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Age-related macular degeneration (AMD) is a leading cause of visual loss in Western populations.
Susceptibility is influenced by age, environmental and genetic factors. Known genetic risk loci do not ac-
count for all the heritability. We therefore carried out a genome-wide association study of AMD in the UK
population with 893 cases of advanced AMD and 2199 controls. This showed an association with the well-
established AMD risk loci ARMS2 (age-related maculopathy susceptibility 2)—HTRA1 (HtrA serine peptidase
1) (P = 2.7 x 10~ "?), CFH (complement factor H) (P = 2.3 x 10~%"), C2 (complement component 2)— CFB (com-
plement factor B) (P = 5.2 x 107°), C3 (complement component 3) (P = 2.2 x 10~3) and CFI (P = 3.6 x 1073)
and with more recently reported risk loci at VEGFA (P = 1.2 x 1073) and LIPC (hepatic lipase) (P = 0.04).
Using a replication sample of 1411 advanced AMD cases and 1431 examined controls, we confirmed a
novel association between AMD and single-nucleotide polymorphisms on chromosome 6p21.3 at TNXB
(tenascin XB)—FKBPL (FK506 binding protein like) [rs12153855/rs9391734; discovery P = 4.3 x 10~7, replica-
tion P=3.0 x 107%, combined P = 1.3 x 109, odds ratio (OR) = 1.4, 95% confidence interval (Cl) = 1.3-1.6]
and the neighbouring gene NOTCH4 (Notch 4) (rs2071277; discovery P = 3.2 x 102, replication P = 3.8 x
10~°, combined P=2.0 x 10~'', OR = 1.3, 95% CI = 1.2-1.4). These associations remained significant in
conditional analyses which included the adjacent C2—CFB locus. TNXB, FKBPL and NOTCH4 are all plausible
AMD susceptibility genes, but further research will be needed to identify the causal variants and determine

whether any of these genes are involved in the pathogenesis of AMD.

INTRODUCTION

Age-related macular degeneration (AMD) is a leading cause of
visual loss in Western populations (1,2), reducing the quality of
life of tens of millions of older people worldwide. It affects the
macular region of the retina, which has a high density of photo-
receptors for detailed central vision. Early in the disease, depos-
its called drusen form along Bruch’s membrane, which
separates the retinal pigment epithelium (RPE) from the under-
lying choroid (3). The later stages of the disease are character-
ized by focal atrophy of the RPE and overlying photoreceptors
(geographic atrophy, GA) and/or growth of new blood vessels
from the choroid through Bruch’s membrane into the RPE
(choroidal neovascularization, CNV) (3). Both of these pro-
cesses can result in the loss of central vision.

Susceptibility to AMD is influenced by age, environmental
and genetic factors (3). Smoking is the most important envir-
onmental risk factor (4). Striking progress has been made in
understanding the genetics of AMD (5,6). Common sequence
variants in the complement pathway genes CFH (7-10), C2
(complement component 2)—CFB (complement factor B)
(11,12) and C3 (complement component 3) (13,14) are estab-
lished risk factors and there is another risk locus in the vicinity
of CFI (complement factor I) (15,16). This and other evidence
points to the activation of the alternative complement pathway
as an important component of the pathogenesis of AMD
(17,18). Variants at the ARMS?2 (age-related maculopathy sus-
ceptibility 2)-HTRAI (HtrA serine peptidase 1) locus are
strongly associated with AMD (19,20), but the mechanism is
uncertain (21). More recently reported risk loci at LIPC
(hepatic lipase) (22-24), CETP (cholesteryl ester transfer
protein) (22—24), TIMP3 (TIMP metallopeptidase inhibitor

3)—SYN3 (synapsin III) (22—24) and VEGFA (vascular endo-
thelial growth factor A) (24) implicate lipid metabolism,
matrix homeostasis and control of angiogenesis as additional
factors in the pathogenesis of AMD. The known genetic risk
variants do not account for all the heritability of AMD. We
have therefore carried out a genome-wide association study
(GWAS) in the UK population to identify additional suscepti-
bility loci.

RESULTS

We conducted a GWAS in the UK population obtaining gen-
otypes for 893 cases and 2199 controls that passed quality
control metrics (Materials and Methods, Table 1, Supplemen-
tary Material, Table S1). Subjects were typed with either the
[lumina 300k array (150 cases) or the Illumina 550k array
(743 cases and 2199 controls). Quality control criteria (Mate-
rials and Methods) were not met for 24 125 single-nucleotide
polymorphisms (SNPs) in the 300k array and 68 531 SNPs in
the 550k array. A small number of additional SNPs were
excluded after visual inspection of their cluster plots so that
subsequent analyses were based on 286 135 and 488 867 gen-
otyped SNPs from the 300k and 550k arrays, respectively. We
imputed variants using the CEU HapMap II reference panel
and combined results from the two arrays following imput-
ation for a total of 2272 849 SNPs (Materials and Methods).
Unless otherwise specified, the results discussed here did not
show evidence of heterogeneity between the two platforms.
The genomic inflation factor (A) was 1.014 using all the
genome-wide results and 1.007 after excluding the test statis-
tics observed at the previously reported CFH, C2—CFB and
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Table 1. Gender, age, phenotype and geographic origin of subjects in the dis-
covery samples

