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Shared genetic variants for polypoidal choroidal
vasculopathy and typical neovascular age-related
macular degeneration in East Asians

Qiao Fan1, Chui Ming Gemmy Cheung2,3, Li Jia Chen4, Kenji Yamashiro5, Jeeyun Ahn6, Augustinus Laude7,
Ranjana Mathur2,3, Chan Choi Mun2, Ian Y Yeo2, Tock Han Lim7, Yik-Ying Teo8,9,10, Chiea Chuen Khor2,10,
Kyu-Hyung Park6, Nagahisa Yoshimura5, Chi Pui Pang4, Tien Yin Wong2,3,11 and Ching-Yu Cheng2,3,11

Polypoidal choroidal vasculopathy (PCV), a subtype of age-related macular degeneration (AMD) more frequently seen in East

Asians, has both common and distinct clinical manifestations with typical neovascular AMD (tAMD). We aim to examine the

extent to which common genetic variants are shared between these two subtypes. We performed the meta-analysis of association

in a total of 1062 PCV patients, 1157 tAMD patients and 5275 controls of East Asian descent from the Genetics of AMD in

Asians Consortium at the 34 known AMD loci. A total of eight loci were significantly associated with PCV, including age-related

maculopathy susceptibility 2 (ARMS2)-HtrA serine peptidase 1 (HTRA1), complement factor H (CFH), C2-CFB-SKIV2L, CETP,
VEGFA, ADAMTS9-AS2 and TGFBR1 (Po5×10−4) from the single-nucleotide polymorphism-based test and COL4A3 from the

gene-based tests (Pgene=2.02×10−4). PCV and tAMD are genetically highly correlated (rg=0.69, P=4.68×10−3), with AMD

known loci accounting for up to 36% variation. Weaker association for PCV was observed at ARMS2-HTRA1 (Pdif=4.39×10−4)

and KMT2E-SRPK2(Pdif=4.43×10−3), compared with tAMD. Variants at CFH, CETP and VEGFA exhibited different association

signals in East Asians, in contrast to those in European individuals. Our data suggest a substantially shared genetic susceptibility

for PCV and tAMD, while also highlight the unique associations for PCV, which is useful in understanding the pathogenesis

of PCV.
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INTRODUCTION

Age-related macular degeneration (AMD) is one of the leading causes
of irreversible vision loss among people over 50 years of age. The
number of affected individuals suffering from AMD by 2040 will
substantially increase by an estimated 113 million, due to the rapid
growing elderly population.1 Polypoidal choroidal vasculopathy
(PCV), now considered a subtype of AMD, is more common in
individuals of Asian descent, accounting for up to 60% of neovascular
‘wet’ AMD cases in East Asia.2,3 Both PCV and typical neovascular
AMD (tAMD) are type of choroidal neovascularization characterized
by blood leakage and sub-retinal hemorrhage at the macular region.4

However, PCV patients have unique clinical features, such as a
younger age of disease onset, more distinct polypoidal lesions, fewer
sub-retinal deposits of drusen, a higher risk of massive subretinal
hemorrhage, and poorer responses to standard anti-vascular endothe-
lial growth factor (VEGF) treatment, as compared with tAMD.5

AMD is a complex disease with the heritability estimated at 45–
70%.6 Genome-wide association studies have demonstrated that
genetic variants within complement factor H (CFH),7–9 age-related
maculopathy susceptibility 2 (ARMS2) and HtrA serine peptidase 1
(HTRA1)10–13 are consistently associated with AMD risk in various
ethnic groups. Recently, the International AMD Genomics Consor-
tium identified a total of 34 AMD loci using a large collection of
approximately 16 000 cases and 17 000 controls of European
ancestry.14 The genome-wide genetic markers accounted for approxi-
mately 46.7% of variability in AMD risk. The genetic findings in AMD
have led to the greatest advancement in the practice of medicine, that
is, the introduction of antiangiogenic therapies for wet tAMD.15

In contrast to tAMD, previous genetic studies for PCV mainly
employed smaller scale candidate gene approaches at selected single-
nucleotide polymorphisms (SNPs). CFH and ARMS2-HTRA1 were
confirmed to be the loci most strongly associated with PCV.16–18
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Recent whole-genome exome sequencing identified a rare c.986A4G
variant in the FGD6 gene significantly associated with PCV but not
tAMD19. However, the extent to which common AMD genetic
variations are shared or unique to PCV or tAMD in Asian populations
is unknown. In this study, we analyzed SNPs data across the 34 AMD
loci in 1062 PCV, 1157 tAMD cases and 5275 controls recruited across
multiple sites of East Asia, from the Genetics of AMD in Asians
Consortium. We sought to (i) identify independent association signals
at the known locus with PCV and tAMD in East Asians, (ii) assess the
similar or different association patterns at the associated loci and (iii)
explore the genetic correlation and heritability using SNP data for
these two clinical subtypes.

