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Abstract

The macula, located near the center of the retina in the human eye, is responsible for providing critical functions, such as
central, sharp vision. Structural changes in the macula are associated with many ocular diseases, including age-related
macular degeneration (AMD) and glaucoma. Although macular thickness is a highly heritable trait, there are no prior
reported genome-wide association studies (GWASs) of it. Here we describe the first GWAS of macular thickness, which was
measured by spectral-domain optical coherence tomography using 68 423 participants from the UK Biobank cohort. We
identified 139 genetic loci associated with macular thickness at genome-wide significance (P < 5 x 10~8). The most
significant loci were LINC00461 (P = 5.1 x 10~120), TSPAN10 (P = 1.2 x 10~118), RDHS5 (P = 9.2 x 10~19%) and SLC6A20

(P = 1.4 x 10~71), Results from gene expression demonstrated that these genes are highly expressed in the retina. Other hits
included many previously reported AMD genes, such as NPLOC4 (P = 1.7 x 10~103), RAD51B (P = 9.1 x 10~14) and SLC16A8
(P = 1.7 x 10~8), further providing functional significance of the identified loci. Through cross-phenotype analysis, these
genetic loci also exhibited pleiotropic effects with myopia, neurodegenerative diseases (e.g. Parkinson’s disease,
schizophrenia and Alzheimer’s disease), cancer (e.g. breast, ovarian and lung cancers) and metabolic traits (e.g. body mass
index, waist circumference and type 2 diabetes). Our findings provide the first insight into the genetic architecture of
macular thickness and may further elucidate the pathogenesis of related ocular diseases, such as AMD.

Introduction

The macula, located near the center of the retina in the human
eye, is responsible for providing critical functions, such as cen-
tral, sharp vision. Structural changes in the macula, such as
macular thickness, are associated with many ocular diseases,
including age-related macular degeneration (AMD) (1) and glau-
coma (2). Macular thickness is an important quantitative trait

for studying AMD and glaucoma and can be measured non-
invasively using spectral domain optical coherence tomogra-
phy (SD-OCT). Despite the significant role of macular thickness
in these diseases, no genome-wide association study (GWAS)
has been performed. Identifying genetic factors that influence
macular thickness not only aids in uncovering the biological
mechanisms regulating this trait but may also help improve our
understanding of related ocular diseases.
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Table 1. Study sample characteristics
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Study Sample size Age (years), mean Females, % Macular thickness Macular thickness
(SD) (wm), mean (SD) range (nm)
Discovery set 59 814 58.2 (7.9) 53.0 262.0 (13.6) 190.9-328.0
Replication set 8609 58.0 (8.4) 56.0 261.8 (13.9) 191.4-327.7
Total 68 423 58.2 (8.0) 53.3 261.9 (13.6) 190.9-328.0
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Figure 1. Manhattan plot displaying the -logy( (P-values) for the association between macular thickness in the discovery data set. The solid and dotted horizontal
lines represent genome-wide significant associations (P = 5 x 1078) and suggestive associations (P = 1.0 x 107°), respectively. Genetic variants are plotted by genomic

position.

Findings from epidemiological studies have identified many
factors associated with macular thickness, including age, gender,
body mass index, smoking and myopia (3,4). Moreover, racial
differences in macular thickness have been observed in several
studies. Overall, whites tend to have the thickest macula, fol-
lowed by individuals of Asian and African descent, respectively
(4,5). Furthermore, similar to other ocular parameters, macular
thickness has a strong genetic component. Heritability estimates
for this trait were over 0.80 (6), indicating that macular thickness
is mainly influenced by genetic rather than environmental fac-
tors. However, there is still a significant lack of genetic studies
of macular thickness, possibly because of the limited available
sample size and special imaging equipment, i.e. OCT, that is
required.

Recent establishment of large-scale biobank repositories and
advancements in imaging technology have greatly expanded our
knowledge and understanding of complex diseases and traits.
As one of the largest biobanks with both genetic and ophthal-
mologic data, the UK Biobank (UKB) provides the opportunity
to further uncover the missing heritability of many ocular traits
(7) and is useful for genetic studies on previously unexamined
traits, such as macular thickness. The large sample size of the
UKB (n = 500 000) and uniform phenotype measurement provide
significant advantages in genetic association studies. Therefore,
the purpose of this study is to perform a GWAS of macular thick-
ness using data from the UKB. Findings from our analysis will
provide the first insight into the genetic architecture of macular
thickness and may elucidate the pathogenesis of related ocular
diseases.

