4!

TABLE 3. SUMMARY OF THE GENOTYPE ASSOCIATION ANALYSIS.

SNP ID

r$10499862
13173798
rs3211883
rs3173800

Major/
Minor
T/IC
T/IC
T/A
AT

Genotype frequency (%)

Genotype association results

, PCV versus Control tAMD versus Control PCV versus tAMD
Genotype (Major homo/Hetero/Minor homo) (dominant model) (dominant model) (genotype model)
PCV tAMD Control OR (95%CI) Nominal p OR (95%CI) Nominal p Nominal p Corrected p
value value value value*
75/22/3 81/17/2 67/29/4 0.58 (0.19-1.80) 0.34 0.52 (0.14-2.01) 0.34 0.5 0.52
28/51/21 45/44/11 36/40/24 0.8 (0.50-1.28) 0.36 0.41 (0.22-0.75) 0.0034 0.0031 0.0033
42/45/13 52/40/8 40/41/19 0.59 (0.35-1.02) 0.059 0.36 (0.18-0.74) 0.0038 0.13 0.14
52/44/4 37/50/13 54/36/10 0.35 (0.15-0.82) 0.012 1.32 (0.67-2.61) 0.42 0.00067 0.00069

Corrections were performed with permutation test. SNP: single nucleotide polymorphism, PCV: polypoidal choroidal vasculopathy, tAMD: typical neovascular
AMD, OR: odds ratio, CI: coefficient interval.
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TABLE 4. HAPLOTYPE-BASED ASSOCIATION STUDY.

Permutation P

Frequency
Index Haplotype Overall PCVY tAMD
H1 T-T-T-T 0.32 0.26 0.38
H2 T-T-T-A 0.28 0.28 0.28
H3 T-C-A-A 0.19 0.21 0.17
H4 C-C-A-A 0.15 0.14 0.11
HS T-C-T-A 0.05 0.11 0.06

Control PCV versus tAMD PCV
control versus versus
control tAMD
0.28 0.45 0.01 0.001
0.27 0.82 0.8 0.97
0.21 0.85 0.27 0.2
0.19 0.06 0.005 0.25
0.05 0.001 0.63 0.018

Selected SNPs are rs10499862/rs3173798/rs3211883/rs3173800. SNP: single nucleotide polymorphism, PCV: polypoidal

choroidal vasculopathy, tAMD: typical neovascular AMD.

site [41]. Thus, the SNPs in this region could have noncoding
effects on gene expression and function. A recent study
demonstrated that the C allele atrs3173798 tended to increase
CD36 expression while reducing high-density lipoprotein
levels [41,42]. Since the C allele at rs3173798 was less
frequent in the tAMD group than the PCV and control groups,
the reduced expression of CD36 might be correlated with
tAMD but not PCV pathogenesis. Moreover, Picard et al. have
recently demonstrated an accumulation of oxLDL in Bruch’s
membrane among aged CD36 knockout mice [43]. The
oxLDL accelerates an accumulation of deposits in Bruch’s
membrane and causes drusen. Interestingly, drusens are more
frequently seen in tAMD than PCV [44]. However, exhaustive
resequencing of this locus may elucidate potentially
undiscovered and more important causative variants. In
addition, it is essential to perform replication studies using
other cohorts to verify and conclude the associations of
CD36 variants with tAMD and PCV.

The limitation of this study was a possible influence of
lipid metabolism on AMD pathogenesis [45,46]. Since CD36
is known to associate with the metabolic syndrome and
hyperlipidemia [41,47], CD36 variants may indirectly
contribute to AMD via abnormal lipid metabolism. However,
the results of this study suggest a possible role of lipid
metabolism in the different pathogeneses between PCV and
tAMD.

In conclusion, the present study suggested some clinical
possibilities for genetic association analysis that can be further
investigated to determine the specific pathogenesis of PCV as
distinct from that of tAMD.
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Purpose: To investigate whether the A69S variant of the age-related maculopathy susceptibility 2 gene (4RMS2) has a
different hereditary contribution in neovascular age-related macular degeneration (AMD) and polypoidal choroidal
vasculopathy (PCV).

Methods: We initially conducted a comparative genetic analysis of neovascular AMD and PCV, genotyping the
ARMS2 A69S variant in 181 subjects with neovascular AMD, 198 subjects with PCV, and 203 controls in a Japanese
population. Genotyping was conducted using TagMan technology. Results were then integrated into a meta-analysis of
previous studies representing an assessment of the association between the ARMS2 A69S variant and neovascular AMD
and/or PCV, comprising a total of 3,828 subjects of Asian descent. The Q-statistic test was used to assess between-study
heterogeneity. Summary odds ratios (ORs) and 95% confidence intervals (Cls) were estimated using a fixed effects model.
Results: The genetic effect of the A69S variant was stronger in neovascular AMD (allelic summary OR=3.09 [95% CI,
2.71-3.51], fixed effects p<0.001) than in PCV (allelic summary OR=2.13 [95% ClI, 1.91-2.38], fixed effects p<0.001).
The pooled risk allele frequency was significantly higher in neovascular AMD (64.7%) than in PCV (55.6%). The
population attributable risks for the variant allele were estimated to be 43.9% (95% ClI, 39.0%—48.4%) and 29.7% (95%
CI, 25.4%-34.0%) for neovascular AMD and PCV, respectively. No significant between-study heterogeneity was
observed in any statistical analysis in this meta-analysis.

Conclusions: Our meta-analysis provides substantial evidence that the ARMS2 A69S variant confers a significantly higher
risk of neovascular AMD than PCV. Furthermore, there is compelling evidence that the risk attributable to the A69S
variant differs between geographic atrophy and neovascular AMD. Together with defining the molecular basis of
susceptibility, understanding the relationships between this genomic region and disease subtypes will yield important

© 2011 Molecular Vision

insights, elucidating the biologic architecture of this phenotypically heterogeneous disorder.

