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Abstract 1 

Purpose 2 

Age-related macular degeneration (AMD) is the leading cause of severe visual impairment. 3 

Despite treatment, a central scotoma often remains. The size of the scotoma depends on 4 

the lesion size of the choroidal neovascular membrane and significantly affects the patient’s 5 

quality of life, and the lesion size of neovascularization also affects response to treatments. 6 

The aim of this study was to identify genes associated with the neovascular lesion size in 7 

neovascular AMD. 8 

Design 9 

A genome-wide association study (GWAS). 10 

Participants 11 

We included 1,146 Japanese patients with neovascular AMD. 12 

Methods 13 

We performed a two-staged GWAS for the lesion size of AMD as a quantitative trait among 14 

1,146 (1st stage: 727, 2nd stage: 419) Japanese patients with neovascular AMD. Lesion 15 

size was determined by the greatest linear dimension measured with fluorescein 16 

angiography examination before treatment. We examined the association between 17 

genotypic distribution of each SNP and the trait using an additive model adjusted for age 18 

and sex. To evaluate the associations between AMD development and SNPs associated 19 

with lesion size, we also performed a case-control study by using the genotype data from 20 

these 1,146 Japanese patients as case subjects and the fixed dataset from the Nagahama 21 

Study as control subjects. 22 

Main Outcome measures  23 

Genes associated with the lesion size in neovascular AMD.  24 

Results 25 

In the discovery stage, rs10895322 in MMP20 showed a genome-wide significant P-value of 26 

6.95 × 10
-8

, and rs2284665 in ARMS2/HTRA1 showed a P-value of 1.55 × 10
-7

. The 27 
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associations of these two SNPs were successfully replicated in the replication stage, and a 1 

meta-analysis of both stages showed genome-wide significant P-values (2.80 × 10
-9

 and 2 

4.41× 10
-9

, respectively). In a case-control study using 3,248 Japanese subjects as controls, 3 

we could not find contribution of MMP20 rs10895322 for AMD development. Although 4 

MMP20 has been thought to be expressed only in dental tissues, we confirmed MMP20 5 

expression in human retina and retinal pigment epithelium/choroid with PCR. 6 

Conclusions 7 

The growth of choroidal neovascularization in AMD would be affected by two genes; 8 

MMP20, a newly confirmed gene expressed in the retina, and ARMS2/HTRA1, a 9 

well-known susceptibility gene for AMD. 10 

11 
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Age-related macular degeneration (AMD) is the leading cause of severe visual impairment 1 

among people over 50 years of age in industrialized countries. Although the cause of AMD 2 

is still unclear, it has been shown that the neural retina is damaged by atrophy or by the 3 

intrusion of choroidal neovascularization (CNV) into the retinal tissue. The development of 4 

CNV depends on vascular endothelial growth factor (VEGF), which is similar to 5 

neovascularization occurring in other tissues. Therefore, neovascular AMD is currently 6 

treated with anti-VEGF drugs, which were originally developed as an anti-tumour drugs 
1
 
2
. 7 

However, visual acuity following anti-VEGF treatment is sometimes unsatisfactory, and a 8 

central blind spot (scotoma) corresponding to the CNV scar often remains. Further 9 

elucidation of mechanisms to control the growth of neovascular tissue will potentially define 10 

novel targets to that may be used to improve neovascular AMD treatments, and which may 11 

also be applied for treating tumours. 12 

 AMD is a complex disease that is caused by the combination of genetic and 13 

environmental factors. In 2005, a genome-wide association study (GWAS) using 146 14 

participants found that the CFH gene is strongly associated with AMD 
3
, and 15 

ARMS2/HTRA1 was identified as the second major susceptibility gene for AMD 
4
 
5
. Since 16 

then, several genes were reported to be associated with AMD, such as C2/CFB, C3, CFI, 17 

CETP, and VEGFA 
6
. Recently, the AMD Gene Consortium performed a large-scale GWAS 18 

and found 7 new loci associated with AMD and confirmed 12 previously reported loci 
7
. 19 