Results
Study sample

Table 1 presents the study sample characteristics for the dis-
covery and replication data sets, as well as the overall study
population. A total of 68 423 UKB participants were used to
assess the associations between genetic variants and macular
thickness, of which 59 814 unrelated subjects were used as
the discovery set and 8609 related subjects (independent of the
discovery set) were used as the replication set. The overall mean
age [standard deviation (SD)] is 58.2 (8.0), with the discovery
set and replication set having mean ages of 58.2 (7.9) and 58.0
(8.4), respectively. The proportion of females in the study sample
is 53.3%, with the discovery and replication sets consisting of
53.0% and 56.0%, respectively. The macular thickness values are
normally distributed with an overall mean (SD) of 261.9 (13.6).
The average macular thickness in the discovery and replication
sets is 262.0 (13.6) pm (range: 190.9-328.0) and 261.8 (13.9) pm
(range: 191.4-327.7), respectively.

Genome-wide association results

Supplementary Material, Figure S1 shows a quantile-quantile
(Q-Q) plot displaying the observed P-values against the expected
P-values for the discovery data set. The genomic control inflation
factor » was 1.14. Inflation of » may be because of the large
sample size and polygenicity. We conducted LD (linkage dise-
quilibrium) score regression and observed that the regression
intercept (an alternative way to measure genomic inflation) was
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Table 2. Summary results for the top-ranking loci associated with macular thickness

SNP Chr Position Locus Alleles AF1  Discovery Replicate Entire sample
Beta SE P Beta SE P Beta SE P

157405453 17 79615572 TSPAN10 A/G 036 -1.58 0.08 1.6E-106 —-1.60 0.21 3.2E-14 -1.57 0.07 1.2E-118
1517421627 5 87847586 LINCO00461 T/G 093 -296 0.14 1.8E-101 -3.18 0.40 5.3E-16 -2.99 0.13 5.1E-120
rs3138142 12 56115585 RDH5 C/T 076 -1.73 0.09 1.3E-96 -1.51 0.24 7.5E-11 -1.69 0.08 9.2E-105
1517279437 3 45814094 SLC6A20 G/A 0.89 200 012 28E-63 187 0.33 86E-09 196 0.11 1.4E-71
1512719025 7 51100190 COBL A/G 054 -1.06 0.07 5.3E-49 -0.81 0.21 5.9E-05 -1.04 0.07 1.1E-54
rs887595 14 74666641 LIN52 A/G 0.18 -1.12 0.10 9.1E-34 -1.05 0.27 9.2E-05 -1.12 0.09 7.9E-36
rs55971426 12 96204536 LINC02410 - LOC105369921 A/G 0.81 1.08 0.09 5.1E-33 1.02 0.26 87E-05 1.08 0.09 1.5E-37
rs11576909 1 202812654 MGAT4EP - LOC148709 T/C 0.51 -0.89 0.07 9.6E-33 -0.86 0.21 1.2E-05 -0.89 0.07 1.7E-38
1511769224 7 46630354 IGFBP3 - LOC730338 A/C 041 -0.88 0.08 3.6E-32 -0.50 0.21 7.5E-03 -0.82 0.07 2.3E-32
152732631 17 44289232 KANSL1 G/T 0.77 -095 0.09 1.1E-29 -1.05 0.25 1.1E-05 -0.96 0.08 3.0E-35
1s62064364 17 43654468 LRRC37A4P - MAPK8IP1IP2 C/T 0.78 -0.97 0.09 1.7E-29 -1.06 0.25 1.6E-05 -0.98 0.08 4.4E-35
rs73089379 3 45183414 CDCP1 C/G 093 159 0.15 2.1E-28 1.33 041 6.4E-04 154 0.14 2.5E-30
1513171669 5 148601243 ABLIM3 A/G 0.57 -0.76 0.07 1.4E-27 -0.99 0.21 34E-06 -0.78 0.07 6.8E-32
rs7033598 9 21565674 MIR31HG - MTAP C/T 035 079 008 6.3E-27 024 022 26E-01 0.72 0.07 8.2E-26
155442 12 6954864 GNB3 G/A 093 143 0.14 1.3E-24 097 041 15E-02 137 0.13 6.4E-26
1s1947075 10 49741135 ARHGAP22 C/T 035 075 0.08 6.2E-24 0.37 0.22 6.6E-02 0.70 0.07 8.8E-24
15973879 14 75297727 YLPM1 T/C 046 -0.71 0.07 1.2E-23 -0.66 0.21 2.1E-03 -0.69 0.07 3.5E-25
1510043238 5 87154361 CCNH - TMEM161B G/C 0.69 082 008 1.5E-23 040 0.23 75E-02 0.76 0.07 4.5E-24
15199456 17 44797919 NSF C/T 0.79 -0.85 0.09 29E-23 -0.98 0.25 5.3E-05 -0.86 0.08 3.0E-28
1517507554 6 11394287 NEDDS - TMEM170B G/A 0.95 -157 0.17 1.4E-21 -1.93 047 1.7E-05 -1.59 0.16 2.7E-25