MATERIALS AND METHODS

Study populations and phenotyping
We included a total of 1062 PCV, 1157 tAMD cases and 5275 controls in
Singapore, Hong Kong, Korea and Japan from the Genetics of AMD in Asians
Consortium,20 all of them were East Asian ancestry. For the 34 AMD genetic
loci discovered from participants of European descent,14 we examined their
effects on the risk for PCV and tAMD. A detailed description of subject
recruitment and phenotyping is provided in Supplementary Note and
Supplementary Table S1. The diagnosis of neovascular AMD in each study
was made based on detailed clinical examinations, including dilated fundus
photography, fluorescent angiography, and optical coherence tomography of
posterior segment. Indocyanine green angiography was performed to diagnose
PCV.21 Cases with other macular diseases such as central serous chorioretino-
pathy, myopic choroidal neovascularization, or angioid streaks were excluded.
All studies were approved by their respective local research ethics committees.
Study protocols adhered to the tenets of the Declaration of Helsinki. The
participants provided signed consent forms before the start of study.

Genotyping and imputation
We genotyped genomic DNA derived from whole blood samples of study
participants using Illumina Human OmniExpress or Human Hap610-Quad
beadchips20 (Supplementary Table S1). As Singapore cohort has SNPs

genotyped on either OmniExpress or Hap610-Quad beadschip, only overlapped
SNPs were used for further imputation as described in previous publication 20.
For each sample collection, we conducted stringent quality control filters
centrally. Duplicate DNA samples, individuals with low call rate (o95%),
gender mismatch or ethnic outliers were excluded. SNPs were excluded if at
low genotyping call rate (45% missingness), monomorphic SNPs, with minor
allele frequencyo1%, or out of Hardy–Weinberg Equilibrium (Po10− 6). After
quality control filtering, the array genotypes of each study were pre-phasing
with SHAPEIT version 2 (Delaneau et al.22) and were imputed using the East
Asian population haplotypes (Han Chinese in Beijing, China and Japanese in
Tokyo, Japan) from 1000 Genomes Project data23 as reference panels (build 37,
phase 1 release, March 2012) with the software IMPUTE2 version 2.2
(Howie et al.24) (Supplementary Table S1). Imputed genotypes were called
with an impute probability threshold of 0.9.. For this analysis, we included
3 827 370 SNPs that were present in all 4 sample collections.

Candidate AMD loci
We evaluated the association of SNPs from Genetics of AMD in Asians
genotyped and imputed data across the 34 AMD loci identified by the
International AMD Genomics Consortium.14 The 34 loci included previously
18 known loci and 16 newly identified loci involved in: complement pathways
and immune response (CFH, C2-CFB-SKIV2L, C3, C9 and CF1), angiogenesis
signaling pathways (VEGFA, TGFBR1 and ADAMTS9-AS2), lipid metabolism
(CETP, APOE, LIPC and ABCA1), oxidative stress pathways or cell survival
(ARMS2-HTRA1 and TNFRSF10A), extracellular matrix remodeling (COL8A1,
COL4A3, MMP3 and CTRB1-CTRB2), immune function (PILRB-PILRA),
retina dehydrogenase (RDH5) and other 14 loci (Supplementary Table S2).

