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Genomic rearrangements are increasingly recognized as impor-
tant contributors to human disease. Here we report on an 11'/,-
year-old child with myopia, Duane retraction syndrome, bilat-
eral mixed hearing loss, skeletal anomalies including multiple
epiphyseal dysplasia, and global developmental delay, and a
complex 6p25 genomic rearrangement. We have employed
oligonucleotide-based comparative genomic hybridization ar-
rays (aCGH) of different resolutions (44 and 244K) as well as a
1 M single nucleotide polymorphism (SNP) array to analyze this
complex rearrangement. Our analyses reveal a complex rear-
rangement involving a ~2.21 Mb interstitial deletion, a ~240 kb
terminal deletion, and a 70—80 kb region in between these two
deletions that shows maintenance of genomic copy number. The
interstitial deletion contains eight known genes, including three
Forkhead box containing (FOX) transcription factors (FOXQI,
FOXF2, and FOXCI). The region maintaining genomic copy
number partly overlaps the dual specificity protein phosphatase
22 (DUSP22) gene. Array analyses suggest a homozygous loss of
genomic material at the 5" end of DUSP22, which was corrobo-
rated using TagMan® copy number analysis. It is possible that
this homozygous genomic loss may render both copies of
DUSP22 or its products non-functional. Our analysis suggests
arearrangement mechanism distinct from a previously reported
replication-based error-prone mechanism without template
switching for a specific 6p25 rearrangement with a 1.22 Mb
interstitial deletion. Our study demonstrates the utility and
limitations of using oligonucleotide-based aCGH and SNP array
technologies of increasing resolutions in order to identify com-
plex DNA rearrangements and gene disruptions.
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INTRODUCTION

Genomic disorders are a group of human genetic disorders caused
by segmental DNA rearrangements resulting in gain, loss, or
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disruption of dosage-sensitive critical genes within a genomic
region [Lupski, 1998]. In the last few years, array-based technolo-
gies have demonstrated that small chromosomal rearrangements
are very common and contribute to human genetic and phenotypic
variations as well as disease [Zhang et al., 2009]. In many cases, the
mechanisms underlying these chromosomal rearrangements re-
main poorly characterized.

Genomic rearrangements of the short arm of chromosome 6
represent a group of disorders with gene dosage attributable
phenotypes [Gould et al., 2004; Lin et al., 2005; Maclean et al.,
2005; Kannu et al.,, 2006; DeScipio, 2007]. The phenotypes of
patients with terminal deletion of the short arm of chromosome
6 (6p25-pter) include the Axenfeld—Rieger syndrome spectrum of
ocular anomalies, progressive hearing loss, developmental delay,
mental retardation, language impairment, as well as cardiac, renal,
skeletal, and craniofacial anomalies [Gould et al., 2004; Lin et al.,
2005; Maclean et al., 2005; Kannu et al., 2006; DeScipio, 2007].
Skeletal anomalies, including scoliosis and other vertebral anoma-
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lies, clubfeet, joint positional defects, and epiphyseal dysplasia
of the femur and tibia, may also occur [Koshino et al., 1989;
Garcia-Cruz et al., 1990; Chitty et al., 1991; Gould et al., 2004;
Rodriguez-Rojas et al., 2004; Maclean et al., 2005; Caluseriu et al.,
2006; Kannu et al., 2006].

High-resolution oligonucleotide-based comparative genomic
hybridization array (aCGH) technologies offer improved sensitivi-
ty to detect genomic rearrangements, more precise delineation of
breakpoints, and enhanced insights into the rearrangement mech-
anism. Such technologies have provided insight into several mech-
anisms that contribute to genomic disorders [Inoue et al., 2002;
Toffolatti et al., 2002; Shaw and Lupski, 2004, 2005; Hastings et al.,
2009]. In this report, we describe the phenotype of a child with a
complex genomic rearrangement of 6p25. We performed array
analyses at three resolutions in order to map the breakpoints of this
complex rearrangement and employed TagMan® copy number
analysis to investigate genomic loss in specific rearrangement
regions. Our study demonstrates the utility and limitations of using
oligonucleotide-based aCGH and single nucleotide polymorphism
(SNP) array technologies of increasing resolutions in order to
identify complex DNA rearrangements and gene disruptions, and
provide some insight into rearrangement mechanisms as well as
phenotypes associated with 6p25 rearrangements.

