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FIG E4. The expression of EP3 in human conjunctival epithelium. A, RT-PCR analyses of the expression of
EP3-specific mRNA. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. B, Immunohistologic analysis
for EP3. Each bar represents a length of 50 pm.
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Identification of a novel HLA-B allele, HLA-B*5904
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The new human leukocyte antigen (HLA) class 1 allele,
HLA-B*5904 was identified in Japanese individual.
HLA-B*5904 differs from HLA-B*5901 by two non-
synonymous nucleotide exchanges at codon 163 (ACG to
CTG).

612

The human leukocyte antigen (HLA)-B locus is one of the
most polymorphic regions of the human genome. Its
members increase continuously with the development of
genotyping technology. Thousand one hundred and nine
alleles were found at HLA-B locus up to now. HLA-B*59 is
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a small family among HLA-B genes. There are only three
members altogether from HLA-B*5901 to B*5903 (1).
Here, we report on a novel allele, HLA-B*5904.

The HLA-B*5904 was found in a Japanese patient
suffered from Stevens—Johnson syndrome with ocular
complications. The sample was determined by the low-to-
intermediate resolution kit (HLA-B, WAKFlow HLA
typing kit; Wakunaga, Hiroshima, Japan). Typing result
was inconclusive with one missing probe, resulting with
a clear software interpretation of no match found. Closest
possible match was indicated as B*5101 and B*5901. To
further analysis of the sample, exons 2 and 3 were sequenced
in forward and reverse directions. The sequencing result
showed a new HLA-B*59 allele in the sample.

To confirm the presence of a novel allele in the sample,
DNA fragment including exons 2 and 3 was cloned into the
pT7Blue-2 vector (Merck, Darmstadt, Germany). DNA
inserts from the cloned alleles were sequenced using M13F
(—20) and T7 primers in both directions. The sequence
analysis showed that the new allele differed from B*5901 at
positions 559 and 560, codon 163 (ACG to CTG), that
change the amino acid from threonine to leucine (Figure 1).
The sequence ‘CTG’ at codon 163 is seen in many other
HLA-B groups (B*15, B *35, B*44, B*45, B*46, B*49,

-20 -15
B5901 ATG CGG GTC ACG GCA CCC CGA ACC CTC CTC CTG
B5904 khkk khkk khhkk hkk kkk Kkkk kkhkk kkk hkkx Kkk Kkxk
5 10
B5901 TCC CAC TCC ATG AGG TAT TTC TAC ACC GCC ATG
B5904 T
30 35
B5901 TAC GTG GAC GAC ACG CAG TTC GTG AGG TTC GAC
B5904 —mm mme mmm mmm mmm e mmm mmm me e e
55 60
B5901 ATA GAG CAG GAG GGG CCG GAG TAT TGG GAC CGG
B5904 ——— mmm mmm e e e e e —mm —mm o
80 85
B5901 AAC CTG CGG ATC GCG CTC CGC TAC TAC AAC CAG
B5904 e e e e e e e ——
105 110
B5901 GAC CTG GGG CCG GAC GGG CGC CTC CTC CGC GGG
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130 135
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155 160
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B5904 i it
ACG
Thr
180 185
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B5904 m——— mme mme —mm —mm

CIG

* ok k

ACG
cr-
-—>
-->
163

B*51, B*52, B¥53, B*56, B*57, B*58, and B*78). The HLA-
B*5904 might have been arisen by gene-conversion-like
event of a short fragment in B*5901 with some allele in these
groups as donor. Residue 163 is located at the alpha helix of
alpha 2 domain, which is the part of the binding pocket of
the HLA class I molecule contributing to the binding pro-
perties and specificity of the HLA class I molecule (2). Thus,
the new HLA class I allele, HLA-B*5904, may substantially
differ in its peptide-binding repertoire from the most
common B*5901 allele. The sample was typed as A*0201,
0206; B*5101, B*5904; Cw*0102, 1502; DRB1*0405, 1202;
DQB1%0301, 0401.

The nucleotide sequence can be viewed in the DDBJ
database under the accession number AB467317. The name
HLA-B*5904 has been officially assigned by the World
Health Organization (WHO) Nomenclature Committee in
November 2008. This follows the agreed policy that, subject
to the conditions stated in the most recent Nomenclature
report (3), names will be assigned to the new sequences as
they are identified. Lists of such new names will be published
in the following WHO Nomenclature report.

Correspondence
Masaki Matsushita, PhD
BioBusiness Development
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Figure 1 Alignment of the nucleotide sequence of exon2 and 3 of the new allele HLA-B*5904 with HLA-B*5901. Dashes indicate identity with the B*5901
sequence. Numbers above correspond with the amino acid position in the mature protein. HLA, human leukocyte antigen.
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Primary open-angle glaucoma (POAG) is the major type of glau-
coma. To discover genetic markers associated with POAG, we
examined a total of 1,575 Japanese subjects in a genome-wide
association study (stage 1) and a subsequent study (stage 2). Both
studies were carried out at a single institution. In the stage 1
association study, we compared SNPs between 418 POAG patients
and 300 control subjects. First, low-quality data were eliminated by
a stringent filter, and 331,838 autosomal SNPs were selected for
analysis. Poorly clustered SNPs were eliminated by a visual assess-
ment, leaving 255 that showed a significant deviation (P < 0.001)
in the allele frequency comparison. In the stage 2 analysis, we
tested these 255 SNPs for association in DNA samples from a
separate group of 409 POAG and 448 control subjects. High-quality
genotype data were selected and used to calculate the combined
P values of stages 1 and 2 by the Mantel-Haenszel test. These
analyses yielded 6 SNPs with P < 0.0001. All 6 SNPs showed a
significant association (P < 0.05) in stage 2, demonstrating a
confirmed association with POAG. Although we could not link the
SNPs to the annotated gene(s), it turned out that we have iden-
tified 3 genetic loci probably associated with POAG. These findings
would provide the foundation for future studies to build on, such
as for the metaanalysis, to reveal the molecular mechanism of the
POAG pathogenesis.

diagnosis | SNP | GWAS | meta-analysis | glaucoma genetics

laucoma is a neurodegenerative disease of the eye, and it is
one of the leading causes of blindness worldwide (1). It is
characterized by a specific pattern of optic nerve degeneration
and visual field defects. The diagnosis of glaucoma preceding the
development of visual field defects is commonly made by
observing optic nerve degeneration, which manifests, on fundus
examination, as an enlarged optic disc cup and a damaged retinal
nerve-fiber layer. Because early drug treatment, just after the
onset of visual field damage, is quite effective in slowing the
irreversible progression of glaucoma (2-4), routine fundus ex-
aminations of the optic nerve and visual field tests are desirable.
However, because of the restriction of the medical costs and
infrastructure to set a routine examination, especially in the
preclinical state of glaucoma, it is necessary to create an
alternative method for the early diagnosis of glaucoma.
Glaucoma shows familial aggregation, and its prevalence
varies among different ethnic groups (5, 6). This epidemiological
evidence strongly suggests that genetic factors play a significant
role in the pathogenesis of glaucoma (5, 6). Indeed, previous
linkage analyses implicated the genes for myocilin (MYOC) (7),
optineurin (OPTN) (8), and WD-repeat domain 36 (WDR36) (9)
in the pathogenesis of primary open-angle glaucoma (POAG),
the major form of glaucoma. However, further analyses revealed
that the frequencies of mutations in these genes were moderate
and were associated with POAG in only a small fraction of
patients (5). Therefore, the tasks remain to discover authentic

www.pnas.org/cgi/doi/10.1073/pnas.0906397106

and widely associated genetic factors for POAG and to use them
for practical diagnostic or medical applications.