Following the discovery of strong genetic associations to AMD development, 20 

several intensive phenotype-genotype studies have been performed 
8
 
9
 
10

 
11

 
12

 
13

 
14

 
15

 
16

 
17

. 21 

Among various phenotypes, the size of CNV is one of the most important phenotypes. Large 22 

CNV size leads to large scotoma, which strongly affects the patients’ quality of life 
18

. 23 

Furthermore, CNV lesions also affect the patient’s response to anti-VEGF treatment, such 24 

that eyes with larger sized lesions generally have poorer therapeutic responses 
19

 
20

. To 25 

examine the genetic determinants of CNV lesion size in neovascular AMD, previous studies 26 

have evaluated associations of lesion size with a number of AMD susceptibility genes such 27 
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as CFH, ARMS2/HTRA1, and VEGFA 
8
 
9
 
10

 
11

 
12

 
13

 
14

 
21

. Among these genes, several studies 1 

have reported that ARMS2/HTRA1 was significantly associated with the lesion size 
9
 
11

 
12

, 2 

while one report negated this association 
14

. So far, whether other genes affect the size of 3 

CNV lesions remain unknown. Therefore, we performed a GWAS for lesion size in a 4 

Japanese population to identify genes associated with lesion size in patients with 5 

neovascular AMD.6 
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Methods 1 

All procedures in this study adhered to the tenets of the Declaration of Helsinki. The 2 

Institutional Review Board and the Ethics Committee of each institute involved approved the 3 

protocols of this study. All of the patients were fully informed of the purpose and procedures 4 

of this study, and written consent was obtained from each patient. 5 

 6 

Patients and study methods. A two-staged GWAS on neovascular lesion size was 7 

performed, using 1,146 Japanese patients with AMD recruited from Kyoto University 8 

Hospital, Fukushima Medical University Hospital, and the Kobe City Medical Center General 9 

Hospital. All patients were treatment naïve. Patients from Kyoto University Hospital were 10 

examined for the discovery stage, and patients from Fukushima Medical University Hospital 11 

and the Kobe City Medical Center General Hospital were examined for the replication stage. 12 

For the diagnosis of AMD, all patients were subjected to a complete ophthalmic examination 13 

before treatment, including measurement of best-corrected visual acuity, indirect 14 

ophthalmoscopy and slit lamp biomicroscopy with a contact lens by a retina specialist, and 15 

fluorescein and indocyanine green angiography (HRA-2; Heidelberg Engineering , 16 

Heidelberg, Germany). Two subtypes of AMD, typical AMD (tAMD) and polypoidal choroidal 17 

vasculopathy (PCV), were included for the analysis. Lesion size was determined by the 18 

greatest linear dimension (GLD) measured with fluorescein angiography examination before 19 

treatment. The GLD was determined as a lesion with any classic or occult CNV in eyes with 20 

AMD. When a contiguous retinal pigment epithelium (RPE) detachment or subretinal 21 

hemorrhage was observed, it was included in the lesion according to the TAP Study 22 

protocol 
22

. In patients with bilateral AMD, eyes with larger CNV size were chosen for the 23 

analysis. Patients displaying any of the following characteristics were excluded from the 24 

study: (1) high myopia (spherical equivalent < -6.00 diopters), (2) geographic atrophy or 25 

drusen alone, or (3) an old lesion without a clear diagnosis. All subjects in this cohort were 26 

unrelated and of Japanese ethnicity.  27 
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To evaluate the associations between AMD development and single nucleotide 1 

polymorphisms (SNPs) associated with lesion size, we performed a case-control study by 2 

using the genotype data from these 1,146 Japanese patients as case subjects and the fixed 3 

dataset from the Nagahama Study as control subjects (Supplemental Information). 4 

 5 

Genotyping and imputation. Genomic DNA was prepared from peripheral blood using a 6 

DNA extraction kit (QuickGene-610L; Fujifilm, Tokyo, Japan). For the samples from Kyoto 7 

