and then fixed and
air-dried. Hybridization signals were analyzed and counted on
interphase nuclei, while metaphase chromosomes were also ana-
lyzed to test hybridization efficiency and to confirm probe speci-
ficity.

Dual-color FISH was performed with DNA from BACs RP11-
204E14 (GenBank accession no. BZ724405), containing mostly
block B sequences, and RP11-622P13 (GenBank accession no.
ACO073846), located in the WBS single-copy region (Fig. 3). BAC
DNA was fluorescently labeled using Spectrum-Red-dUTP (RP11-
204E14) and Spectrum-Green-dUTPs (RP11-622P13) by nick
translation (Vysis/Abbott). Nuclei were counterstained with
DAPI/Antifade (Q-biogene), and slides were visualized under a
fluorescent microscope (AH3, Olympus). The images were ana-
lyzed with Cytovision 3.1 software (Applied Imaging Ltd). At
least 20 interphase nuclei wherein all probe signals could be
identified in close alignment were scored in each case.

Microsatellite and MLPA analyses

Six microsatellite markers distributed along the 7q11.23 WBS re-
gion (D7S672, BBSTR1, CR16T, D7S2472, D7S1870, and
D782518) were genotyped in all cases. Two additional microsat-
ellites, D7S653 and D752490, were analyzed only if D7S672 and
D752518, respectively, were not informative. Unaffected siblings
of WBS patients were used to establish the phase. Primers, PCR
conditions, and detection methods were as previously described
(Bayés et al. 2003). A total of 100 ng of genomic DNA from each
sample was subjected to MLPA using specific synthetic probes of
several single-copy genes in the WBS region (Supplemental Table
2). The MLPA reactions were analyzed on an ABI PRISM 3100
genetic analyzer according to the manufacturer’s instructions.
Each MLPA signal was normalized and compared to the corre-
sponding peak height obtained from a control DNA sample.

Statistical analysis

Allele frequencies in WBS-transmitting parents and control indi-
viduals were compared using Pearson’s x* and Fisher’s exact tests.

Statistical analysis was performed using R-platform software. A
P-value < 0.05 denoted the presence of statistically significant
differences.
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