Cases (n = 893) Controls (n = 2199)

Female, n (%) 494 (55.3) 1117 (50.8)
Mean age + SD, years 78.6 + 7.5 4445
Phenotype
Unexamined 2199
CNV 593
GA 182
CNV and GA 118
Geographic origin
80 156
NMESES 548 1373
NW 163 272
S 102 398

CNV, choroidal neovascularization; GA, geographic atrophy; L, London;
NMESES, North Midlands, East, Southeast and South of England; NW,
Northwest of England; S, Scotland.

4Controls were selected from the 58BC (46,47).

ARMS2—HTRAI loci; the quantile—quantile plots showed no
widespread departure from the expected distribution of
P-values (Supplementary Material, Figs S1 and S2). There-
fore, no further correction for inflation was applied to the
test statistics. Replication studies were conducted on a
sample of up to 1411 advanced AMD cases and 1431 controls
(Supplementary Material, Table S2).

Previously reported definite and probable
AMD-associated loci

An association at genome-wide significance level (P <5 x
10~%) was observed at the well-established AMD susceptibil-
ity loci ARMS2—HTRAI (rs10490924/rs2284665, P = 2.7 x
10~7%), CFH (rs10801555, an almost perfect proxy for
151061170, P=23 x 10°*’) and C2-CFB (15541862, a
perfect proxy for rs641153, P=5.2 x 10°°%). At the CFH
locus, an analysis conditional on rs10801555 confirmed a
second independent association with rs1329428 (P =1.1 x
107'% (12,22,25). For the reported independent signal at
SNP 1rs9332739 in C2 (12), we observed weak statistical
support with P = 0.02 and no association when conditioning
on r1s541862 (P =0.78). These results are presented in
Table 2 together with association signals at other previously
reported definite or probable AMD risk loci.

At the LIPC locus, the reported SNP rs493258 (22,23)
showed weak evidence of association (P = 0.04) but in the
same direction as previously reported [odds ratio (OR) = 0.89
and 95% confidence interval (CI) = 0.79-0.99 for allele T].
There was no evidence of an association with the reported func-
tional variant rs10468017 in this gene (R*= 0.42; P =0.11,
OR =0.91 and 95% CI=0.80-1.03 for allele T) (24). We
found an association with SNP rs943080 at the VEGFA locus
(P=1.6 x 107, a perfect proxy for the reported SNP
rs4711751, OR = 1.20 and 95% CI = 1.07—1.35 for allele T)
(24), but no association with the other reported SNP rs833069
(P=0.18, OR =0.92 and 95% CI = 0.82—1.04) (26). At the
CFl locus, evidence of association was found with the previous-
ly reported SNP rs7690921 in CCDC109B (coiled-coil domain
containing 109B) (P = 3.6 x 10>, OR = 1.19 and 95% CI =

1.06—1.34 for allele T) (16,23), but not for rs10033900 (P =
0.22) (16) or rs2285714 (P = 0.92) (16,22). We did not find
support for the previously reported association with variants at
CETP (1s3764261, P =0.26) (22-24) or SYN3-TIMP3
(rs9621532, P = 0.48) (22—-24).

At the APOE (apolipoprotein E) locus, the two SNPs that
determine the E2/E3/E4 APOE alleles (rs429358 and rs7412)
were not typed and could not be imputed. However, there
was evidence of an association with rs2075650 (P = 3.1 x
107°) in the same region, although with some degree of het-
erogeneity between the 300k and 550k arrays (P = 0.06).
SNP rs2075650 lies within the TOMM40 (translocase of
outer mitochondrial membrane 40 homolog) gene and is in
modest linkage disequilibrium (LD) with rs429358 (R*=
0.2). We genotyped 152075650 and APOE SNP rs429358 in
our replication samples (Supplementary Material, Table S2)
and confirmed the known protective effect of the C allele of
rs429358 (P =2.8 x 10 °; heterogeneity P = 0.04; OR =
0.68; 95% CI=0.58-0.80) and the association with
rs2075650 (P =0.0037; OR=0.78; 95% CI=0.67-0.92
for allele G), although some heterogeneity across the follow-
up samples was observed (P = 0.03) (Table 3). However,
the association with rs2075650 became non-significant after
conditioning on 15429358 (P = 0.64).

Novel loci

Using a threshold of P <10 ° and excluding previously
known associations, we identified four novel associated
SNPs. For one of these, rs12231166 (P=6.2x 1077) at
12g23.1, we genotyped the proxy rs476497 (R*=0.92) in
our replication samples (Supplementary Material, Table S2),
but found no evidence of association (replication P = 0.97)
(Table 3).