University, genome-wide genotyping was performed using HumanOmni2.5-8 or 8 

HumanOmniExpress (Illumina Inc., San Diego, CA, USA). SNPs genotyped on both 9 

platforms were included for the analysis. To ensure high-quality genotype data, a series of 10 

quality control (QC) filters were applied to the data, including minor-allele frequency cut-offs 11 

(MAF > 0.01), genotypic success rate ( > 90%), individual call rate ( > 90%), and estimated 12 

relatedness (PI-HAT < 0.35). QCs were performed using PLINK (ver.1.07; 13 

http://pngu.mgh.harvard.edu/,purcell/ plink/ Accessed Aplil11, 2015). The fixed dataset 14 

consisted of 580,936 SNPs in 727 individuals. For the replication stage, 419 samples from 15 

Fukushima Medical University Hospital or the Kobe City Medical Center General Hospital 16 

were genotyped using the Illumina HumanOmniExpress. We did not consider deviations in 17 

genotype distributions from the Hardy-Weinberg equilibrium because all samples were from 18 

patients with AMD. 19 

 To evaluate the association between lesion size and AMD susceptibility SNPs that 20 

were previously reported by the AMD Gene Consortium 
7
, we performed a case-control 21 

study using imputed genotypes referencing 1,000 genomes project cosmopolitan 22 

haplotypes (1,092 samples from all over the world; available at IMPUTE2 website 23 

[https://mathgen.stats.ox.ac.uk/impute/impute_v2.html], Accessed Aplil11, 2015) after 24 

stringent quality control. Among the previously reported AMD susceptibility SNPs by the 25 

AMD Gene Consortium, rs5749482 in TIMP3 was not imputed since it could not be 26 

identified. In addition, we chose rs800292 in CFH, rs2241394 in C3, and rs3764261 in 27 
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CETP, since these SNPs showed the strongest association in each gene in the Asian 1 

population 
23

, instead of previously reported SNPs of rs10737680 in CFH, rs2230199 in C3, 2 

and rs1864163 in CETP. 3 

 4 

PCR for MMP20. Human retinal cDNA and RPE/choroid cDNA was obtained from ScienCell 5 

Research Laboratories (CA, USA) and BioChain Institute, Inc (CA, USA). PCR reactions 6 

were performed under the following conditions: initial denaturation at 94°C for 2 min, 7 

followed by 40 cycles at 94°C for 15 s, 52°C for 15 s, and polymerization at 72°C for 60s.  8 

PCR primers were as follows: 5′-TTTCTGGAGACGGCAGGTTCAC −3′ (forward), 9 

5′-GGCCTTTGGAAGAATCCCTCTC −3′ (reverse).  10 

PCR products were subjected to electrophoresis on 2.0% agarose gels and visualized by 11 

ethidium bromide staining. GAPDH was used as an internal control for cDNA quantification. 12 

 13 

Statistical analysis. The independent-samples t-test was used to compare variables 14 

between patients with PCV and patients with tAMD. Values of P <0.05 were considered to 15 

indicate statistical significance. Associations between genotypic distribution of each single 16 

nucleotide polymorphism (SNP) and the lesion size were examined using quantitative trait 17 

locus (QTL) analysis with a linear regression using an additive model adjusted for age and 18 

sex. Inflation in the test statistics was assessed using the genomic-control method. In the 19 

discovery stage, genome-wide significance was defined as P < 8.61 × 10
-8

, corresponding 20 

to the standard P < 0.05 divided by 580,936 SNPs included for the association analysis. 21 

SNPs with P-values < 1.0 × 10
−6

 were selected as candidates for the replication stage, and 22 

differences were considered statistically significant at P < 0.05 thereafter. Genotype 23 

distribution was compared between two groups using the Chi-square test for trends. SNAP 24 

software (http://www.broadinstitute.org/mpg/snap/ldsearch.php, Accessed Aplil11, 2015) 25 

was used to infer the linkage disequilibrium (LD) in the targeted regions. The coordinates 26 

presented were from NCBI Build 37 (http://www.ncbi.nlm.nih.gov/, Accessed Aplil11, 2015; 27 

http://www.ncbi.nlm.nih.gov/
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provided in the public domain by National Center for Biotechnology Information, Bethesda, 1 

