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Genome-wide association study with DNA pooling
identifies variants at CNTNAPZ2 associated with

pseudoexfoliation syndrome

Mandy Krumbiegell, Francesca Pasutto*'!, Ursula Schlotzer-Schrehardt?, Steffen Uebe!l, Matthias Zenkel?,
Christian Y Mardin?, Nicole Weisschuh?, Daniela Paoli?, Eugen Gramer?, Christian Becker®, Arif B Ekici!,
Bernhard HF Weber’, Peter Nﬁrnberg6, Friedrich E Kruse? and André Reis!

Genetic and nongenetic factors contribute to development of pseudoexfoliation (PEX) syndrome, a complex, age-related,
generalized matrix process frequently associated with glaucoma. To identify specific genetic variants underlying its etiology,
we performed a genome-wide association study (GWAS) using a DNA-pooling approach. Therefore, equimolar amounts of DNA
samples of 80 subjects with PEX syndrome, 80 with PEX glaucoma (PEXG) and 80 controls were combined into separate
pools and hybridized to 500K SNP arrays (Affymetrix). Array probe intensity data were analyzed and visualized with expressly
developed software tools GPFrontend and GPGraphics in combination with GenePool software. For replication, independent
German cohorts of 610 unrelated patients with PEX/PEXG and 364 controls as well as Italian cohorts of 249 patients and 190
controls were used. Of 19, 17 SNPs showing significant allele frequency difference in DNA pools were confirmed by individual
genotyping. Further single genotyping at CNTNAPZ2 locus revealed association between PEX/PEXG for two SNPs, which

was confirmed in an independent German but not the Italian cohort. Both SNPs remained significant in the combined

German cohorts even after Bonferroni correction (rs2107856: P.=0.0108, rs2141388: P.=0.0072). CNTNAPZ2 was found

to be ubiquitously expressed in all human ocular tissues, particularly in retina, and localized to cell membranes of epithelial,
endothelial, smooth muscle, glial and neuronal cells. Confirming efficiency of GWAS with DNA-pooling approach by detection
of the known LOXL1 locus, our study data show evidence for association of CNTNAP2 with PEX syndrome and PEXG in

German patients.
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INTRODUCTION
Pseudoexfoliation (PEX) syndrome, a late onset, generalized disorder
of the extracellular matrix, is characterized by production and accumu-
lation of an abnormal extracellular material in many intra- and
extraocular tissues.! Clinically, it manifests with marked intraocular
changes as it involves all tissues of the anterior segment of the eye.
Whitish fibrillogranular material is visible by slit-lamp microscopy on
the anterior lens capsule and at the pupillary border.? Furthermore PEX
is one of the most common causes of open-angle glaucoma accounting
for about 25% of all open-angle glaucoma worldwide.? The etiology of
PEX syndrome is still poorly understood but increased prevalence of the
disease in certain populations and observed familial aggregation are
compatible with PEX being a complex genetic disorder.>™

Proteomic approaches identified the presence of elastic fiber
components (such as fibrillin-1, vitronectin and fibulin-2),
clusterin as well as apolipoprotein E (APOE) within PEX material
deposits, suggesting them as possible functional candidate genes

for PEX disease.>® To date however, among these candidates only
polymorphisms in the gene encoding for clusterin (CLU) have been
shown to be associated both with PEX syndrome and PEX glaucoma
(PEXG) in different populations.”® Association with alleles of the
gene encoding APOE however is still controversial®!? but could be
excluded in our population of PEX patients.!! A unique genome-wide
scan carried out with 75 PEX patients and 14474 population-based
control subjects allowed the detection of a strong association between
two nonsynonymous single nucleotide polymorphisms (SNPs) in the
lysyl oxidase-like 1 (LOXLI) gene and both PEX syndrome and PEXG
in populations from Iceland and Sweden.!? This association has been
subsequently confirmed in many cohorts worldwide,'>~?? including
our present group of PEX patients.??