To analyze hundreds of thousands of SNPs in a genome-wide
association study (GWAS) for POAG, we used DNA chips. This
method permits the identification of genetic loci and genes
associated with complex human traits, without a priori knowl-
edge of the function or presumptive involvement of any gene in
the disease pathway. To date, SNPs associated with over 40 kinds
of diseases have been identified (for reviews, see refs. 10, 11). In
ocular diseases, an association of lysyl oxidase-like 1 (LOXLI)
gene polymorphisms with a minor type of secondary glaucoma,
exfoliation glaucoma, was recently shown (12). Moreover, SNPs
on complement factor H (CFH), C2-CIB, and a hypothetical
gene, LOC387715, are associated with the onset of age-related
macular degeneration (AMD) (13-15). Although it is still un-
clear how genes of the systemic immune system are involved in
the pathogenesis of a local tissue disease, an additive effect was
seen when CFH SNPs were combined with SNPs on the other
susceptibility genes in predicting the risk for developing AMD
(14, 15).

In this study, to identify genetic markers of POAG, we
conducted a GWAS in 2 stages at the Kyoto Prefectural Uni-
versity of Medicine using data from a total of 1,575 Japanese
POAG patients and control subjects without glaucoma. We
obtained a few modestly associated SNPs with POAG belonging
to 3 different loci of the genome. The results suggested that the
SNPs and the loci identified in this study would be promising
genetic markers for the further studies to reveal the molecular
mechanism of POAG pathogenesis.

Results

GWAS Stage 1 Analysis. We performed the GWAS for stage 1 by
screening 500,568 SNPs to discover genetic markers associated
with POAG. We then attempted to reduce the false-positive
associations from the results of stage 1 using an independent
population in stage 2. Finally, we combined the results of stages
1 and 2 by the Mantel-Haenszel test to evaluate the SNPs
identified in this study (Fig. 1). In both stages, we performed
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Fig. 1. Project overview for the discovery of genetic markers of POAG.
Several hundred SNPs of P < 0.001 selected in the GWAS (stage 1) were
screened with another study population (stage 2). We identified 6 SNPsof P <
0.0001, evaluated by the combined P values of stages 1 and 2 and by the
Mantel-Haenszel test. See text for details.

allele frequency comparison to analyze combined P values of
stages 1 and 2 by the Mantel-Haenszel test.

Based on our power calculation (see SI Results and Fig. S1),
we analyzed 718 samples, from 418 POAG patients (case sub-
jects) and 300 control subjects without glaucoma (controls), in
stage 1. The clinical characteristics of the study subjects are
shown in Table 1. Between the case subjects and controls, no
significant difference was observed in gender ratio (female/male:
1.0 vs. 1.3), but a significant difference was observed in their age
at the time of blood sampling [64.6 * 13.5 (n = 418) vs. 51.1 =
13.9 (» = 300)], which was also seen at the age at diagnosis
[583 = 134 (n = 324) vs. 51.1 £ 13.9 (r = 300)].

After genotyping the 718 samples, we selected 331,838 SNPs

Table 1. Clinical characteristics of case and control samples

for further analysis, using the stringent criteria chosen for our
quality-control (QC) filter (see ST Results and Fig. 1). To identify
SNPs associated with POAG, we compared the allele frequency
of each SNP between case and control samples. In a quantile-
quantile plot, the observed P value deviated from the expected
P value between P = 1073 and P = 1074, Therefore, we set the
threshold at P = 1073 for further analysis (Fig. S2). In total, 431
SNPs showed P < 0.001 in the allele frequency comparison (Fig.
$2). We then visually checked the 2D cluster plots of these 431
SNPs and selected 255 SNPs as candidates (Fig. 1 and Fig. S34);
176 SNPs were not clearly associated with clusters (Fig. S3B).
There were no SNPs with significant associations after Bonfer-
roni’s correction. Although 1 (rs11056970) of the 255 SNPs in the
10=* < P < 1073 group showed a significant deviation (P <
1019 from the Hardy-Weinberg equilibrium (HWE) in the
control population, no significant HWE deviation (P > 1072)
was observed among the 21 SNPs in the P < 10~* group. We
evaluated the SNPs neighboring these 21 SNPs on the 500K array
set and found a similar P value (P = 1073-107%) throughout the
linkage disequilibrium (LD) block. These results supported a
high confidence in the genotyping results for these SNPs.

Stage 2 Analysis. In stage 2, we analyzed the 255 SNPs of P < 1073
identified in stage 1 that formed good clusters (Fig. 1). To reduce
the false-positive associations in stage 1, we used another
population of 857 samples, from 409 case subjects and 448
controls, for the stage 2 analysis (see SI Results). Because 32
SNPs were dropped during the manufacturing of the custom
array, we evaluated the remaining 223 SNPs (Fig. 1).

The clinical characteristics of the 409 POAG patients and 448
control subjects in the stage 2 study are shown in Table 1. In this
population, there was a significant difference in the gender ratio
in case vs. control subjects (female/male: 1.0:1.8). Although a
significant difference was also observed in age at the time of
blood sampling [61.9 + 13.9 (n = 409) vs.55.2 = 14.7 (n = 448)],
there was no age difference at the time of diagnosis [55.8 = 13.9
(n = 301) vs. 552 = 14.7 (n = 448)].

Using samples from these subjects, we selected 216 SNPs with
high-quality genotyping data from among the 223 SNPs analyzed
and used them in the subsequent analysis (Fig. 1).

Combined Analysis of Study Stages 1 and 2. To evaluate the SNPs
identified in this study, we compared the allelic frequency of
each SNP between case and control samples in stage 2 and
calculated their combined P values from stages 1 and 2 by the
Mantel-Haenszel test with Yates’ correction (Figs. 1 and 2).
From the Mantel-Haenszel test, we obtained 6 SNPs with P <
10~# (Fig. 2). Because all these SNPs showed P < 0.05 in stage
2 (Table 2), we considered their association to be confirmed

Stage 1 Stage 2
P P
Case Control value Case Control value

No. subjects participating in case-control 418 300 409 448

analyses
Female/male ratio 1.0 (418) 1.3 (300) 0.17* 1.0 (409) 1.8 (448) <0.05*
Age (years) at:

Blood sampling 64.6 = 13.5 (418) 51.1 = 13.9%(300) <0.05* 61.9 = 13.9(409) 55.2 = 14.7% (448) <0.05*

Diagnosis 58.3 = 13.4 (324) 51.1 =13.9" (300) <0.05* 55.8x13.9(301) 552 14.7%(448) 0.57*
Family history of glaucoma, % 26.5 (392) 0(282) 21.2 (353) 0 (400)

Numbers in parentheses are the total numbers of subjects whose samples were used for the analysis. Data are indicated as mean =+ SD.
*P value of x 2 test for case and control comparisons.
fAge at blood sampling and diagnosis was the same for the control subjects.
*pvalue of Student'’s t test for case and control comparisons.
20f5 | www.pnas.org/cgi/doi/10.1073/pnas.0906397106 Nakano et al.
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Fig.2. Distribution of the combined Pvalues of stages 1 and 2 calculated by
the Mantel-Haenszel test. Comparison of the combined P values for allele
frequency for 216 SNPs of P < 0.001 in stage 1 plotted against chromosomes
in numerical order. Horizontal line, P = 0.0001 in the Mantel-Haenszel test.
Arrows indicate SNPs with P < 0.0001.