Statistical analysis
For each individual cohort, we performed case-control association test under an
additive model for each genotyped or imputed SNP at the 34 AMD loci with
PCV or tAMD status as the binary outcome. The number of risk alleles is an
ordinary variable (0, 1 and 2) for directly genotyped SNPs, or a continuous
variable of allele dosage probability ranging from 0 to 2 for imputed SNPs. We
constructed principal components using the software EIGENSTRAT version 2.0,
(http://morgan.dartmouth.edu/Docs/eigenstrat-2.0/, Department of Genetics,

Table 1 Loci significantly associated with PCV or tAMD (Po5×10−4) in the meta-analysis of combined East Asian samples

PCV tAMD

Index Locus Chr Lead SNP BP r2 Allele Freq OR s.e. P-value OR s.e. P-value Pdif

Loci associated with PCV and tAMD
1 ARMS2-HTRA1 10 rs36212731 124 211 536 0.97/0.99 T/G 0.59/0.66/0.40 2.18 0.05 1.09 E−46 2.78 0.05 2.34 E−80 6.90 E−04

2.1 CFH 1 rs514591 196 640 320 0.65/0.35 A/G 0.74/0.72/0.59 1.87 0.06 1.45 E−26 1.75 0.06 5.70 E−24 0.668

2.2 rs3753394 196 620 917 0.43/0.14 T/C 0.62/0.62/0.54 1.41 0.05 1.83 E−10 1.39 0.05 1.08 E−10 0.906

2.3 rs6689009 196 698 463 0.06/0.31 A/G 0.98/0.97/0.95 2.72 0.17 4.98 E−09 2.03 0.14 5.41 E−07 0.184

3 C2-CFB-SKIV2L 6 rs401775 31 931 137 0.21/0.20 T/C 0.90/0.90/0.85 1.63 0.09 3.89 E−08 1.53 0.09 5.88 E−07 0.928

4.1 CETP 16 rs183130 56 991 363 0.99/1.0 T/C 0.22/0.21/0.16 1.40 0.07 3.07 E−07 1.30 0.06 4.31 E−05 0.501

4.2 rs2303790 57 017 292 0.05/0.0 G/A 0.05/0.05/0.03 1.84 0.13 2.71 E−06 1.57 0.13 3.98 E−04 0.388

Additional loci associated with PCV
5 VEGFA 6 rs3734693 43 826 224 0.00/0.0 T/C 0.67/0.68/0.62 1.32 0.06 1.29 E−06 1.17 0.05 3.25 E−03 0.285

6 ADAMTS9-AS2 3 rs6775974 64 724 632 0.94/0.98 C/T 0.82/0.81/0.76 1.32 0.07 3.49 E−05 1.22 0.06 1.44 E−03 0.715

7 TGFBR1 9 rs44466 101 930 249 0.86/0.89 C/G 0.55/0.56/0.54 1.21 0.05 3.77 E−04 1.14 0.05 0.0118 0.536

Additional loci associated with tAMD
8 NRTN-FUT6-C3 19 rs12019136 5 835 677 1.0/1.0 G/A 0.91/0.93/0.89 1.10 0.09 0.268 1.44 0.10 1.45 E−04 0.0614

9 KMT2 E−SRPK2 7 rs35601145 105 031 108 0.68/0.86 T/C 0.27/0.32/0.28 1.00 0.06 0.963 1.22 0.05 2.08 E−04 4.43 E−03

10 SLC16A8 22 rs2235573 38 477 930 0.16/0.29 A/G 0.51/0.53/0.49 1.14 0.05 0.0119 1.21 0.05 2.22 E−04 0.414

11 COL8A1 3 rs2315840 99 829 320 0.01/0.17 A/C 0.11/0.12/0.11 1.14 0.09 0.118 1.32 0.08 3.66 E−04 0.269

Abbreviations: Allele, risk allele/other allele; AMD, age-related macular degeneration; BP, base pair; Chr, chromosome; Freq, average frequency of risk allele in PCV cases, AMD cases and controls;
OR, odds ratio; PCV, polypoidal choroidal vasculopathy; r2, correlation between the lead SNPs from this study and from European populations, using 1000 genome data to calculate r2 in Asian
population versus European population; SNP, single-nucleotide polymorphism; tAMD, typical neovascular AMD.
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Harvard Medical School, Boston, MA, USA) and included the top five principal
components as covariates in the logistical regression as previously described.20

For each SNP, we applied PLINK version v1.07 (http://pngu.mgh.harvard.edu/
purcell/plink/; Broad Institute of Harvard & MIT, Cambridge, MA, USA) for
association test in individual study and combined the statistics of association test
from each cohort using the fixed-effect meta-analysis with inverse-variance
weighting using the software METAL version 2010-02-08.25