Aiming to reduce experimental costs, DNA-pooling analysis has
gained interest as a potential alternative to individual genotyping.>42
So far risk factors for a number of complex traits such as alcohol
addiction,?® mental impairmen‘[,”’28 multiple sclerosis?® and
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abnormal cholesterol levels’? have been identified. Furthermore, these
studies have been greatly facilitated by development of specialized
analysis software such as GenePool®! and additions such as GPFron-
tend and GPGraphics (Uebe et al., submitted) focused on interpreta-
tion and graphical evaluation of the pooled hybridization intensities at
the single-array SNP.

To discover new genetic variants associated with PEX disease, we applied
these developments to a genome-wide association study (GWAS) using
pooled DNA samples of patients with PEX and control subjects.

MATERIALS AND METHODS

Study populations

The study was approved by the ethical review boards of the medical faculty of
the Universities of Erlangen-Nuremberg, Tuebingen, Wuerzburg (Germany)
and that of the hospital in Monfalcone-Gorizia (Italy) and was in accordance
with the Declaration of Helsinki Principles. All subjects gave informed consent
before entering the study. Our discovery group consisted of 160 patients of
German origin (80 PEX syndrome and 80 PEXG patients randomly selected for
DNA-pooling experiments) and 80 healthy German subjects. Our German
replication cohort was composed of 610 PEX patients and 364 control
individuals; the Italian replication cohort of 249 PEX patients and 190 healthy
subjects. Recruitment and clinical evaluation were performed as previously
described $11:23

DNA extraction, quantification and pool construction

Genomic DNAs were extracted from peripheral blood leukocytes of patients
and control individuals with automated techniques (AutoGenFlex 3000;
Autogen, Holliston, MA, USA) using FlexiGene chemistry (Qiagen, Hilden,
Germany). DNA samples were quantified using a spectrophotometer (260 nm,
Ultrospec III; Pharmacia Biotech, Freiburg, Germany) and diluted to a
concentration of 50 ng/ul. Afterwards each DNA was quantified using fluori-
metry (Quant-iT PicoGreen dsDNA Assay; Invitrogen, Karlsruhe, Germany)
and checked for quality using 1% agarose gel electrophoresis. Degraded DNA
samples were excluded from pooling analysis. Three DNA pools were created
from randomly selected samples from our cohorts: 100 ng DNA aliquots of
80 German PEX patients, 80 PEXG patients and 80 healthy individuals were
each combined into three DNA pools.

SNP microarray allelotyping

Each of the three DNA pools was allelotyped using the GeneChip Mapping
500K Array Set (Affymetrix, Santa Clara, CA, USA) in accordance with the
standard protocol for individual DNA samples.

GPFrontend and GPGraphics

Using the Microsoft .NET 2.0 platform and Visual Studio 2005, we have created
a graphical software package to analyze data from DNA pooling based
microarray GWA studies. This package includes parts of GenePool 0.8.2,
existing software suitable for GNU/Linux systems, which we have modified
to run in a Microsoft Windows environment and to generate some additional
data, enabling it to interact with the .NET parts created by us. The created
programs are GPFrontend, a GUI frontend to use the GenePool programs and
to generate metadata files, and GPGraphics, a program to further analyze and
graphically evaluate GenePool’s output (Uebe et al., submitted). The software
package reads one of the output files of Gene Pool and creates a bitmap file for
every chromosome, in which the score or rank of every SNP is encoded to the
height of a peak. Differences of relative allele signals (RAS) between cases and
controls were calculated with GenePool using t-test statistics. In GPGraphics,
a logarithmic filter was used to visually identify chromosomal regions of
high-ranking SNPs, that is, those with highest RAS differences between groups.

Individual genotyping

To validate high-ranking single-nucleotide polymorphisms (SNPs) from the
arrays, we selected up to 2 SNPs from eleven clusters containing at least 2 SNPs
positioned among the first 1000 SNPs and in high linkage disequilibrium (LD)
each other for individual genotyping. Altogether 19 SNPs capturing >95% of
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overall genetic variance observed in Europeans were genotyped in the 80 PEX
syndrome, 80 PEXG and 80 healthy individuals used for DNA-pooling
performing predeveloped TagMan assays (Applied Biosystems, Foster City,
CA, USA). A genetic association study was performed.