Abbreviations: SNP, single-nucleotide polymorphism; Chr, chromosome; AF1, allele 1 frequency; SE, standard error.

1.03, suggesting that the genomic control deviation was mainly
because of polygenicity rather than confounding. Hence, our
results are properly controlled for population stratification and
cryptic relatedness.

We identified 14 889 genome-wide significant (P < 5 x 1078)
variants associated with macular thickness using the imputed
data set from the discovery set. Figure 1 presents a Manhat-
tan plot of the genome-wide —logio(P)-values from the discov-
ery set association analysis. These significant genetic variants
map to 113 independent loci. Table 2 shows the results for the
top 20 hits. The most significant genetic variant is rs7405453
(P = 1.6 x 1071, GRCh37/hg19 position 79 615 572, chromosome
17), located in the 3'-UTR of the Tetraspanin 10 gene (TSPAN10).
The effect allele A [allele frequency (AF) = 0.36] is associated with
a decrease in macular thickness (8 = —1.58). NPLOC4-TSPAN10
is a known AMD locus (8). The second most significant variant,
1517421627 (P = 1.8 x 107191, position 87 847 586, chromosome 5),
islocated in the downstream (variant overlaps 1 kb region down-
stream of transcription) of long intergenic non-protein coding
RNA 461 (LINC00461). The effect allele T (AF = 0.93) is associated
with a decrease in macular thickness (8 = —2.96). The third
most significant variant is rs3138142 (P = 1.3 x 10~%, position
56 115 585, chromosome 12), located in an exon of the Retinol
Dehydrogenase 5 gene (RDHS5). The effect allele C (AF = 0.76)
is associated with a decrease in macular thickness (B = —1.73).
RDHS5 is a known AMD locus (8). The fourth most significant vari-
ant, rs17279437 (P = 2.8 x 107%3, position 45 814 094, chromosome
3),is located in an exon of the Solute Carrier Family 6 Member 20
gene (SLC6A20). The effect allele G (AF = 0.89) is associated with
an increase in macular thickness (8 = 2.00).

We then analyzed these significant genetic variants in the
replication data set. Among the 14 889 significant variants from
the discovery set, 14 725 exhibited the same direction of effect
in the replication set as the discovery set, among which 7975
(54.2%) were replicated at the P < 0.01 significance level. The
aforementioned top four hits were all replicated with P < 1078
(Table 2). When the discovery and replication data sets were

analyzed together, most of the associations increased in sig-
nificance. Supplementary Material, Figures S2 and S3 present
the Q-Q and Manhattan plots for the association analysis of
the entire data set. The LD score regression intercept was 1.04.
In total, we identified 17 677 variants significantly associated
with macular thickness, annotating to 478 unique genes in 139
independent genomic loci (Supplementary Material, Table S1).
The last column of Table 2 shows the results of the entire sample
for the top 20 hits. The top four novel loci remained the same,
i.e. LINCO0461 (rs17421627, p (SE) = —2.99 (0.13), P = 5.1 x 107120),
TSPAN10 (rs7405453, B (SE) = —1.57 (0.07), P = 1.2 x 107118),
RDH5 (rs3138142, B (SE) = —1.69 (0.08), P = 9.2 x 10~1%) and
SLC6A20 (rs17279437, B (SE) = 1.96 (0.11), P = 1.4 x 10~7?). Figure 2
presents regional association plots for the top four genomic
regions. In each plot, several imputed genetic variants were more
significant than the directly genotyped variants.