We extracted all association results of SNPs residing at the 34 AMD loci with
the boundaries determined by the ranges of correlated variants (r2⩾ 0.5) with
all independently associated AMD SNPs identified from the IMDGC con-
sortium. Given that all 34 loci have a prior evidence of genome-wide significant
association with AMD and a medium of ~ 100 SNPs tested at each locus, we
considered Po5× 10− 4 as the threshold of significance. The difference in the
strength of SNP associations between PCV and tAMD was tested in the logistic
regression for the eleven associated regions.
At loci that exhibited evidence of association at Po5× 10− 4, we next

performed sequential conditional analyses by adding the most strongly
associated SNP into the regression model as a covariate and tested all remaining
regional SNPs for association. We repeated this process until the strongest SNP
showed a conditional P⩾ 5× 10− 4.
Pair-wise measures of linkage disequilibrium (LD) r2 were obtained from the

1000 Genome Project 2013 release and reported for European and Asian
population separately in Table 1. The coordinates and variant identifiers are
reported on the NCBI B37 (hg19) genome build. We presented the regional
association plot using LocusZoom (http://locuszoom.sph.umich.edu/locus-
zoom/) and used the LD estimates from the 1000 Genomes East Asian samples
(Han Chinese in Beijing, China+Japanese in Tokyo, Japan). Relationships
between genotype and cis regulation of gene expression levels were assessed
using expression quantitative trait locus associations obtained from GTExPortal
database26.

Gene-based analyses
The gene-based test was performed using the meta-analysis SNP association
results by VEGAS version 2 software (https://vegas2.qimrberghofer.edu.au/;
QIMR Berghofer Medical Research Institute, Brisbane, Queensland, Australia),
accounting for LD between SNPs using simulations from the multivariate
normal distribution.27 We used the combined 1000 Genomes East Asian
populations as the reference for LD estimates. To include all SNPs linked with a
certain gene, we annotated SNPs within the gene and SNPs in LD (r240.8)
attributing to each gene. For the 49 genes across the 34 loci, we used the
threshold of Po1.0× 10− 3 (P= 0.05/49) as the significance level for gene-based
association tests.

Genetic-determined disease variance and genetic correlation
estimates
We estimated the proportion of variances explained by the SNPs by calculating
pseudo R2 for the logistic regression model using McFadden’s method24. We
obtained the likelihood separately in each study for the full model (Lm) with a
set of SNPs and covariates (top five principal components) used in the
association analysis, and the reduced model in which only covariates were
included (L0). McFadden’s R2 is defined as R2McF= 1− ln (LM)/ln (L0), where ln
(.) is the natural logarithm. We calculated the proportion of variances explained
by SNPs (a subset of SNPs) in each study cohort with the average of the
estimates reported.
To estimate the genetic correlation between PCV and tAMD, we applied the

LDscore method28 using genome-wide association summary statistics for each
phenotype. We followed the procedure for LD regression calculation at https://
github.com/bulik/ldsc/wiki. After merging SNPs with the HapMap3 Asian
samples, we had a total of 804 865 SNPs for the LD score regression analyses.
LD score matrix was estimated from the 1000 Genomes Project Asian reference
panel with a 1 cM sliding window, provided by Bulik-Sullivan.28 We estimated
the genetic covariance by regressing the product of testing statistics (z-statistics)
from each phenotype against the total sample sizes of study. The resulting
regression slope was multiplied by the number of effective SNPs in the
reference East Asian panel from the 1000 Genomes Project data.28 We
calculated the genetic correlation rg using the software ldsc version 1.0.0

(URL: https://github.com/bulik/ldsc/wiki/; Broad Institute of MIT and Harvard,
Cambridge, MA, USA). We also reported rg at the liability scale to account for
disease prevalence, assuming the prevalence of PCV/tAMD at 0.3% in the
general population1.

Power calculation
We used the software Quanto (v1.2.4; http://biostats.usc.edu/Quanto.html) for
assessing the ad-hoc power to detect regional association for the known loci.
The power for each SNP was calculated individually, using the corresponding
allele frequency, independent risk effect estimated from current study. We
assumed a 1:5 ratio between cases and controls, complete LD, a disease
prevalence of 0.3%1 and a 5× 10− 4 type 1 error in an allelic test.

