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Discovery of a previously
unrecognized microdeletion
syndrome of 16p11.2—p12.2
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We have identified a recurrent de novo pericentromeric
deletion in 16p11.2-p12.2 in four individuals with
developmental disabilities by microarray-based comparative
genomic hybridization analysis. The identification of common
clinical features in these four individuals along with the
characterization of complex segmental duplications flanking
the deletion regions suggests that nonallelic homologous
recombination mediated these rearrangements and that
deletions in 16p11.2-p12.2 constitute a previously
undescribed syndrome.

Pericentromeric regions of the genome are structurally complex
regions adjacent to the centromeres that are enriched for repetitive
sequence elements and segmental duplications'. This abundance of
segmental duplications seems to have made the pericentromeric
egions susceptible to deletion or rearrangement’. We screened
8,789 consecutive patients with developmental disabilities whose
clinical specimens were submitted to our laboratory for analysis
with the SignatureChip targeted microarray® (Supplementary Meth-
ods online), which includes a minimum of three to six overlapping
BAC clones at the most proximal end of the pericentromeric region
for each chromosome arm (excluding the short arms of the acro-
centric chromosomes). Four individuals had recurrent deletions in
16p11.2—p12.2 (subjects 1, 2, 3 and 4) (Fig. 1). Parental analyses in
three of the four subjects (1, 3 and 4) demonstrated that these are
de novo chromosome abnormalities. Parents were unavailable for
testing for subject 2. To clarify the sizes of the deletions further, we
analyzed all four subjects with a high-density BAC-based microarray
spanning ~5 Mb of the most proximal unique sequence adjacent
to the centromere for all 43 unique pericentromeric regions of
the human genome* (Fig. 1a ). Because all four of these abnormalities

extended beyond the ~5-Mb coverage of this pericentromeric array,
we characterized the full extent of each abnormality using NimbleGen
whole-genome oligonucleotide arrays (for subjects 1, 2 and 4) and/or
Affymetrix 250K SNP arrays (for subjects 3 and 4) (Fig. 1¢,d). FISH
analysis using BAC clones that map to the various breakpoint regions
confirmed the results of the whole-genome arrays (Fig. 1a). Notably,
all four deletions in 16p11.2—p12.2 shared the same distal breakpoint,
located ~21.4 Mb from the 16p telomere. However, the proximal
breakpoints were ~28.5 Mb (subject 2), ~29.3 Mb (subjects 3 and 4)
and ~30.1 Mb (subject 1) from the 16p telomere, resulting in overall
deletion sizes of ~7.1 Mb, ~7.9 Mb and ~8.7 Mb, respectively.
Computational analysis of the 16p11.2-p12.2 region using the
University of California Santa Cruz (UCSC) genome browser
(http://genome.ucsc.edu) and the Human Genome Segmental Dupli-
cation Database (http://projects.tcag.ca/humandup/) identified a
complex arrangement of segmental duplications, some of which
directly flanked the deletion breakpoints (Fig. 1e and Supplementary
Note online).

Misalignment of segmental duplications in meiosis followed by
nonallelic homologous recombination (NAHR) can generate micro-
deletions, microduplications and inversions of the intervening
genomic sequence, depending on the orientation of the duplicated
segments>>~, The locations of the breakpoints in these four subjects
with respect to the location and orientation of the segmental duplica-
tions in the 16p11.2-p12.2 region suggest that NAHR mediated these
rearrangements (Fig. 1e). Although the proximal breakpoint in subject
2 seems to be atypical, in that it does not seem to have a paired
segmental duplication at the distal breakpoint, this is not without
precedent. For example, some of the more rare rearrangements of
17p11.2 associated with Smith-Magenis syndrome do not have break-
points that fall within the typical paired segmental duplications and
may not be associated with known genomic architectural features®.

The clinical features of the four subjects with microdeletions in
16p11.2-p12.2 include distinct facial features, including flat facies,
downslanting palpebral fissures, low-set and malformed ears and eye
anomalies (Supplementary Table 1 online and Fig. 1f-i). Other
commonly described features include orofacial clefting, heart defects,
frequent ear infections with potential hearing loss, short stature,
minor hand and foot anomalies, feeding difficulties, hypotonia and
cognitive and developmental delays (Supplementary Table 1).

To our knowledge, only one other individual has been reported in
the literature with a deletion in the 16p11.2 region. This individual,
identified in ref. 9 using conventional CGH, was a 5-month-old male
proband with distinct craniofacial features, including flat facies,
microretrognathia, blepharophimosis, hypoplasic alae nasi and absent
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Figure 1 Analysis of individuals with copy-number imbalances of 16p11.2-p12.2. (a) Pericentromeric array CGH profile and FISH confirmation (arrow) of a
>4.99-Mb deletion in 16p11.2-p12.2 in subject 1. For the array CGH plots, clones are ordered on the x-axis according to physical mapping positions. The
top plot shows a normal chromosome 16; the bottom plot shows the abnormal chromosome 16. (b) Pericentromeric array CGH profile and metaphase and
interphase (inset) FISH confirmation (arrows) of a de novo triplication of ~4 Mb of 16p11.2-p12.1 and duplication of ~1 Mb of 16p12.1-p12.2 in
subject 5. Microarray plots are arranged as in a. (¢) NimbleGen whole-genome oligonucleotide array CGH profiles for subjects 1, 2, 4 and 5. (d) Affymetrix
250K SNP array profile for subject 3. (e) Schematic of the 16p11.2—p12.2 region with a summary of the abnormalities identified in five subjects.