Conditional analyses

We performed conditional analyses for the top four identified
genomic regions to determine whether additional genetic vari-
ants contribute to the macular thickness associations. Supple-
mentary Material, Figure S2 presents the regional association
plots of the conditional analyses. After conditioning on the
most significant genetic variant in each region, i.e. TSPAN10 and
RDHS, all of the neighboring associations reduced toward the
null, suggesting that the identified genetic variants are the lead
markers of the macular thickness associations. We identified
additional independent variants, rs199502002 and rs34106801,
for the LINC00461 and SLC6A20 conditional analyses, respec-
tively, also associated with macular thickness.

Macular thickness heritability estimates

We estimated the heritability of macular thickness among
the study participants using the program BOLT-REML (9). The

6102 J8qWanoN Gz uo Jesn ABojowleyiydo 1su| g [eydsoH 843 spjeioo|y ‘Ateiqi wuior Ag 98€5€25/291 L/L/8ZAdBsqe-8]o1e/Buwy/woo dno olwepeoe//:sdiy woly papeojumoq


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy422#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy422#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy422#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy422#supplementary-data

Piottec SNPs 11INT11 |18 MMAY 00 0000 00O O O OO
P 100
120 1517421627
0¢ oné
06 o0
0.4 o - 80
100 4 02 ° g@ -
3
@@ °© g
s H
g 2
i 5
L S
S 60 S 3
S S
g Fa0 2
' ® ° g
H
g
TMEM1618-AS1—> < LINC00461 <~ MEF2C
~LOC102546226 ~Mig-2
T T T T
87.7 87.8 87.9 88
Position on chr5 (Mb)
)
Piottec SN IR SR NN 010 M O A T 0 A 0 A O 01 OO O
120
B F 100
153138142
100 - | M®-08 e

~logo(p-value)
IS > ®
& 3 3
1 1 1

N
S
I

o

- 80

- 60

k40

(@A) ere1 UonRUIGUIoOBY

Human Molecular Genetics, 2019, Vol. 28, No. 7 | 1165

Plotted SN [N 8000 00 O A O 11 |00
F 100
120 4 17405453 s
© omocen «® 08

100 4 ° os | 80§
_ o 04 g
S 80 | °e =} 02|l g
3 3
> [} =
i 5
& e, 0 H
S 60 o © 09 ®@mnddem ° 8
2 40 @
8 ° X ° =
' 40 o #%0 o g
©, 2
L2 &

BAHCC1—> <-ACTG1

~<NPLOC4

<-OXLD1 MRPL12—> GCGR—> <P4HB)

< MIR3186 FSCN2—> TSPANIO>  HGS—> < FAM1958
<~ C170rt70 <PDE6G SLC25A10~> <PPP1R27
cengrar—>
<ARL16
MIR6786->
T T : T T
795 79.6 79.7 79.8

Position on chr17 (Mb)

D)
Piotted SN Ps: 1IN 110N 0 A 0 T U 0 0 O 00 O
80 © |F 100
1517279437
L} 0.8
e o @ 0.6
04 |- 80
60 —
02
)
© % I 60
o

—logso(p-value)
IS
5
1
(QU/ND) ©1e1 UoRRUIqUIooBY

OREC4—~ OR10P1—>  METTL7B—~ <-CDE3 <« SARNP <~ MyP19 «~WIBG
OR2AP1—> < ITGA7 GOF11~> ORMDL2—>
BLOGIS1—> ~DNAJCT4
BLOC1S1-RDH5—> TMEN 988>
RDH5—>
T T T T
56 56.1 56.2 56.3

Position on chr12 (Mb)