The other novel SNPs were rs2071277 in NOTCH4 (Notch
4)(P =32 x 10"®), rs12153855 in TNXB (tenascin XB) (P =
4.3 x 107 7) and the imputed SNP rs9391734 (a perfect proxy
for rs12153855) in FKBPL (FK506 binding protein like) (P =
4.3 x 1077), all located at 6p21.3 and ~250 kb from C2—CFB
(Fig. 1). These SNPs are in low LD with rs541862 (R*=0.02
and R“=0.01 for rs2071277 and rs12153855/rs9391734, re-
spectively), the SNP in CFB which has a well-established as-
sociation with AMD (11,12).

Although our discovery data showed no overall evidence of
residual population structure (Supplementary Material,
Fig. S2), the stratification by geographic region used in our as-
sociation analysis might be unsatisfactory in genomic regions
such as 6p21.3 which contain long-range haplotypes that can
be sensitive to population structure. Therefore, we also per-
formed an association analysis by including the first two prin-
cipal components (Supplementary Material, Fig. S3A) as
covariates in the logistic regression model and repeated analo-
gous analysis after excluding ethnic outliers (Supplementary
Material, Fig. S3B). We observed negligible effect of these
adjustments on the P-values and the effect size estimates (Sup-
plementary Material, Table S3).

Conditioning for the effect of rs541862 (P = 5.2 x 10~°)
did not eliminate evidence of association for several SNPs
spanning the TNXB—NOTCH4 locus (Supplementary Material,
Table S4, Fig. 1B). Together with rs541862 in CFB, we
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Table 2. Association analysis in the discovery samples for previously reported definite or probable AMD susceptibility loci
Locus Reported SNP/proxy Reference Chr Position (bp) Effect allele EA frequency P OR  95% CI

SNP (R?) (EA)/other Cases Controls

allele

ARMS2—HTRA1 rs10490924 (19,20) 10 124204440 T/G 0.46 0.21 27x 10777 3.00 2.64-3.40
CFH rs1061170/rs10801555 (0.97)  (10) 1 194926880 G/A 0.40 0.60 23x 1074 043 0.38-0.48

rs1410996/rs1329428 (1.0) (12) 1 194969430 T/C 0.21 0.39 30x107% 040 0.35-045
C2-CFB rs641153/rs541862 (1.0) (11,12) 6 32024930 T/C 0.95 0.90 52x 1077 1.97 1.56-2.49

rs9332739 (12) 6 32011783 G/C 0.97 0.96 0.02 147 1.06-2.04
VEGFA rsd711751/rs943080 (1.0) (24) 6 43934 605 T/C 0.54 0.49 1.6x107% 120 1.07-1.35

rs833069 (26) 6 43850557 T/C 0.66 0.68 0.18 0.92 0.82-1.04
C3 rs2230199 (13,14) 19 6669387 G/C 0.76 0.79 22x107%  0.80 0.69-0.92
CCDCI109B— 1s7690921 (23) 4 110787610  T/C 0.36 0.32 36x107°  1.19 1.06-1.34

PLA2G12A-CFI

rs10033900 (16) 4 110878520  T/C 0.51 0.49 0.22 1.07  0.96—1.20

rs2285714 (22) 4 110858259 T/C 0.45 0.46 0.92 0.99 0.89-1.11
LIPC rs493258 (22,23) 15 56475172 T/C 0.46 0.48 0.04 0.89 0.79-0.99

rs10468017 (24) 15 56465804 T/C 0.26 0.27 0.11 091 0.80-1.03
CETP 1s3764261 (22-24) 16 55550825 C/A 0.66 0.67 0.26 0.93 0.83-1.05
SYN3—-TIMP3 1s9621532 (22-24) 22 31414511 C/A 0.05 0.05 0.48 091 0.69-1.20

Chr, chromosome; bp, base pair; Effect allele, allele for which the ORs and 95% Cls were calculated; P, P-value from the stratified analysis using the Mantel’s
extension of the 1 df Cochrane—Armitage trend test. Heterogeneity P-value for SNP rs10468017 = 0.03.

selected rs12153855 in TNXB for follow-up, which showed
a conditioned P=9.0x 107°% and 1s2071277 and
1s3132946 in NOTCH4 for which we observed some residual
evidence of association after controlling for both rs541862
and rs12153855 (P=38x 107" and P=3.5x 10", re-
spectively). Corresponding replication results are summarized
in Table 3. As expected, the known protective association at
the C allele of rs541862 was confirmed (P=8.8 x 10~'7;
OR =0.53; 95% CI=0.46-0.62 when combining all
samples). Association at both rs2071277 and rs12153855
was consistently corroborated across the replication samples
(P=3.8x 107" and 3.0 x 10~*, respectively) and reached
genome-wide significance when combining all samples (P =
2.0 x 107"'; OR = 1.30; 95% CI = 1.20—1.41 for allele C
of 1s2071277; P=1.3 x 10™°; OR = 1.44; 95% CI = 1.28—
1.63 for allele C of rs12153855). Repeating the conditional
analysis, we found that both rs12153855 in 7NXB and
12071277 in NOTCH4 conferred independent risk beyond
the known signal at the C2—CFB locus as shown in Table 4.
Either conditioning on rs541862 and rs12153855 or on
rs541862 and rs2071277 did not eliminate the effect at the
third SNP with a conditioned P-value of 9.0 x 10~ * for
rs2071277 and 2.5 x 10~ for rs12153855.

