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Purposk. This study sought to investigate the role of rare copy
number variation (CNV) in age-related disorders of blindness,
with a focus on primary open-angle glaucoma (POAG). Data are
reported from a whole-genome copy number screen in a large
cohort of 400 individuals with POAG and 500 age-matched
glaucoma-free subjects.

MEertHODS. DNA samples from patients and controls were tested
for CNVs using a combination of two microarray platforms.
The signal intensity data generated from these arrays were then
analyzed with multiple CNV detection programs including
CNAG version 2.0, PennCNV, and dChip.

REsuLts. A total of 11 validated CNVs were identified as recurrent
in the POAG set and absent in the age-matched control set. This
set included CNVs on 5q23.1 (DMXL1, DTWD?2), 20p12 (PAK7),
12q14 (C1201f56, XPOT, TBK1, and RASSF3), 12p13.33 (TULP3),
and 10q34.21 (PAX2), among others. The CNVs presented here
are exceedingly rare and are not found in the Database of
Genomic Variants. Moreover, expression data from ocular tissue
support the role of these CNV-implicated genes in vision-related
processes. In addition, CNV locations of DMXL1 and PAK?7 over-
lap previously identified linkage signals for glaucoma on 5p23.1
and 20p12, respectively.
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Concrusions. The data are consistent with the hypothesis that
rare CNV plays a role in the development of POAG. (Invest
Opbthalmol Vis Sci. 2011;52:7122-7133) DOI:10.1167/
i0vs.10-5606

laucoma is a group of diseases characterized by progres-

sive excavation of the optic disc caused by loss of the
retinal ganglion cell axons. It causes peripheral visual field loss
and if untreated can lead to blindness; it is the second leading
cause of legal blindness in the United States. Primary open-
angle glaucoma (POAG), the most common form in Western
populations, is insidious in onset and affects 1% to 2% of the
population over age 40. When POAG is observed in individuals
under the age of 40 it is called juvenile open-angle glaucoma
(JOAG). Increased intraocular pressure is a well-documented
risk factor, but not a diagnostic criterion, for POAG." More
recently, reduced central corneal thickness (CCT) has been
recognized as an important risk factor for glaucoma.” Medical
and surgical treatments aimed at reducing intraocular pressure
may be effective in preventing progressive visual loss in POAG
patients, but treatment is often not implemented until signifi-
cant, unrecoverable vision loss has occurred due to a lack of
symptoms in early disease and delayed diagnosis (see Ref. 3 for
a review).

Heritability estimates range from 0.36 to 0.57 for features of
glaucoma, such as intraocular pressure and optic disc diameter,
supporting the assertion that POAG has a strong genetic com-
ponent.* Linkage analysis studies in large families segregating
POAG in Mendelian fashion have identified 14 loci for the
disease®~2? (Table 1). Two causative genes have been identified
through fine mapping of such linkage regions including myo-
cilin (MYOC) at 1q25-q245’(’ and optineurin (OPTN) at
IOplS.ll Together, variants in these genes are estimated to
account for approximately 5% of POAG in the population at
large.' 24

In this study, we investigated copy number variants (CNVs)
as potential glaucoma-causing variation in individuals with
POAG ascertained at the University of Iowa. CNVs are opera-
tionally defined as genomic insertions or deletions that are
larger than 1 kb and not a result of transposable elements.
CNVs often escape detection in traditional studies of genetic
variation, such as direct sequencing, single-strand conforma-
tion polymorphism analysis, and single-nucleotide polymor-
phism (SNP) association studies. CNVs are now recognized as
a major contributor to human genetic variation and have been
associated with other genetically complex disorders including
autism, schizophrenia, HIV/AIDS susceptibility, and Crohn’s
disease.?>>%

The eye is a highly specialized organ that has shown signif-
icant sensitivity to dosage changes of key developmental and
regulatory genes, making glaucoma an excellent phenotype for
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TABLE 1. Known Glaucoma Loci Identified through Linkage Analysis
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Glaucoma Linkage Loci Chromosomal Position

OMIM Number Reference

GLCIA 1q22
GLC1B 2cen-q13
GLCIC 3q21-q24
GLCID 8q23
GLCIE 10p
GLCI1F 7q35-q36
GLCIG 5q21.3-q13
GLCIH 2pl16-pl5
GLCII 15q11-q13
GLC1) 9q22
GLCIK 20p12
GLCIL 3p21-22
GLCIM 5q22.1-q32
GLCIN 15q22-24

137750 Sheffield et al.®

606689 Stoilova et al.”

601682 Wirtz et al.%; Kitsos et al.”
602429 Trifan et al.'”

602432 Rezaie et al.'"!?

603383 Wirtz et al.'?

609669 Monemi et al.'#

611276 Suriyapperuma et al.'>
609745 Wiggs et al.'®; Allingham et al.'”
608695 Wiggs et al.'®

608696 Wiggs et al.'®

137750 Baird et al.?®

610535 Pang et al.?'; Fan et al.**
611274 Wang et al.*

Linkage locus name is given along with cytoband position, OMIM identification number, and discovery reference.

CNV screening. Select copy number mutations have been
known to play a role in glaucoma and related disorders of
vision for some time, including deletions of LMXB1, FOXCI,
and 4q34, among others.>>">7 Gross karyotypic abnormalities
of 9p23 and trisomies of chromosome 13 have been associated
with developmental glaucoma.>®~*° Recent fine mapping of
6p25, the FOXCI1 locus, has provided evidence of a spectrum
of mechanisms by which deletions and duplications of the
FOXC1 gene occur.>”4142 The initial clue that FOXCI is in-
volved in glaucoma was based on a chromosomal abnormality
found in a single patient, demonstrating the value of identifying
rare variants that may identify candidate genes and loci for
disease causation.