Next, we selected the candidate locus among the 11 clusters showing the
largest odds ratio (OR) and genotyped additional 17 SNPs in our pooling
cohort (80 PEX, 80 PEXG and 80 healthy individuals) using TagMan assays
(Applied Biosystems). To replicate association findings, we genotyped these
SNPs in further 610 unrelated German PEX/PEXG patients and 364 controls as
well as in 249 Italian patients and 190 Italian controls. Genotype data for four
arbitrarily selected SNPs was verified by direct sequencing of 24 randomly
chosen samples. The average genotyping rate was 97.5%. Hardy—Weinberg
equilibrium for all SNPs was confirmed in the control group using the program
Haploview.>

CNTNAP2 expression analyses

For quantitative real-time PCR and immunohistochemistry, ocular tissues
were obtained from six donor eyes with PEX syndrome without glaucoma
(mean age, 81.3 +5.3 years; two women, four men) and six normal-appearing
donor eyes (mean age, 77.3£6.6 years; three women, three men) without
any known ocular disease. The presence of PEX syndrome was confirmed
by electron microscopic analysis of small tissue sectors and the absence
of glaucoma was confirmed by microscopic analysis of optic nerve cross
sections. These eyes were obtained at autopsy and were processed within 8h
after death. In addition, tissues of six eyes with PEX-associated glaucoma
(mean age, 81.6 £ 3.1 years; four women, two men) and six glaucomatous eyes
without evidence of PEX (mean age, 78.4 £ 7.8 years; four women, two men)
were used. These eyes had to be surgically enucleated because of painful
absolute glaucoma and were processed immediately after enucleation; their
medical history was documented previously.’> Informed consent of tissue
donation was obtained from the patients or, in case of autopsy eyes, from
their relatives.

For quantitative real-time PCR total RNA was extracted from various ocular
tissues using the RNeasy kit (Qiagen) including an on-column DNase I
digestion step. cDNA synthesis and quantitative real-time PCR, using the
MyiQ Thermal Cycler and software (Bio-Rad, Munich, Germany), was

Table 1 Allele frequencies from individual DNA genotyping and
results of y2-statistics of selected SNPs initially identified in GWAS
using pooled DNA from 160 patients and 80 control individuals

SNP Cluster Chr. Allele Cases Controls 2 P-value P. value*
rs4316338 1 1 C 0.741 0.656 3.679 0.0551
rs3102053 2 1 T 0.778 0.620 13.249 0.0003 0.0057
rs7532572 2 1 A 0.703 0.603 4.620 0.0316
rs4839282 3 1 A 0582 0.406 13.143 0.0003 0.0057
rs6682717 3 1 C 0582 0.405 13.211 0.0003 0.0057
rs6728372 4 2 T 0519 0.406 5.408 0.0200
rs17268959 4 2 G 0523 0.395 6.683 0.0097
rs13012537 5 2 T 0.584 0.431 10.049 0.0015 0.0285
rs13411233 6 2 A 0.238 0.133 7.153 0.0075
rs1346776 6 2 C 0.253 0.127 10.164 0.0014 0.0266
rs2758813 7 6 T 0312 0.219 4.638 0.0313
rs1744380 7 6 G 0306 0.225 3.499 0.0614
rs2141388 8 7 T 0303 0.156 12.138 0.0005 0.0095
rs2107856 8 7 T 0303 0.156 12.138 0.0005 0.0095
rs1391466 9 8 A 0336 0.222 6.664 0.0098
rs903146 9 8 C 0381 0.272 5.570 0.0183
rs10964882 10 9 T 0866 0.759 8.465 0.0036
rs7047811 10 9 T 0868 0.753 9.844 0.0017 0.0323
rs1433612 11 5 T 0.734 0.627 5.839 0.0157

*P. value: P-value after Bonferroni correction.
Nominally significant P-values are in bold.
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Figure 1 The evaluation window of GPGraphics. The image shows a rank-based graph with sliding window mean of 5 and logarithmic filter of 1.00e. Data for
the selected SNP are shown in the grid view on the bottom. The relative chromosomal position of the CNTNAP2 gene is indicated with a black bar.