Age-related macular degeneration (AMD), a leading
cause of irreversible blindness among older individuals in
developed countries, is a common multifactorial disease with
heterogeneous clinical manifestations [1]. An early hallmark
lesion of AMD is large drusen and pigmentary abnormalities
in the retinal pigment epithelium of the macula. The advanced
form of the disease is classified into two main groups: “dry”
and “wet” types; the former is characterized by geographic
atrophy and the latter by the development of choroidal
neovascularization (CNV) in the central macula (neovascular
AMD). AMD has divergent clinical features between racial
groups, and the ratio of neovascular AMD to dry AMD is
higher in Asian than in European populations [2-5].

Correspondence to: Naoshi Kondo, Department of Surgery, Division
of Ophthalmology, Kobe University Graduate School of Medicine,
7-5-2 Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan; Phone:
+81-78-382-6048; FAX: +81-78-382-6059; email:
nskondo@gmail.com

Remarkable progress has recently been made in
understanding the genetic basis of AMD. Several AMD
susceptibility loci have been established with convincing
statistical evidence, including the complement factor H gene
on chromosome 1932 [6-8], two tightly linked genes on 10926
(age-related maculopathy susceptibility 2 [ARMS2] [9] and
high-temperature requirement factor H [HTRA1]) [10,11], the
complement component 3 gene on 19pl3 [12], two
neighboring genes on 6p21 (complement factor B and
complement component 2) [13], the complement factor I gene
on 4q25 [14], the hepatic lipase gene on 15q22 [15,16], the
cholesterylester transfer protein gene on 16q21 [15,16], and
the tissue inhibitor of the metalloproteinase 3 gene on 22q12
[15,16]. Recent additions to the growing list of potential AMD
risk loci include 6q21-q22.3 that encompass two genes—the
collagen, type X, alpha 1 gene and the fyn-related kinase gene
—and 6p12 harboring the vascular endothelial growth factor
A gene, which were identified through a recent large-scale
meta-analysis of genome-wide association study for advanced
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TABLE 1. CHARACTERISTICS OF THE STUDY POPULATION

Groups Neovascular AMD PCV Control
Number of subjects 181 198 - 203
Gender (male/female) - 139/42 157/41 120/83
Mean age + SD (years) 75+£7.4 73£7.3 72+6.0
Age range (years) 55-94 54-93 56-95

Abbreviations: AMD, age-related macular degeneration; PCV, polypoidal choroidal vasculopathy; SD, standard deviation.

AMD [17]. The meta-analysis showed that the missense allele
encoding A69S (rs10490924) in ARMS?2 confers the strongest
disease risk, among others [17].

Polypoidal choroidal vasculopathy (PCV), characterized
by inner choroidal vascular networks ending in polypoidal
lesions [18], is now clinically classified as a specific type of
AMD [19]. PCV is particularly prevalent in Asian
populations, accounting for 54.7% of patients with the
neovascular form of AMD in the Japanese population [20] and
24.5% in the Chinese population [21], but only 8% to 13% in
Caucasians [22]. PCV shares many similarities with
neovascular AMD, including demography [20], pathology
[23,24], and manifestation [20]; however,
differences have been noted in histopathology [25], clinical
behavior [22], and response to therapy [18,26]. These
similarities and differences have been a subject of much
interest and debate regarding whether the vascular
abnormality in PCV represents neovascularization or a
phenotype distinct from CNV [23-25,27].

We have previously shown that the ARMS2 A69S variant
is strongly associated with neovascular AMD and PCV, with
a stronger association in neovascular AMD than in PCV
[28]; however, the difference was not statistically significant,
probably owing to a limitation in statistical power. Subsequent
A69S association studies have consistently reported a trend
toward stronger evidence for association in neovascular AMD
than in PCV [29-31]. Interestingly, a significant difference in
genetic susceptibility between geographic atrophy and
neovascular AMD has been repeatedly observed at this locus
[17,32]. Sub-phenotype associations are currently being
actively researched in complex diseases, such as
inflammatory bowel disease [33], rheumatoid arthritis [34],
and various cancers [35-37]. Genotype-phenotype
correlations between risk alleles and disease subtypes may
provide an insight into the underlying etiologic pathways of
complex diseases.

To date, some meta-analyses have been published
regarding the association between AMD and the ARMS2/
HTRA region [38-40], but none of these studies focused on
PCV. Here we conducted a comparative genetic analysis of
neovascular AMD and PCV in our original sample set of
Japanese ancestry, genotyping the ARMS2 A69S variant in
181 subjects with neovascular AMD, 198 subjects with PCV,

important

and 203 controls. Results were then integrated into a meta-
analysis of previous studies representing an assessment of the
association between the ARMS2 A69S variant and
neovascular AMD and/or PCV, comprising a total of 3,828
subjects of Asian descent, to more reliably compare the
genetic effect of ARMS2 A69S between neovascular AMD
and PCV.

METHODS

New data set: Study participants: The study protocol was
approved by the Institutional Review Board at Kobe
University Graduate School of Medicine and performed in
accordance with the Declaration of Helsinki. Written
informed consent was obtained from all subjects before
participation in this study. All cases and controls included in
our original sample set were Japanese individuals recruited
from the Department of Ophthalmology at Kobe University
Hospital in Kobe, Japan. This cohort is an extension of one
previously published for an association with the ARMS2 A69S
variant [28]. A portion of the subjects in the present study had
participated in our previous studies in which phenotyping
criteria were fully described [28,41,42]. In brief, all our
subjects with neovascular AMD and PCV underwent a
comprehensive  ophthalmic  examination  including
indocyanine green angiography, and were defined as having
angiographically well defined lesions of CNV or PCV. The
controls were not related to the cases and were defined as
individuals without macular degeneration and changes such
as drusen or pigment abnormalities, and were thus categorized
as having clinical age-related maculopathy staging system
stage 1 [43]. The demographic details of the study subjects are
listed in Table 1.