RESULTS

Loci associated with both PCV and tAMD
Supplementary Table S1 summarizes the genotype and phenotyping
information for the participants comprising 1062 PCV patients, 1152
tAMD patients and 5275 non-AMD controls. Among the 34 AMD loci
identified in European populations from International AMD Geno-
mics Consortium,14 7 loci exhibited evidence of association for PCV:
ARMS2-HTRA1, CFH, C2-CFB-SKIV2L, CETP, VEGFA, DAMTS9-
AS2 and TGFBR1 (Po5× 10− 4; Table 1; Supplementary Table S2). Of
these, four loci (ARMS2-HTRA1, CFH, C2-CFB-SKIV2L and CETP)
were also significantly associated with tAMD. Results of replication at
all the 34 loci for PCV are presented in Supplementary Table S3. An
additional four loci showed significant association with tAMD only at
NRTN-FUT6-C3, KMT2E-SRPK2, SLC16A8 and COL8A1
(Po5× 10− 4; Table 1 and Supplementary Table S4). Their genetic
effects on PCV, although not significant, were largely in the same
direction with those of tAMD.
The greatest effects were observed at the ARMS2-HTRA1 locus

(rs36212731; PCV, odds ratio (OR)= 2.18, P= 1.09× 10− 46; tAMD,
OR= 2.78, P= 2.26× 10− 80). SNP rs36212731 was in strong LD with
the European lead SNP rs62247658 (r2= 0.97) and the commonly
studied non-synonymous variant A69S (rs10490924, r2= 0.98). No
further independent associated variants were observed at this locus in
Asians. Our data suggest that causal common variants at ARMS2-
HTRA1 for PCV/tAMD are similar across different ethnic groups.
The most strongly associated SNP rs514591 in CFH (OR= 1.87,

P= 1.45× 10− 26) was in strong LD (r2= 0.96) with the largely
investigated non-synonymous variant rs800292 (I62V;
P= 1.86× 10− 26). In East Asians, CFH rs514591 was moderately
correlated with the lead SNP rs10922109 (r2= 0.35) identified in
European populations14 and weakly correlated with the widely studied
non-synonymous rs1061170 (Y402H; r2= 0.035; Figure 1a). Locus-
wide conditional analysis pinpointed independent signal at rs3753394
in the promoter region (OR= 1.41, P= 1.83× 10− 10) and rs6689009
(OR= 2.72, P= 4.98× 10− 9; Supplementary Table S5). For tAMD,
rs514591 also showed the strongest association (OR= 1.75,
P= 5.70× 10− 24). The other two SNPs, rs3753394 and rs6689009,
exhibited similar effects on tAMD compared to PCV. Both SNPs are
intronic, whereas rs3753394 is associated with cis-acting expression of
CFH in whole blood and is associated with cis-acting expression of
CFHR3 in multiple tissues (Supplementary Table S6).
The strongest PCV-associated SNP, rs183130, at CETP (OR= 1.40,

P= 3.07×10− 7) was in high LD with the commonly studied SNP
rs3764261 (r2= 1.0) in Europeans. The low-frequency non-synonymous
variant rs2303790 (D442G) also showed its independent association at
the CETP locus (OR=1.84, P= 2.71×10− 6; Pcondi=2.50×10−4;
Supplementary Table S5). Similar association patterns were noted for
tAMD at rs183130 (P=4.31×10−5) and rs2303790 (P=3.98×10−4;
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Pcondi=8.60×10−3). SNP rs183130 is associated with cis-acting expres-
sion of CETP in artery (Supplementary Table S6). The strongest
association signals identified in Europeans were at rs5817082,
rs1864163 and rs17231506, whereas only rs17232506 had significant
association with PCV and tAMD (Figure 1b).
The most significantly associated SNP rs401775 (P= 3.89× 10− 8) at

the C2-CFB-SKIV2L locus was in weak LD (r2= 0.20) with the lead

SNP rs429608 identified in Europeans (Supplementary Figure S1).
Conditional analysis adjusting for rs429608 did not attenuate the
association at rs401775 (Pcondi= 7.15× 10− 6; Supplementary
Table S5), suggesting that rs401775 could be an independent variant
for PCV at the C2 locus.