Table 2 Allele frequencies from individual genotyping of 19 SNPs in CNTNAP2 gene region and results of y2-statistics are shown for
the discovery group (160 patients, 80 control individuals), the replication group (610 patients, 364 control individuals) and the combined

German groups (770 patients, 444 control individuals)

Discovery group (160 cases, 80 controls)

Replication group (610 cases, 364 controls)

Combined groups (770 cases, 444 controls)

SNP Allele  Cases  Controls ¥ P-value Cases Controls ¥ P-value = Cases Controls $Z P-value P, value*
rs13238470 A 0.769 0.744 0.366 0.5452 0.775 0.744 2.288 0.1304 0.773 0.744 2.622 0.1054
rs6973370 A 0.597 0.550 0.963 0.3265 0.619 0.589 1.663 0.1972 0.614 0.582 2.407 0.1208
rs1404699 G 0.437 0.338 4.387 0.0362 0.447 0.411 2.458 0.1170 0.445 0.397 5.206 0.0225
rs700308 T 0.134 0.081 2.921 0.0874 0.139 0.108 4.040 0.0444 0.138 0.103 6.361 0.0117
rs13230403 G 0.362 0.350 0.072 0.7878 0.369 0.374 0.059 0.8085 0.367 0.370 0.014 0.9056
rs4725736 C 0.418 0.278 8.827 0.0030 0.414 0.382 1.990 0.1583 0.415 0.363 6.293 0.0121
rs2107856 T 0.303 0.156 12.138 0.0005 0.288 0.239 5.506 0.0190 0.291 0.224 12.897 0.0003 0.0108
rs2141388 T 0.303 0.156 12.138 0.0005 0.288 0.238 5.905 0.0151 0.291 0.223 13.465 0.0002 0.0072
rs1015932 C 0.712 0.684 0.409 0.5226 0.713 0.696 0.632 0.4265 0.713 0.694 0.977 0.3230
rs7781317 A 0.447 0.419 0.343 0.5582 0.435 0.427 0.122 0.7267 0.437 0.425 0.333 0.5637
rs6970064 G 0.603 0.468 7.754 0.0054 0.577 0.552 1.156 0.2824 0.582 0.537 4.673 0.0306
rs971818 A 0.700 0.677 0.258 0.6116 0.714 0.689 1.318 0.2509 0.711 0.687 1.526 0.2168
rs10226360 C 0.525 0.494 0.422 0.5158 0.528 0.526 0.007 0.9348 0.528 0.520 0.115 0.7344
rs851845 T 0.342 0.325 0.134 0.7144 0.359 0.321 2.793 0.0947 0.355 0.322 2.733 0.0983
rs12703926 A 0.288 0.247 0.879 0.3484 0.238 0.230 0.151 0.6972 0.248 0.233 0.694 0.4049
rs851821 A 0.494 0.469 0.267 0.6054 0.490 0.517 1.275 0.2588 0.491 0.508 0.652 0.4194
rs2074714 A 0.375 0.354 0.192 0.6609 0.356 0.338 0.673 0.4120 0.360 0.341 0.913 0.339%4
rs985829 A 0.610 0.577 0.479 0.4891 0.605 0.642 2.618 0.1057 0.606 0.631 1.390 0.2383
rs11975946 G 0.431 0.391 0.681 0.4091 0.407 0.424 0.510 0.4751 0.412 0.418 0.078 0.7805

The SNPs rs2107856 and rs2141388 were initially identified by pooling experiments.
Nominally significant P-values are in bold.
*Pc value: P-value after Bonferroni correction.

performed as previously described.* In brief, real-time PCR reactions (25 ul)
contained 2 ul of the 1:5 diluted first-strand cDNA, 0.4 um each of upstream
and downstream primers, 3.5mM MgCl, (CNTNAP2) or 3.0mm MgCl
(p-actin) and IQ SYBR Green Supermix (Bio-Rad). All samples were analyzed
in duplicates. Gene-specific exon-spanning primers (MWG Biotech, Anzing,
Germany) for CNTNAP2 (upstream: CTACTGTAACTGCGACGCGGACT,
downstream: CGGTCAGTATCTCCAACCACCAC; GenBank accession no.
NM_014141) and f-actin (upstream: TGAGGCACTCTTCCAGCCTTC, down-
stream: GCGTACAGGTCTTTGCGGATG; GenBank accession no. NM_001101)
were designed by Primer 3 software. For quantification, standard curves of
plasmid-cloned ¢cDNA were run in parallel, and amplification specificity was
checked using melt curve and sequence analyses using the Prism 3100 DNA
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sequencer (Applied Biosystems). For normalization of gene expression levels,
mRNA ratios relative to the housekeeping gene fS-actin were calculated.