Genotyping: Genomic DNA was extracted from peripheral
blood using a standard methodology. Genotyping was
performed using a pre-developed TagMan SNP Genotyping
Assay (Assay ID: C 29934973 20; Applied Biosystems,
Foster City, CA) on a StepOnePlus™ Real-Time PCR System
(Applied Biosystems) in accordance with the manufacturer’s
recommendations.

Statistical analysis: Allelic associations were evaluated for
the ARMS2 A69S variant with chi-square tests on 2 X 2
contingency tables using the software package PLINK
v1.07. Deviations from the Hardy—Weinberg equilibrium
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(HWE) were tested using the exact test [44] implemented in
PLINK. The odds ratio (OR) and corresponding 95%
confidence interval (CI) were calculated relative to the major
allele. Genotype-specific ORs were estimated for the
heterozygous (GT) and risk homozygous (TT) genotypes,
with the common homozygous (GG) genotype the baseline
category with unconditional logistic regression using the JMP
software (version 6.0.3; SAS Institute, Cary, NC). To test for
heterogeneity between ORs for neovascular AMD and PCV,
we conducted a logistic regression analysis of the cases (case-
only analysis) using R project, where the subtypes were used
as the outcome and the A69S genotype as the explanatory
variable [45].

Meta-analysis: 1dentiﬁéation and eligibility of relevant
studies: We performed a systematic PubMed literature search
(up to May 2011) using the following search terms in different
combinations: “HtrA serine peptidase 1” or “HTRAI,” “age-
related maculopathy susceptibility 2,” “ARMS2,” or
“LOC387715,” and “age-related macular degeneration” or
~ “polypoidal choroidal vasculopathy.” The literature search
was performed in duplicate by two authors (S.Y. and N.K.).

Studies included in the meta-analysis had to fulfill the
following criteria: (1) The study must be unrelated case-
control or population-based representing an assessment of the
association between the ARMS2 A69S variant and
neovascular AMD and/or PCV in East Asian populations. (2)
The study must distinguish PCV from the neovascular form
of AMD based on findings of indocyanine green angiography,
and must look at PCV and/or neovascular AMD (CNV) as
specific outcomes. (3) The study must present available data
on allele and genotype distributions for cases and controls. (4)
The study must be written in English and published in peer-
reviewed journals. For duplicate publications, the largest data
set was chosen for meta-analysis.

Data extraction: The following variables were extracted from
each study: the name of the first author, the year of
publication, ethnicity, and allele and genotype distributions in
cases and controls. ‘
Statistical analyses: For each study, deviations from the HWE
in controls were tested using the exact test [44]. Pooled allele
and genotype frequencies of the A69S variant were estimated
with the fixed effects model [46] if heterogeneity among
studies was absent, or with the random effects model [47] if
heterogeneity was present. We estimated summary ORs and
95% Cls according to the Mantel-Haenszel fixed effects
model [46] if heterogeneity among studies was absent or the
DerSimonian—Laird random effects model [47] if there was
evidence of between-study heterogeneity. The population
attribute risk was calculated to demonstrate the number of
cases in the total population that could be attributed to the risk
genotype, as described previously [48].

Between-study heterogeneity was assessed using the Q-
statistic test and P statistic [49,50]. A p value of <0.1 was
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considered statistically significant for the Q-statistic test. 2
ranges between 0% and 100% (where a value of 0% represents
no heterogeneity), and larger values represent increasing
heterogeneity.

All meta-analyses were conducted using the Stata
software (version 11.0; Stata Corporation, College Station,
TX). All tests were two tailed. A p value of <0.05 was
considered statistically significant except for the test of
between-study heterogeneity.

RESULTS

Comparative genetic analysis in our original sample set: We
initially conducted a comparative genetic analysis of
neovascular AMD and PCV, genotyping the ARMS2 A69S
variant (rs10490924) in our original sample set. Genotype
distributions for this variant are given in Table 2, along with
those of other studies included in the subsequent meta-
analysis. No departure from the HWE was observed at this
variant among the controls (p=0.88). As expected, the
ARMS2 A69S variant showed strong evidence of association
with neovascular AMD and PCV. ORs for the risk allele T
were 2.82 (95% CI, 2.10-3.78, p=2.4x107%) and 2.39 (95%
CI, 1.80-3.17, p=1.3x107%) for neovascular AMD and PCV,
respectively. For heterozygous and homozygous carriers of
the risk allele, the genotype-specific OR was 2.62 (95% CI,
1.55-4.52) and 7.49 (95% CI, 4.11-14.07) for neovascular
AMD and 1.56 (95% CI, 0.97-2.53) and 5.02 (95% CI, 2.89-
8.90) for PCV, respectively. Similar to previous findings of
ARMS2 A69S association studies [29-31], the variant showed
a trend toward stronger effect in neovascular AMD than in
PCV. However, a case-only heterogeneity test with logistic
regression analysis showed a nonsignificant value in our
original sample set (heterogeneity p=0.31), possibly reflecting
inadequate statistical power in this single study. Our own data
were then combined with those from previously published
studies in the subsequent meta-analysis.

Meta-analysis: Eligibility of studies: Our search identified
five studies that met our inclusion criteria [29-31,51,52]. Data
from these five studies and our original study were combined
for the meta-analysis. Table 2 lists the studies included in the
meta-analysis. The combined sample size for this meta-
analysis was 3,828.