To further characterize the association in this region, we
carried out a haplotype analysis of rs541862, rs12153855
and rs2071277. Four haplotypes at frequency >1% accounted
for 98.9% of the total haplotypes observed (Table 5). The most
frequent haplotype TTT was used as reference to calculate
ORs. Distinct levels of AMD risk with non-overlapping Cls
were associated with these four haplotypes (P =9.1 x
107%%). The known protective haplotype (CTT) tagged by
the C allele of rs541862 was present in 9.4% of controls and
5.1% of cases after combining all samples. The other two hap-
lotypes TTC and TCC that do not harbour the protective C
allele of rs541862 significantly differed from the baseline
haplotype TTT with OR = 1.14 (95% CI = 1.05-1.25) and
OR = 1.47 (95% CI = 1.29-1.67), respectively.

Previously reported putative AMD-associated loci

A literature search for studies reporting evidence of an associ-
ation between a common SNP and AMD identified a total of
47 loci (Materials and Methods) in addition to the established
and probable loci discussed earlier (Table 2). We reviewed our
GWAS discovery data for the most associated SNP reported at
each of these putative loci (or a proxy for that SNP). Associ-
ation results for 45 of these SNPs were available as summar-
ized in Supplementary Material, Table S5. Using a
Bonferroni-corrected P-value threshold of 0.001 to account
for multiple testing, only rs429608 in SKIV2L (superkiller vir-
alicidic activity 2-like) was clearly significant (P = 1.0 x
107%). This SNP lies 13 kb from the established C2—CFB
locus (R* = 0.38) and had been reported to confer an inde-
pendent protective effect (27). In our conditional analysis of
the extended C2-CFB region, the association signal at
rs429608 disappeared after conditioning on rs550605 (C2),
1s541862 (CFB) or rs438999 (SKIV2L) (Supplementary Ma-
terial, Table S6). SNP rs13095226 in COLS8AI (collagen,
type VIII, alpha 1) approached the Bonferroni-corrected
level of significance (P =4.1 x 10™%), and rs17778253 in
the same gene (R* = 0.74) showed stronger evidence of asso-
ciation (P =4.3 x 10~*). However, replication studies for
rs13095226 and rs17778253 showed no statistical support
for association (P = 0.37 and 0.27, respectively) (Table 3).

Secondary analyses

Genome-wide association analyses were repeated for the sub-
groups of subjects affected by CNV only and GA only. Only
SNPs at the CFH and ARMS2—HTRAI loci showed associ-
ation at a genome-wide level of significance in both sub-
groups. Evidence of association was observed at the newly
identified SNPs rs12153855/rs9391734 in TNXB—FKBPL in
both subgroups (P = 5.0 x 1074, OR=10.70, 95% CI=
0.58-0.86 and P=5.0x10"° OR=051, 95% CI=
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Figure 1. Regional plots of association on chromosome 6p21.3 in the discovery samples (A) for the established association signal at the C2—CFB locus
(B) for the newly identified association in the TNXB—FKBPL—NOTCH4 region. The most associated SNP in each region is denoted by a purple diamond
and other SNPs by circles coloured to reflect their degree of LD with the most associated SNP (based on HapMap II).

with both rs438999 and rs429608, but conditional analysis did
not provide support for an association at SK/V2L independent
of the signal from rs541862 in CFB (Supplementary Material,
Table S6).

On chromosome 6p21.3, we also found a strong association
reaching genome-wide significance for SNP rs2071277 in the
NOTCH4 gene some 250 kb from CFB. Conditional analysis
confirmed that this was independent of the C2—CFB signal
represented by rs541862 and also provided support for a
second independent association with rs12153855 in the inter-
vening TNXB gene. Only four haplotypes defined by these
three SNPs were observed (Table 5), including the protective

haplotype CTT characterized by a C allele at rs541862 which
is the well-established protective association reported for C2—
CFB. The other three haplotypes had a T allele at rs541862.
The commonest of these was TTT, which we designated as
the reference haplotype. The next most common haplotype
TTC was associated with an increased risk for AMD, giving
an OR of 1.14 (95% CI 1.05-1.25); the fourth haplotype
TCC was associated with higher risk, the OR being 1.47
(95% CI 1.29-1.67).