Light microscopic indirect immunofluorescence and electron microscopic
immunogold labeling were performed on sections of ocular tissues of PEX and
control eyes, as previously described,>® using two antibodies against CNTNAP2
produced in rabbit (ab33994; Abcam, Cambridge, UK and HPA002739; Sigma,
St Louis, MO, USA). Antibody binding was detected by Alexa 488-conjugated
secondary antibodies (Invitrogen-Molecular Probes, Eugene, OR, USA) or by
10nm gold-conjugated secondary antibodies (BioCell, Cardiff, UK). Nuclear
counterstaining was performed with propidium iodide (Sigma). In negative
control experiments, the primary antibodies were replaced by phosphate-
buffered saline or equimolar concentrations of irrelevant antibodies.
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Table 3 Association of CNTNAP2 SNPs rs2107856 and rs2141388 allele T, both with LOXL1 common-risk haplotype G-G, composed of both
G alleles of the two LOXLI coding SNPs rs1048661 and rs3825942

Groups LOXL1 haplotypes Cases Controls SNP Cases, Controls b P-value OR 95% CI
Discovery G-G carriers 144 59 rs2107856 0.292, 0.169 6.557 0.0104 2.02 1.17-3.48
rs2141388 0.292, 0.169 6.557 0.0104 2.02 1.17-3.48

Non-G-G carriers 16 21 rs2107856 0.406, 0.119 8.139 0.0043 5.06 1.567-16.32

rs2141388 0.406, 0.119 8.139 0.0043 5.06 1.57-16.32
Replication G-G carriers 580 273 rs2107856 0.285, 0.234 4.750 0.0293 1.30 1.03-1.65
rs2141388 0.285, 0.233 5.000 0.0254 1.31 1.03-1.66
Non-G-G carriers 30 91 rs2107856 0.350, 0.253 2.132 0.1443 1.59 0.85-2.98
rs2141388 0.350, 0.250 2.257 0.1330 1.62 0.86-3.03
Combined G-G carriers 724 332 rs2107856 0.286, 0.223 9.288 0.0023 1.40 1.13-1.73
rs2141388 0.286, 0.222 9.609 0.0019 1.41 1.13-1.75
Non-G-G carriers 46 112 rs2107856 0.370, 0.228 6.677 0.0098 1.99 1.18-3.37
rs2141388 0.370, 0.225 6.916 0.0085 2.02 1.19-3.42

The results are shown for the discovery group (160 patients, 80 control individuals), the replication group (610 patients, 364 control individuals) and the combined groups (770 patients, 444

control individuals).

Statistical analysis
Statistical analysis was performed with the program Haploview (version 4.0)3
which uses y?-statistics for assessing single SNP and haplotype association.

A P-value of <0.05 was considered statistically significant. Obtained P-values
were Bonferroni corrected.

RESULTS

Genome-wide association study

Two genomic DNA pools of PEX patients without and with
glaucoma and one of control subjects, prepared as described in
Materials and methods, were hybridized to the Affymetrix 500K
chip array. For the analysis of pooling-based array data, we used
GPFrontend and GPGraphics together with the GenePool software
to rank all 500 568 array SNPs according to differences of
RAS between cases and controls (ARasMean). As expected, a large
number of chromosomal regions presented SNPs with marked differ-
ences in hybridization intensities including the LOXLI locus (although
SNPs contained in Affymetrix chip are different from those of the
MMumina chip in particular for LOXLI region; Supplementary Figure
1), which has been shown to be associated with the disease.'>?> The
identification of LOXLI locus among others loci proved the validity
of data.