Allele and genotype frequency: None of the five previously
published studies demonstrated significant deviation from the
HWE among controls (Table 2). To estimate the pooled
frequency of the AG69S variant in Asian populations, we used -
allele data from controls. The pooled frequency for the risk
allele T was 37.4% (95% CI, 35.9-38.8), and individuals
carrying at least one copy of the risk allele (GT + TT)
accounted for 60.8% (95% CI, 58.7-62.9) of the control
populations. No evidence of heterogeneity in these
frequencies was observed among controls across the six
studies (allele frequency, Q=8.50, 5 degrees of freedom [d.f.],
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TABLE 2. ALLELE AND GENOTYPE DISTRIBUTIONS OF THE ARMS2 A69S VARIANT OF CASE-CONTROL STUDIES CONTRIBUTING TO THE META-ANALYSIS

Genotype (GG/GT/TT) Risk allele frequency

Study Year Ethnicity Neovascular AMD PCV Control Neovascular AMD PCV Control PHWE*
[51] 2008 Japanese NA 15/49/45 39/32/14 NA 0.64 0.35 0.10
[52] 2008 Chinese NA 17/30/25 33/48/12 NA 0.56 0.39 0.51
[29] 2009 Japanese 18/30/52 18/50/32 85/84/20 0.67 0.57 0.33 1.0
[30] 2010 Japanese 67/155/183 122/216/171 502/638/196 0.64 0.55 0.39 0.82
[31] 2011 Japanese 6/20/24 22/20/18 64/58/16 0.68 0.47 0.33 0.70
This 2011 Japanese 26/81/74 42177179 79/94/30 0.63 0.59 0.38 0.88
study

Abbreviations: ARMS2, age-related maculopathy susceptibility 2; AMD, age-related macular degeneration; PCV, polypoidal
choroidal vasculopathy; HWE, Hardy—Weinberg equilibrium; NA, not available. *p values generated by the exact test for Hardy—

Weinberg equilibrium.

Sway
Goto et al. [29] 2009
Hayashi et al. [30] 2010
Fuse etal [31] 2011
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Figure 1. Forest plot showing the association between ARMS2 A69S and neovascular age-related macular degeneration. Odds ratios (black
squares) and 95% confidence intervals (bars) are given for each study. Also shown are the unshaded diamonds of the summary odds ratio

based on the Mantel-Haenszel fixed effects model.

p=0.13, P=41.2%; frequency of GT/TT genotypes, Q=9.0, 5
d.f, p=0.11, ’=44.5%).

Quantitative synthesis: We conducted a meta-analysis based
on an allele contrast model. The A69S variant showed a
significant summary OR of 3.09 ([95% CI, 2.71-3.51], fixed
effects p<0.001; Figure 1) for neovascular AMD and 2.13
([95% CI, 1.91-2.38], fixed effects p<0.001; Figure 2) for
PCV. The Q-statistic test showed no significant between-
study heterogeneity in association tests for neovascular AMD
or PCV (p>0.1; Figure 1 and Figure 2). The population
attribute risks for the risk allele were 43.9% (95% CI, 39.0%—
48.4%) and 29.7% (95% Cl, 25.4%—-34.0%) for neovascular
AMD and PCV, respectively. Next, we compared the allele
frequencies of the variant between the two “subtypes,
combining data from four studies that included neovascular
AMD and PCV subtypes in the case groups (Table 2). The
pooled risk allele frequency was significantly higher in

neovascular AMD than in PCV (64.7% versus 55.6%;
p<0.001), without heterogeneity across studies (Q=5.38, 3
days.f.,, p=0.15, P=44.3%). This result, coupled with the
finding that the 95% ClIs for allelic summary ORs for
neovascular AMD did not overlap with those for PCV,
indicates that the genetic effect of the ARMS2 A69S variant
is significantly stronger in neovascular AMD than in PCV.

DISCUSSION

Several studies have reported that the ARMS2 A69S variant is
strongly associated with neovascular AMD and PCV, with a
stronger association in neovascular AMD than in PCV
[29-31]. However, the differences between the two were not
statistically significant in most studies, probably owing to a
limitation in the statistical power. Our meta-analysis has
revealed that the 4RMS2 A69S variant confers a significantly
greater risk of neovascular AMD than of PCV. The pooled
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Figure 2. Forest plot showing the association between ARMS2 A69S and polypoidal choroidal vasculopathy. Odds ratios (black squares) and
95% confidence intervals (bars) are given for each study. Also shown are the unshaded diamonds of the summary odds ratio based on the

Mantel-Haenszel fixed effects model.

risk allele frequency was significantly higher in neovascular
AMD (64.7%) compared with PCV (55.6%). The meta-
analysis estimated the attributable risks for the variant allele
were 43.9% and 29.7% for neovascular AMD and PCV,
respectively. In the control populations, the pooled frequency
for-the risk allele T of the A69S variant was estimated to be
37.4%, and individuals carrying at least one copy of the risk
allele accounted for 60.8%, indicating its population-wide
epidemiological consequence in Asian populations owing to
the high frequency of the risk allele. No significant between-
study heterogeneity was observed in any statistical analysis in
this meta-analysis of Asian populations.

There is increasing evidence that ethnicity influences
disease via genetic background [53]. Risk allele frequencies
of A69S diverge greatly between European and Asian
populations from the HapMap sample, with almost 40% risk
allele frequencies in Asian populations compared to 20% in
individuals of European descent. The distributions of the
neovascular subtype of AMD differ markedly between
European and Asian populations, and parallel the risk allele
frequencies of this variant, with Asians having a much higher
rate of the neovascular subtype than Europeans [2-5],
suggesting that this locus may contribute to ethnic
heterogeneity in the manifestation of AMD subtypes.