MD,).2 
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Results 1 

During the discovery stage of the GWAS, we analysed 727 patients with neovascular AMD 2 

(Table 1). There were 323 tAMD patients and 404 PCV patients. The average GLD of the 3 

neovascular lesion (± standard deviation [SD]) was 4642.2 ± 2362.6 μm in the discovery 4 

stage samples, and there was no significant difference in the lesion size between these 2 5 

subtypes (tAMD: 4539.3 ± 2295.6, PCV: 4724.4 ± 2411.9, P = 0.30). During the replication 6 

stage, we analyzed 419 patients. The average GLD of the neovascular lesion was 4423.0 ± 7 

2075.4 μm in the replication stage samples. The present study included a higher number of 8 

male patients, which is compatible with previous studies on Japanese populations showing 9 

that men are more susceptible to AMD than women 
24

 
25

.
 
 10 

In the first-stage, we identified a SNP with a genome-wide significant P-value of 11 

6.95 × 10
-8

 at rs10895322 in an intron of MMP20 on chromosome 11q22 (Figure 1 and 12 

Table 2). The quantile-quantile plots for the discovery stage are shown in Supplementary 13 

Figure 1, and the inflation factor (λ) was 1.008, which suggested there was no population 14 

stratification. The beta-value of rs10895322 suggested that having one risk allele (G) at 15 

MMP20 rs10895322 should increase the GLD by 696.4 μm on average, such that patients 16 

with the GA genotype should have a GLD that is 696.4 μm larger than that in patients with 17 

the AA genotype, and patients with the GG genotype should have a GLD that is 1392.8 μm 18 

larger than that in patients with the AA genotype. 19 

In addition to MMP20 rs10895322, three SNPs showed P-values less than 1.0 × 20 

10
-6

: rs2284665, rs3750847, and rs10490924. Each of these three SNPs is located within 21 

the ARMS2/HTRA1 region on chromosome 10q26, and these three SNPs were within a 22 

high-LD (r
2 
> 0.8). The beta-values of these SNPs were 634.2, 612.2, and 610.5, 23 

respectively, which suggests a similar effect on the size of ARMS2/HTRA1 SNPs to the 24 

MMP20 rs10895322. Regional association plots for genotyped SNPs in the MMP20 and 25 

ARMS2/HTRA1 regions are shown in Supplementary Figure 2. 26 

In the replication stage, we evaluated the associations of the four SNPs with 27 
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P-values less than 1.0 × 10
-6

 in 419 neovascular AMD patients. The associations of the four 1 

SNPs were successfully replicated, and meta-analysis of both stages confirmed strong 2 

associations of all 4 SNPs with neovascular AMD lesion size with a genome-wide significant 3 

P-value (MMP20; Pmeta = 2.80 × 10
-9

, ARMS2/HTRA1; Pmeta < 2.41 ×10
-8

). 4 

ARMS2/HTRA1 is widely known to be a susceptibility gene for AMD; hence, we 5 

evaluated the association between MMP20 rs10895322 and AMD development by 6 

comparing the rs10895322 genotype between 1,146 AMD patients and the fixed dataset of 7 

3,248 unrelated healthy Japanese subjects from the Nagahama Prospective Genome 8 

Cohort for the Comprehensive Human Bioscience (The Nagahama Study, see 9 

Supplemental Information) 
26

. Rs10895322 did not show significant association with AMD 10 

development (P = 0.40; Table 3). 11 

To investigate associations between other previously reported susceptibility genes 12 

for AMD and neovascular lesion size, we evaluated the AMD susceptibility SNPs reported 13 

by the AMD Gene Consortium 
7
. Of the 17 SNPs evaluated, two SNPs showed significant 14 

associations before Bonferroni correction; rs800292 in CFH (P = 0.0070) and rs3764261 in 15 