CLINICAL REPORT

The proband is an 11'/,-year-old girl (Fig. 1) with a history of
myopia, Duane retraction syndrome, bilateral mixed hearing loss,
skeletal anomalies including multiple epiphyseal dysplasia, and
global developmental delay. She was born at term with a birth
weight of 3,200¢ (30th centile) to a 32-year-old mother via induced
vaginal delivery. There were no known teratogenic exposures
during the pregnancy. In infancy, the patient was noted to have
a 25° right lateral torticollis; however, computed tomography (CT)
scan of the head and cervical region at 6 months of age did not
identify any skeletal or brain abnormalities. She was also noted to
have ocular abnormalities, including prominent eyes, myopia, and

a congenital left VI nerve palsy with esotropia. These findings were
consistent with Duane syndrome type I involving the left eye and a
mild strabismic amblyopia. The patient also demonstrated mixed
conductive and sensorineural hearing loss. She had a long-standing
history of recurrent middle ear infections, but had persistent
significant hearing loss despite functioning tympanostomy tubes.
She has used hearing aids since age 6 years. Family history was
significant for myopia in the father, paternal grandmother, and
paternal half aunt and half uncle. The patient also had a 14-year-old
brother with history of myopia and learning disabilities. The family
was non-consanguineous.

A series of diagnostic evaluations were performed at 6 years of
age. Renal ultrasound and temporal bone CT did not demonstrate
any significant abnormalities. Echocardiogram revealed only a
patent ductus arteriosus. MRI of the hips demonstrated decreased
femoral head epiphyseal height with bilateral fattening and frag-
mentation of the proximal femoral epiphysis without evidence of
avascular necrosis. These findings were suggestive of multiple
epiphyseal dysplasia. A skeletal survey showed anterior wedging
of a midthoracic vertebra without evidence of vertebral flattening;
the long bone epiphyses, particularly at the proximal femurs
(Fig. 2), proximal humeri, and the knees and ankles were small,
also consistent with multiple epiphyseal dysplasia. Standard kar-
yotyping at the 550 band level of resolution as well as COL2A1 and
COL11A2 sequencing (performed because of earlier concerns for
spondyloepiphyseal dysplasia congenita and Stickler syndrome,
respectively) were normal. The differential for other genes involved
in multiple epiphyseal dysplasia also includes COMP, MATN3,
COL9A1, COL9A2, COL9A3,and DTDST, but additional testing for
these genes were not pursued because of the abnormal aCGH
showing a complex 6p25 rearrangement.

The patient’s clinical course was notable for developmental
delays from early infancy. She spoke her first word at 12 months
and used simple phrases at 4'/, years of age. Despite daily speech,
occupational, and physical therapies at school, a school-based
cognitive assessment at 11'/, years of age noted that global cognitive
skills were delayed approximately 2—3 years.

FIG. 1. Pictures of our patient at 11%, years of age. Our patient exhibited mild frontal bossing, hypertelorism, prominent eyes, bilateral epicanthal
folds, a broad nasal bridge, malar hypoplasia, and slightly low set and posteriorly rotated ears.
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FIG. 2. Radiograph of patient at 10 years of age. AP view of pelvis
showing bilateral flattening of the femoral epiphyses (right more
severely affected than left). The right femoral head is also
fragmented and irregular with increased sclerosis.

At 11'/, years of age, her weight, height, and head circumference
were at the 29th (35.7kg), 39th (145.9cm), and 45th (52.1 cm)
centiles, respectively. She was noted to have several minor dysmor-
phic features, including mild frontal bossing, hypertelorism, prom-
inent eyes, bilateral epicanthal folds, a broad nasal bridge, malar
hypoplasia, and slightly low-set and posteriorly rotated ears (Fig. 1).
There were no morphological abnormalities of the external ears.
Her palate and dentition were normal. She had left lateral gaze palsy
consistent with Duane retraction syndrome and esotropia. The
patient also exhibited hyperextensibility at the elbows and had long
tapered fingers. Her feet appeared long with long toes and bilateral
pes planovalgus. She demonstrated good muscle tone, bulk, and
symmetric strength in all four extremities.