(Fig. 1). Detailed information about these SNPs is summarized
in Table 2 and Table S1. The combined P values ranged from
1.0 X 1075 to 9.0 X 1075 with an odds ratio (OR) between 1.33
and 1.49 (Table 2). One SNP was intronic, and the others were
intergenic (Table 2). Four SNPs (rs547984, rs540782, rs693421,
and 1s2499601) were located on the same LD block. Although
the rs7961953 SNP had a relatively low HWE P value (P = 0.004)
in the stage 2 control group (Table S1), the genotyping data fit
the 2D cluster plot (Fig. S3C). We evaluated the possible joint
contributions of 6 candidate SNPs in a preliminary analysis
(Tables S2 and S3 and Fig. S4). We observed that the ORs of the
candidate SNPs increased when they were combined (Fig. S4).

The analysis of potential confounding effects by clinical
factors such as age, sex, and medical histories showed no
significant differences with the genotypes of these 6 candidate
SNPs (see SI Results), suggesting that the P values obtained here
were specific results from the case-control comparison.

Population Stratification Analysis. To assess the population het-
erozygosity, we analyzed the stratification of the populations
used in stages 1 and 2. There was no significant difference in
population stratification between the case and control subjects
of the 2 stages (Fig. S5).

Discussion

In this study, we successfully obtained 6 candidate genetic
markers modestly associated with POAG by conducting a
GWAS in 2 stages that used independent study populations
totaling 1,575 Japanese subjects.

We divided samples from the 1,575 subjects into an initial
screening for the GWAS (stage 1) and a stage 2 study (Fig. 1).
Because our aim in this study was to identify steady genetic
markers of common variants that were significantly associated
with the pathogenesis of POAG, we focused on ensuring that the
power of our 2-stage association study would be sufficient to
detect SNPs possessing reasonably high disease allele frequency
and genotype-associated relative risk (Fig. S1). Our design thus
resulted in a statistical power sufficient (=80%) to detect an
association with a genotypic relative risk of 2.0 at P = 1 X 1077
if the disease allele frequency was in the range of 10 to 40%, as
long as the number of the samples genotyped in stage 1 exceeded
50% (Fig. S1.4). For a genotypic relative risk of greater than 1.8,
the power was sufficient to detect an association with a disease
allele frequency of 0.25 (Fig. S1B). In our study, the combined
P values of the candidate SNPs ranged from 1.0 X 1075 t0 9.0 X
1073 with the minor allele frequency (MAF) and the respective
ORswere between 0.20 and 0.49 or between 1.33 and 1.49 (Table
2). Because the simulated powers were maintained even when we
reduced the significance level to P = 10~* (Fig. $1 C and D), if
we regarded a disease allele as a minor allele and assumed that
the genotype relative risk was the value of an OR, our sample
setting for the 2-stage association study based on the power
calculation was ample for our purposes.

In addition to the sample size, statistical power is affected by
the accuracy of the clinical data and genotyping results. In our
study, 3 ophthalmologists belonging to the same institution
selected the POAG patients and control subjects who met our
strict criteria so as to reduce any diagnostic variations among the
observers. To make certain that our control samples were from
volunteers without glaucoma or suspected glaucoma, we per-
formed multiple ophthalmic tests, including a visual field test and
fundus examination, for more than 1,100 control volunteers as
well as for the POAG patients. To be sure that we excluded
samples from volunteers who might be at risk for glaucoma, we
preferentially chose volunteers with no evidence of glaucoma-
tous anomalies (category I in case and control selection).
Because the prevalence rate of POAG in the Japanese is 3.9%
among people older than 40 years of age, as determined by a
recent robust epidemiology study called the Tajimi Study (16),
volunteers who were 40 years of age or older having a normal
diagnosis with a slightly larger cup-to-disc ratio (category II)
were considered to have little risk for developing glaucoma, and
their samples were included. Finally, we excluded more than 400
volunteers with small optic abnormalities (all category III and
some category II) from our study because they did not fit our
criteria.

Genotyping errors tend to lead to a false-positive association
with a significantly lower P value. In our preliminary GWAS
analysis, which was done using a standard QC filter (=85% of
call rate per SNP in case and control samples and =5% MAF in
case and control samples), we observed a large number of SNPs
that showed very low P values throughout the genome (see

Table 2. List of candidate genetic markers from the Mantel-Haenszel test of SNPs from stages 1 and 2

Mantel-Haenszel test

Stage 1 Stage 2 (stages 1 and 2)
dbSNP ID Chr SNP type Nearest gene P value OR (95% CI) P value OR (95% CI) P value OR (95% ClI)
rs547984 1 Intergenic ZP4 0.00033 1.47 (1.19-1.81) 0.02536 1.24 (1.03-1.50) 0.00006 1.34 (1.16-1.54)
rs540782 1 Intergenic ZP4 0.00037 1.47 (1.19-1.81) 0.02536 1.24 (1.03-1.50) 0.00006 1.34 (1.16-1.54)
rs693421 1 Intergenic ZP4 0.00029 1.48 (1.20-1.83) 0.01839 1.26 (1.04-1.52) 0.00004 1.35 (1.17-1.56)
rs2499601 1 Intergenic ZP4 0.00058 1.45 (1.17-1.79) 0.02679 1.24 (1.02-1.50) 0.00009 1.33 (1.15-1.53)
rs7081455 10 Intergenic PLXDC2 0.00005 1.70 (1.31-2.19) 0.02005 1.33 (1.05-1.69) 0.00001 1.49 (1.25-1.77)
rs7961953 12 Intronic DKFZp762A217 0.00096 1.48 (1.17-1.86) 0.01482 1.30 (1.05-1.60) 0.00007 1.37 (1.18-1.61)

P values are for allele frequency comparison between case and control. Chr, chromosome; C|, confidence interval.
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SI Results and Fig. S64). When we analyzed the data precisely,
we found that hundreds of high-ranked SNPs showed both a
significantly low call rate (Fig. S6B) and a large difference in call
rate between the case and control samples (Fig. S6C). Most of
these SNPs showed obvious genotyping errors and poor cluster-
ing (Figs. S6 D and E). Therefore, we adopted our stringent QC
filter to remove such low-quality data and carefully checked the
2D cluster plots in both stages 1 and 2, even after applying the
QC filter (Fig. 1). Using our stringent filter, the genotype
concordance after extracting high-quality data from the differ-
ent genotyping systems used in stages 1 and 2 was 99.8%. We
verified this by genotyping 216 SNPs using 104 samples (52
control and 52 case samples) by both genotyping methods (see
SI Results). This result supports a high confidence value for the
genotyping data that we obtained after QC filtering and visual
checking of the 2D cluster plots.

More recently, Yamaguchi-Kabata et al. (17) reported that
Japanese population stratification could mainly be divided into
2 clusters: the main islands of Hondo and Ryukyu from Okinawa.
They suggested that the false-positive rates in GWASs would be
acceptable when the samples were collected from Hondo in
Japan, indicating that the population stratification within the
region was relatively small. In this study, we collected all the
samples at a single institution in the middle part of Hondo. As
expected, we observed no obvious population stratification
between case and control samples in stages 1 and 2 (Fig. S5).
These data indicated that P values obtained here were specific
results from the case-control comparison.

Thus, beginning with stringent diagnostic criteria, we success-
fully used our polished genotype data to obtain 6 candidate
genetic markers that were modestly associated with POAG.
Because 4 SNPs (rs547984, rs540782, 15693421, and rs2499601)
showed a strong LD with each other, we ultimately obtained 3
genetic loci associated with a potential functional determinant of
POAG pathogenesis. Interestingly, of these 3 loci, none was
associated with the previously reported associated genes MYOC
(7), OPTN (8), and WDR36 (9). Under our conditions, all the
SNPs associated with these genes were dropped in stage 1
because they did not pass the P < 1073 filter. P values of 6
candidate SNPs in stage 2 were not so low when compared with
those in stage 1 (Table 2). Slight difference, such as the ratio of
classic POAG and normal tension glaucoma (NTG) subtypes,
between the population of stages 1 and 2 might affect the
differences of these P values.