CETP (P = 0.0049), which became non-significant after Bonferroni correction (Table 4). 16 

MMP20 has been identified as enamelysin in odontoblastic cells; it is thought to be 17 

expressed only in dental tissues 
27

 
28

. To confirm whether MMP20 exists in human retina 18 

and/or RPE/choroid, we assessed the expression of MMP20 by PCR by using cDNA from 19 

the human retina and RPE/choroid. MMP20 expression was detected both in human retina 20 

and RPE/choroid (Figure 2).21 
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Discussion 1 

The present GWAS identified polymorphisms in MMP20 and ARMS2/HTRA1 that were 2 

significantly associated with neovascular lesion size in AMD. Because the neovascular 3 

lesion size of AMD directly determines the size of the scotoma and affects clinical response 4 

to anti-VEGF treatment, this finding may help in predicting the prognosis of neovascular 5 

AMD. Furthermore, our findings that indicate MMP20 is not associated with the onset of 6 

neovascular AMD, but it could affect neovascular lesion size, suggests the possibility of 7 

using MMP20 as a novel target to control the growth of CNV after the onset of AMD, as 8 

opposed to anti-VEGF treatment alone. In addition, anti-VEGF drugs, which were originally 9 

approved for tumour treatment, were applied to AMD treatment; hence, treatment strategies 10 

that modify the role of MMP20 in neovascularization might also be useful for controlling 11 

tumour growth. 12 

AMD is a complex disease that is caused by a combination of genetic and 13 

environmental factors. After the discovery of strong genetic associations with AMD 14 

development, several intensive phenotype-genotype association studies have been 15 

performed. Brantley et al. previously identified that CFH Y402H is associated with the 16 

neovascular lesion size in AMD 
9
; however, their follow-up study, which included a larger 17 

sample size, did not confirm this association 
21

, and subsequent studies from other groups 18 

did not replicate the association of CFH Y402H 
8
 
10

. Associations of VEGFA polymorphisms 19 

to neovascular lesion size have also been negated 
13

. In contrast, multiple studies have 20 

successfully identified associations between ARMS2/HTRA1 and the lesion size in 21 

neovascular AMD 
9
 
11

 
12

, although one study did not support this association 
14

. To the best 22 

of our knowledge, the present study is the first GWAS of CNV lesion size, which enables the 23 

discovery of new genes associated with neovascular lesion size in AMD. 24 

Results from our GWAS confirmed that ARMS2/HTRA1 strongly affects 25 

neovascular lesion size in AMD. In the previous AMD susceptibility gene studies, two SNPs 26 

of rs10490924 in the ARMS2 and rs11200638 in the HTRA1 promoter regions have been 27 
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often evaluated, but because these two SNPs are in high LD, it has not been clear which 1 

gene is truly associated with AMD. Similarly, the three SNPs showing significant association 2 

to lesion size in this study, rs2284665 in HTRA1 and rs3750847 and rs10490924 in ARMS2, 3 

were also in high LD, and we could not conclude which gene was truly associated with the 4 

CNV growth. Thus far, functions of ARMS2 are unclear, and the roles of HTRA1 in AMD 5 

development have not been fully elucidated. However, HTRA1 is a known serine protease 6 

that degrades fibronectin to stimulate the release of other types of proteases such as matrix 7 

metalloproteases (MMPs) 
29

 
30

. HTRA1 and MMP20 might cooperatively affect CNV growth 8 

in AMD. While several MMPs such as MMP2, MMP3, and MMP9 play significant roles in the 9 

development of neovascularization in AMD 
30

, MMP20 was identified as enamelysin during 10 

tooth enamel formation and the roles of MMP20 have not been thoroughly investigated in 11 

regions other than the teeth and the surrounding tissues 
27

 
28

. In the present study, we 12 

confirmed expression of MMP20 in the retina and RPE/choroid. Our findings that MMP20 13 

was associated with neovascular lesion size, but not with the onset of AMD, suggests that 14 