MATERIALS AND METHODS

The proposita and her mother were enrolled in a research protocol
after acquiring informed consent approved by the Institutional
Review Board for Human Subject Research at the University of
Michigan. Genomic DNA samples from the proband and her
mother were analyzed after isolation from blood samples using a
standard, semi-automated method (Biorobot M48 workstation,
Qiagen, Inc., Valencia, CA).

Array CGH

Chromosomal microarray analyses were conducted in the
Michigan Medical Genetics Laboratories (MMGL) at the Univer-
sity of Michigan using two oligonucleotide-based array platforms
with whole genome coverage: a custom-designed EMArray
Cyt06000 chip containing 43,103 oligonucleotide probes with an
average inter-probe spacing of 75kb implemented on the
Agilent 44K platform [Baldwin et al., 2008], and an off-the-shelf,
Agilent human genome G4411B 244K array platform containing

236,000 oligonucleotide probes with a spacing of ~9kb (Agilent
Technologies, Inc., Santa Clara, CA). The procedures for DNA
digestion, labeling, and comparative genomic hybridization were
as described in Agilent Oligonucleotide-Based Array CGH for
Genomic DNA Analysis, Protocol version 4.0 June 2006 (Agilent
Technologies, Inc., Santa Clara, CA) with some modifications
[Baldwin et al., 2008]. The fluorescent signals on the array slides
were detected and scanned into image files using the GenePix 4200A
scanner and GenePix-Pro 6.1 software (Axon Instruments/
Molecular Devices Corp., Union City, CA). The array images were
imported and converted into data by Agilent Feature Extraction
9.5 software. Data were analyzed by Agilent’s CGH Analytics 3.5
software to determine copy number differences or aberrations
between the patient DNA and the sex mismatched DNA. Patient
DNA was labeled with Cy3-dUTP and sex-mismatched pooled
reference DNA was labeled with Cy5-dUTP. All the labeled DNA
samples were cleaned up of reagents and unincorporated dyes by
vacuum filtration. Purified fluorescently labeled patient DNA and
reference DNA were mixed together and hybridized to the arrays
[Baldwin et al., 2008]. Data were analyzed by interpreting the
resulting Cy3/Cy5 ratio. Numbering of the Cyto6000 44K EMArray
and the 244K Agilent array results were according to Genome Build
UCSC hg 17 (Build 35, May 2004) and UCSC hgl8 (Build 36.1,
March 2006) assemblies, respectively. Chr6: 108,083—2,669,844
coordinates in hgl7 remain unchanged in hgl8 (100% of bases
and 100% of span) as determined using the Convert function on the
UCSC Genome Browser, simplifying data comparison between the
44 and 244K arrays.

SNP Array

SNP array analysis was performed using a HumanOmnil-Quad
BeadChip array containing 1,140,419 SNP loci (Illumina, Inc., San
Diego, CA) at the University of Michigan DNA Sequencing Core.
Genomic DNA was quantified using the Quant-iT™ PicoGreen ©
dsDNA Kit (Invitrogen Corporation, Carlsbad, CA). The
HumanOmnil-Quad v1.0 DNA Analysis Kit (Illumina, Inc.) was
used to assay 1,140,419 markers for SNP tag genotypes and/or copy
number variants (CNVs). The HumanOmni-1 assay was performed
according to the Infinium® HD Assay Super protocol provided
by the manufacturer (Illumina, Inc.). SNPs were called using
Mlumina’s GenomeStudio Genotyping Analysis Module (v1.6.3)
and SNP cluster positions were defined by using the Illumina
HumanOmnil-Quad_v1-0_B cluster file (Illumina, Inc.).
GenomeStudio threshold configuration setting was modified to
allow for aneuploidy information. The UCSC hg18 assembly (Build
36.1, March 2006) was used for coordinates during the SNP analysis
in order to directly compare and contrast results with those from the
44 and 244K arrays.