Both 1512153855 in 7NXB and rs2071277 in NOTCH4 are
intronic and unlikely to be causal variants. SNP rs12153855
has a perfect proxy rs9391734 in the 5’ untranslated region


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds225/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds225/-/DC1

Table 4. Conditional association analysis in the extended C2/CFB region

Test SNP Gene Chr  Position (bp)  Conditioning SNP(s) Discovery samples (893 cases, Replication samples (1411 cases, All samples combined (2304 cases,
2199 controls) 1431 controls) 3630 controls)
Unconditioned P Conditioned P Unconditioned P Conditioned P  Unconditioned P Conditioned P

1s541862 CFB 6 32024930 13541862 49 x107° N/A 22x107° N/A 8.8 x 1077 N/A
rs12153855  TNXB 6 32182782 42 x 1077 9.0 x 107° 29 x 107 0.0024 13x107° 1.6 x 1077
152071277  NOTCH4 6 32279 661 31x1078 23x107° 38x107° 0.0048 20x 1071 1.1 x107°
rs3132946  NOTCH4 6 32298 006 2.7 x 1073 49 x 1074 0.77 0.32 0.03 25%x 1073
1s541862 CFB 6 32024930 1s541862, 1s12153855 49%x107° N/A 22x107° N/A 8.8 x 1077 N/A
rs12153855  TNXB 6 32182782 42 x 1077 N/A 29 x 107 N/A 13x107° N/A
152071277  NOTCH4 6 32279 661 31x1078 38x 1073 38x107° 0.05 20x 1071 9.1x107*
1s3132946  NOTCH4 6 32298 006 2.7 x 1073 35%x 1073 0.77 0.58 0.03 0.02
1s541862 CFB 6 32024930 1s541862, 1s2071277 49%x107° N/A 22x107° N/A 8.8 x 1077 N/A
rs12153855  TNXB 6 32182782 42 x 1077 20x 1073 29 x 107 0.04 13x107° 25x%x107%
152071277  NOTCH4 6 32279 661 31x1078 N/A 3.8x107° N/A 20x 1071 N/A
1s3132946  NOTCH4 6 32298 006 2.7 x 1073 0.04 0.77 0.95 0.03 021
1s541862 CFB 6 32024930 1s541862, 1s3132946 49%x107° N/A 22x107° N/A 8.8 x 1077 N/A
rs12153855  TNXB 6 32182782 42 x 1077 7.7 %1073 29 x 107 0.003 13x107° 12x107°
152071277  NOTCH4 6 32279 661 31x1078 22x1073 3.8x107° 0.01 20x 1071 14 x 107
1s3132946  NOTCH4 6 32298 006 2.7 x 1073 N/A 0.77 N/A 0.03 N/A
1s541862 CFB 6 32024930 s541862, 1s12153855, 1s3132946 4.9 x 107° N/A 22x107° N/A 8.8 x 1077 N/A
rs12153855  TNXB 6 32182782 42 x 1077 N/A 29 x 107 N/A 13x107° N/A
152071277  NOTCH4 6 32279 661 31x1078 0.06 3.8x107° 0.09 20x 1071 0.01
1s3132946  NOTCH4 6 32298 006 2.7 x 1073 N/A 0.77 N/A 0.03 N/A
1s541862 CFB 6 32024930 1s541862, 1s12153855, rs2071277 4.9 x 107° N/A 22x107° N/A 8.8 x 1077 N/A
rs12153855  TNXB 6 32182782 42 x 1077 N/A 29 x 107 N/A 13x107° N/A
152071277  NOTCH4 6 32279 661 31x1078 N/A 3.8x107° N/A 20x 1071 N/A
1s3132946  NOTCH4 6 32298 006 2.7 x 1073 0.04 0.77 0.92 0.03 0.22

Chr, chromosome; bp, base pair; P, P-value from the stepwise logistic regression using the Wald test on the beta coefficients. LD based on HapMap II: R*(rs541862, rs12153855) = 0.01; R*(rs541862,
1s2071277) = 0.02; R*(rs541862, rs3132946) = 0.02; R*(rs12153855, 1s2071277) = 0.14; R*(rs12153855, rs3132946) = 0.02; R*(rs2071277, rs3132946) = 0.17.
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Table 5. Association analysis for the common haplotypes spanning CFB—TNXB—NOTCH4

Haplotype Discovery samples ~ Replication All samples combined (2304 cases, 3630
(893 cases, 2199 samples (1411 controls)
controls) cases, 1431
controls)
rs541862 (CFB)  1s12153855 (TNXB)  rs2071277 (NOTCH4)  OR 95% CI OR 95% CI Haplotype OR 95% CI
frequency
Cases  Controls
T T T 1 1 0.423 0.449 1
T T C 1.18 1.04-134  1.13 1.00-1.27  0.394  0.359 1.14  1.05-1.25
T C C 1.62  135-194 135 1.12-1.62  0.132  0.098 1.47  1.29-1.67
C T T 0.54  0.42-0.71 0.58 0.46-0.73  0.051 0.094 0.56  0.48-0.67