For further analysis we then selected 11 novel clusters of high-
ranking SNPs containing at least two SNPs positioned among the first
1000 SNPs and in high LD with each other. We performed individual
genotyping with 19 SNPs selected from the clusters. As shown in
Table 1, 17 of the 19 SNPs tested showed the expected significant
differences (P < 0.05) in allelic frequency between patients and control
groups, thus confirming that the hybridization intensities of array data
were based on true differences in genotype frequency between both
groups.

Cluster 8 presenting the highest OR (2.35) was selected for more
detailed association analysis. This cluster is located on chromosome 7
within the CNTNAP2 gene locus (Figure 1). A total of 17 addi-
tional SNPs from this gene region were genotyped using the DNA
samples of the pooled groups (Table 2). For two SNPs the difference
in allele frequency between patients and control subjects remained
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Figure 2 Quantitative determination of CNTNAP2 mRNA expression levels in
human ocular tissues using real-time PCR technology. The expression levels
were normalized against f-actin and the results are expressed as copy
number CNTNAP2/ug total RNA. (a) CNTNAP2 mRNA expression in various
ocular tissues of normal human donor eyes (n=3). (b) CNTNAP2 mRNA
expression in ciliary processes (n=6) and retina (n=3) comparing normal
human donor eyes to eyes from patients with glaucoma, PEX syndrome
(PEXS) and PEX glaucoma late (PEXGL).

significant after Bonferroni correction (rs2107856 and rs2141388;
Bonferroni-corrected P.=0.0180, OR=2.35, 95% CI. 1.44-3.83;
Table 2).
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To confirm these results, we genotyped all 19 selected SNPs in a first
independent German replication cohort of 610 patients and 364
control subjects. The results of the first replication cohort alone as
well as the results of the combined German cohorts are reported in
Table 2. Also in the combined groups, the P-values for the two SNPs,
rs2107856 and 1s2141388, remained significant after Bonferroni
correction (rs2107856: P.=0.0108, OR=1.42, 95% CI: 1.17-1.72;
rs2141388: Pc=0.0072, OR=1.43, 95% CI. 1.18-1.74; Table 2),
thus suggesting a possible association both with PEX syndrome
and PEXG.

A second replication cohort of 249 patients and 190 healthy
individuals from Northern Italy was also genotyped for all 19 SNPs
(Supplementary Table). In this second population group no evidence
for association was detected.

Because a strong association of variants in LOXLI in PEX and
PEXG was reported,’> we compared the allele frequencies at
CNTNAP2 locus conditioned on the presence of the identified
LOXLI common risk haplotype G-G. We stratified our German
cohorts (discovery, replication and combined cohorts) for carriers
and noncarriers of the risk haplotype G-G, which is composed of the

Figure 3 Immunofluorescence labeling of CNTNAPZ2 in ocular tissues of normal human donor eyes. CNTNAP2 immunopositivity (green fluorescence, arrows;
red fluorescence, propidium iodide) is observed along basal cell membranes of the limbal epithelium (a), apical cell membranes of the corneal endothelium
(b), endothelial cells of trabecular meshwork and Schlemm’s canal (c), vascular endothelia and dilator muscle cells in the iris (d), basal and apical
membranes of the ciliary epithelium (e), vascular endothelia and smooth muscle cells of the choroid (f), retinal ganglion cells, nerve fibers and bipolar cells
in the retina (g), and glial cells (arrows) and nerve fiber bundles in the optic nerve (h). BV, blood vessel; CE, ciliary epithelium; DIL, dilator muscle; DM,
Descemet’s membrane; GCL, retinal ganglion cell layer; INL, inner nuclear layer; IPE, iris pigment epithelium; LE, limbal epithelium; NFB, nerve fiber
bundles; NFL, nerve fiber layer; ONL, outer nuclear layer; PRL, photoreceptor layer; RPE, retinal pigment epithelium; SC, Schlemm’s canal; ST, stroma;

TM, trabecular meshwork; original magnification, x100.
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major alleles G of the two coding SNPs rs1048661 and rs3825942
(Table 3). Although the subgroups of non-G-G carriers were small
sized, we observed significant association to allele T of CNTNAP2
SNPs rs2107856 and rs2141388 in carriers of LOXLI nonrisk haplo-
types (discovery group: P=0.0043, both and combined groups:
P=0.0098 and 0.0085; Table 3).