Currently, how the ARMS2/HTRA I region on 1026 is a
source of genetic risk for AMD is unclear. Much effort has
been made to localize variant(s) causally related to AMD in
this region and to understand the molecular basis of the
susceptibility [10,11,54-58]. However, there is high linkage

disequilibrium (LD) across the ARMS2/HTRAI region,
adding to the difficulty in identifying true causal variant(s) by
association mapping alone [55]. The association signal at
10g26 converges on a region of an extensive LD block
spanning ARMS2 and HTRA 1 [54,55]. This LD block harbors
multiple susceptibility alleles of which the ARMS2 A69S
variant has been reported to show the strongest evidence for
association [54]. Two variants within this LD block that were
correlated with A69S through strong LD—SNP rs11200638
in the promoter of HTRAI [10,11] and the insertion/deletion
polymorphism (c.(*)372_815del443ins54) in the 3'-UTR
region of ARMS2 [55}—have recently been proposed as
causal variants based on mechanistic functional evidence, but
there is no agreement across studies [10,11,54-58]. Thus, the
molecular basis of the susceptibility remains obscure.

In conclusion, our meta-analysis has identified a
difference in the hereditary contribution of the ARMS2 A69S
variant between neovascular AMD and PCV. In addition, a
significant difference has been reported between geographic
atrophy and neovascular AMD with respect to genetic
susceptibility at this locus [17,32]. This fact, coupled with our
findings, indicates that the risk attributable to the A69S variant
differs among AMD subtypes. Given the importance of the
ARMS2/HTRAI region on 10q26 in AMD susceptibility,
defining molecular mechanisms through which the genomic
variants influence disease risk and understanding the
relationships between this region and disease subtypes will
yield important insights, elucidating the biologic architecture
of this phenotypically heterogeneous disorder.
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Introduction

Age-related macular degeneration (AMD) is a common
multifactorial and heterogeneous disorder, characterized by
progressive degeneration of the central region of the retina
(macula) [1,2]. Pigmentary abnormalities of the retinal pigment
epithelium (RPE) and extracellular deposits (drusen) under the
retina are among the early-stage manifestations of AMD. As the
condition progresses, extensive atrophy of the RPE and- outer
retina (geographic atrophy or dry AMD) or abnormal vessel
growth underneath the macula (exudative or wet AMD) are
common advanced-stage manifestations. AMD affects 30-50
million individuals worldwide and is a leading cause of legal
blindness among older individuals in developed countries [1,2].

Although the precise etiology of AMD remains elusive, genetic
studies have provided significant insights into the molecular basis
of AMD. Several genes encoding proteins involved in the
complement pathway have been shown to be associated with

@ PLoS ONE | www.plosone.org

susceptibility to AMD, including the complement factor H gene
(CFH) on chromosome 1q32 [3-5], two neighboring genes,
complement component 2 (C2) and complement factor B (CFB)
on 6p21 [6-8], the complement factor I gene (CF]) on 4q25 [9,10],
and the complement component 3 gene (C3) on 19p13 [11-13].
These findings strongly implicate aberrant regulation and/or
activation of the complement pathway in the mechanism of
susceptibility to AMD. In addition to the association with
complement pathway genes, AMD has been convincingly shown
to be associated with two adjacent genes on 10q26 (age-related
maculopathy susceptibility 2 [ARMS2] and high-temperature
requirement factor H [HTRAI]) [14-16], which together account
for nearly half of the heritability of AMD [7].

AMD susceptibility loci have been primarily discovered in
populations of European descent, of which only the association of
CFH [17-20] and the ARMS2/HTRAI loci [14,21,22] have been
convincingly validated in Asian populations. We recently reported
a significant association of wet AMD in a Japanese population with
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the same susceptibility variant near CFI as that observed in
individuals of European descent [23], indicating that, along with
CFH and ARMS2/HTRAI, CFI is a susceptibility locus of AMD
that transcends racial boundaries. However, studies have also
revealed the existence of genetic heterogeneity in AMD suscep-
tibility at the C3 locus between populations of European and Asian
descent. A nonsynonymous coding variant in C3, rs2230199
(R102G), was consistently found to be associated with AMD in
Caucasian populations [11-13,24,25], but not in Asians [25-28].
Furthermore, the allelic frequency of the R102G variant is absent
in Japanese and rare (<1%) in Chinese populations, according to
the data from the International HapMap Project and published

studies [25,27,28,29], while risk allele frequency is almost 20% in .

individuals of European descent [25]. It has been proposed that
genetic effects of disease-associated variants are similar across
racial boundaries regardless of their widely divergent allelic
frequency between different populations [30]. However, it has
also been documented that genetic heferogeneity of disease
susceptibility between ethnic groups is common in complex
diseases [31,32], and thus, disease-associated variants present in
populations of European descent might not be applicable to Asian
populations because of underlying genetic heterogeneity. Indeed,
two recent studies have suggested a role for common intronic
variants of the €3 locus in susceptibility to wet AMD in Japanese
and Chinese populations [26,27], implying that more common C3
variants are associated with the disease in Asians. Here we
genotyped 13 tag single nucleotide polymorphisms (SNPs) that
capture the majority of common variations in the C3 locus and
tested for associations between these SNPs and wet AMD in a
Japanese population comprising 420 case subjects and 197
controls.

Materials and Methods

Ethics Statement

The study protocol was approved by the Institutional Review
Board at Kobe University Graduate School of Medicine and
performed in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all subjects before participa-
tion in this study.

Study participants

All cases and controls included in this study were Japanese
individuals recruited from the Department of Ophthalmology at
"~ Kobe University Hospital in Kobe, Japan. The demographic
details of the study population are shown in Table 1. All cases and
control subjects underwent comprehensive ophthalmic examina-
tion, including visual acuity measurement, slit-lamp examination,
and dilated funduscopic examination. Fundus findings in each eye
were classified according to the clinical age-related maculopathy
staging system (CARMS) [33] as previously described [7,12]. All of

Table 1. Characteristics of the study population,

Wet AMD Controls
Nurmber of subjects” * * 42000 g7
Gender (male/female) 331/89 117/80
Mean age & SD (years) =~ 74x75 72460
Age range (years) 54-94 56-95

AMD: age-related macular degeneration; SD: standard deviation.
doi:10.1371/journal.pone.0028847.t001
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our case subjects had wet AMD and associated manifestations
such as nondrusenoid pigment epithelial detachment, serous or
hemorrhagic retinal detachment, and subretinal or sub-RPE
hemorrhages and fibrosis; they were categorized as having
CARMS stage 5 [33]. The controls were individuals aged 56
years or older and were defined as cases without macular
degeneration and changes, such as drusen or pigment abnormal-
ities. Thus, controls were categorized as having CARMS stage 1
[33] on the basis of comprehensive ophthalmic examinations.