To evaluate the 3 genetic loci that we determined to be
associated with POAG, we performed high-density genotyping
around the SNP (rs7081455) that showed the highest association
in our study. Although we obtained a POAG-associated SNP
(allele frequency comparison, P < 0.05) on the same LD block,
we were still not able to link the SNP to the annotated gene(s).

Recently, Thorleifsson et al. (12) performed a GWAS and
demonstrated that 3 SNPs on LOXLI are strongly associated
with exfoliation glaucoma, which is one of the fewer types of
open-angle glaucoma compared to the POAG, in 2 populations
of subjects from Iceland and Sweden. Although the risk haplo-
type differs with different populations, a strong association
between the SNPs on LOXL 1 and exfoliation glaucoma has been
replicated in many studies (18-26), including ours of Japanese
subjects (27), even when the sample size was relatively small.
However, in our GWAS, in which the power was sufficient to
detect SNPs with a high genotype risk ratio (Fig. S1), none of the
SNPs was adjacent to LOXL . Our data thus indicate that POAG
may be more complicated than exfoliation glaucoma, because
multiple SNPs with a moderate OR appear to be involved in its
pathogenesis.

POAG manifests as 2 subtypes: POAG with high intraocular
pressure (IOP; classic POAG subtype) and POAG with normal
I0P (NTG subtype). Because the clinical states of both subtypes
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overlap almost completely, they are usually categorized as a
single disease. However, most Japanese POAG patients have the
NTG subtype, which is a unique epidemiological distribution,
compared with other populations (16). Previous reports showed
that toll-like receptor 4 (28) was associated with the NTG
subtype and that NCK adaptor protein 2 (29) was the nearest
gene from the locus associated with the NTG subtype revealed
by the association study using an SNP or microsatellite marker,
respectively. These 2 studies were attempting to reveal the
molecular mechanism of the NTG-specific pathogenesis by
focusing on a gene or locus based on previous knowledge,
whereas the current study design aims to identify causative
gene(s) for the common mechanism of both classic POAG and
NTG subtypes by whole-genome screening. Because we com-
bined the patients from both subtypes as a single case group to
obtain a larger sample size, the genetic loci identified in this
study are most likely to be components of the molecular mech-
anism underlying a particular neurodegenerative pathway. If we
divided the samples into the classic POAG and NTG subtypes
and carried out separate GWASs with enough power to detect
associations, we might be able to identify genetic loci or mole-
cule(s) that are associated with mechanisms of pathogenesis
and/or progression specific to the NTG subtype, such as the
genes described in the previous reports (28, 29), at least some of
which would probably be related to the control of IOP.

In this study, we obtained 6 candidate SNPs located on the 3
different loci that are modestly associated with the pathogenesis
of POAG. This conclusion was achievable only because we used
() an adequate distribution of the limited subjects available in
the 2-stage association study, based on the power simulation; (if)
stringent diagnostic criteria to distinguish clearly between
POAG patients and control subjects without glaucoma; and (iii)
a stringent data filter along with a careful visual check of the 2D
cluster plots so as to restrict the genotyping data to a meaningful
subset. However, we could not link these SNPs and their
surroundings within the 3 loci to specific gene(s), which might
have helped us to elucidate the molecular mechanism of POAG
pathogenesis. It is also worth noting that other loci associated
with POAG may have been dropped from this study, owing to the
impaired SNP density caused by the stringent QC filter and/or
because some are latent rare variants that could not be detected
at all by the current study design. Along with the 3 loci discovered
in this study, the identification of loci we missed, by performing
large-scale association studies, replication study using an inde-
pendent cohort, and subsequent in-depth sequencing, could
provide a complete set of genetic markers useful for diagnosing
POAG as well as for revealing the molecular mechanism of its
pathogenesis.

Materials and Methods

Case and Control Subjects. Enroffment of participants and blood sampling. All
procedures were conducted in accordance with the Helsinki Declaration. This
study was approved by the Institutional Review Board of Kyoto Prefectural
University of Medicine. All participants provided written informed consent
after an explanation of the nature and possible consequences of the study,
and they were interviewed to determine their familial history of glaucoma
and other ocular or general diseases. A total of 1,591 Japanese participants
were recruited to give peripheral blood samples for this study between March
2005 and December 2007. Because 16 of the 1,591 sets of genotyping data
were dropped during the genotyping process (see S/ Text), the data derived
from 1,575 participants were used. Blood samples were assigned an anony-
mous code by a third person who was blinded to both the blood sampling and
genotyping. Genomic DNA was isolated from the blood, and Epstein-Barr
virus-transformed lymphocytes were prepared to serve as a future resource of
genomic DNA (see S/ Text).

Selection of case subjects and control subjects. We recruited the case patients with
POAG and control subjects without glaucoma for this study at the University
Hospital of Kyoto Prefectural University of Medicine (Kyoto, Japan). Both the
case and control groups in stages 1 and 2 received the following serial
ophthalmic examinations for diagnosis: silt-lamp and fundus examination,
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gonioscopy, visual field tests, and IOP measurements. The anterior chamber
angle was examined by means of a slit-lamp, based on the method of van
Herick et al. (30). The ocular fundus was examined using a confocal scanning
laser ophthalmoscope (HRT-I; Heidelberg Engineering GmbH), scanning laser
polarimeter (GDx-VCC; Carl Zeiss Meditec), and fundus photography (TRC-
NW200; Topcon). The visual field was tested by frequency-doubling technol-
ogy perimetry (Matrix; Carl Zeiss Meditec) using program N-30/Humphrey
automated perimetry with program 30-2 SITA Fast and/or Standard (Carl Zeiss
Meditec) and/or Goldmann perimetry (Haag~Streit) for both study groups.
The IOP was measured by a noncontact tonometer (RKT-7700; Nidek) for the
selection of control subjects and by a Goldmann applanation tonometer
(Haag-Streit) for both study groups. Three ophthalmologists (Y.I., S.K., and
K.M.) diagnosed glaucoma in the patients, based on the diagnosis standard
(31). The baseline IOPs of case groups in stages 1 and 2 were 15.5 = 3.9 mmHg
(mean = SD, n = 157) and 15.5 = 3.1 mmHg {mean = SD, n = 154), respectively,
whereas the mean deviations of Humphrey perimetry were —10.7 = 8.6 dB
(n=319)and —10.1 = 8.1 dB (n = 261), respectively. We could not obtain all
the cases’ baseline JOP or mean deviation of visual field data because of the
severity of the disease. Further information for selecting case and control
subjects is detailed in S/ Text.

GWAS (Stage 1). SNP genotyping. We first genotyped the whole-genome SNPs
of 425 case and 301 control samples on an Affymetrix GeneChip Mapping 500K
Array Set, following the manufacturer’s instructions. The protocols for ob-

“taining SNP data are described in S/ Text.

Criteria for SNP selection. From 500,568 SNPs (262,264 and 238,304 SNPs in the
Nsp | and Styl arrays, respectively), a total of 331,838 autosomal SNPs were
selected for association analysis based on our stringent QC filter, which had
the following criteria: (/) 290% call rate per SNP in case and control samples,
(i) =5% call rate difference between case and control samples for each SNP,
and (iif) 5% MAF in case and control samples. After the association analysis,
we visually checked the 2D cluster plots of the genotypes for each P <
1073-ranked SNP (431 SNPs) to remove SNPs that clustered poorly. The scoring
system for assessing the 2D cluster plots is detailed in S/ Text. We finally
selected 255 SNPs as the stage 1 candidates.