Expression of CNTNAP2

To further investigate the functional role of CNTNAP2 in the
human eye and in the pathogenesis of PEX syndrome/glaucoma, we
performed a comprehensive mRNA and protein expression analysis in
ocular tissues from eyes with PEX syndrome/glaucoma and normal
and glaucomatous control eyes. Quantitative real-time PCR showed a
ubiquitous expression of CNTNAP2 in virtually all ocular tissues
(Figure 2a). No statistically significant differences in expression levels
were detected between PEX and control tissues. However, there was a
tendency toward reduced CNTNAP2 expression in glaucomatous
retinae of both PEXG eyes compared with PEX eyes (3.5 % 1.8x10*
vs 6.2 £ 5.1x 10* copies per ug RNA) and of non-PEXG eyes compared
with normal control eyes (1.8 +1.1x10* vs 3.8 £ 1.3x10* copies per
ug RNA) (Figure 2b).

By immunohistochemistry, CNTNAP2 could be localized mainly
to cell membranes of epithelial and endothelial cells (Figure 3a), the
corneal endothelium (Figure 3b), trabecular endothelial cells and
endothelial cells lining Schlemm’s canal (Figure 3c), iris pigment
epithelium as well as the ciliary epithelium of both PEX and control
eyes (Figure 3e). CNTNAP2 was also found to be expressed by
vascular endothelial and smooth muscle cells, for example, in the
conjunctival stroma, iris stroma (Figure 3d) and choroidal stroma
(Figure 3f). In the retina, a marked labeling of retinal ganglion cells
and retinal nerve fibers was present (Figure 3g). Moreover, positive
staining of nerve fibers and glial cells was observed in the retrolaminar
portion of the optic nerve (Figure 3h). On the electron microscopic
level, immunogold labeling confirmed a distinct reaction of cell
membranes, for example the basal membrane infoldings of non-
pigmented ciliary epithelial cells, with both antibodies to CNTNAP2
(Figure 4a). In PEX tissues, immunogold labeling of cell membranes
appeared to be reduced close to cellular surface compartments from
which the PEX fibrils appeared to emerge (Figure 4b).

In negative control experiments, immunoreactions could be
eliminated by replacement of primary antibodies (data not shown).
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DISCUSSION

In this study we combined the strengths of microarrays and pooled
DNA for a GWAS to identify loci associated with PEX disease. This
approach enabled us to investigate a large number of SNPs and
individual DNA samples (160 patients and 80 controls) reducing
both time and cost normally connected with GWAS of a large number
of individual DNA samples. With the help of the newly developed
software tools, we were able to detect several loci that showed marked
differences in allelic signal frequencies between patients with PEX
syndrome/glaucoma and control subjects, including the LOXLI locus.
In the Affymetrix 500K Array Set the best SNP of the LOXLI locus,
rs893818, ranked only at position 2419 with a difference in RAS
frequencies (ARasMean) of 11.9% between case and control pools
(Supplementary Figure 1). Single genotyping of the known associated
LOXLI SNPs, rs1048661 and rs3825942 (not present on the Affymetrix
500K Array Set) with the same DNA samples of the pools revealed a
genotypic difference of 15.6% for SNP rs1048661 and 7.2% for SNP
rs3825942 (data not shown). Thus the difference at SNP rs893818
observed in the pooling experiment is comparable to that of the two
known LOXLI associated SNPs. Patient selection for pooling was
carried out independently of LOXL1 genotype. In addition, single
genotyping of the 19 high-ranking SNPs at the 11 selected regions
confirmed the differences in allelic signal frequencies observed
between groups, thus validating the potential of the pooling-based
GWAS to identify SNPs differing in allele frequencies.

Detailed analysis of the selected locus on chromosome 7 suggested
an association between PEX and two SNPs, rs2107856 and rs2141388,
located in intron 11 of the CNTNAP2 gene. This association was
observed both in the discovery and replication cohorts of German
patients. Though modest given the OR of about 1.4, the risk conferred
to the disease of these two SNPs is typical for many susceptibility
variants associated with complex diseases.