One recent study of 27 glaucoma patients and 12 controls
analyzed by array comparative genome hybridization (CGH)
methods found no CNVs in either patients or controls.*> How-
ever, the ability to detect disease-associated CNVs in this sam-
ple was limited due to (1) array CGH probe density (2) small
sample size, and (3) single algorithm copy number calls. Before
the present study, there have been no large-scale studies of
copy number variation (CNV) in glaucoma. The development
of software to analyze signal intensity data from high-density
SNP-based array platforms, coupled with confirmation by quan-
titative PCR, enabled us to undertake a detailed cataloguing of
CNVs in 400 POAG patients and 500 control subjects.

METHODS

Patient Diagnosis and Ascertainment

This study was conducted with the approval of the Institutional Re-
view Board of the University of Iowa and in compliance with the
Declaration of Helsinki. Four hundred unrelated individuals with the
clinical diagnosis of POAG and 500 individuals with no signs of glau-
coma were enrolled in the study after providing informed consent. The
cohort of glaucoma subjects underwent a complete battery of ophthal-
mic tests, including a dilated stereoscopic examination of the optic
nerve heads, Goldmann applanation tonometry, gonioscopy, optic
nerve head photography, perimetry, and slit lamp examination. Visual
fields were assessed with standard automated perimetry (SAP; the SITA
24-2 program on the Humphrey Field Analyzer; Carl Zeiss Meditec,
Dublin, CA). Patients unable to perform automated perimetry were
tested with Goldmann manual kinetic perimetry (Haag-Streit Instru-
ments, Koniz, Switzerland).

Patients exhibiting optic nerve head excavation and associated
glaucomatous visual field loss in at least one eye were considered to
have glaucoma. Glaucomatous optic nerves were defined as nerves
with cup-to-disc ratios of greater than 0.7, thinning of the neural rim,

asymmetry of the optic nerve cup-to-disc ratio of >0.2, or photo-
graphic documentation of progressive loss of the neural rim. Patients
were required to have visual fields of adequate quality for interpreta-
tion. For visual field perimetry adequate quality required a false-posi-
tive rate, false-negative rate, and fixation loss rate of less than 33%.44
SAP visual field evidence of glaucoma was based on the Collaborat-
ive Normal Tension Glaucoma Treatment Trial criteria.*> Patients
screened using manual kinetic perimetry were required to exhibit
depression of the visual field in an arcuate pattern with respect to the
nasal horizontal meridian. Patients were enrolled without regard to
IOP. Seventy-four of the 400 subjects had never been reported to have
IOP over 21 mm Hg and could be categorized as having normal-tension
glaucoma.

Age-matched contrast and control subjects were enrolled from the
same patient population at the University of Jowa and were judged to
have no signs of glaucoma after a complete eye examination by a
board-certified ophthalmologist and/or review of eye clinic charts.
Because of the many challenges associated with recruitment of older
individuals free of any eye phenotype, we included in our study 400
contrast macular degeneration patients under observation in the Retina
Clinic and 100 normal control subjects with neither POAG nor macular
degeneration who were attending the Comprehensive Ophthalmology
Clinic. All contrast and control patients were rigorously evaluated for
any signs or symptoms of glaucoma, to ensure that they could serve as
a glaucoma-free cohort. Symptoms consistent with a diagnosis of glau-
coma were considered grounds for exclusion of any control or contrast
patients. Additional exclusion criteria included a family history of
glaucoma, age at enrollment of less than 59 years, and any history of
medication used to treat elevated intraocular pressure.

Experimental Design

Experimental design and workflow is shown in Figure 1. This study
was designed to identify rare and recurrent CNVs that increase risk for
development of glaucoma. A total of 400 patients with glaucoma and
500 glaucoma-free age-matched controls were analyzed with SNP mi-
croarrays (GeneChip; Affymetrix, Santa Clara, CA). Two hundred glau-
coma patients and 200 controls were analyzed with the 500K two-chip
SNP array. The remaining 200 glaucoma patients and 300 nonglaucoma
controls were analyzed with the more recently released 5.0 SNP arrays.
All data were analyzed with two CNV detection programs. All arrays
were analyzed with PennCNV.“® In addition, all 500K SNP arrays were
analyzed with Copy Number Analyzer for GeneChip (CNAG),*” and all 5.0
SNP arrays were analyzed with dChip.*®# After both array-based and
variant-based quality control measures were implemented, a total of
11,680 CNVs were called (Supplementary Table S1, http://www.iovs.org/
lookup/suppl/doi:10.1167/i0vs.10-5606/-/DCSupplemental). This com-
plete data set was termed the single criterion set, as it included all CNVs
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Experimental Study Design
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FIGURE 1.

l

High Interest CNVs
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Experimental design workflow. A total of 400 patients with glaucoma and 500 controls were

run on high-density genotyping arrays. Two hundred individuals with glaucoma and 200 controls were run
on the 500K mapping array set. Another 200 glaucoma patients and 300 controls were run on the 5.0 SNP
array. Both sets of arrays were analyzed with two programs. The Nspl and Styl arrays were analyzed
separately with PennCNV and CNAG. The 5.0 arrays were analyzed with PennCNV and dChip. Array-based
and CNV-based quality control metrics were applied to result in a total data set of 11,680 CNVs called by
any program on any array (single criterion set). We then examined this data set for CNVs that were called
by two programs or were present on two platforms, resulting in 2008 CNVs (stringent criteria set). High
interest CNVs were then indentified by comparing POAG patients to controls and identifying CNVs

present exclusively in the glaucoma cohort.

called with any single program. From the single criterion set, we devel-
oped a second set of 2008 high-confidence CNVs that were called by
multiple algorithms. We termed these the stringent criteria set.