FISH Analysis

Fluorescent in situ hybridization (FISH) analysis was performed at
the Emory Genetics Laboratory’s (EGL) Cytogenetics Laboratory
by standard methods using a chromosome 6 subtelomeric probe
mix (ToTelVysion, Mix 6; VYSIS, Inc., Downers Grove, IL).
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TagMan® copy number assay (Applied Biosystems, Foster City,
CA) was performed according to the manufacturer protocol
(TagMan® Copy Number Assays Protocol, P/N 4397425, Rev. C,
02/2009). Briefly, 20 ng of genomic DNA were transferred into a 96-
well MicroAmp® Optical Reaction Plate (Applied Biosystems).
TagMan® Genotyping Master Mix (Product # 4371355, Applied
Biosystems), TaqMan® Copy Number Assay (Hs03587293_cn,
Hs03600180_cn, or Hs02910583_cn, hgl9.v9; Applied Biosystems),
and TagMan® Copy Number RNaseP Reference Assay (Product
# 4403326, Applied Biosystems) were mixed and pipetted into the
96-well plate and real time PCR was performed using the Step-
OnePlus RT PCR System (Software v2.1, Applied Biosystems) at
95°C for 10 min followed by 40 cycles at 95°C for 5 sec and 60°C for
1 min. Four technical replicates were run for the patient and the
control samples. The StepOnePlus RT PCR data files were imported
into and analyzed by CopyCaller software v1.0 (Applied
Biosystems) and the copy number for each sample was calculated
[Livak and Schmittgen, 2001]. Pooled control genomic DNA (used
at MMGL) was from 10 different normal individuals. A co-author
(RKI) provided the control single normal individual DNA sample.

The 44K EMArray analysis identified a deletion (Chré:
108,083-2,669,844; hgl8) of the short arm of chromosome 6
characterized by a 2.56 Mb loss of genomic material (represented
by 45 oligonucleotide probes) at 6p25 with minimum and maxi-
mum proximal deletion breakpoints at Chr6: 2,472,373-2,669,844;
hg18 (represented by three probes including the boundary probes;
Fig. 3A). This region of loss contains eight known genes, including
the three tandemly arranged paralogs of the Forkhead box con-
taining (FOX) transcription factors FOXQI, FOXF2, and FOXCI
(Fig. 3A). There was a 197,471 bp region of uncertainty (Fig. 3A) at
the proximal (centromeric) breakpoint region which completely
overlaps a region with DNA polymerase oo pause (GAG) and
topoisomerase I consensus cleavage (CAT/GTC) sites within
(GTG), repeats (Motifs I, II, and III; TGGTGGTGGTGGC,
GTGGTGGTGGTGGTGGTAGTCGTGGTGGTAGT and GTGG-
TGGTAGTGGTAGTGCTGCTGGTGGTGGTGGTGGTGATGG-
TGGTAGTG, respectively). This region was implicated in the
recently proposed replication-based rearrangement mechanism
[Chanda et al., 2008] that does not involve fork stalling and
template switching (FoSTeS) [Lee et al., 2007]. A BLAT search
(using the UCSC Genome Build hg18 March 2006) for Motifs II
and I throughout the genome revealed such sequences with 100%
identity distributed among several chromosomes including, as
expected, chromosome 6 (Table I, in bold).

The 244K oligonucleotide-based aCGH (Fig. 3B) revealed
the rearrangement involved a ~2.21 Mb interstitial deletion with
minimum and maximum boundaries of 2,205,945bp (Chré6:
320,890-2,526,835; hgl8) and 2,221,500bp (Chr6: 314,479—
2,535,979; hgl8), respectively, as well as a ~240kb terminal
deletion with minimum and maximum proximal breakpoints at
Chr6: 238,493—252,939; hg18 (Fig. 3B). This terminal deletion was
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not observed in over 600 chromosomal microarrays performed in
our lab. The minimum and maximum deletion boundaries at the
most proximal (centromeric) breakpoint on 6p was Chr6:
2,526,835—2,535,979; hg18, resulting in an uncertainty of 9,144 bp
of the breakpoint. There were 22 probes on the 244K aCGH
covering the ~197 kb proximal breakpoint region compared with
only three probes on the 44K aCGH (Fig. 3A). The 244K aCGH
analysis also showed that the positions of Motifs I, II, and III were
>100 kb removed from the most centromeric breakpoint (Fig. 3B).
No Motif II or III sequences were found around the remaining
breakpoints of the interstitial and terminal deletion regions using a
BLAT search (UCSC Genome Build hg18 March 2006).