MMP20 could have an important role in later stages of neovascular AMD, such as CNV 15 

enlargement or regression with fibrotic scar formation. The association of MMP20 with 16 

fibrosis and aging have also been reported previously. A previous study on organ aging 17 

identified an association between MMP20 and kidney aging 
31

. They proposed the 18 

association of interstitial fibrosis of aged kidney and MMP20. MMP20 might affect the 19 

fibrotic scar formation in neovascular AMD.  20 

MMP20 variation may also have an indirect pathway that affects lesion size in 21 

neovascular AMD. Alterations in MMP20 can affect the strength of tooth enamel, which may 22 

weaken the tooth’s defence mechanisms against infection. A relationship between dental 23 

infections and ocular diseases has been known for decades 
32

. An association between 24 

Chlamydia infection and AMD has also been reported in several studies 
33

 
34

 
35

 
36

 
37

 
38

 
39

, 25 

and it has been speculated that infection-induced complement activation affects the 26 

development of AMD. Dental infections via MMP20 alteration might alter the growth of CNV 27 
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in AMD by activating complement pathways where AMD susceptibility genes such as CFH, 1 

C2, CFB, C3, and CFI have important roles. 2 

The present study has limitations, including its retrospective nature and the sample 3 

size considered. This study included only Japanese patients, so the association in this study 4 

need to be confirmed in other populations as well. The minor allele frequency for MMP20 5 

rs10895322 polymorphism was approximately 33% in Japanese subjects, and 6% in 6 

Caucasians. The present findings must be confirmed in a prospective study by evaluating 7 

the rate of CNV growth in eyes without any treatment. Furthermore, a larger sample size 8 

might identify other genes associated with lesion size. Moreover, rs10895322 in MMP20 9 

falls into H3K27Ac mark that regulates transcription via histone acetylation
40

. MMP20 might 10 

have relationship to AMD progression via epigenetically pathway. Further studies on 11 

epigenetic marks such as histone modification and DNA methylation are needed. 12 

In conclusion, MMP20 and ARMS2/HTRA1 are significantly associated with CNV 13 

lesion size in neovascular AMD. Because lesion size determines the size of the central 14 

scotoma in patients with AMD and affects clinical response to anti-VEGF therapy, factors 15 

that predict lesion size are important for the management of AMD. Further studies on the 16 

roles of MMP20 and ARMS2/HTRA1 in CNV growth will provide insight into the pathological 17 

mechanisms underlying neovascular AMD.18 
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Legends to Figures 1 

Figure 1. Manhattan plot of the first-stage quantitative trait locus (QTL) analysis for 2 

neovascular lesion size in age-related macular degeneration (AMD). P-values under an 3 

additive model for 580,936 SNPs in 727 patients adjusted for age and sex are plotted in 4 

-log10 scale according to their chromosomal location. The dotted horizontal line shows the 5 

cutoff for P = 0.05 after Bonferroni correction (P = 8.61 × 10
-8

, corresponding to the standard 6 

P = 0.05 divided by 580,936 SNPs included for the association analysis). 7 

 8 

Figure 2. Reverse transcription PCR analyses of MMP20 and GAPDH in Human Retina 9 

and Human Retinal pigment epithelium (RPE)/Choroid. MMP20 was significantly 10 

expressed in human retina and human RPE/choroid. GAPDH was used as an internal 11 

control for cDNA quantification.  12 
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Table 1. Characteristics of the study population  

 

 First stage Second stage 

No. of samples 727 419 

Age 73.0 ± 8.6 75.1 ± 8.5 

Sex(Female / Male) 212 / 515 108 / 311 

GLD(μm) 4642.2 ± 2362.6 4423.0 ± 2075.4 

No., number; GLD;
 
great linear dimension. 
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Table 2. Summary of the first stage GWAS and replication study 

 