Association differences for PCV and tAMD
We compared the strength of association signals for the two clinical
subtypes at 14 lead SNPs across 11 associated loci. ARMS2-HTRA1
had an appreciable smaller effect size for PCV compared to tAMD
(rs36212731; ORdif= 0.81; Pdif= 6.90× 10− 4; Table 1 and Figure 2).
The KMT2E-SRPK2 locus showed a smaller association in PCV versus
tAMD (rs35601145; ORdif= 0.82, Pdif= 4.43× 10− 3). SNP rs35601145
had the strongest association with tAMD (OR= 1.22, P= 2.08× 10− 4);
it was in moderate LD (r2= 0.68) with the lead SNP rs1142 in
Europeans. In contrast to tAMD, none of SNPs at the KMT2E-SRPK2
locus was significantly associated with PCV (P⩾ 0.257; regional plots
in Supplementary Figures S1 and S2).
At the VEGFA locus, the PCV lead SNP rs3734693 (OR= 1.32;

P= 1.29× 10− 6) was located within the transcript RP5-1120P11.1,
138 kb downstream from VEGFA rs943080, a marker previously
showing strong association with AMD in Europeans but barely
associated with PCV in our Asian samples (Figure 1c). These two
SNPs were not in LD (r2= 0.001). Conditional analysis indicated that
rs3734693 was an independent signal from rs943080
(P= 1.53× 10− 6). eQTL data suggest that rs3734693 is responsible
for RNA gene expression of RP5-1120P11.1 (Supplementary
Table S6). A weaker association was observed for tAMD at
rs3734693 (OR= 1.17, P= 3.25× 10− 3; Table 1 and Supplementary
Figure S1), whereas no statistically significant differences were found
in the association between PCV and tAMD (ORdif= 1.07; Pdif= 0.285).
Another susceptibility variant rs2295334 in C6orf223, previously
identified to associate with neovascular AMD in East Asians,20 also
exhibited similar association evidence for PCV and tAMD (PCV:
P= 2.38× 10− 4; tAMD: P= 9.13× 10− 3; Pdif= 0.280) in our samples.
Previously identified non-synonymous SNPs rs2230199 (R102G)

and rs147859257 (K155Q) in C3 at the NRTN-FUT6-C3 locus from
Europeans were rare in East Asian samples (minor allele frequency
o0.005). We observed an association at rs12019136 within the
NRTN-FUT6 region with tAMD (OR= 1.44, P= 1.45× 10− 4,
Table 1); this SNP is about 880 kb downstream to C3 rs2230199
and these two SNPs were in low LD (r2= 0.001; Supplementary
Figure S1). No evidence of association was found at rs12019136 for
PCV (OR= 1.11; P= 0.268) and a borderline statistical difference in
the association between PCV and tAMD (ORdif= 0.80; Pdif= 0.061).

Gene-based analysis
We performed gene-based tests for 49 genes at 34 loci. There was a
significant association at COL4A3 for PCV (PCV, Pgene= 2.02× 10− 4;
tAMD, Pgene= 9.70× 10− 3; Table 2). Three loci had nominal sig-
nificant association (Pgeneo0.05) for PCV at TNFRSF10A, B3GALTL,
and C20orf85, and two loci with tAMD: CNN2 and RORB. In
addition, similar significance patterns for PCV and tAMD were
observed for 11 loci (Pgeneo0.05; Supplementary Table S7), except
at COL8A1 (PCV, Pgene= 0.592; tAMD, Pgene= 0.333). Examining
adjacent genes at the COL8A1 locus, we observed marginal significance
at CMSS1 (Pgene= 0.0173) and FILIP1L for tAMD (Pgene= 0.0126), but
not for PCV. Consistent with the SNP-based association test, we found
only the NRTN and FUT6 genes at the FUT6-NRTN-C3 locus, but not
C3, to be associated with tAMD.

CFH

rs800292 (I62V)

rs109922109

rs1061170 (Y402H)

rs3753394

rs6689009

rs514591

CETP

rs17231506
rs3764261

rs11076175
rs1864163

rs2303790 (D442G)