In the 44K EMArray analysis, two oligonucleotide probes close to
the terminal end of 6p partly overlapped the dual specificity protein
phosphatase 22 (DUSP22) gene and raised uncertainty about the
copy number of a small terminal region of 6p including DUSP22
(Fig. 3A). Eight probes on the 244K aCGH almost completely
overlapped DUSP22 at the distal terminal end of 6p and showed
maintenance of copy number of ~70 kb genomic material in that
region (compare Fig. 3A,B). Log, ratios for the four oligonucleotide
probes at the 5’ end of DUSP22 (probes immediately telomeric to
the eight probes showing maintenance of copy number noted
earlier; see Fig. 3B, inset bl) were —1.332, —1.983, —1.550, and
—1.688 from most proximal to distal (start and stop boundaries of
all four probes range between Chr6: 204,528—238,493; hgl8).
Because the theoretical log, ratio for two copy loss is —1.585, the
ratios observed (—1.332, —1.983, —1.550, and —1.688) were con-
sistent with loss of two copies of genomic material at the 5" end of
DUSP22 (genomic sequence range Chr6: 237,101-296,355; hg18;
see Fig. 3B, inset bl).

A SNP array analysis was performed in order to more carefully
investigate the potential loss of two copies of genomic material at
the 5" end of DUSP22 as determined by the 244K array (see above
section) and provide better resolution of the 6p25 rearrangement
breakpoints. The call rate and logR deviation in our SNP array
analysis were 99.7% and 0.188%, respectively. The analysis revealed
that the complex rearrangement involved a ~2.21 Mb interstitial
deletion with maximum boundaries at Chr6: 323,970 (hgl8) and
Chré: 2,536,488 (hgl8), consistent with that noted using the 244K
array. The SNP analysis also showed maintenance of copy number
of ~80kb genomic material partially overlapping DUSP22 with
minimum coordinates Chr6: 243,915 (hg18) and Chr6: 323,970
(hg18), as well as a terminal deletion beginning between Chr6:
241,218 (hgl8) and Chr6: 243,915 (hg18), consistent with the 244K
array analysis (compare Figs. 3B and 4A). The SNP array analysis
allowed for better resolution of the most proximal (centromeric)
breakpoint boundary with the minimum and maximum deletion
boundaries at Chré6: 2,534,138 (hg18) and Chré: 2,536,488 (hgl18),
respectively, resulting in an uncertainty of 2,350 bp of the break-
point (first proximal boundary showing change in copy number
value from 2 to 1, Fig. 4A).

Sixteen loci were identified on the SNP array between coordinates
Chré: 202,216 (hgl8) and Chré: 240,956 (hgl8) 5’ of DUSP22 (i.e.,
telomeric to DUSP22); namely, rs1011328, rs2025158, rs6596874,
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FIG. 3. aCGH analyses of patient’s DNA. A: 44K aCGH result showing the 6p25 terminal deletion (purple) with uncertainties in the most terminal regions
shown (oligonucleotide probes reflecting possible two genomic copy number loss (blue circle) or maintenance of genomic copy number (red circle)).
The 197 kb region of uncertainty involving the proximal (centromeric) breakpoint spans 22 probes for the 244K array, as compared to three probes
for the 44K array. B: 244K aCGH result with insets b1 and b2 expanding the most terminal and proximal (centromeric) breakpoint 6p25 regions,
respectively. Inset b1 shows the regions with one (1 CL), two (2 CL) and no (no CL) copy losses. The eight oligonucleotide probes which are almost
completely overlapping DUSP22 are shown (circled in inset b1; orientation of DUSP22 noted). Inset b2 is an expansion showing the most proximal
(centromeric) breakpoint boundaries resolved to ~9 kb and the positions of Motifs I, I, and Il relative to the breakpoint.

rs12212311, 156925262, 15815574, 15815576, cnvi0155642,1s1166328,
rs1150764, 15815583, 154959170, rs1849044, rs3800239, cnvi0151240,
and rs9503190. These 16 loci were distinct from the 4 loci (probes) in
the 244K array within the same coordinates (data not shown). Most
were considered ““intensity only probes” (similar to cnvi probes) and
represented as “NC” (no calls) by GenomeStudio (Fig. 4A). Only
three SNPs, rs12212311 (Chr6: 219,847; hgl18), rs815576 (Chr6:
226,566; hg18), and rs9503190 (Chré6: 240,956; hg18) were informa-
tive with log, ratios of —0.879, —0.473, and —0.939, respectively. The
mean =+ standard deviation (SD) of log, ratios of the 16 probes at
Chré6: 202,216-240,956 (hgl8) 5" of DUSP22 was —0.766 + 0.176
(n = 16) and was significantly different than the log, ratios of probes
in regions immediately adjacent (i.e., telomeric and centromeric),

—0.431+0.242 (n=16; Chr6: 181,731-201,281; hgl8) and
—0.182 £ 0.118 (n = 16; Chr6: 243,915-293,102; hg18), respectively,
using one-way ANOVA with a Fisher F-value = 39.842 and P < 0.001
between the groups (Fig. 4B). This suggested three regions of variable
copy number values within Chr6: 181,731-293,102 (hg18).