Stage 2 Analysis. SNP genotyping. We next attempted to replicate the geno-
typing of the 255 candidate SNPs identified in stage 1 using samples from
another population of 410 case subjects and 455 control subjects by means of
the iSelect Custom Infinium Genotyping system (lllumina). The protocols for
obtaining SNP data are described in S/ Text.
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Criteria for SNP selection. From the 223 SNPs, a total of 216 SNPs were selected
for the association analysis based on our QC filter: (/) 290% of call rate per SNP
for both case and control, respectively, and (ii) 25% of MAF for both case and
control. To validate the genotyping accuracy in stages 1 and 2, we genotyped
the 216 SNPs in 104 (52 case and 52 control) samples using both an Affymetrix
500K Array Set and the iSelect system and analyzed the genotype concordance
between the 2 systems (see S/ Text).

Population Stratification. To analyze the stratification of our stage 1 and 2
populations, we used STRUCTURE version 2.2 software (http:/pritch.bsd.
uchicago.edu/software.html). Detailed protocols are described in S/ Text.

Statistical Analysis. To manage all the genotyped data, we used LaboServer
(World Fusion Co., Ltd.) as a laboratory information management system. We
used LaboServer, Microsoft Office Excel 2003 (Microsoft), and R for the sta-
tistical analysis. The power calculation was performed using CaTS software
(www.sph.umich.edu/csg/abecasis/CaTS/index.html) (see S/ Text).

The frequency of alleles in case and control samples was compared using
the basic allele test. The OR and the upper and lower limits of the 95%
confidence interval of each SNP were calculated for the allele possessing a
higher frequency in the case samples than in the control samples. The HWE
was evaluated by the x? test. Quantile-quantile plots were generated by
ranking the observed values from minimum to maximum and plotting them
against their expected values (32). To examine the possible confounding
effects of several factors, such as age, gender, history of systemic disease, and
reported risk of glaucoma, we assessed the correlations between the clinical
profile values and the genotype data from the case and control samples by
one-way ANOVA or x? test (33, 34). The Mantel-Haenszel test with Yates’
correction was performed as described previously (35). All the numerical data
were expressed as the mean * SD.
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SI Results

Family History of Glaucoma. In the enrollment interview, 26.5 and
21.2% of our POAG subjects in stages 1 and 2, respectively,
declared a family history of some type of glaucoma (Table 1).
The control volunteers all stated that they had no family history
of glaucoma (Table 1).

Statistical Power Estimate. To design an effective study using a
total of 1,575 patients and control subjects for a GWAS (stage
1) and stage 2 analysis, we first used CaTS software to simulate
the division of samples into the 2 stages (see SI Materials and
Methods). When we set the significance level at 1 X 1077, which
usually corresponds to the level of Bonferroni’s correction in
GWAS:s that use 500K chips, the statistical power was saturated
at 50% of the samples in stage 1 when changing the value of
either the disease allele frequency (Fig. S1.4) or the genotype
relative risk (Fig. S1B). Therefore, we decided to split our
samples approximately in half for stages 1 and 2.

Genotyping for GWAS (Stage 1). We first genotyped 425 case and
301 control samples using the Affymetrix GeneChip Mapping
500K Array Set. According to the genotyping data by dynamic
model (DM) algorithm, we found no mixed-up samples between
Nsp I and StyI arrays. We observed inconsistent results for
gender between the clinical records and the genotyping results
in 4 case samples. The genotyping concordance measured by
using 4 samples in duplicate was 99.5 * 0.1% and 99.5 * 0.2%
on the Nsp I and Styl arrays, respectively.

The final genotyping results for 500,568 SNPs of the 500K
array set were called by the Bayesian robust linear model with a
Mabhalanobis distance classifier (BRLMM) algorithm. The value
of the cluster distance or raw intensity of 3 case samples and 1
control sample, respectively, were out of the accepted range. In
total, 7 case samples and 1 control sample with gender mismatch
and/or low-quality data were excluded from the analysis. Ulti-
mately, we used 418 cases and 300 controls for the association
study. The mean call rate per sample was 98.3 + 0.9% and 98.4 +
1.1% for the case and control samples, respectively. Our strin-
gent QC filter for the call rate and MAF (see Materials and
Methods) permitted 331,838 autosomal SNPs to be used in the
subsequent analysis (Fig. 1).

Genotyping for Stage 2 Analysis. We first genotyped the SNPs
identified in stage 1 in samples from a separate population of 410
case and 455 control subjects. After reprocessing the samples
with a lower call rate (see Materials and Methods), we excluded
data from 1 case subject with exfoliative glaucoma and 6 control
subjects who were related to each other. We also excluded 1
control sample for which the gender was inconsistent between
the clinical records and genotyping results. Our final sample set
for the association analysis totaled 857, from 409 case and 448
control subjects. The mean call rate per sample was 98.2 = 0.1%
for both the case and control samples, after a visual check of the
2D cluster plots (Fig. S3 C-F) and elimination of poorly clus-
tered SNPs. Using the QC filter (see SI Materials and Methods),
we selected 216 SNPs for the combined analysis (Fig. 1). To
validate the genotyping accuracy between the Affymetrix Ge-
neChip and Illumina iSelect systems, we compared the genotype
results for the 216 SNPs of 104 samples (52 case and 52 control
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samples). The genotype concordance between the 2 systems was
99.8%.

Preliminary Analysis of Joint Contribution of Candidate SNPs. We
performed logistic regression analysis to evaluate the possible
joint contributions of 3 SNPs (rs547984, rs7081455, and
1s7961953) from among the 6 candidate SNPs. Table S2 shows
the Akaike’s information criterion (AIC) for various genetic
models with or without interactions for all the combinations
among these SNPs. An additive model without interaction was
the best-fit model for each factor (Table S2), and the 3-factor
model showed the lowest AIC (Table S3). The joint ORs relative
to that of the lowest risk genotype for the SNP combination were
then calculated to estimate the combined effects of the SNPs.
When we combined all 3 SNPs, some values appeared to be
unreliable because of a small number of individuals in some of
the genotype combinations; therefore, we paired the SNPs for
analysis. The joint ORs of every possible pair among the 3 SNPs
increased from that of a single SNP, 1.8-2.0, to 2.4-3.0, which
correlated with the risk value for the corresponding allele (Fig.
S4). These results suggested that a combination of the candidate
SNPs from this study would probably be useful as genetic
markers for predicting the risk of developing POAG.

Analysis of Population Stratification. To analyze the population
stratification for stages 1 and 2, we used STRUCTURE version
2.2 software (http://pritch.bsd.uchicago.edu/software.html). We
extracted the unlinked SNP set from stages 1 and 2 and ran the
program for 100,000 burn-in steps, followed by 300,000 Markov
Chain Monte Carlo steps from K (assumed population num-
ber) = 1-5 (see Materials and Methods). Our case plus control
samples showed a similar stratification with those of HapMap-
JPT (Fig. S5 4 and C) and clearly differed from those of
HapMap-CEU and -YRI (Fig. S5.4 and C). This analysis showed
no significant difference in population stratification between
the case and control samples used in stages 1 and 2 (Fig. S5 B
and D).

Assessment of Confounding Effects. After the combined analysis of
stages 1 and 2 by the Mantel-Haenszel test (Table 2), we assessed
the correlations between the clinical profiles and the genotype
data for the stage 1 plus 2 subjects to examine the potentially
confounding effects of age, gender, history of systemic diseases,
and reported risk factors for glaucoma. In the combined popu-
lations, a comparison showed 8 of 11 clinical profiles with P <
0.05 between case subjects and control subjects (Table S4). We
evaluated the correlations between these § clinical profiles and
the genotypes of the 6 candidate SNPs (Table S5). Although 4
correlations (rs547984, rs540782, rs693421, and rs2499601) were
found (P < 0.05) for patients with diabetes mellitus in the case
group (Table S5), none was statistically significant after using
Bonferroni’s correction (1).