A simplified interpretation of the segmental duplications located in 16p11.2-p12.2 (see Supplementary Note) is shown with relative orientation of each
duplication (arrows). The block of segmental duplications shown in green does not share identity with the 16p11.2-p12.2 region. Some of the RP11 BAC
clones used for FISH confirmation of abnormalities are shown as black dots along the chromosome. Red bars indicate deleted regions for each subject. Light
and dark purple bars for subject 5 indicate regions of duplication and triplication, respectively. Orange bars indicate regions of copy number variation based
on the Database of Genomic Variants. The locations of select genes from > 100 known genes in the region are shown. (f) Subject 1 at 13 years of age.
Subject 1 has had multiple reconstructive surgeries for cleft lip and palate, multiple mandibular distraction, tracheostomy and cholesteatoma. (g) Subject 2
at 7 years of age. (h,i) Subject 3 at 3 years of age. (j) Subject 5 at 10 years of age.
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nasal bridge, low-set and malformed ears and glossoptosis with
hypoplastic palate. The proband was also described as having
heart defects (tetralogy of Fallot with pulmonary atresia), eye abnorm-
alities and other features that were similar to those described for
the four subjects identified here (Supplementary Table 1). Although
the precise breakpoints for the deletion in the individual described
in ref. 9 were not determined, based on the brief clinical descrip-
tion, this individual probably contains a similar microdeletion in
16p11.2—-p12.2.

Among the 8,789 patients screened in our laboratory, we also
identified an individual with a complex de novo pericentromeric
abnormality (subject 5) involving a duplication and triplication
of the same region of 16p11.2—p12.2 that is deleted in the four
microdeletion subjects. Because this abnormality extended beyond
the ~5-Mb coverage of the pericentromeric microarray (Fig. 1b), we
performed whole-genome oligonucleotide array CGH (NimbleGen) to
refine the breakpoints further (Fig. 1c). The breakpoints in this subject
also cluster at segmental duplications (Fig. 1le). By this analysis,
the distal duplication was determined to be ~1.1 Mb in size, with
the same distal breakpoint as all four individuals with 16p11.2-p12.2
microdeletions. The triplicated segment is ~5.7 MDb in size and is also
flanked by segmental duplications. We confirmed these duplication
and triplication breakpoints by FISH using BAC clones mapping
within these regions of 16p11.2-p12.2 (Fig. 1b and Supplementary
Table 2 online). The clinical features of subject 5 are listed
in Supplementary Table 1, and facial features are illustrated in
Figure 1j.

Although we have not identified an exact reciprocal duplication
product of one of the deletions in this region, two subjects with
tandem duplications of 16pl11.2-p12.2 have been reported and
may constitute the reciprocal duplication product of this micro-
deletion syndrome!’. Given the complex distribution of segmental
duplications within 16p11.2-p12.2 (ref. 11), we anticipate that other
deletions, duplications, triplications and inversions will be observed
in this region of 16p11.2—-p12.2. Indeed, the complex duplication
and triplication observed here is most likely mediated by NAHR,
and inversions in the distal region of 16p12.1 have already been

=te» reported in the Database of Genomic Variants (http://projects.tcag.

@ca/variation/ ).

- Although Supplementary Table 1 reports the major clinical findings

in our subjects with 16p11.2—-p12.2 imbalances, genotype-phenotype
correlations are more difficult to establish for large microdeletions
encompassing a substantial number of genes. Of the 104 RefSeq
genes located within the largest deleted region of 16p11.2-p12.2,
there are no obvious candidates for all of the features of these syndromes,
nor are any known to be dosage sensitive. However, at least 13
genes (Supplementary Table 3 online) are known to be associated
with various genetic diseases in the autosomal recessive state or
have functions potentially relevant to the clinical features of these
patients (Fig. 1e).

The smallest region of overlap (SRO) for the four microdeletions in
16p11.2-p12.2 is ~7.1 Mb, equivalent in size to the deletion of subject
2. However, analysis of the Database of Genomic Variants suggests that
structural and copy number variants (CNVs) exist within this region
of 16pl11.2—p12.2. These variants consist of inversions and copy
number gains and losses identified in the apparently normal popula-
tion. The locations of these CNVs relative to the SRO are shown in
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Figure le. Assuming that regions of common copy number variation
do not harbor dosage-sensitive genes®, they may be useful in refining
the location of dosage-sensitive genes responsible for the phenotypic
features of microdeletions in 16p11.2—p12.2. Of the 104 known RefSeq
genes located within the 8.7-Mb region defined by the largest of the
16p11.2-p12.2 deletions identified in this study, only 33 are not
located within regions of copy number variation. However, refinement
of the SRO based on CNVs may be problematic, given the relatively
recent discovery of the prevalence of CNVs and our immature
understanding of them!?14,

We have established the identity of a previously unknown micro-
deletion syndrome of 16p11.2-p12.2 by analyzing individuals with
mental retardation, developmental delay or dysmorphic features with
array CGH. The screening of additional individuals using targeted
BAC arrays and/or higher-resolution whole-genome oligonucleotide
arrays is likely to uncover other new microdeletion and microduplica-
tion syndromes, thus adding to our growing knowledge of the
cytogenetic basis of developmental disabilities.

For the subjects with 16p11.2—p12.2 abnormalities described here,
we obtained informed consent to perform high-resolution molecular
cytogenetic testing and to publish photographs, using a consent form
approved by the Washington State University Institutional Review
Board (for subjects 1, 2, 3 and 5) or by the Children’s Hospital of
Philadelphia Institutional Review Board (for subject 4).

Microarray data can be found at ArrayExpress under accession
codes E-MEXP-1148 (Affymetrix platform) and E-TABM-286
(NimbleGen platform).

Note: Supplementary information is available on the Nature Genetics website.
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