CNVs were considered to be of interest with respect to glau-
coma causation if they met one of the following criteria: (1) They
were from the stringent criteria set and were present at least twice
in the glaucoma patient group while absent from the controls. (2)
They were from the single criterion set and present in at least four
glaucoma cases while absent from controls. It should be noted that
single-call CNVs found in a control were validated by quantitative
(@)PCR in that control sample. If the CNV was confirmed, it was
used as an additional filtering criterion to remove the CNV under
question from the high-interest group. All CNVs in the potential risk
set were validated by qPCR or array-based comparative genomic
hybridization (a-CGH).

Human-Mapping 250K Microarray

DNA from each individual was analyzed with the 500K Affymetrix
microarray (Nspl and StyD). The DNA was hybridized to the array
according to the manufacturer’s instructions. Briefly, the assay uses
250 ng of genomic DNA digested with Nspl and Syl (New England
Biolabs, Boston, MA), ligated to an adaptor using T4 DNA ligase (New
England Biolabs), and amplified by PCR using 7aq (Titanium; Clon-
tech, Palo Alto, CA). PCR products were then purified from excess
primer and salts by a DNA amplification cleanup kit (Clontech), and
a 90-ug aliquot was fragmented using DNase I. An aliquot of the
fragmented DNA was separated and visualized in a 3% agarose gel in
1X TBE buffer, to ensure that the bulk of the product had been
properly fragmented. The fragmented samples were end-labeled

with biotin using terminal deoxynucleotidyl transferase before each
sample was hybridized to the array for 16 hours at 49°C. After
hybridization, the arrays were washed and stained (Fluidics Station
450; Affymetrix). The most stringent wash was 0.6X SSPE, 0.01%
Tween-20 at 45°C, and the samples were stained with R-phycoeryth-
rin (Invitrogen-Molecular Probes, Eugene, OR). Imaging of the mi-
croarrays was performed with a high-resolution scanner (GCS3000;
Affymetrix).

Genome-Wide Human SNP Nsp /Sty
5.0 Microarray

DNA from an additional 200 patients with diagnosed AMD and 300 age-
matched controls was prepared and hybridized to a genome-wide
human SNP Nsp/Sty 5.0 Microarray according to the manufacturer’s
instructions (Affymetrix). The 5.0 array interrogates same SNPs con-
tained on the human mapping 500K array set (GeneChip; Affymetrix)
and contains additional nonpolymorphic probes used for copy number
detection. Genomic DNA was digested with either NspI or Styl and
ligated to adaptors that allow PCR amplification of DNA fragments
ranging in size from 200 to 1,100 bp. NspI and StyI PCR products were
then pooled and purified before fragmentation. Fully fragmented sam-
ples were labeled with biotin and hybridized to the array at the
University of Iowa DNA Facility. Arrays were washed and stained
(Fluidics Station 450; Affymetrix) and then scanned (GCS3000 high-
resolution scanner; Affymetrix).

CNV Detection

Three publicly available programs (PennCNV, dChip, and CNAG) were
used to detect copy number changes. After analyzing the arrays, we
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developed quality control metrics that were based on their perfor-
mance.

PennCNV Analysis

A total of 1300 arrays were analyzed with PennCNV.%° Five hundred
5.0 arrays, 400 250K Syl arrays, and 400 250K Nspl arrays (Nspl and
Styl arrays were run on the same cohort) were run on individuals,
some with and some without glaucoma. On advice provided by the
developer of PennCNV, Kai Wang at the University of Pennsylvania, we
developed quality control metrics empirically using the present data
set. We adjusted the acceptable logR ratio to 0.35, and the B-allele
frequency (BAF) drift and wave factor (WF) thresholds were set at 0.05
and 0.1, respectively. The logR ratio is a measure of total fluorescent
signal intensity measured at every probe on a log-normalized scale of
—1 to 1 and is proportional to the copy number at that locus. As noise
is inherent in these data, we determined an empiric standard deviation
threshold of 0.35 and regarded any array with a logR SD above 0.35 as
containing unacceptable background noise for reliable CNV detection.
BAF drift is a measure of allelic specific signal intensity and samples
exceeding a drift value of 0.05, displayed an excessive number of
duplications. The WF metric refers to variation in the hybridization
intensity and causes waviness in the logR signal patterns from the
arrays.>®> The WF metric is a function of GC content; probe location,
and starting DNA quantity. WF thresholds were set at 0.1 to eliminate
arrays with unacceptable wave patterns in the signal intensity data. In
addition, we removed any arrays with more than 30 CNV calls as part
of the array-based quality control. From this body of CNVs we then
removed any individual CNV that was called by fewer than five SNPs or
was less than 1 kb in size as part of the CNV-based quality control. The
remaining data represents the 90th performance percentile and above.
The data were analyzed for copy number using a hidden Markov model
(HMM) which identifies patterns in the signal intensity data and infers
the true “hidden” copy number state that generated such a pattern.