Genotyping

Genomic DNA was extracted from peripheral blood using
standard methodology. Genotyping was performed using the
TagMan® SNP Genotyping Assays (Applied Biosystems, Foster City,
CA) on a StepOnePlus™™ Real-Time PCR System (Applied
Biosystems) in accordance with the manufacturer’s recommendations.

SNP selection

To comprehensively yet efficiéntly screen C3 sequences for
common genetic variations, tag SNPs were selected from the
HapMap Project database for the Japanese in Tokyo (JPT)
population using the tag selection tool. Thirteen tag SNPs were
selected for genotyping, which captured 29 of 34 SNPs in the C3
locus exhibiting a minor frequency greater than 10% with a mean
r? value of 0.986.

Statistical analysis

Allelic associations were evaluated for each SNP by chi-square tests
on 2X2 contingency tables using the software package PLINK v1.00
(http://pngu.mgh.harvard.edu/purcell/plink/) [34]. The odds ratio
(OR) and corresponding 95% confidence interval (CI) were calculated
relative to the major allele. In addition to obtaining nominal P values,
corrected empirical P values for multiple testing were generated by
10,000 permutation tests using the Max (T) permutation procedure
implemented in PLINK [34]. We also applied a Bonferroni
correction, where nominal P-values were multiplied by 13 (the
number of SNPs tested for association). To adjust for age and gender
differences between the case and control subjects, logistic regression
analysis was performed using SNPStats (http://bioinfo.iconcologia.

- net/SNPStats), with age and gender controlled as covariates. Age and

gender were included in this model as a continuous covariate
measured in years and a categorical covariate, respectively. Deviations
from the Hardy-Weinberg equilibrium were tested using the exact test
implemented in PLINK [35]. Haploview software was used to assess
linkage disequilibrium (LD) patterns and haplotype association
statistics [36]. Haplotype blocks were determined using the solid
spine of LD algorithm with a minimum D’ of 0.8. To correct for
multiple testing in the haplotype association analysis, 10,000
permutations were run using this software. An omnibus (or global)
test of the haplotype association was performed with PLINK. To
determine whether a single variant could explain an entire omnibus
haplotype association, conditional haplotype-based likelihood ratio
tests implemented in PLINK were conducted. The haplotype
association was assessed further using sliding window analyses of four
adjacent SNPs across the C3 region. For this analysis, sliding windows
of overlapping haplotypes were tested in sequence. For example, SNPs
rs2250656, rs2230205, rs11569429, and rs11672613 were treated
as a single haplotype, followed by SNPs rs2230205, rs11569429,
rs11672613, and rs428453. The significance values were evaluated
on the basis of ommnibus test P values. The sliding window anal-
yses were conducted using the PLINK software. The FASTSNP
program (http://fastsnp.ibms.sinica.edu.tw/pages/input_Candidate-
GeneSearch.jsp) was used to predict the function of a SNP of
interest [37].
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Table 2. Results of single-marker association test.

Genetic Association between C3 and Wet AMD

~ Position in NCBI

Minor allele frequency Association Results ¢

. Cases

- Allelic P;vﬁlue

 Allelic OR (95% CI)

value™

0.132

0.660

0.94 (0.71-1.24)

6649074 bp
. 6645246 bp 0470 1.08 (0.85-1
6642157 bp 0096 0.6 (0.46-0.95)
6633683 bp R O oes 703N
6625945 bp 0241 119 (0.89-1.58)
6625304 bp. 0320 .86-1.45) 10995
0052 00102
08 ( 19) 09420
} 079 (053-1.19) 0942
, S : ‘0385 | 03¢ 0.13 120 (093-1.54) . 0802
511569562 (intron 38) 6618753 bp 0477 0515 0215 0.86 (0.68-1.09) 0.897

OR: odds ratio; Cl: confidence intervals.

implemented in the PLINK software.
doi:10.1371/journal.pone.0028847.t002

*Empirical P-values corrected for multiple testing (corrected empirical P-values) were generated by 10,000 permutation tests using Max (T) permutation procedure

Figure 1. Linkage disequilibrium (LD) structure of the C3 locus. LD was measured using data from all subjects in the present study. The
haplotype blocks were determined by the solid spine of LD method implemented in the Haploview software. Each box provides estimated statistics

of the coefficient of determination (%), with darker shades representing stronger LD.

doi:10.1371/journal.pone.0028847.g001
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To examine a-genetic effect detected here in the context of three
validated AMD-risk loci for Asians (the A69S variant
[rs10490924] in ARMS? [14,21,22] and the 162V variant
[rs800292] and Y402H variant [rs1061170] in CFH [17-20]),
we conducted logistic regression analyses with the R statistical
analysis package (http://www.r-project.org/). For each locus, the
genetic model of best fit was determined before genotypes were
coded according to additive, dominant, and recessive models.
Akaike Information Criterion (AIC) was used to select the model of
best fit. The best models for each locus were then combined into
multilocus models, and an effect of the C3 variant after controlling
for ARMS2 A69S, CFH 162V, and CFH Y402H was estimated.
Furthermore, we compared two logistic regression models (the full
model including all four variants versus a reduced model in which
the C3 variant was omitted) by using a likelihood ratio test and
calculating AIC values. To determine epistatic effects between C3
rs2241394 and CFH 162V or Y402H, pairwise interaction analysis
was performed using the epistasis option in PLINK.