In contrast, no association with these SNPs was evident in
the Italian patients’ cohort. Insufficient statistical power due to the
limited number of Italian subjects available or other factors such as
population specific differences in disease-susceptibility loci could
explain this difference. Further replication in other study groups
is nevertheless required. Moreover, the detected association is
more frequently observed in PEX patients carrying LOXLI nonrisk
haplotypes. This might suggest an additionally LOXLI-independent
mechanism.

Figure 4 Immunogold localization of CNTNAP2 along the basolateral membrane infoldings of the nonpigmented ciliary epithelium of a normal donor eye
(a) and an eye with pseudoexfoliation syndrome (b). BM, basement membrane; M, mitochondria; PEX, pseudoexfoliation fibrils; LY, lysosomes; magnification

bar=0.5 um).
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CNTNAP2 is a large gene spanning 2.3 mb of DNA on chromosome
7 and is coding for contactin-associated protein-like 2 (CNTNAP2,
also termed Caspr2) a neuronal membrane protein and member of the
neurexin superfamily,3®37 possibly involved in potassium channel
trafficking.3*3% So far it has been suggested as a candidate gene for
various neuropsychiatric disorders,>*5 however little is known about
its specific function and regulation. This protein contains multiple
interaction domains such as laminin G, fibrinogen-like domains and
epidermal growth factor (EGF)-repeat domains that are also found in
members of the fibrillins and fibulins protein families. It is interesting
to note that the two associated SNPs are located in an intronic region
with no annotated functional element, but next to exons coding for
the EGF-repeat domains, known to be involved in specific protein—
protein interactions.*® Interaction of CNTNAP2 with cytoskeletal
components may thus be important for membrane stabilization.

Because, to the best of our knowledge, studies on ocular expression
of CNTNAP2 are limited to the rat optic nerve,*” we documented in
this study the detailed expression pattern of CNTNAP2 in human
ocular tissues. In agreement with published data on neuronal expres-
sion, CNTNAP2 mRNA and protein expression levels were found to
be highest in the retina in clear association with retinal ganglion cells
and axons. In addition, CNTNAP2 protein was found to be ubiqui-
tously expressed in virtually all ocular tissues, where it predominantly
localized to cell membranes of epithelial, endothelial, vascular, smooth
muscle, glial and neuronal cells. Although no significant differences in
expression levels could be observed between PEX and control tissues,
there was a tendency toward reduced expression of CNTNAP2 mRNA
in retinal tissues of glaucomatous eyes, independent of the presence of
PEX. This preliminary observation has to be substantiated by
analyzing larger numbers of glaucoma and non-glaucoma specimens.

Immunoelectron microscopy revealed, however, a reduced mem-
brane-associated staining for CNTNAP?2 at sites of de novo formation
of PEX fibrils. PEX fibrils have been reported to be multifocally
produced by various intraocular cell types including the nonpigmen-
ted ciliary epithelium, the iris pigment epithelium, the trabecular and
Schlemm’s canal endothelium, the corneal endothelium as well as
vascular endothelial and smooth muscle cells of the iris. Based on the
observation that CNTNAP2 is expressed along the membranes of cells
that are involved in the de novo formation of PEX fibrils in anterior
segment tissues, and in view of the fact that PEX fibrillogenesis and
assembly occur in close association with cell membranes, a functional
implication of CNTNAP2 in PEX pathophysiology is well conceivable.
It may be speculated that alterations in membrane stabilization or ion
channel function could contribute to these abnormal matrix processes,
which are in fact known to be associated with cell-surface irregula-
rities, basement membrane destruction and degenerative membrane
alterations.

Although the precise role of CNTNAP?2 in the pathogenesis of PEX
syndrome and PEXG remains to be elucidated, the present pooling-
based genetic approach together with expression and localization
patterns in ocular tissues provides evidence for CNTNAP2 as a
putative candidate gene for PEX disease. Nevertheless, investigations
of the associated SNPs in other populations are needed to further
strengthen the association of CNTNAP2 with PEX syndrome.
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