CNAG Analysis

CNAG was used to analyze all 400 Sty and 400 Nsp arrays run on
glaucoma patients and controls.’” Quality control measures for CNAG
were developed to be more inclusive and rely heavily on the stringency
of CNV detection by the program. Instead of comparing each array to
all other arrays, CNAG uses 5 to 10 best fit reference arrays drawn from
the entire set of Styl and Nspl arrays based on similarity of signal
intensity standard deviation values. CNAG also applies an HMM to the
data, highlighting chromosomal regions with significant deviation in
signal intensity. CNVs were then manually detected and annotated
from the CNAG graphic output. Arrays with high logR ratio standard
deviations resulting in fewer than five appropriate references were not
included in the final analysis. Arrays with more than 30 copy number
variants were removed, and CNVs less than 1 kb in size or called by
fewer than five SNPs were also excluded.

dChip Analysis

Five hundred 5.0 arrays run on individuals with and those without
glaucoma were also analyzed with dChip.%®4° The arrays were ana-
lyzed in batches of 50. For each array, the remaining 49 arrays within
the batch were used as the reference sample. Signal intensity data from
each raw data array file was normalized using the “invariant set nor-
malization” method which identifies a subset of probes with small rank
difference in signal intensity across the arrays that then becomes the
“invariant set” or the basis for development of a normalization curve.
Once signal intensity was adjusted across arrays, model-based expres-
sion indexes (MBEIs) were determined using the “perfect match only”
model to reduce background signals, identify outlier probes, and cal-
culate corrected SNP intensity values.>® As there is no strictly “normal”
sample where a ploidy of 2 is known to exist throughout the genome,
a 10% trimmed analysis was used. This method assumes that for any
given SNP, less than 10% of the samples tested will show deviation in
copy number. Thus for each SNP, 5% of samples with extreme signal
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values from each end are removed as outliers, and the remaining
samples are used to estimate corrected signal intensity values and
standard deviations based on a ploidy of 2 at that SNP position. This
method may result in undercalling common CNVs that are present in
greater than 10% of the sample, but by increasing the trimmed analysis,
one also runs the risk of undercalling rare CNVs. To detect changes in
copy number, an HMM was applied to the signal intensity data with a
maximum moving window of 1000 SNPs. Arrays with more than 30
copy number variants were removed, and CNVs less than 1 kb in size
or called by fewer than five SNPs or were also excluded.

CNV Validation

Quantitative Real-Time PCR. For qPCR, we designed three
primer sets within the center of the CNV to be validated. We used an
assay targeted for G6PD on the X chromosome as an internal control
for gene dosage and an assay targeted for GAPDH, to normalize the
signal between replicate DNA samples. As the possibility for CNV
exists for any given region of the genome, we relied on information
obtained from our arrays as well as our sex prediction within the qPCR
experiment to support the use of GAPDH as a normalization control
for validation of copy number variants. In addition, we used a pooled
reference sample as our calibrator (Male or Female Genomic DNA;
Promega, Madison, WI) to ensure the calibrator sample had a ploidy of
2 at all genomic loci. For each CNV that required validation, we began
with a single qPCR assay. If that initial assay was in agreement with the
CNV call from the array analysis, we regarded the result as confirma-
tion. If the first qPCR assay was in conflict with the results from the
array, we used the second qPCR assay to reconfirm. The third qPCR
assay was used if results from either the first or second qPCR assay
were inconclusive. In a small number of cases, qPCR methods were
unable to validate or invalidate the CNV being tested. In these cases,
array-based comparative genomic hybridization (aCGH) methods were
used to confirm CNVs.

The qPCR reactions were performed in mixtures containing 12.5
uL of 2X SYBR green PCR master mix (QuantiTect; Qiagen, Valencia,
CA), 12 pL genomic DNA (Ing/ul), 0.25 uL of each primer (10
picomoles/uL) in a total volume of 25 uL The PCR amplification and
detections were performed on a PCR system (model 7500; Applied
Biosystems, Inc., [ABI], Foster City, CA) each with an initial activation
step for 15 minutes at 95°C followed by 15 seconds at 94°C, 30
seconds at 55°C, and 30 seconds at 72°C for 42 cycles. The threshold
cycle value was calculated using the “*C. method. C;. was determined
using the thermocycler software, and an average of three replicates
was calculated. The fold change from the calibrator sample (Male or
Female Genomic DNA; Promega) at 1 and the ratio of the normalized
fold change in the test sample compared to that of the calibrator
sample was calculated.

Array-based Comparative Genomic Hybridization
(aCGH). One microgram of patient DNA and 1 pug of reference DNA
(Promega) were fluorescently labeled in parallel followed by co-hybrid-
ization to a 385K chromosome-specific tiling array (Nimblegen; Roche,
Indianapolis, IN). The array was scanned (4000B GenePix; Molecular
Devices, Sunnyvale, CA) and signal intensity data were analyzed using
an algorithm within the accompanying software (segMNT, Nimblegen;
Roche). A browsing interface for the arrays (SignalMap software;
Roche) was used to visualize the array CGH data as a graphic output.

RESULTS

Two different arrays, each analyzed by two independent pro-
grams, were used in this study. Use of different arrays and
programs provided us an opportunity for array performance
comparisons. All CNVs detected by all programs in all patients
and controls are provided in the supplementary materials (Sup-
plementary Table S1, http://www.iovs.org/lookup/suppl/doi:
10.1167/i0vs.10-5606/-/DCSupplemental). In addition, all CNVs
identified in individuals with high interest CNVs are provided in
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TABLE 2. Descriptive Statistics for CNVs Identified in the POAG Cohort
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Two Chip Mapping 500K Array

SNP 5.0 Array

Set (CNAG and PennCNV)

(dChip and PennCNV)

Arrays, n (QC Pass) 400 (376) 200 (194)

Deletions, average across analysis 657 870
programs

Duplications, average across analysis 526 595
programs

Average number of CNVs per person 3.14 7.55

Average size of deletions (SD) 267,343 bp (409,790) 99,024 bp (226,711)

Average size of duplications (SD)

571,490 bp (611,411)

272,612 bp (380,289)

Data from the two programs used to analyze the arrays has been averaged to reflect array performance
as opposed to program performance. The Nspl and Styl subarrays from the 500K mapping set were
analyzed separately for CNV detection. Data from the two-chip mapping 500K array presented here
represent an average between programs and between the Nspl and StyI chips. QC, quality control.