Results

None of the 13 SNPs reported in the present study showed
significant deviation from the Hardy—Weinberg equilibrium in
both the case and control subjects (P>0.05). Marker information,
allelic frequencies, and summary statistics for all evaluated SNPs
are shown in Table 2. In single-SNP analyses, two of the 13

Table 3. Association of C3 haplotype blocks with wet AMD.

Genetic Association between C3 and Wet AMD

SNPs showed nominally significant associations with wet
AMD (rs2241394, nominal P=8.32x107% rs428453, nominal
P=0.0240), of which only rs2241394 withstood multiple test
corrections (corrected empirical P=0.0102; Bonferroni-corrected
P=0.0108, Table 2). The minor allele G of rs2241394 was
associated with protection against the disease, with a frequency of
0.052 in disease cases and 0.104 in controls (per allele OR =0.48
[95% CI=0.31-0.74]; Table 2). In a dominant genetic model,
OR for individuals carrying at least one copy of the protective
allele was 0.45 (95% CI =0.28-0.72; P=7.81x10™%. Inclusion of
age and gender as covariates in the logistic regression model did
not substantially change the significance of the association
(age- and gender-adjusted OR=0.48 [95% CI=0.30-0.75],
P=0.0016, additive model; age- and gender-adjusted OR =0.44
[95% CI=0.27-0.72], P=0.0012, dominant model).

The pairwise LD structure was constructed with the 13 SNPs
genotyped (Figure 1). Five haplotype blocks were defined, and
association with the disease was restricted to block 4 where the
disease-associated SNP rs2241394 resided as demonstrated by the
significant omnibus result (omnibus P=0.00367 at 2 degrees of
freedom, Table 3). Only one haplotype in block 4 was found to be
significantly associated with the disease, with a haplotype
frequency of 0.052 in affected individuals and 0.104 in controls
(P=8.0x10"* OR=0.48 [95% CI=0.31-0.74]; Table 3). This
association remained statistically significant after correction for
multiple testing (permutation P=0.011). The disease-associated

Frequency

_ OR(g5%CH . Omnibus Avalue

r$2250656[r52230205|r51 1569429

Block 1 TTC ' 0.401 0.399

Block 2 s
1511672613|rs428453
: A L TC
Block 3 AT
15432001|rs7257062
GT
Block 4 cG
1s2241393(rs2241394
' UGG 0329 0305
cc 0.052 0.104
Block5 7o GGE s e 0556
rs1389623|rs7951|rs344555 - - Sl e T
: GGT 0.385 0343

1.01 (0.79-1.29) 0.857

05213
0.86 (0.61-1.22)

157 (0.43-5.74)
© 1 87141

0.576 1.07 (0.84-1.37)

00595 . 070(048-102) . .-
0.420 091 (0.71-1.16) 0.691
0299 - . 1.16(0.87-1.56)
0779 0.95 (0.67-1.33)
0574 157 (043-574) - sl
0353 112 (0.88-1.43) 0.00367
040 C112(086-145)
8.0x107* 048 (0.31-0.74)

- 0260 087 (068111 00846
0.156 1.20 (0.93-1.54)

. 0059 067 (044-1.02)

OR: odds ratio; Cl: confidence intervals.

block 3).
doi:10.1371/journal.pone.0028847.t003

). PLoS ONE | www.plosone.org

The association of haplotype CC in block 4 remained statistically significant after correction for multiple testing (permutation P=0.011).
*The P-values were calculated by the chi-square test on haplotype counts (1 degree of freedom). i
*The omnibus P-values were calculated by the PLINK software (4 degrees of freedom for block 1; 2 degrees of freedom for block 2, 4, and 5; 3 degrees of freedom for
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haplotype was completely described by the protective allele G of
rs2241394, and a conditional haplotype-based likelihood ratio test
revealed that the significant omnibus haplotype association detected
in haplotype block 4 disappeared when it was estimated to be
conditional on rs2241394 (omnibus P=0.85), confirming that
rs2241394 is responsible for the haplotype association detected in
this LD block. To further assess haplotype associations, we
conducted a sliding window analysis of four adjacent SNPs across
the C3 region. Significant associations were observed only around
rs2241394 (Table 4), and the strongest association was found when
four variants—rs2241393, rs2241394, rs1389623, and rs7951—
were included together (omnibus P=9.81x107*, Table 4).

To examine the possibility that the disease-associated SNP
rs2241394 might be correlated with untyped SNPs, we investigat-
ed the LD structure across the genomic region extending
approximately 200 kb upstream and downstream of the C3 locus.
Genotype data were retrieved from the 1000 Genome Project
(August 2010 release) [38] and International HapMap (release 24)
JPT+CHB datasets [39], and correlations (as defined by r? values)
were examined. In this genomic region, we found 594 SNPs but
did not identify any SNPs that are highly correlated with
152241394 (all pairwise r2<0.45).

Next, we examined the genetic effect of rs2241394 in the
context of three validated AMD-risk loci for Asians (ARMS2 A69S
[14,21,22], CFH 162V [17-19], and CFH Y402H [20]). Using
unconditional logistic regression, the genetic model of best fit for
C3 152241394, ARMS2 A69S, CFH 162V, and CFH Y402H was
determined and genotypes were coded according to additive,
dominant, and recessive models. On the basis of AIC values,
ARMS2 A69S, and CFH 162V had the best fit under an additive
model, and C3 rs2241394 and CFH Y402H had the best fit under
a dominant model. The best models were then combined into
multilocus logistic regression models. After including the effects of
CFH 162V, CFH Y402H, and ARMS2 A69S, C3 rs2241394
retained significant association (model 1; Table 5). Furthermore,
we found that the model including all four variants—~C3 rs2241394,

Table 4, Four-marker sliding window haplotype analysis over
the entire C3 locus.
Omnibus P Value®

SNP '

52250656 0.959

12230205 - omee

rs‘lr1 56§429 0.4%6

111672613 i 0803 o

15428453 0.269

ras2001 L asts

rs7257062 O.OVSSS”

152241393 700 g81x10TE L

rs2241394 0.00103

151389623 ColTaR AL
rs79s1 V .

1344555 0 L L

1511569562 -

SNP: single nucleotide polymorphism.