SNP Allele Effect allele Chr Chr. location Gene Study 
No. of 

samples 
EAF 

Age and sex adjusted 

P-value BETA 95% CI 

rs10895322 A/G G 11 102470526 MMP20 1st stage GWAS 712 0.35 6.95×10
-8
 696.4 446.0-946.9 

      replication 416 0.33 0.0053 406.8 122.6-691.0 

      Meta-analysis 1128 0.34 2.80×10
-9
 569.8 381.9-757.7 

rs2284665 G/T T 10 124226630 HTRA1 1st stage GWAS 713 0.65 1.55×10
-7
 634.2 399.7-868.7 

      replication 417 0.59 0.0043 386.8 122.7-650.8 

      Meta-analysis 1146 0.62 4.41×10
-9
 525.0 349.7-700.4 

rs3750847 C/T T 10 124215421 ARMS2 1st stage GWAS 708 0.62 1.90×10
-7
 612.2 384.1-840.3 

      replication 417 0.58 0.014 330.5 67.36-593.5 

      Meta-analysis 1125 0.60 2.31×10
-8
 491.3 318.9-663.6 

rs10490924 G/T T 10 124214448 ARMS2 1st stage GWAS 705 0.62 2.05×10
-7
 610.5 382.5-838.6 

      replication 417 0.58 0.014 330.5 67.36-593.5 

      Meta-analysis 1123 0.60 2.41×10
-8
 490.4 318.1-662.7 

The age- and sex-adjusted P-values were calculated by quantitative trait locus analysis under an additive model;  

Chr., chromosome; No., number; EAF, effect-allele frequency; CI, confidence interval; GWAS, genome-wide association study. 
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Table 3. Genotype frequency and associations of MMP20 and ARMS2/HTRA1 SNPs in AMD patients and control * 

 

SNP CHR 
Chr. 

location 
Gene 

Genotype frequency 

P-value† OR 95% CI  AMD 

patients 
control* 

rs10895322 11 102470526 MMP20 AA/AG/GG 489/508/131 1372/1471/405 0.40 0.96 0.87-1.06 

rs2284665 10 124226630 HTRA1 TT/TG/GG 466/471/191 551/1556/1141 3.18 × 10
-68

 2.37 2.15-2.62 

rs3750847 10 124215421 ARMS2 TT/TC/CC 442/465/216 442/1498/1308 3.50 × 10
-83

 2.60 2.35-2.87 

rs10490924 10 124214448 ARMS2 TT/TG/GG 444/460/216 437/1499/1437 3.16 × 10
-96

 2.78 2.52-3.07 

 

SNP, single nucleotide polymorphism; Chr, chromosome; AMD, age-related macular degeneration; OR, odds ratio; CI, confidence interval.  

* Healthy individual subjects from the Nagahama Prospective Genome Cohort for the Comprehensive Human Bioscience dataset (The Nagahama 

Study) 

† Differences in the observed genotypic distribution were examined by χ
2
 test for trend. 



MMP20 and ARMS2/HTRA1 are associated with lesion size of AMD 

 25 

Table 4. Association between lesion size and the previously reported AMD susceptibility genes 

 

Association with AMD development previously reported Association with CNV lesion size in the present study 