Supplementary Table S2 (http://www.iovs.org/lookup/suppl/doi:
10.1167/i0vs.10-5606/-/DCSupplemental).

Descriptive Data from the 500K SNP Microarray

The 500K two-chip arrays (Nspl and Szyl analyzed separately)
were analyzed with PennCNV and CNAG and detected an average
of 3.14 CNVs per subject (Table 2). There were no significant
differences in the average number of CNVs, the average number
of deletions and duplications, or the average size of deletions and
duplications between individuals with glaucoma and controls on
the 500K two-chip platform (Tables 2, 3). More CNVs were
detected on chromosomes 14, 15, and 16 than on the other
chromosomes, regardless of the analysis method used, which is
reflective of the CNV hotspots on these chromosomes, which can
be detected with 250K arrays.

Descriptive Data from 5.0 Affymetrix
SNP Microarray

We found that the 5.0 array platform detected an average of
7.55 CNVs per POAG patient (Table 2). There were no signif-
icant differences in the average number of CNVs per patient,
the average number of deletions or duplications, or the average
size of deletions or duplications between individuals with glau-
coma and controls on the 5.0 SNP array (Tables 2, 3). There
was a trend for increased calls on chromosomes 1, 14, 15, 16,
17, and 22. This trend again reflects regions of common CNV
that can be detected with the SNP density present on the 5.0
array.

The 5.0 SNP array detected nearly twice as many CNVs
per person than the 500K two-chip mapping array. This
increase is due to increased SNP density and the presence of

copy number probes on the 5.0 array. In addition, the
average size of deletions and duplications detected with the
5.0 array was significantly smaller than those detected on
the 500K two-chip array, due again to the increased density
of SNPs on the 5.0 array.

Array CNV Validation

A total of 46 CNVs met criteria for validation by qPCR or aCGH.
Thirty-one of these CNVs were only detected by a single pro-
gram and 24 (77%) of 31 were validated as true calls. Two
programs called the remaining 15 CNVs, and 14 of 15 were
confirmed by either qPCR or aCGH (93%). A total of 11 CNVs
remained after validating and applying the cross-referenced
criteria (Table 4). This set included CNVs on 5q23.1 (DMXL1,
DIWD2), 20p12 (PAK?7), 12q14 (C120rf56, XPOT, TBK1, and
RASSF3), and 12p13.33 (TULP3), among others. Validation data
from qPCR and aCGH for the high-interest CNV set is included in
Supplementary Table S3 and Supplementary Figures S1 and S2
(http://www.iovs.org/lookup/suppl/doi: 10.1167/iovs.10-5606/-/
DCSupplemental).

DISCUSSION

The results of this large study indicate that rare CNVs do not
account for a large proportion of cases of glaucoma. Al-
though we did not find an increased overall genomic burden
of CNVs in glaucoma, we did identify several specific genes
implicated by rare and recurrent CNVs in glaucoma patients.
The approach taken in this study was conservative, and it is
possible that it underestimates the contribution of common
CNVs as well as CNVs smaller than 1 kb. CNVs less than 1 kb

TABLE 3. Descriptive Statistics for CNVs Identified in the Controls

Two Chip Mapping 500K Array
Set (CNAG and PennCNV)

SNP 5.0 Array
(dChip and PennCNV)

Arrays, n (QC Pass) 400 (373)

Deletions, average across analysis 682
programs

Duplications, average across analysis 510
programs

Average number of CNVs per person 3.19

Average size of deletions (SD) 257,007 bp (396,361)

Average size of duplications (SD) 536,297 bp (601,621)

300 (294)
1,120

893
6.80

111,586 bp (226,891)
259,616 bp (355,980)

Data from the two programs used to analyze the arrays has been averaged to reflect array performance

as opposed to program performance. The Nspl and Styl sub-arrays from the 500K mapping set were
analyzed separately for CNV detection. Data from the two-chip mapping 500K array presented here
represent an average between programs and between the NspI and StyI chips. QC, quality control.
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TABLE 4. CNVs of High Interest

Approximate Individuals Novel Validation
Gene Name Cytoband Size (kb) Type (n) to DGV Method Gene Function

NT5CIB 2p24.2 144 Deletion 2 No qPCR Cytosolic 5" nucleotidase

IMMT 2pl11.2 217 Duplication 2 No qPCR Mitochondrial inner membrane protein

NPHP1 2q13 147 Duplication 2 No qPCR Control of cell division, cell-cell and
cell-matrix adhesion

No RefSeq genes  5p15.33 60 Duplication 4 Yes qPCR N/A

DMXLI, DTWD2  5p23.1 776 Both 2 Yes qPCR DMXL1-WD domain containing;
DTWD?2 - no known function

CD5, CD6G 11q12.2 145 Duplication 2 Yes qPCR Glycoproteins involved in T-cell
activation

C12o0rf56, TBK1, 12ql14.2 486 Duplication 2 Yes aCGH C12o0rf506, hypothetical protein; XPOT,

XPOT, RASSF3 tRNA exportin TBK 1, Mediates

NFKB activation RASSF3, Ras
association domain containing
protein

TULP3 12p13.33 20 Deletion 5 Yes qPCR Retina expressed transcription factor

FAM27L 17p11.2 482 Duplication 4 No qPCR No known function

No RefSeq genes  18p11.32 89 Deletion 3 No qPCR N/A

PAK7 20p12 144 Duplication 2 Yes aCHG Brain-expressed kinase involved in

neurite growth

Included are genes in CNV region, cytoband location, approximate size averaged across multiple programs and individuals, CNV type and the
number of individuals with the given CNV, the presence or absence of the CNV in the database of genomic variants (Iafrate et al., 2004), method
of validation (qQPCR or aCGH), and the gene function. Exact breakpoints determined by each program in each individual are available in
Supplementary Table S1 (http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10 -5606-/DCSupplemental).