Preliminary GWAS with a Standard Filter. In our preliminary
GWAS, a standard filter (i.e., =85% call rate per SNP and =5%
MAF in case and control samples) was used, and the allele
frequency between case and control data was compared (Fig.
S6A). Using this filter, we found an enormous number of SNPs
with a low P value throughout the genome (Fig. S64). We also
observed a significantly lower call rate of high-ranked SNPs with
low P values (Fig. S6B), compared with that of our stringent QC
filter, and a large difference in the call rate between case and
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control samples (Fig. S6C). Most of these high-ranked SNPs
showed obvious genotyping errors and were not in tight clusters
(Fig. S6 D and E).

SI Discussion

We assessed the joint contributions of the SNPs discovered in
this study. We found that the 3 candidate SNPs independently
contributed to the disease and that the combination of all 3 SNPs
showed the best fit in a logistic regression analysis (Tables S2 and
S3). Moreover, the joint ORs of these SNPs increased with the
number of risk alleles when they were assessed in combination
(Fig. S4). These results demonstrated that the risk for POAG
increased with an increased number of these SNPs, located at
different genomic loci, which also meant that multiple genetic
factors are probably involved in the pathogenesis of POAG. In
the case of AMD, Maller et al. (2) demonstrated that AMD-
associated SNPs were not only related to CFH but to other
susceptibility genes located at different chromosomal loci and
that they had a joint effect, with a marked increase in relative
risk. Their results supported the idea that these genetic markers
might facilitate the diagnosis of AMD. Our set of candidate
SNPs is likewise a promising tool for the diagnosis of POAG,
which would help in preventing visual loss by prompting early
medical intervention.

SI Materials and Methods

Genomic DNA. Genomic DNA was isolated from 350 uL of
peripheral blood by means of a BioRobot EZ1 (Qiagen) using
the EZ1 DNA Blood 350-pL Mini Kit (Qiagen), according to the
manufacturer’s instructions. The amount and quality of the
isolated DNA were analyzed using an UV spectrophotometer
(NanoDrop; NanoDrop Technologies) and agarose gel electro-
phoresis. Genomic DNA was stored at —80 °C until use.

Preparation of Epstein-Barr Virus (EBV)-Transformed Lymphocytes.
Lymphocytes prepared from the blood were transformed with
EBV from the supernatant of B95-8 (JCRB9123; Health Sci-
ence Research Resources Bank, Japan) as reported previously
(3) and cultured for 2 weeks to enrich for EBV-transformed
lymphocytes. The cells were then stored in liquid nitrogen as a
future source of genomic DNA.

Management of Clinical Information. All participants were inter-
viewed to obtain their general clinical profile, including their
family history of glaucoma and other ocular or general diseases.
Clinical profiles from the interview and data collected during the
ophthalmic examinations were recorded using FileMaker Pro 5.5
database software (FileMaker, Inc.). The data were then trans-
ferred to Kiroku data management software (World Fusion Co.,
Ltd.), and an anonymous code was assigned to the data for later
comparison with the genotyping data from the association
analysis. These data were managed by the same person who
assigned the anonymous code to the blood samples.

Database. All the genomic data presented in this article, such as
the physical position of the chromosome, SNP identification
number, and gene annotation, were based on the National
Center for Biotechnology Information Build 35, Human Ge-
nome Assembly.

Selection of Case Subjects and Control Subjects. Three ophthalmol-
ogists (Y.I., S.K., and K.M.) diagnosed glaucoma in the patients,
based on the diagnosis standard (4). In brief, the criteria for
POAG with high IOP (classic POAG subtype) were (i) glauco-
matous defect corresponding to optic disc damage in the visual
field with compatible optic nerve cupping and retinal nerve
fiber-layer defect (NFLD) or notching, (if) open anterior cham-
ber angle on gonioscopy, (iif) a maximum IOP of more than 21
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mmHg without treatment, and (iv) no history or signs of other
eye diseases. For POAG with normal IOP (NTG subtype), the
criteria were identical to those for classic POAG, except that the
maximum IOP was equal to or less than 21 mmHg without
treatment. Patients whose glaucoma could not be categorized as
a POAG subtype (e.g., exfoliative glaucoma, pigmentary glau-
coma, steroid-induced glaucoma, neovascular glaucoma, pri-
mary angle closure glaucoma) were excluded from this study.
From the pool of patients tested, we selected 835 POAG patients
as a case group. We used samples from 425 of these patients in
the GWAS (stage 1) and from 410 patients in the stage 2 analysis.

The volunteers who were selected as control subjects were
carefully examined for glaucoma or suspected glaucoma, as
reported previously (5), by the same 3 ophthalmologists. If the
control volunteers had representative visual field defects of at
least 1 abnormal test point after the additional frequency-
doubling technology testing, they were tested by Humphrey
automated perimetry with the program 30-2 SITA Fast (Carl
Zeiss Meditec). If the control volunteers had an IOP more than
21 mmHg with a noncontact tonometer, they were remeasured
using a Goldmann applanation tonometer. If the control volun-
teers had a narrow angle equal to grade 2 or less using the system
developed by van Herick et al. (6), this finding was confirmed
using gonioscopy. Additionally, volunteers without glaucoma
who passed the previously discussed examinations were subdi-
vided into 3 categories (categories I-III). In category I, the
vertical cup-to-disc (C/D) ratio was within 0.6 without any
NFLD, notching, bayoneting, or undermining. In category II, the
vertical C/D ratio was within 0.7 without any NFLD or notching.
In category III, the visual field was within normal limits, but a
thin NFLD or small notch was observed or the vertical C/D ratio
was over 0.7. In all the categories, the color of the rim was good
and no visual field loss was observed. Of the control volunteers
assigned to category 11, we selected only subjects who were 40 or
more years of age at the time of blood sampling. Our final control
group consisted of 756 volunteers without glaucoma [569 from
category I and 187 from category II (=40 years old)] and without
a family history of glaucoma. Of these volunteers, we used
samples from 301 for stage 1 and samples from 455 for stage 2.

Power Calculation. The power calculation was performed by using
CaTs software with the following conditions: sample size, 800
case and 800 control samples; markers genotyped in stage 2,
0.1% (500/500,000 SNPs); significance level, 1 X 10~7 (0.05/
500,000) and 1 X 10~*; prevalence of POAG, 0.039 according to
the epidemiological study carried out in Japan (5); and genetic
model, additive. The power of the joint analysis to consider how
many samples should be allocated to stage 1 or 2 was then
calculated by changing the value of either the disease allele
frequency or the genotype risk ratio.