TTT, TTC, TCC and CTT account for 98.9% of the total haplotypes observed.

of the neighbouring gene FKBPL, which might have function-
al significance. So we have identified novel associated variants
but do not have evidence to pinpoint the causal variants re-
sponsible for these associations, as is the case with other sus-
ceptibility loci for AMD and many other complex diseases.
All three genes could play a role in the pathogenesis of
AMD as we review in what follows. However, further research
will be needed to determine whether or not this is the case.
Other disease associations have been reported for this region
of chromosome 6 and notably an association with dementia
and variants near NOTCH4 and AGER (advanced glycosyla-
tion end product-specific receptor) (32).

TNXB encodes the extracellular matrix protein tenascin-X,
which is present in the macular Bruch’s membrane/choroid
complex (33). Various functions have been attributed to
tenascin-X, which could have relevance to AMD. It has
been shown to modulate collagen deposition (34). There is
also evidence that it modulates the mechanical properties of
collagen networks (35) and is involved in the maturation
and/or maintenance of collagen and elastin networks (36);
both collagen and elastin are present in Bruch’s membrane.
In addition, forms of tenascin-X have been shown to bind to
VEGFA and VEGFB (vascular endothelial growth factor B)
and enhance their pro-angiogenic activity (37).

FKBPL encodes the FKBP-like protein which belongs to the
family of FK506-binding proteins and has a role in intracellu-
lar signalling (38). Of particular interest in the context of
AMD, FKBPL also appears to have a separate role in control-
ling angiogenesis as a secreted protein that inhibits endothelial
cell migration, tubule formation and angiogenesis through a
CD44-mediated pathway (39).

NOTCH4 encodes one of the four cell surface receptors of
the Notch signalling pathway which has a key role in cell dif-
ferentiation decisions across many cell types and at different
stages of cell lineage progression (40). Notch signalling is im-
portant in embryonic development, the regulation of tissue
homeostasis and the maintenance of stem cells. Notch signal-
ling is particularly important in vascular development, not
only in embryogenesis but also in pathological angiogenesis,
prompting research on Notch pathway inhibitors as potential
agents to disrupt tumour-related angiogenesis for cancer
therapy (41).

Notch signalling plays an important role in the developing
retinal vasculature by regulating the specification of endothelial

cells into stalk and tip cells (42). In studies of mice, NOTCH4 is
strongly expressed in retinal arterial endothelial cells (43).
Moreover, Notch signalling has been shown to influence patho-
logical angiogenesis in a study of laser-induced CNV in rats
(44). Following laser photocoagulation, inhibition of Notch sig-
nalling by intravitreal or subcutaneous administration of the
gamma secretase inhibitor DAPT resulted in a substantial in-
crease in the CNV volume compared with controls; conversely,
stimulation of Notch signalling by intravitreal administration of
Jagged]1 peptide, a Notch ligand, substantially reduced the CNV
volume (44). In the same report, evidence was presented that
Notch signalling contributes to angiogenic homeostasis by pro-
viding a counterbalance to proangiogenic pathways such as that
mediated by VEGF (44). This led the authors to propose the
Notch pathway as a potential therapeutic target for the treatment
of CNV, which is the severest form of AMD (44). This might
complement the use of anti-VEGF antibodies, which is the
mainstay of current treatment. Our finding that SNPs at the
NOTCH4 locus are associated with AMD provides support
for the involvement of Notch signalling in AMD and points spe-
cifically to a role for the NOTCH4 receptor. However, if this
were mediated through an alteration in angiogenic homeostasis,
we might expect the association to be specifically with CNV.
Most of the association signal does indeed come from CNV
because this is the condition affecting most of the cases in
our study, but the subgroup analysis suggests that there is
also an association in the minority of cases with GA. This
raises the possibility that other functions of the Notch
pathway may be more important, such as its role in the differ-
entiation of immune cells, including macrophages, which, as
recent evidence suggests, may play a key part in the pathogen-
esis of AMD (45).

In summary, our UK GWAS has shown the expected asso-
ciation between AMD and known risk loci at ARMS2—
HTRAI, CFH, C2-CFB, C3, CFI-CCDCI09B and APOE
and with more recently reported risk loci at LIPC and near
VEGFA. In addition, we have found novel associations with
variants in TNXB—FKBPL and the neighbouring gene
NOTCH4 on chromosome 6p21.3 which are independent of
the associated SNPs at the nearby C2—CFB locus. TNXB,
FKBPL and NOTCH4 are all plausible AMD susceptibility
genes, but further research will be needed to identify the
causal variants and determine whether any of these genes
are involved in the pathogenesis of AMD.
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MATERIALS AND METHODS
Cases and controls