are difficult to reliably ascertain on most SNP array platforms duplication haplotypes suggesting that they did not share an

and often have low validation rates. It is also important to ancestral event. Our data, along with known expression
note the challenges faced when differentiating benign CNVs profiles of PAK7 and previous linkage of this region to JOAG
from those associated with disease. Our results should be indicate that PAK7 may have a role in the etiology of glau-
interpreted with a degree of caution, as these are rare coma.

events, and thus their observation in a few patients may be
by chance. Nevertheless, they meet the rigorous criteria that Deletion of 12p33.33 (TuLP3)

we established and are presented with the caveat that addi- . ) ) )
tional evaluation is necessary to conclusively confirm or Dele.tlol}s. of T' ULP3, located on 12p33.33, were 1dent1ﬁeq mn
five individuals (Fig. 2B). TULP3, a member of the tubby-like

reject their role in glaucoma. . L2 .
A total of 11 CNVs were identified as being of interest in the family of proteins, is thought to bind to the plasma mem-

glaucoma cohort. Two of these CNVs highlight genes, PAK7 brgne .ul,ltﬂ phosph.oinositide hydrolysis occurs, at Whi.Ch
and DMXL1, that lie within previously identified JOAG linkage point it is released into the nucleus and acts as a transcrip-

s 53 . s s
intervals, and a third CNV encompasses 7BK1, the binding  tional regulator.” Previous expression studies have spowsrz
partner of a known glaucoma gene, optineurin. that TULP3 is active in the ganglion cell layer of the retina.

Mutation of other tubby family members such as fub and
Duplication of 20p12 (PAK7) TULPI results in retinitis pigmentosa.>> > It is worth noting
that there is precedence for clinical heterogeneity of genes
involved in ocular development. For example, mutations of
PAXG cause both Aniridia and Peter’s anomaly.>” However,
there is no clear role for TULP3 in any disorder of blindness
to date.

Five deletions of TULP3 were detected in our glaucoma
cohort, making them the most frequent CNV of interest
identified in this study. The deletion is also novel to DGV
and 863 controls from the University of Toronto (Marshall C,
personal communication, 2009). Analysis of the genotypes
surrounding TULP3 suggests that four of the five deletion
carriers share a haplotype, indicating that an ancestral event
may have led to many of these deletions. Of note, the study

] S sample included in this project was subjected to multidi-
Worth, TX; data not shown).”" It is an effector of an Rac/CDC mensional scaling as part of a separate GWAS to test for

GTPase and is thought to regulate cytoskeletal dynamics, pro- 5 yjation stratification, with unremarkable results (unpub-

; ; .. 52
liferation, and apoptosis. lished data, 2009). Therefore, the increase in TULP3 CNV

The Clin.ical'ﬁndings in one of the two patients With.a frequency in the glaucoma cohort is not likely to be due to
PAK7 duplication (GGA-410-1) were remarkable for thin population differences between the cohorts.

CCT (Table 5). Neither patient had a positive family history
of glaucoma or were parents of these subjects available for
study to determine whether the PAK7 CNVs were inherited
or arose de novo. The breakpoints of these CNVs, however, We identified two CNVs (one deletion and one duplication)
were different, and genotype analysis showed two distinct encompassing the genes DMXL1 and DTWD2 on 5q23.1

Two overlapping but unique CNVs were detected on 20p12
within the previously reported 12.7-Mb glaucoma locus,
GLC1K."®' These CNVs result in duplication of the first two
exons of p21 protein (Cdc42/Rac)-activated kinase 7 (PAK7;
Fig. 2A). The duplications are novel to the Database of
Genomic Variants (DGV) and were not identified in 862 addi-
tional controls analyzed with the 6.0 SNP array (Affymetrix) at
the University of Toronto (Marshall C, personal communica-
tion, 2009). PAK7, also known as PAKS5, is one of the group II
Pak genes. PAK7 is expressed in neural projections and is
highly expressed in the human eye including the retina and
ganglion cell layer (data from microarray expression studies of
10 ocular tissues conducted in collaboration with Alcon, Fort

Duplication and Deletion of 5q23.1
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FIGURE 2.

UCSC (University of California, Santa Cruz) screen captures representing three CNVs that met criteria for the high-interest group. The

tracks displayed in the figures include an NHGRI (National Human Genome Research Institute) catalog of published genome wide association
studies, UCSC genes, RefSeq Genes (National Center for Biotechnology Information, Bethesda MD, available at www.ncbi.nlm.nih.gov/locuslink/
refseq), human mRNAs from GenBank, CpG islands, SNP density from the 5.0 array (Affymetrix, Santa Clara, CA), DGV structural variation,
duplication of nonrepeat masked sequence, structural variation, and repeat elements. (A) Duplication of PAK7 is located on 20p12. The
duplications encompass the first two exons of the PAK7 gene. Top bar of the CNVs Enriched in Glaucoma track: the duplication from patient
GGA-1079-1 with breakpoints determined by PennCNV at chromosome (chr)20:9,689,876-9,853,180. Bottom bar: the duplication identified in
patient GGA-410-1 with breakpoints determined by PennCNV at chr20:9689876-9820828.

(Fig. 2C). These CNVs are contained within both the GLC1M
linkage locus for JOAG?"?? and the quantitative traits locus
for IOP that was mapped to 5q,”® and they are near the
GLC1G locus for POAG. Small structural variants within
DMXL1 are noted in DGV and have been identified primarily
by paired end sequencing in three HapMap controls who
were not screened for glaucoma.?>2%>° However, the CNVs
present in our two patients are larger and thus, to our
knowledge, novel. They have also not been identified in 862
unpublished controls from the University of Toronto (Mar-
shall C, personal communication, 2009).