rs183130

VEGFA

rs3734693

rs943082

rs2295334

Figure 1 Regional association plots for PCV at the CFH, CETP and VEGFA
loci. SNP number labeled in red represents the lead SNP identified from
East Asians in current study, and those in black represents the lead SNP
identified in Europeans from the International AMD Genomics Consortium
(IAMDGC). A full color version of this figure is available at the Journal of
Human Genetics journal online.
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SNP-determined disease variance and genetic correlation
We further evaluated the phenotypic variation explained by the top
SNPs for PCV and tAMD in our East Asian participants. Using the
four most strongly associated variants in ARMS2-HTRA1, CFH, CETP
and C2-CFB-SKIV2L, we obtained the estimates of variances of
12.43% explained for PCV and 14.18% for tAMD (Figure 3). Adding
another seven lead variants associated with PCV or tAMD (Table 1)
and COl4A3 rs72975997 (Supplementary Table S3) increased the
genetic heritability estimates to 22.20% for PCV and 23.57% for
tAMD. The 34 genetic loci all together explained 36.84% disease
variation for PCV and 37.30% for tAMD. At the individual variant
level, lead SNP ARMS2-HTRA1 rs36212731 alone explained the largest
variances (PCV: 5.25%; tAMD: 7.90%), followed by CFH rs514591
(PCV: 4.09%; tAMD: and 3.40%). Using all genome-wide SNPs, we
calculated a genetic correlation between PCV and tAMD: rg= 0.693
(s.e.= 0.245, P= 4.68× 10− 3) and at the liability scale: rg= 0.699

(s.e.= 0.245, P= 4.60× 10− 3), indicating significantly shared genetic
determinates of these two clinical subtypes.

DISCUSSION

Our study showed that common susceptibility SNPs at AMD known
loci make an important contribution to PCV risk, demonstrating
substantial sharing of genetic risk variants for PCV and tAMD. Eight
AMD loci, including ARMS2-HTRA1, CFH, C2-CFB-SKIV2L, CETP,
VEGFA, ADAMTS9-AS2, TGFBR1 and COL4A3 were associated with
PCV, with the strongest associations at ARMS2-HTRA1 and CFH. The
involvement of these loci highlighted the role of several common
pathways for PCV: complement and immune response (CFH and C2-
CFB-SKIV2), angiogenesis signaling pathways (VEGFA, TGFBR1 and
ADAMTS9), lipid transport (CETP), oxidative stress pathways
(ARMS2-HTRA1 and TNFRSF10A) and extracellular matrix

Figure 2 Comparison of genetic effects for PCV and tAMD at associated loci. The circle represents the SNP at 11 loci as shown in Table 1. Red circles
indicate the significant differences of association between PCV and tAMD at ARMS2-HTRA1 (Pdif=6.90×10−4) and KMT2E-SRPK2 (Pdif=4.43×10−3). A
full color version of this figure is available at the Journal of Human Genetics journal online.

Table 2 Additional loci associated with PCV or tAMD in gene-based

analyses

Position Pgene

Gene Chr Start (BP) End (BP) PCV tAMD

COL4A3 2 228 029 280 228 179 508 2.02 E−04 9.70 E−03

Gene with nominal significance at Po0.05
TNFRSF10A 8 23 048 969 23 082 680 2.04 E−03 0.057

B3GALTL 13 31 774 111 31 906 411 6.56 E−03 0.522

C20orf85 20 56 725 982 56 736 183 0.048 0.308

CNN2 19 1 026 297 1 039 064 0.393 0.020

RORB 9 77 112 251 77 302 117 0.119 0.043

Abbreviations: BP, base pair; Chr, chromosome; LD, linkage disequilibrium; PCV, polypoidal
choroidal vasculopathy; Pgene, P-value for gene-based test; tAMD, typical neovascular AMD.
SNPs within the gene and in LD (r240.8) attributing to the gene are included in the gene-
based test.
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Figure 3 Disease variance explained by known AMD loci. The phenotypic
variation was estimated by using lead genetic variants at (1) 4 loci: ARMS2-
HTRA1, CFH, C2, CETP, (2) 11 loci: variants at above 4 loci plus VEGFA,
ADAMTS9-AS2, TGFBR1, NRTN-FUT6-C3, KMT2E-SRPK2, SLC16A8,
COL8A1 and COL4A3, and 34 known AMD loci. A full color version of this
figure is available at the Journal of Human Genetics journal online.
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(COL4A3). This study represents the most comprehensive genetic
association study to compare PCV and tAMD in East Asian cohorts
performed by the Genetics of AMD in Asians consortium.
We found 34 known AMD loci accounted for up to 36.8% of