SNPs Chr Chr. location Genes Effect allele EAF 
Meta*_ 

P-value† 

Meta*_ 

Effect size 

rs10490924 10 124214448 ARMS2 T 0.60 2.41×10-8 490.4 

rs800292 1 196642233 CFH I62V G 0.74 0.0070 278.4 

rs429608 6 31930462 C2-CFB G 0.93 0.59 98.0 

rs2241394 19 6685230 C3 C 0.06 0.17 269.5 

rs4420638 19 45422946 APOE A 0.91 0.38 150.9 

rs3764261 16 56993324 CETP A 0.23 0.0049 307.3 

rs943080 6 43826627 VEGFA T 0.69 0.92 10.3 

rs13278062 8 23082971 TNFRSF10A T 0.40 0.71 36.7 

rs920915 15 58688467 LIPC G 0.82 0.72 42.7 

rs4698775 4 110590479 CFI T 0.79 0.17 154.9 

rs3812111 6 116443735 COL10A1 A 0.32 0.40 83.0 

rs13081855 3 99481539 COL8A1-FILIP1L G 0.97 0.28 299.9 

rs3130783 6 30774357 IER3-DDR1 G 0.33 0.71 34.7 

rs8135665 22 38476276 SLC16A8 T 0.12 0.35 134.7 

rs334353 9 101908365 TGFBR1 T 0.50 0.18 124.3 

rs8017304 14 68785077 RAD51B A 0.49 0.4963 62.3 

rs6795735 3 64705365 ADAMTS9 T 0.87 0.7818 38.5 

rs9542236 13 31819325 B3GALTL T 0.99 0.57 277.7 
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SNP, single nucleotide polymorphism; Chr, chromosome; AMD, age-related macular degeneration; CNV, choroidal neovascularization; Chr., 

chromosome; EAF, effect-allele frequency. 

*The result of meta-analysis of the discovery stage and the replication stage.   

† The age- and sex-adjusted P-values were calculated by quantitative trait locus analysis under an additive model.  
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Figure 1. Manhattan plot of the first-stage quantitative trait locus (QTL) analysis for neovascular lesion size in age-related macular 

degeneration (AMD). 
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Figure 2. Reverse transcription PCR analyses of MMP20 and GAPDH in Human Retina and Human Retinal pigment epithelium 

(RPE)/Choroid. 
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Supplementary Material 

Supplementary Data 

A fixed dataset of 3,248 unrelated healthy Japanese subjects from the Nagahama 

Prospective Genome Cohort for the Comprehensive Human Bioscience (The Nagahama 

Study) was used as a control group in the AMD susceptibility test. A total of 3,712 

individuals from the Nagahama study were genotyped using HumanHap610K Quad Arrays, 

HumanOmni2.5M Arrays, and/or HumanExome Arrays (Illumina Inc., CA, USA). To ensure 

high-quality genotype data, a series of QC filters were applied to the data from each platform 

before imputation, including MAF cut-offs (MAF > 0.01), Hardy-Weinberg equilibrium (HWE; 

P > 1 × 10
−7

), genotypic success rate ( > 95%), individual call rate ( > 99%), and estimated 

relatedness (PI-HAT < 0.35). QCs were performed using PLINK (ver.1.07; 

http://pngu.mgh.harvard.edu/,purcell/ plink/). To produce constant genotyping data across 

each platform, we performed genomic imputation on available data from 89 Japanese 

subjects from the 1000 genome project using MACH software 

(http://www.sph.umich.edu/csg/abecasis/MACH/tour/imputation.html). After imputation, we 

again performed quality control including MAF cut-offs (MAF > 0.01), Hardy-Weinberg 

equilibrium (P > 1×10
−7

), genotypic success rate ( > 95%), individual call rate ( > 99%), and 

imputation quality (R
2
 > 0.5). The fixed dataset consisted of 3248 individuals with 5,083,473 

SNPs. 

 

Supplementary Figure Legends 

Figure S1. The quantile-quantile plots from the discovery stage. The quantile-quantile 

(QQ) plot for association between all analysed SNPs and neovascular lesion size in the first 

stage (n = 727). Each blue dot represents an observed statistic (defined as -log10 P) versus 

the corresponding expected statistic before genomic control, while each red dot after 

genomic control. The black line corresponds to the null distribution. 
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Figure S2. Regional association plots for genotyped SNPs in ARMS2/HTRA1 and 

MMP20 regions.  

Plots represent the -log10P obtained from first-stage GWAS samples. Each P-value was 

calculated by age- and sex-adjusted QTL analysis. The largest red dot shows the position of 

the marker SNPs (rs10895322 in MMP20 and rs2284665 in HTRA1) in our samples. 
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Figure S1. The quantile-quantile plots from the discovery stage.  
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Figure S2. Regional association plots for genotyped SNPs in ARMS2/HTRA1 and MMP20 regions.  
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