Little is known about the function of either DMXL1 or
DTWD?2. Rotimi et al.,”® previously identified DMXLI as one
of many potential glaucoma-causing genes in their 5q locus
based on sequence homology with WDR36. Interestingly,
DMXL1 is expressed in the retina, the ganglion cell layer,
the optic nerve, optic nerve head, iris, lens, and choroid
(data from microarray expression study of 10 ocular tissues
conducted in collaboration with Alcon; data not shown).
The gene contains a WD repeat region that is highly con-
served, and, based on sequence similarity to family mem-
bers, it is predicted to have regulatory function similar to
other WD repeat genes.é0 In addition, deletion of DMXL1 in
the context of larger chromosomal abnormalities has been
associated with ocular phenotypes including iris coloboma
and microphthalmia.®'-¢?

Neither of the patients with 5q23.1 CNVs had a history of
markedly elevated IOP. Patient GGA-1058-1, who carries the
duplication, had no recorded IOP measurements over 21

mm Hg and received a diagnosis of normal-tension glau-
coma, whereas patient GGA-1148-1, who carries the dele-
tion, had a maximum IOP of 23 mm Hg. Again, there are no
DNA samples available from parents to determine whether
these CNVs were inherited or arose de novo, but genotype
analysis of the CNV region did not reveal a shared haplotype,
and they are unlikely to share a common ancestral event.
Patient GGA-1148-1 did have a family history of glaucoma
involving two paternal aunts, whereas patient GGA-1058-1
had no family history of glaucoma. Segmental duplications
flank DMXL 1 and DTWD?2 suggesting nonallelic homologous
recombination as a potential mechanism for these CNVs.

Duplication of 12q14

We also identified a 12q14 duplication (C1207f56, XPOT,
TBK1, and RASSF3) that was originally detected in an ex-
tended normal-tension glaucoma pedigree. The original
12q14 duplication found in that family, the candidate genes
it contains, and its relation to the familial phenotype are
discussed in depth elsewhere.®® In this study, we identified
two unrelated patients with duplications of 12q14. Both
patients (GGA-458-1 and GGA-1159-1) had normal-tension
glaucoma. This duplication is also exceedingly rare, and no
records of copy number changes in XPOT or TBK1 exist in
the DGV. Like other rare variants identified in this study, this
CNV was not found in 863 controls from the University of
Toronto (Marshall C, personal communication, 2009). Of
the genes included in the CNV, TBKI is the most likely
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FIGURE 2.
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(Continued) (B) Deletions of TULP3 located on 12p13.33 identified in five patients, in order from top to bottom: GGA-1037-1,

GGA-1042-1, GGA-1054-1, GGA-1100-1, and GGA-1108-1. These patients share an overlapping consensus region with breakpoints at chrl2:

2,891,255-2,901,000, including exon 3 of TULP3.

candidate to play a role in the development of glaucoma.
TBK1 is a serine/threonine protein kinase and has been
identified as a binding partner for OPTN in a two-hybrid
screen. Additional studies indicate that the OPTN [E50K]
mutant allele associated with retinal ganglion cell loss dis-
plays enhanced binding to TBK1, suggesting that this inter-
action plays a role in the POAG caused by the E50K muta-
tion,®*©°

There are multiple mouse models of 7TBK1 mutant alleles;
however, the null mutation is embryonically lethal on a
C57BL/6 background. A recent paper reported the develop-
ment of a viable TBK1 knockout on a 12985 background and
found that the null mice exhibited mononuclear and granu-
lomatous cell infiltrates in several organs including lungs,
liver, kidney, spleen, and salivary glands.®® Unfortunately,
the eyes were not described in this study. Based on our
findings and previous functional data, TBK1 appears to be a
compelling candidate gene for glaucoma.

Of the remaining genes in the glaucoma CNYV set, little is
known about their function. Two loci, one on 18p11.32 and
one on 5p15.33, contained human ESTs but no RefSeq genes
(National Center for Biotechnology Information, Bethesda
MD, available at www.ncbi.nlm.nih.gov/locuslink/refseq).
Duplications in CD5 and CDG6, antigens involved in T-cell
regulation, were also identified; duplication of CD5, but not
CDOG, has been reported in control samples unscreened for
glaucoma.

In addition, we detected single-event CNVs that, while
not meeting the criteria for enrichment in glaucoma, are
nonetheless of interest. These included a duplication affect-
ing PAX2, a deletion affecting TGFBR3, and a duplication

affecting WDR36. WDR36 is notable because previous re-
ports have suggested that mutations in this gene are associ-
ated with glaucoma.®”~® In addition, there are multiple
lines of functional evidence to suggest a mechanism for
which WDR36 may play a role in the development of glau-
coma.”’®”7? However, because WDR36 duplications were
also identified in two of our control individuals, our study
does not support a role for CNV of this gene in glaucoma.
The PAX2 duplication subject (GGA-430-1) had a family
history of glaucoma that included a maternal grandfather,
mother, several aunts, and cousins. This patient with diag-
nosed glaucoma was noted to have significantly enlarged
cup-to-disc ratios (0.9 in the right eye, 0.7 in the left eye) in
the fifth decade of life. Mutations of PAX2 have been asso-
ciated with retinal and optic nerve colobomas as well as
microphthalmia,”~7® but to our knowledge this is the first
report of a PAX?2 structural variant in a patient with POAG.