phenotypic variations for PCV, similar to those for tAMD (37.3%) in
the same collection of Asian samples. Although 22 AMD loci were not
significantly associated with PCV and tAMD after stringent multiple
corrections, those SNPs together explained 14% phenotypic variation.
Using genome-wide SNP data, our study first demonstrates that a high
genetic correlation between these two clinical subgroups (rg= 0.69),
implying PCV and tAMD subtypes exhibiting a significant degree of
genetic overlap. The empirical evidence of shared genetic etiology
encouraged the investigation of common pathophysiologies for these
related subphenotypes. Meanwhile, novel genetic variants, either
common or rare, remain to be discovered for PCV in a much larger
genome-wide association studies or whole-genome sequencing study.
Of the 11 AMD loci, majority exhibited similar effect sizes for PCV

and tAMD, with few exceptions (Table 1 and Figure 1). These
differences may correlate with the differences in the pathologic and
clinical manifestations of PCV and tAMD. At the well-established
ARMS2-HTRA1 locus, variants had a weaker association with PCV
than with tAMD, which is in line with previous studies.29,30 This could
be due to the differences in the association of variants in ARMS2-
HTRA1 between the two angiographic subtypes of PCV. The associa-
tion at ARMS2 A69S was only seen for Type 1, not Type 2 PCV, in
Japanese samples31,32, suggesting genetic diversity for the PCV
subtypes.
In addition to ARMS2-HTRA1, differential associations between

PCV and tAMD were also noted at KMT2E-SRPK2, with a significant
association only presenting in tAMD. SRPK2 encodes serine/arginine-
rich protein-specific kinase 2. The inhibition of the protein SRPK1 and
SRPK2 reduced angiogenesis in vivo; it has showed that knockdown of
SRPK1 reduced VEGF-mediated angiogenesis in vivo in tumors33. The
molecular mechanisms underlying the pathological and clinical
manifestation of the two clinical subtypes remain to be elucidated.
We confirmed that a few loci (CFH, CETP and VEGFA) have

different associated signals in East Asians for both PCV and tAMD,
comparing with those reported in European ancestry individuals. This
might be due to heterogeneity in allele frequencies, LD, or likely
underlying different causal variants across ethnic groups. The strongest
associations for PCV and tAMD at CFH locus were at rs514591, in
complete LD with the functional variant rs800292 (I62V) in exome 2,
and in moderate LD with rs3753394 in the promoter region. Both risk
alleles of I62V and rs3753394 were twofold more frequent in Asians
than in European populations. The established variant rs1061170
(Y402H), present at low frequencies (o5%) in Asians compared with
Europeans (45%),29,34 did not have an independent association signal
in our samples. I62V and rs514591, located near a C3b-binding site,
are involved in the binding affinity of C3b and thus likely to be the
most important variants for AMD in the complement pathway in East
Asians.
At the VEGFA locus, the strongest association was at rs3734693

within the transcript PR-1120P11, an independent variant from the
lead VEGFA SNP rs943080 in Europeans. Previously, we also reported
c6orf223 rs2295334, right adjacent to VEGFA, as the strongest signal
for neovascular AMD in East Asians.20 The two SNPs, rs3734693 and
rs2295334, were in moderate LD (r2= 0.49) and likely attributed to the
same underlying causal variants in East Asians.
Several limitations of our study warrant some attention. First, we

have focused on common variants and rare variants (minor allele
frequency o1%) are not investigated. Rare variants can be functional

and effects are expected to vary across populations or environments.
By assessing variants at the known loci, our study design only has 80%
power to detect associations at allele frequency of 1% with at least 2.5-
fold increased relative risk. A deep-sequencing study at the target
regions will be needed to identify functional rare variants for PCV in
individuals of Asian ancestry. In addition, the phenotypic variation
estimates explained by genetic variants from our cases–control study,
however, are likely to be inflated as the prevalence of PCV or tAMD is
artificially higher in these selected cases and controls (cases to controls
ratio: 1:5) than that in the general population (o1%).1 Furthermore,
when the SNP minor allele frequency is nearer to 0, the estimated R2

tends to be larger using the McFadden method.35 Our estimates thus
could be served as the upbound phenotypic variances explained by the
SNPs examined. The figures, nevertheless, should be comparable
between two subtypes as we used the same case-control study design
and analytic approach.
In summary, we employed a large scale multi-centered case–control

study to evaluate the genetic associations for PCV and tAMD in East
Asians. Beyond demonstrating significantly shared genetic risk factors
for PCV and tAMD, our results also highlight differences of associa-
tion patterns for PCV. Our study adds to the understanding of the
genetic architecture underlying PCV and tAMD susceptibility and may
provide the opportunities for the medical intervention for PCV.
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