TaqMan® Copy Number Analysis

TagMan® copy number assay indicated a one copy genomic DNA
loss at Chr6: 155,627—-155,651 (hgl8), two copy loss at Chr6:
210,832-210,856 (hgl8), and no copy loss at Chré:
280,147-280,171 (hgl8) (Fig. 4C), corroborating the results from
the 244K and SNP arrays (see above sections).
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Chr Strand Start End Span

Motif II
3 = 196980441 196980460 20
5 4= 175951772 175952237 466
6 + 2639727 2639800 7’4
6 = 25035168 25035187 20
16 = 57483910 57483929 20
22 = 18530629 18530648 20
22 = 18531250 18531269 20

Motif Il
1 + 2076839 2076858 20
1 + 151482424 151482450 27
1 4F 212450625 212450647 23
1 = 7551995 7552017 23
2 4F 128814416 128814555 140
2 = 112821042 112821070 29
3 + 129646964 129647007 44
S = 7425363 7425390 28
6 + 2639790 2639903 114
6 + 83437089 83437111 23
I3 = 51398102 51398130 29
I = 126686884 126686912 29
8 + 143598819 143598899 81
10 + 115018486 115018506 21
11 + 3184563 3184744 182
11 + 15758934 15758954 21
16 + 85055214 85055662 449
16 = 26461468 26461496 29
17 + 76288768 76288791 24
22 = 18529953 18529978 26
22 = 25138800 25138821 22
X = 3452647 3452672 26
X = 108403340 108403362 23

Chr, chromosome.

Motifs Il and IIl are GTGGTGGTGGTGGTGGTAGTCGTGGTGGTAGT and GTGGTGGTAGTGGTAGTGCTGCTGGTGGTGGTGGTGGTGATGGTGGTAGTG, respectively.

FISH analysis of the proband’s DNA detected an abnormal hybrid-
ization pattern consistent with a terminal deletion of 6p (data not
shown). FISH analysis on DNA from the mother showed normal
hybridization patterns on both homologs of chromosome 6 (data
not shown) suggesting that the 6p25.3 aberration seen in the patient
is not of maternal origin. A paternal DNA sample was not available,
so the origin of this aberration (whether paternal or de novo)
remains uncertain.

A UCSC Genome Browser analysis of the breakpoint boundary
regions revealed several nearby simple and microsatellite repeat
sequences: (AC)95 at Chr6: 254,680-254,718; (T)so at Chr6:
309,796—309,825; (AGCAGCAGTTGCAGTAGCTGTGGCAGG
AGGAGTAGCAGC)3; 4 at Chré6: 316,050—-317,456; (A), at Chré6:

320,676—320,704; (AAAG),, ¢ at Chr6: 2,523,368—2,523,456; (AT
TTGTCTGCTITA),, at Chré6: 2,526,196-2,526,225; (TTTG)¢, at
Chré: 2,528,605-2,528,629; (TATTCCATCATATACA), , at Chré:
2,529,080-2,529,114; (A)y9 at Chr6: 2,539,174-2,539,202; and
(CCCATCTTCATGTGACCTTTCCCTGTGTATTTCTATATGT
TTC AGATCTCCCTTT), at Chré: 2,540,932—2,541,045. All above
coordinates are from hg18.