Sample Preparation, Array Hybridization, Scanning, and Genotyping in
Stage 1. We genotyped the whole-genome SNPs of 425 case and
301 control samples using the Affymetrix GeneChip Mapping
500K Array Set, according to the manufacturer’s instructions. In
brief, 2 aliquots of ~250 ng of genomic DNA were digested with
either Nspl or Styl (New England Biolabs) for 2 h at 37 °C.
Adaptor oligonucleotides specific to each digested end were then
ligated with T4 DNA Ligase (New England Biolabs) for 3 h at
16 °C. After dilution with water, the ligated products were
divided into 3 aliquots and amplified by PCR using Titanium
TagDNA polymerase (BD Biosciences) in the presence of
adaptor-specific primers (PCR primer, 002; Affymetrix), INTP
(Takara), and GC-Melt Reagent (Clontech). The PCR condi-
tions were an initial denaturation of 94 °C for 3 min; 30 cycles of
denaturation at 94 °C for 30 sec, annealing at 60 °C for 30 sec,
extension at 68 °C for 15 sec; and a final extension for 7 min. The
PCR products from the 3 reactions were combined and subse-
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quently purified by using the NucleoFast 96 PCR Plate (Clon-
tech). The purified PCR products were then fragmented by
DNase I (Affymetrix) at 37 °C for 35 min. The fragmentation
was analyzed by 2% weight/volume agarose gel electrophoresis
and/or a multicapillary electrophoresis system (HDA-GT12;
eGene) with a Gel Cartridge Kit-F (eGene). The fragmented
products were denatured and end-labeled by GeneChip DNA
Labeling Reagent (Affymetrix) using terminal deoxynucleotidyl
transferase (Affymetrix) at 37 °C for 4 h. The labeled products
were then hybridized onto the corresponding Nsp I or Styl array.
Following hybridization at 49 °C for 16-18 h, the arrays were
washed and stained by incubating them with biotinylated anti-
streptavidin antibody (Vector Laboratories) and streptavidin-
phycoerythrin (Invitrogen) using the GeneChip Fluidics Station
450 (Affymetrix). The stained arrays were scanned by a Gene-
Chip Scanner 3000 (Affymetrix). The scan data were managed
by the GeneChip Operating Software (Affymetrix). The inten-
sity data provided by the CEL files were used for SNP genotyping
as described below.

To check the quality of each array, the SNPs were initially
genotyped by a DM algorithm using GeneChip Genotyping
Analysis Software (Affymetrix). The DM algorithm calls the
genotype of each SNP by judging 3 patterns (AA, AB, and BB
genotypes) based on the intensity data from each probe on the
array. Arrays that did not pass a call rate of 93% at a confidence
threshold of 0.33 were rehybridized using the stored hybridiza-
tion mixture. Because 46 and 40 arrays for Nspl and Styl,
respectively, still did not pass the 93% call rate, we used only the
data with the higher call. To confirm that no samples were mixed
up, we checked the genotypes of 50 common SNPs placed on
both the Nsp I and Styl arrays. We also checked for gender
mismatch by comparing clinical records and genotyping results
for the X-chromosome. The reproducibility of our genotyping in
this system was confirmed by the processing of 4 samples in
duplicate (see SI Results).

For the association analysis, we genotyped the SNPs by the
BRLMM algorithm using a BRLMM Analysis Tool (Affymetrix).
The BRLMM algorithm is a significant improvement over the
DM algorithm for raising the call rate and accuracy and for
obtaining a balanced performance between homozygotes and
heterozygotes. These improved performances are achieved by
using a multiple-array method that corrects the probe-specific
effects and genotypes by a multiple-sample classification with the
initial prediction by DM. The multiple-sample classification was
performed by clustering 425 case samples and 301 control
samples. After excluding 8 samples with gender mismatch and/or
low-quality data (see SI Results), we used 418 case and 300
control samples for the association analysis. After the association
analysis, we also extracted the neighboring SNPs of the most
highly ranked candidate SNPs (P < 10~*), based on the LD block
of the HapMap-JPT and -CHB populations derived from the
UCSC Genome Browser (University of California Santa Cruz;
http://genome.ucsc.edu/cgi-bin/hgGateway) to evaluate the
genotyping confidence for these SNPs in stage 2.

We adopted the scoring system to assess the 2D cluster plots
of genotyping results. Using our custom tool, we first selected
300 SNPs with good 2D cluster plots, as described below. The
cluster for each SNP was given an acceptability score (0, reject;
1, acceptable; and 2, accept), and this was done separately for the
case and control data. The clusters were scored in random order
by 3 independent observers (M.N., T.T., and K.T.). To be
accepted, the score given by at least 2 observers had to agree, and
it was expressed as a total acceptability score of the summed case
and control scores, ranging from 0 to 4. We excluded poorly
clustered SNPs, which were given a total score of 0 to 2. We
carefully compared the 2D cluster plots of SNPs that showed a
score of 3 against the P values of their surrounding SNPs and
their LD block. When the P values of the “score 3” SNPs and the
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surrounding SNPs were extremely different, we excluded the
SNPs as a genotyping error. We also had different observers
(Y.T., M.F, and T.Y.) re-examine the 2D cluster plots of the
initially selected 300 SNPs using the SnpSignalTool 1.0.0.12
(Affymetrix) as described previously.

Sample Preparation, Array Hybridization, and Scanning in Stage 2. We
analyzed 255 candidate SNPs identified in stage 1 using another
set of 410 case subjects and 455 control subjects by the iSelect
Custom Infinium Genotyping system. Because 32 SNPs were
dropped during the manufacturing process of custom array, we
ultimately genotyped 223 SNPs. All the procedures were carried
out per the manufacturer’s instructions. Briefly, 150-300 ng of
genomic DNA was denatured with sodium hydroxide and am-
plified for 2024 h at 37 °C using the provided reagents. Samples
were then fragmented for 1 h at 37°C, precipitated by 2-
propanol, and resuspended completely. After being denatured
for 20 min at 95 °C, the samples were hybridized on iSelect
Genotyping BeadChips (Illumina) for 16-24 h at 48 °C. Follow-
ing the hybridization, the BeadChips were reacted for the
single-base or allele-specific extension and stained. The Bead-
Chips were then scanned by a BeadArray Reader (Illumina). The
intensity data from each chip were loaded into BeadStudio 3.0
software (Illumina) to convert the fluorescence intensities into
SNP genotyping results. To check the quality of each experiment,
we analyzed the call rate (per sample) and the QC index
(staining, extension, target removal, hybridization, stringency,
nonspecific binding, and nonpolymorphic) using the BeadStudio
software. To check gender mismatches between the clinical
records and the genotyping results, we also genotyped 15 SNPs
in the X chromosome. To check the quality of each data point,
the SNPs were initially genotyped by clustering the 865 samples
(410 case and 455 control samples) using BeadStudio (no-call
threshold = 0.15). Because 6 samples showed a significantly
lower call rate than the others (<95%), we reprocessed them
starting with the sample preparation, as described in the man-
ufacturer’s technical note (Infinium Genotyping Data Analysis;
Ilumina). All the reprocessed samples showed a higher call rate
than seen in the initial results. After excluding 8 samples (see S/
Results), we performed the clustering with 857 samples (409 case
and 448 control samples) for the subsequent analysis. Three
independent observers (M.N., T.T., and T.Y.) visually checked
the 2D cluster plots of the genotypes for all the SNPs as
described, and we edited the clusters according to the manufac-
turer’s technical note when the clusters were obviously inade-
quate (Fig. S3 E and F).

Logistic Regression Analysis and Calculation of Joint OR. Logistic
regression analysis was performed to assess the joint contribu-
tions (with interaction) of the 6 candidate SNPs to the risk of
POAG using SAS software (Version 9.1.3 on Windows; SAS
Institute Japan). Because 4 SNPs (rs547984, rs540782, rs693421,
and rs2499601) showed a high LD between each other, the SNP
with the highest call rate (rs547984) was selected as represen-
tative of these SNPs. Consequently, we used 3 of the 6 SNPs for
the analysis. For these SNPs, the case-control status and geno-
typing data of the samples with a call rate of 100% in stages 1
and 2 were incorporated into the analysis (743 case and 827
control samples). To model the genetic effects, we adopted an
additive model and the following genetic models with classifi-
cation variables: the 2-genotype model (A4 +A4B and BB or A4
and AB+BB) and the 3-genotype model (44, AB, and BB). In
the 2-genotype model, either a dominant or recessive type was
selected into the models by a stepwise selection method with 0.01
significance levels of entering and staying. The logistic regression
models for all the possible combinations of SNPs were compared
by the AIC to obtain the best-fitting model] with the lowest AIC.
The joint OR was calculated relative to the groups possessing the
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low-risk genotype at all loci, which was defined to be a
homozygote of the allele with lower frequency in cases than in
controls.