Cases for the discovery experiment were selected from exist-
ing Cambridge and Edinburgh AMD case—control sample col-
lections (14). All cases selected for the GWAS had at least one
eye affected by CNV and/or GA. For cases genotyped using
the 300k platform, preference was given to cases with early
onset. Control genotyping data were obtained from the
British 1958 Birth Cohort (58BC) (46,47). For cases geno-
typed using the 300k platform, controls matched by geograph-
ic area were selected from the 58BC subjects used in the
Wellcome Trust Case Control Consortium study (48). For
cases genotyped using the 550k platform, controls matched
by geographic area were selected from the S8BC subjects gen-
otyped as controls for the Type 1 Diabetes Genetics Consor-
tium (T1DGC) study (46). The replication studies used cases
and controls from the Cambridge and Edinburgh sample col-
lections and from case—control collections from London and
Southampton in the UK. All the studies used in this research
followed the tenets of the Declaration of Helsinki and had ap-
propriate ethical approval. All participants gave informed
written consent.

Cambridge AMD study subjects

Cases and controls were recruited from ophthalmic clinics in
London, the South East of England and the North West of
England between 2002 and 2006 (14). Almost all the controls
were the spouses or partners of index cases and the remainder
were friends of cases. All subjects described themselves as
‘white’ rather than ‘other’ on a recruitment questionnaire.
Subjects were examined by an ophthalmologist, and health,
lifestyle and smoking data were collected. All subjects had
colour, stereoscopic fundus photography of the macular
region, and the images were graded at the Reading Centre,
Moorfields Eye Hospital, London, using the International
Classification of Age-related Maculopathy and Macular De-
generation (49).

Edinburgh AMD study subjects

The majority of cases and controls were recruited from oph-
thalmic clinics in Edinburgh, Dundee and Inverness between
2004 and 2006 (14). Controls were predominantly recruited
from cataract clinics in the same centres but some spouses
were also included. Cases and controls were all examined by
an ophthalmologist, and visual acuities, health, lifestyle and
smoking data were collected. Members of the 1921 Lothian
Birth Cohort (50) were examined by an ophthalmologist and
those found to have AMD and a similar number of unaffected
controls from the Cohort were also included in the study. All
cases and controls had colour, stereoscopic fundus photog-
raphy of the macular region and images were graded by an
ophthalmologist working on the study, using the International
Classification of Age-related Maculopathy and Macular De-
generation (49); for validation, 100 cases and controls were in-
dependently graded at the Moorfields Reading Centre (kappa
statistic = 0.84).

London AMD study subjects

Cases were recruited from Moorfields Eye Hospital, London.
Controls were recruited from spouses, partners or friends of
cases, or were from local residential homes for the elderly
within 8 km of the hospital. All subjects were of Caucasian
descent. Cases were examined by an ophthalmologist and
had colour, stereoscopic fundus photography of the macular
region with grading of the photographs at the Reading
Centre, Moorfields Eye Hospital, according to the Internation-
al Classification of Age-related Maculopathy and Macular De-
generation (49). Cases were excluded if they had
retino-choroidal inflammatory disease, diabetic retinopathy,
branch retinal vein or artery occlusion or any other cause of
visual loss other than amblyopia. The ophthalmic examination
included Snellen acuity, slit-lamp examination and biomicro-
scopic fundoscopy. Auto-fluorescence images were taken of
the macula, and fluorescein angiography was performed
when CNV was suspected. For patients presenting with
visual dysfunction in the second eye, retrospective data were
gathered from hospital records concerning previous acuities.
Moreover, any colour images or fluorescein images relating
to previous visual loss were located from the hospital
archive. All images were digitized. Controls had the same
evaluation as cases and were excluded if they had drusen
>63 wm or more extensive evidence of AMD. Each partici-
pant was interviewed specifically for the study, and a family
history, smoking history and other medical history were taken.

Southampton subjects

Cases were ascertained through the Southampton Eye Unit or
research clinics in Guernsey, UK. Controls were spouses/part-
ners of AMD cases, patients attending eye clinics with unre-
lated eye disease or their spouses/partners. All participants
were white and >55 years of age. All cases and controls
were evaluated by an experienced retinal specialist and had
dilated eye examination. Phenotyping was based on the
Age-Related Eye Disease Study (AREDS) classification
system (51), in cases taking into account the results of
fundus photography and fluorescein angiography and in con-
trols based on clinical findings alone.

Genotyping

Genotyping of cases for the discovery experiment used
genomic DNA extracted from peripheral blood leucocytes.
Cases were typed either at the British Heart Foundation
Glasgow Cardiovascular Research Centre, using the Illumina
Infinium HumanHap300 BeadChip, or at the Wellcome
Trust Clinical Research Facility, Edinburgh, using the Illu-
mina Infintum HumanHap550v3 BeadChip, according to the
manufacturer’s protocols. Controls from the 58BC had been
previously genotyped using the Illumina Infinium Human-
Hap550vl BeadChip (58BC controls) (48) and the Illumina
Infinium HumanHap550v3 BeadChip (T1DGC controls) (46).