Identifying architectural features that result in instability of
genomic regions may provide insight into genetic variation under-
lying a number of clinical disorders. Several mechanisms that
depend on local genome architecture are thought to underlie
genomic rearrangements involving 6p25 [Chanda et al., 2008].
Non-homologous end joining (NHEJ) has been proposed as the
mechanism for six ancestral non-recurrent 6p25 rearrangements
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FIG. 4. SNParrayand TaqMan® copy number analyses of patient’s DNA. A: SNP array result showing the ~2.21 Mb region of interstitial deletion, a more
telomeric region of ~80 kb with maintenance of genomic copy number, and the most terminal region of genomic loss. The red oval delineates probes

in the 5’ region of DUSP22 used to further explore potential copy number losses in the region and compare with 244K aCGH result in Figure 3B. CL,
copy loss. B: SNP array analysis using Nexus Copy Number version 5 software from BioDiversity, Inc. (El Seguando, CA). Three sets of 16 probes within
the red ovals were statistically analyzed for difference in log; R ratios (i.e., copy number value differences; see the Results Section). The region
defined by the central oval is 5’ of DUSP22 and partially overlaps the 5’ end of the DUSP22 genomic boundary (green vertical line showing the 5’
DUSP22 boundary). Positions of primers A, B, and C used in the TaqMan® copy number assay (below) are indicated with coordinates Chr6:
155,627—155,651 (hg18), Chré: 210,832—210,856 (hg18), and Chré: 280,147—280,171 (hg18), respectively. C: TaqMan® copy number assay of
patient’s DNA versus control DNA from normal individuals. Coordinates for primers A, B, and C noted as above. SC and PC represent control (single)
normal individual DNA sample (co-author RKI) and control (pooled) DNA sample from 10 normal individuals (used by MMGL), respectively. Pt; patient

DNA.

[Chanda et al., 2008]. These rearrangements contained simple
repeat and microsatellite sequences, but lacked LCRs' in regions
immediately adjacent to the breakpoints. A replication-based
rearrangement mechanism was proposed for a specific 6p25 rear-
rangement with a 1.22 Mb interstitial deletion. This mechanism
involves error-prone repair steps using sites for DNA polymerase o

'LCRs are low copy repeats also called duplicons or segmental duplications and are
defined as repetitive DNA segments 10-500kb in size with >95 sequence identity.

pausing and topoisomerase I cleavage without template switching
but mediated by Motifs I-III [Chanda et al., 2008]. This mechanism
was distinct from FoSTeS—a replication-based rearrangement
mechanism with template switching [Lee et al., 2007].

Here, we report on the results of 244K aCGH and 1M SNP array
analyses that provide additional information about the breakpoint
boundaries and some insight into the rearrangement mechanism.
For example, a reduction in the uncertainty of the proximal
(centromeric) interstitial deletion breakpoint was observed with
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each array of higher resolution; ~197kb (44K array), ~9.1kb
(244K array), and ~2.4kb (1M SNP array). Furthermore, the
array analyses not only demonstrated a 2.21 Mb interstitial deletion
but also a terminal region with one, two, and no genomic material
copy losses (see Fig. 3B, inset bl and Fig. 4A—C). The terminal
region, overlapping DUSP22 (Fig. 2B), has many reported CNVs
(copy number gains and losses; Database of Genomic Variants,
http://projects.tcag.ca/variation/), which could explain why this
region maintains genomic copy number while other adjacent
regions show variable copy number losses. In fact, one complex
6p25 rearrangement involving ring chromosome 6 reported by
Chanda et al. [2008] (Proband 11 in Fig. 1 of Chanda et al. [2008])
also exhibited a short region of no genomic loss (about DUSP22
and IRF4; between ~0.2 and 0.3 Mb chromosomal coordinates)
though characterization of the breakpoints was not available.

The genomic region between Chré6: 108,000-2,540,000 (hg18) is
essentially devoid of LCRs (Database of Genomic Variants, http://
projects.tcag.ca/variation/). These likely rules out non-allelic ho-
mologous recombination (NAHR) for the complex rearrangement
in our patient. A number of simple repeats and microsatellite
sequences were found within and adjacent to the (maximum)
breakpoint boundaries (see the Results Section), but their involve-
ment in this rearrangement is unclear. The distance of Motifs I-I1I
from the most proximal breakpoint strongly argues against the
replication-based rearrangement mechanism proposed by Chanda
et al. [2008], in which the centromeric breakpoint was mapped
to be within Motif II. Direct sequencing of the breakpoints are
needed to draw definitive conclusions about mechanisms for this
rearrangement.