Conspicuously absent were CNVs in myocilin (MYOC)
and optineurin (OPTN). One explanation for the lack of
deletions in MYOC is that haploinsufficiency of MYOC does
not result in glaucoma.”” Similarly, it is possible that OPTN
haploinsufficiency does not produce a phenotype or, alter-
natively, results in a more severe ocular disorder. However,
it is notable that overexpression of OPTN through loss of
one of the two leucine zipper motifs results in loss of retinal
ganglion cells in mice.®* In addition, we did not identify any
CNVs in FOXC1 or LMXBI1, probably because these muta-
tions result in congenital forms of glaucoma that are often
associated with extraocular manifestations, and such pa-
tients would not have been recruited into this study.?”4"7%
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FIGURE 2. (Continued) (C) The two patients with CNVs identified on 5p23.1 including the genes DMXLI and DTWD?Z2. Top bar of the CNVs

Enriched in Glaucoma track: duplication from patient GGA-1058-1, with breakpoints determined by PennCNV at chr5:117,987,956-119,261,893.
Bottom bar: deletion identified in patient GGA-1148-1 with breakpoints identified by PennCNV at chr5:118,221,327-118,637,515. The DGV
structural variation track shows four CNVs identified in the overlapping consensus region in controls unscreened for glaucoma. DMXL1, a member
of the WD-repeat family of genes, is an excellent functional candidate in this region, as it is expressed in the retina, ganglion cell layer, optic nerve
and optic nerve head, iris, lens, and choroid, according to expression array experiments on 10 ocular tissues conducted in a collaboration between
our laboratory and Alcon (Fort Worth, TX; data not shown). DTWD2, about which less is known, is an excellent positional candidate, as it is

untouched by control CNVs.

CONCLUSIONS

We have identified CNVs that implicate several compelling
POAG loci and genes that are supported by converging
phenotypic data, expression data, and previous linkage data.
These data, similar to CNV findings from other disorders, do

not generally overlap existing association study findings.
This result emphasizes the importance of the CNV approach

as a complement to

GWAS for detecting pathogenic glau-

coma genes and provides an additional set of disease genes
that may help to elucidate important molecular pathways
that underlie the disorder.
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TABLE 5. Phenotype Information Available on Individuals with Genic CNVs of Interest

Family
History of
Glaucoma

History of
Glaucoma

Max Recorded

Age at
Diagnosis (y)

CNV
Type

Surgery

CCT (pm)

IOP (mm Hg)

Sex

Location

Genes in CNV

Patient ID

LT+ 1 +++1++8

T+ I+ ++++ 1+ +

511 OD, 497 OS

ND
500 OD, 504 OS
587 OD, 596 OS
493 OD, 468 OS
506 OD, 493 OS
549 OD, 536 OS
527 OD, 534 OS
536 OD, 524 OS
550 OD, 537 OS

ND

38 OU

210D,2508
230D,1908
190D,2008
340D,2408
210D,2408
300D,2008
460D,2008
190D,2408
230D,2008

ND
17 OU

59
46
70
70

63
60
47
63
69
42
ND

SRS R

20p12
20p12

5p23.1

5p23.1

12p13.33
12p13.33
12p13.33
12p13.33
12p13.33
10q24.31

Dup
Dup
Del
Dup
Del
Del
Del
Del
Del
Dup
Del

DMXL1, DTWD2
DMXL1, DTWD2

TULP3
TULP3
TULP3
TULP3
TULP3
PAX2

PAK7
PAK7

GGA-1079-1
GGA-1148-1
GGA-1058-1
GGA-1100-1
GGA-1109-1
GGA-1042-1
GGA-1054-1
GGA-1037-1
GGA-430-1

GGA-215-1

GGA-410-1

1p22.2-p22.1

12q14.2

TGFBR3

+

ND

33

=

Dup

C1201f56, XPOT, XPOT,

GGA-458-1

TBK1, RASSF3
C1201f56, XPOT, TBK1,

549 OD, 571 OS

20 OU

58

12q14.2

Dup

GGA-1159-1

RASSF3

Genes included in the CNV region and the type of CNV are listed for each individual. Clinical variables including sex, age at diagnosis, maximum recorded IOP and CCT are reported along with

history of glaucoma surgery and family history of disease. Del, deletion; dup, duplication; ND, no data available.
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One limitation of our study is that, as with any age-related
disorder, it is impossible to ensure that none of the AMD
subjects will eventually develop glaucoma. However, the
control set is used as a screening tool to filter out common
and benign rare CNV results from the POAG data. Therefore
the possibility of there being glaucoma-positive patients
within the control set would have the effect of making our
analysis overly conservative and of increasing type II errors,
but is unlikely to contribute to false-positive results.

An additional limitation of our study is that a majority of
the control patients are not true controls but are instead
disease contrast patients. Our study, which was intended to
indentify rare variants involved in glaucoma hinges primarily
on contrasting two sets of individuals, with one set highly
enriched for glaucoma and the other set glaucoma-depleted.
Therefore, an alternative explanation for the data does exist,
which is that these rare CNVs may be protective against
AMD. This secondary explanation is not incompatible with
the most parsimonious explanation of the data, which is that
the rare CNVs found in the POAG sample increase suscep-
tibility to glaucoma.

Based on some of the converging factors highlighted in
this study including (1) the presence of these rare events
in the glaucoma population and the paucity of these events
in our nonglaucoma case/contrast sample and in unselected
control databases (DGV), (2) the overlap of linkage signals
and CNV locations, (3) the expression patterns of the genes
affected by the CNVs in question, and (4) the phenotypes of
patients who share CNVs, we believe that these variants
should each be considered candidates for further study in
glaucoma. Replication studies in much larger samples and
functional studies in model systems are necessary, to con-
firm a role for these rare variants in the pathophysiology of
glaucoma.
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