Population Stratification. For stage 1, we first extracted the tag
SNPs of HapMap-JPT as unrelated SNPs on the Affymetrix
500K Array Set whose values were: (i) =95% call rate per SNP
in case and control samples, respectively; (if) =5% call rate
difference between case and control samples for each SNP; and
(#ii) =5% of MAF in case and control samples. Of the remaining
47,011 SNPs, we then selected 528 on autosomal chromosomes
that were separated from each other by at least 5 Mb to be sure
that they were unrelated, as reported previously (7). Using these

-
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SNPs, we ran the program for 100,000 burn-in steps, followed by
300,000 Markov Chain Monte Carlo steps from K (the assumed
population number: 1-5). As a reference, we also analyzed the
population stratification of samples from the HapMap Project.

For stage 2, we first extracted the tag SNPs of the HapMap-
JPT from our custom array as unrelated SNPs, including the
SNPs that were irrelevant to this study, whose values were (i)
=95% call rate per SNP in case and control samples and (i)
=5% MAF in case and control samples. We then selected 249
SNPs on autosomal chromosomes that were separated from each
other by at least 5 Mb. Using these SNPs, we ran the program
under the same conditions as for stage 1.

5. lwase A, et al.(2004) The prevalence of primary open-angle glaucoma in Japanese: The
Tajimi Study. Ophthaimology 111:1641-1648.

6. Van Herick W, Schwartz A (1969) Estimation of width of angle of anterior chamber
incidence and significance of the narrow angle. Am J Ophthalmol 68:626-629.

7. Sladek R, et al. (2007) A genome-wide association study identifies novel risk loci for
type 2 diabetes. Nature 445:881-885.
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Fig. S1. Statistical power of our study calculated by CaTS software. Sample size of stage 1 plotted against the power of joint analysis (A and C) with increasing
disease allele frequencies and the genotype risk ratio fixed at 2.0. (B and D) Increasing genotype risk ratios with the disease allele frequency fixed at 0.25.
Significance level: 1 X 1077 (A and B) and 1 X 104 (C and D).
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Fig.S2. Quantile-quantile plot of the 331,838 SNPs that passed our stringent QC filter in stage 1 and the SNPs selected after the visual check of 2D cluster plots
(filled circles). The distribution of the expected P values of allele frequency comparison was plotted against the observed P values. Under the null hypothesis,
with no disease association, the points lie on the solid line. Observed SNP P values smaller than 10~8 are plotted as 1078, The dotted line (P = 10~3) marks the
deviation of the observed P values from the null hypothesis.
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Fig. $3. Representative 2D cluster plots of the SNPs with P < 1073 in stage 1 and the SNPs tested in stage 2. In stage 1, 255 SNPs remained as high-confidence
disease-associated SNPs after eliminating those that were not in tight clusters (see Fig. 1). (A) Cluster plot of rs7961953, which was given the highest possible total
acceptability score (4; see SI Materials and Methods). (B) Cluster plot of rs10764881, which was given a low acceptability score of 1 (case score of 0 and control score
of 1). Because the total score was less than 2 for this SNP, we eliminated it and similar poorly clustering SNPs from consideration. Homozygotic genotypes are shown
in red or blue, and heterozygotic genotypes are shown in green. Genotypes that were not calied are shown as gray dots. X axes show the allele contrast, and Y axes
show signal strength. (C, D, £ and F) We visually checked the 2D cluster plots for the 223 SNPs in stage 2 and edited some of them using BeadStudio software. (C) Cluster
plot of rs7961953 (P < 0.05) showing a well-clustered SNP. (D) The cluster plot of rs1569868 is representative of poorly clustering SNPs that were eliminated from
subsequent analysis. (£) Cluster plot of rs1819829 showing a point that was not called (arrowhead) and seemed to be of a heterozygous genotype. (F) After all the
genotyping results were checked by 3 independent observers (see S/ Materials and Methods), we judged this genotype to be heterozygous and edited the cluster to
accept this SNP as shown. Homozygotic genotypes are shown in red or blue, and heterozygotic genotypes are shown in purple. Genotypes that were not called are
shown as black dots. X axes show the normalized theta (Norm Theta), and Y axes show the distance from the point to the origin (Norm R).
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Fig. S4. Joint OR between 2 candidate SNPs. Three paired combinations among 3 candidate SNPs were calculated in a preliminary analysis. Joint ORs for the
combination of rs7081455 and rs7961953 (4), rs547984 and rs7961953 (B), and rs7081455 and rs547984 (C) are shown. X and Y axes represent the number of risk
alleles that showed higher frequency in case samples than in control samples. Z axis represents the joint OR relative to the group possessing the lower risk

genotype of the 2 SNPs.
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Fig. $5. Population stratification analysis of sample data for all the subjects participating in this study, analyzed by STRUCTURE software. Data are shown in
triangle plots (K, assumed number of populations; K = 3). The analysis shows the populations used in stages 1 (A) and 2 (C) (case and control groups) and the
HapMap-JPT separated from the HapMap-CEU and -YRI with a highest log likelihood of K = 3. When the analysis was restricted to the DNA samples used in stages
1(B) and 2 (D), plots showed a single tight cluster with a highest log likelihood of K = 1. Red and green dots correspond to case and control samples, respectively.
Blue, yellow, and pink dots correspond to the HapMap-JPT, -CEU, and -YRI samples, respectively.
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Fig. $6. Low-quality SNPs showed a high association with disease using the standard filter. In our preliminary experiments, we used the standard filter (=85%
call rate per SNP and =5% MAF in case and control data) to determine the P value for allele frequency comparison. The resuits were plotted in the order of
chromosomes, using the R software. (A) Horizontal line, threshold for Bonferroni’s correction. Call rate for high-ranked SNPs (B) and the difference in call rate
between case and control samples (C), plotted in order of P value. (D, E) Examples of 2D cluster plots of case plus control results for low-quality SNPs. (D) For
rs7175718, the Pvalue for allele frequency comparison, call rate, and call rate difference were P = 1.4 X 10~17, 89%, and 18.3%, respectively. (E) For rs17495047,
the P value for allele frequency comparison, call rate, and call rate difference were 7.7 X 10715, 88%, and 9.8%, respectively. Homozygotic genotypes for the
different alleles are shown in purple or blue, and heterozygotic genotypes are shown in green. Genotypes that were not called are shown as red dots.
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Table S1. Allele frequency, QC index, and Q value of the candidate SNPs

NAS -

Stage 1 Stage 2
Allele Allele Allele Allele
frequency frequency HWE* Call frequency frequency HWE* Calt
dbSNP ID case control control rate’ case conftrol control rate’ Q value*
rs547984 0.55 0.46 0.0496 1.00 0.52 0.46 0.786 1.00 0.28
rs540782 0.56 0.46 0.0269 1.00 0.52 0.46 0.786 1.00 0.22
rs693421 0.55 0.45 0.0433 0.99 0.51 0.46 0.901 1.00 0.30
rs2499601 0.55 0.46 0.0635 1.00 0.51 0.46 0.741 1.00 0.25
rs7081455 0.83 0.74 0.8475 0.99 0.82 0.78 0.560 1.00 0.22
rs7961953 0.34 0.26 0.5426 1.00 0.32 0.27 0.004 1.00 0.45

Allele frequency was higher in case samples than in control samples.
*HWE, P value for the deviation from HWE.
*Call rate, call rate per SNP in case plus control samples.
*Q value, index for quantifying heterogeneity between stages 1 and 2, expressed as a P value.
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