Despite our findings, the replication-based rearrangement
mechanism described by Chanda et al. [2008] may be involved in
rearrangements at other loci. Motifs II and III are also found on
other chromosomes (Table I). Interestingly, the locations of Motifs
II and II on 22ql1.2 (Chr22: 18,529,953—18,531,269; hgls8,
see Table I, underlined) are very close to the recently reported
proximal (Chr22: 17,036,078-17,398,178; hgl8) and distal
(Chr22:19,830,112—20,122,222; hg18) breakpoints of the 22q11.2
syndrome (DiGeorge syndrome) as determined by a 244K
oligonucleotide-based aCGH analysis [Bittel et al., 2009]. However,
unlike the 6p25 rearrangement(s) reported here and elsewhere
[Chanda et al., 2008], the region on either side of the 22q11.2
breakpoints contain LCRs [Bittel et al., 2009]. Accordingly, the
mechanism for recurrent 22qll1.2 rearrangements is NAHR
[Shaikh et al., 2007; Emanuel, 2008].

We speculate that several different mechanisms may be
involved in rearrangements within the terminal 6p25 region.
While this region is devoid of LCRs, microhomologies, other short
repetitive sequences, specific pause or cleavage sites, or
other structures such as chromatin higher-order structures or
genomic copy number changes in the vicinity of potential
breakpoints, may become important constraining elements favor-
ing one rearrangement mechanism over another in different
circumstances.

A number of genes of potential importance in morphogenesis
within our patient’s rearrangement may be related to her pheno-
type. Among the dosage-sensitive developmental genes in this
region, FOXC1 (OMIM #601090) is involved in a number of ocular
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anomalies [Kume et al., 1998; Lehmann et al., 2000; Nishimura
etal., 2001; Lehmann et al., 2002; Gould et al., 2004; Maclean et al.,
2005; Chanda et al., 2008]. FOXCI mutations have been identified
in individuals with a variety of anterior chamber defects such as the
Rieger eye anomaly, Peters anomaly, posterior embryotoxon, and
iridogoniodysgenesis [Nishimura et al., 2001; Lin et al., 2005]. Both
increased and decreased gene dosage of FOXCI are associated with
anterior-chamber defects of the eye [Nishimura et al., 2001].
FOXCI, along with FOXC2, influences cochlear morphogenesis
through direct activation of TBXI expression [Yamagishi et al.,
2003; Braunstein et al., 2009]. FOXCI is also involved in cardiac,
renal, and skeletal development [Nishimura et al., 2001]. Further-
more, murine models with homozygous and heterozygous FOXCI
mutations show anterior chamber and skeletal anomalies similar to
humans [Kume et al., 1998; Smith et al., 2000].

DUSP22 appears to be involved in activating the c-Jun N-
terminal kinase (JNK) signaling pathway as well as dephosphor-
ylating and deactivating p38. JNK activity is specifically required for
the late-stage differentiation of osteoblasts, required for normal
bone formation and development [Matsuguchi et al., 2009]. The
P38 mitogen-activated protein kinase pathway and specifically
p38alpha play critical roles in skeletal muscle formation and
differentiation [Perdiguero et al., 2007]. Our array analyses and
TagMan® copy number analysis suggest a homozygous loss of
genomic material at the 5’ end of DUSP22 (Figs. 3B and 4A—C). Itis
possible that this homozygous genomic loss may render both copies
of DUSP22 or its products non-functional but this remains to be
proven. Whether the observed skeletal anomalies of our patient are
also partially the result of DUSP22 insufficiency or loss of function,
or interruption of expression of other genes in addition to hap-
loinsufficiency of FOXCI, is unclear at this point and requires
functional testing and/or additional careful characterization of
DUSP22 and adjacent regions from other patients with similar
phenotype. Kannu et al. [2006] report a patient with multiple
skeletal anomalies of the lower limb who had a 2.2—2.4 Mb terminal
6p25 microdeletion analyzed by FISH that was remarkably
similar to that found in our patient. However, the patient described
in Kannu et al. [2006] declined to participate in further DNA
testing.

Genomic rearrangements are increasingly recognized as an
important contributor to human disease. The use of increasingly
higher resolution oligonucleotide-based aCGHs to interrogate
genomic rearrangements will help identify complex rearrange-
ments, provide additional opportunities for determining the
rearrangement mechanisms, and examine genotype—phenotype
relationships, especially in instances where breakpoints disrupt
known genes or as yet unstudied transcripts. However, these
opportunities are limited by the uneven distribution in the number
of informative probes mapped to various regions of a chromosome
as noted in this report.
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