*Omnibus P value corresponding to the haplotype with the.listed SNP as the

first SNP in the haplotype.

doi:10.1371/journal.pone.0028847.t004
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ARMS?2 A69S, CFH 162V, and CFH Y402H{it significantly better
than the model without C3 rs2241394 (likelihood ratio test
x2= 10.32, P=0.00132, model 1 vs. model 2; AIC =692.0 and
700.3 for model 1 and 2, respectively; Table 5).

Finally, we conducted pairwise interaction analysis to evaluate
potential epistatic effects between C3 rs2241394 and CFH 162V or
CFH Y402H, because the proteins encoded by these loci
biologically interact in the complement pathway [40]. However,
we did not find any evidence of epistasis between rs2241394 and
CFH variants (all P>0.05).

Discussion

We genotyped 13 tag SNPs that capture the majority of
common genetic variations in the C3 locus and found statistically
significant evidence for association between an intronic C3
variant (rs2241394) and wet AMD in a Japanese population
(P=8.32x107%. Haplotype analyses identified the LD block
where 152241394 resides as being the only significant locus, and
haplotype association was completely explained by rs2241394.
Logistic regression analysis showed that the effect of rs2241394 is
independent of the established associations of ARMS2 A69S, CFH
162V, and CFH Y402H, and that the model including these three
established loci plus C3 rs2241394 provides a better fit than the
model without rs2241394. Although the proteins encoded by C3
and CFH are involved in the same biological pathway, we found
no evidence of epistasis between 152241394 and the two CFH
variants.

Complement has emerged as an important element in AMD
pathology [41,42], because of the identification of various
complement-related molecules in drusen and nearby RPE [42].
In addition, recent successes in the identification of genetic
susceptibility loci for AMD have revealed several molecules
involved in the complement pathway, including CFH [3-5],
CFB [6-8], C2 [6-8], CFI [9,10,23], and C3 [11-13].
Furthermore, systemic complement activation was observed in
AMD patients [43—45] and nutritional supplementation with zinc
was shown to delay the progression of AMD [46], an effect likely
mediated by an inhibitory effect of zinc on complement activity
[47]. C3 is a central component of all three pathways of
complement activation: the alternative, classical, and mannose-
binding lectin pathways, all of which lead to the cleavage of C3
into biologically active C3a and G3b fragments [40]. Notably, an
animal study has shown that C3 deficiency prevented the
formation of choroidal neovascularization induced by the rupture
of Bruch’s membrane with laser photocoagulation in eyes of

Table 5. Multilocus logistic regression analysis of C3
rs2241394, ARMS2 A69S, CFH 162V, and CFH Y402H.

Model Effect P-value OR (95% CI) AIC

1 (3rs2241394 000125 043(026-072) 6920
ARMS2 A69S 230x107° 215 (1.67-2.77)

CCRHIeV o 324x107° 176(135-230)

CFH Y402H 000302 234 (133-4.10)

2 ARMS2Ae9s - 166x107° 215 (168-277) . 7003
CFH 162V 1.87x107% 1.78 (1.37-2.32)
CFHY02H 000523 220(126-382)

AIC: Akaike information criterion.
doi:10.1371/journal.pone.0028847.t005
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€3~/ mice [48], indicating that C3 is a key factor in the
development of choroidal neovascularization.

A nonsynonymous coding C3 variant, rs2230199 (R102G), is
strongly associated with AMD in populations of European descent,
and this variant is presumed to be the most likely causal variant
responsible for the disease association based on mechanistic
functional evidence [11-13,49,50]. However, the association of
R102G has not been reported in Asian populations [25-28], and
allele frequencies of R102G vary widely among different
ethnicities. For example, the risk allele is absent in Japanese [29]
and rare (<1%) in Chinese populations [25,27,28], while the
corresponding rate in Caucasians is 20% [25]. In the present
study, we have found that a more common SNP of €3, rs2241394,
is associated with AMD in a Japanese population. This association
has not been documented by any previous genetic studies of AMD
in European populations. These findings suggest that the
susceptibility conferred by the R102G variant does not transcend
ethnic lines and that there may be a significant difference in
disease susceptibility loci in the C3 region of populations of
European and Asian descent. Notably, rs2241394 has previously
been reported in a Japanese population to be associated with
polypoidal choroidal vasculopathy [26], a major subphenotype of
wet AMD in East Asian populations [51-53], and the direction of
association was consistent with our findings. However, suggestive
evidence for association of rs2250656 with wet AMD previously
reported in a Chinese cohort [27] was not detected in the present
study. We sought further evidence from a recent genome-wide

association study of wet AMD in Japanese populations [29];.
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however, the arrays used in this study (Ilumina HumanHap610-
Quad BeadChip and Ilumina HumanHap550v3 Beadchip) did
not suit rs2241394.

The C3 variant rs2241394 is an intronic SNP, and there is
currently no evidence supporting its functional relevance. Using
the FASTSNP program [37], we investigated potential functions
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yet unidentified variants of more functional relevance.

In conclusion, we report a significant association between wet
AMD and a common noncoding C3 variant in a Japanese
population. Our study provides evidence that C3 is a common
AMD-associated locus that transcends racial boundaries and
provides an impetus for more detailed genetic characterization of
the C3 locus in Asian populations.
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