The replication studies used genomic DNA extracted from
the peripheral blood. Genotyping was carried out by the
Medical Research Council Human Genetics Unit (MRC
HGU) in Edinburgh, the Centre National de Génotypage
(CNG) in France or the commercial company KBioscience.



At MRC HGU and CNG, genotyping was carried out using
TagMan SNP Genotyping Assays (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s proto-
cols. KBioscience (http://www kbioscience.co.uk) used their
own proprietary KASP SNP genotyping system, a competitive
allele-specific PCR incorporating a fluorescent resonance
energy transfer quencher cassette (see http://www.kbioscience
.co.uk/reagents/KASP.html).

Statistical analysis

Genotype and sample quality control

Genotypes for the [llumina arrays were called using the geno-
typing module made available in the Illumina GenomeStudio
2009.2 software that incorporates the GenTrain 2.0 clustering
algorithm. Given the different platforms used in the 300k ana-
lysis, only the overlap set of genotyped SNPs was used in the
analysis. SNPs were excluded if they had a minor allele fre-
quency of <0.05, or a departure from Hardy—Weinberg equi-
librium at P < 10~ in controls, or a call rate <0.975 either in
cases or in controls in the 300k and 550k data sets separately.
Genotype cluster plots were visually inspected for each putative
association and results were discarded if the clusters were not
clearly separated. Samples were removed if they presented in-
consistencies between reported sex and sex determined by
homozygosity on the X chromosome, or an excessive genetic
relatedness based on IBS metrics calculated for each pair of
individuals, or a call rate <0.975. To control for possible popu-
lation stratification, cases were stratified according to their
reported geographic origin in four strata (London; North Mid-
lands, East, Southeast and South of England; Northwest of
England; Scotland), and only controls from matching geograph-
ic regions were used.

Imputation
Autosomal imputation was performed using the R package
snpStats from the BioConductor Project (http:/www.

bioconductor.org) and CEU HapMap II samples as the refer-
ence data set. The imputation method has been described pre-
viously (52). Briefly, for the 300k and the 550k arrays
separately, HapMap SNPs were divided into those that
passed quality control steps in the study (X) and those that
were not typed or failed quality control (Y). Linear regression
models were used to predict each SNP in Y from nearby SNPs
in X. R? was used as a measure of accuracy of the imputation.

Discovery and replication association analyses

Single SNP association analyses were carried out using the
R package snpStats (http://www.bioconductor.org). For both
discovery and replication analyses, single SNP association
was evaluated using the Mantel extension of the 1 degree-of-
freedom (df) trend test (53), which is a stratified version of
the Cochrane—Armitage test, to take into account the geo-
graphic stratification of the samples. Results from the 300k
and 550k arrays were combined by pooling the respective
single SNP 1 df score statistics, and corresponding combined
P-values were obtained from a 1 df y* distribution. Presence
of heterogeneity between the 300k and 550k association
results was evaluated through a 1 df y? test. As an alternative
procedure to control for potential population stratification, we
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performed principal component analysis to categorize samples
in terms of their large-scale genetic ancestry, using the GCTA
software (54), and HapMap III samples as reference, and
repeated the association analysis including the first two princi-
pal components as covariates in the logistic regression model,
using PLINK v1.07 (55). The presence of residual population
structure was assessed by evaluating the genomic inflation
factors (1) (56) and examining the quantile—quantile plots of
the genome-wide P-values before and after exclusion of the
established AMD loci. SNPs showing association at P <
107® in regions not previously reported were selected for
follow-up in the replication samples. Regional association
results were plotted using the LocusZoom software (http://
csg.sph.umich.edu/locuszoom).

Conditional and haplotype-based association analyses

To detect secondary independent signals within associated
regions, we used stepwise logistic regression models stratified
by array and geographic origin after controlling for the stron-
gest associated genotyped variants at each region added to the
models in a forward fashion (R package snpStats, http://www.
bioconductor.org).

Haplotype-based analysis was carried out in PLINK v1.07
(55). Array information and geographic origin were added as
covariates in the analysis. Only haplotypes with overall fre-
quency >1% were considered. The ORs and the correspond-
ing CIs were estimated using the commonest haplotype as
reference.

Signal at previously reported SNPs

A literature search was conducted to identify studies reporting
an association between a common SNP and AMD. Reports of
associations with established and probable AMD loci were
excluded (Table 2), as were associations with deletions, rare
variants, mitochondrial variants or SNP haplotypes where no
single SNP showed a significant association. This led to the
identification of 47 previously reported putative AMD suscep-
tibility loci (Supplementary Material, Table S5). For the SNP
reported to show the strongest evidence of association at each
of these loci, we checked the corresponding signal in our dis-
covery samples. SNPs that passed the Bonferroni correction
were chosen for follow-up in our replication samples.
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Supplementary Material is available at HMG online.
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