LIMD1—> SACMIL—> < SLOBA20 < LZTFL1 cxcRe—>
< LIMDI-AS1 CCR9—~> ~Fyco1
T T T T
45.7 45.8 45.9 46

Position on chr3 (Mb)

Figure 2. Regional association plots for the top loci associated with macular thickness. For (A) LINC00461, (B) TSPAN10, (C) RDH5 and (D) SLC6A20, the most significant
SNP is plotted in purple. Squares and circles represent genotyped and imputed genetic variants, respectively. Genes are shown below the SNPs. The color coding in

each plot represents the level of linkage disequilibrium with the lead SNPs.

estimated heritability of macular thickness was 49.2% based on
all genotyped genetic variants (n = 784 256). When restricting the
estimation to only genome-wide significant variants (directly
genotyped, n = 637), these variants explain 10.2% of macular
thickness variability.

Functional relevance

To seek biological support for the top four genes associated with
macular thickness, we evaluated their gene expression using
Genevestigator, an online database to verify gene expression in
different tissues. Figure 3 presents the gene expression data for
the top 10 tissues for each of the four genes. All four genes
are highly expressed in either the retina or the retinal pigment
epithelium, indicating the important biological roles these mac-
ular thickness genes play in that area of the eye. To examine the
association of macular thickness variants with AMD, we queried
the Fritsche et al. AMD summary statistics (8). Eight out of the 34
reported AMD loci (23.5%) overlap with our macular thickness
loci. Furthermore, among the 13 042 significant macular thick-
ness variants (P < 5 x 1078) overlapping with the AMD sum-
mary statistics, 414 (3.2%) showed associations with AMD at the
5 x 107° significance level (Supplementary Material, Table S2),

which was significantly higher than the amount expected by
chance (0.005%).

Pleiotropy among significant loci

To assess the pleiotropic effect of the genome-wide significant
macular thickness variants, we examined these markers in the
GWAS Catalog (May 29, 2018 version). Among the 17 677 sig-
nificant genetic variants identified, 274 had exact matches to
the previously reported variants in the GWAS Catalog. Figure 4
presents the network of the associated traits and diseases for
these 274 genetic variants (Supplementary Material, Table S3
shows the detailed mapping information). Numerous ocular-
related diseases/traits were directly matched to the included
single nucleotide polymorphisms (SNPs), including AMD (e.g.
rs6565597 in NPLOC4, P = 1.7 x 1071, rs8017304 in RAD51B,
P = 9.1 x 107%; rs621313 in TYR, P = 8.3 x 107!%), primary
open-angle glaucoma (e.g. rs33912345 in SIX6, P = 4.4 x 107%;
rs7865618 in CDKN2B-AS1, P = 4.6 x 107%°; rs11129176 in RARB,
P = 1.3 x 1078), myopia, axial length and optic nerve head mea-
surements. Additionally, many macular thickness SNPs mapped
to neurological diseases, (e.g. Parkinson’s disease, schizophrenia
and Alzheimer’s disease), cancer (e.g. breast, ovarian and lung
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Figure 3. Gene expression for the top four genes associated with macular thickness from Genevestigator. All four genes, (A) LINC00461, (B) TSPAN10, (C) RDH5 and (D)
SLC6A20, are highly expressed in either the retina or the retinal pigment epithelium.

cancers) and metabolic traits (e.g. body mass index, waist cir-
cumference and type 2 diabetes).

Enrichment analysis

Table 3 presents the significant enrichment results for macular
thickness using WebGestalt [false discovery rate (FDR) < 0.05].
The most significant GLAD4U disease enriched for macular
thickness genes is eye diseases (FDR = 2.3 x 107%8). Many
retinal-related GLAD4U diseases are also significant, including
retinal diseases (FDR = 6.4 x 107%), retinal degeneration
(FDR = 1.1 x 1073), retinitis NOS (not otherwise specified)
(FDR = 2.0 x 1073) and retinitis pigmentosa (FDR = 2.2 x 1073).
The most significant Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway associated with macular thickness is colorectal
cancer (FDR = 2.4 x 107%). Interestingly, the colorectal cancer
drug, Avastin (bevacizumab), has been used to treat AMD
(10). Many other cancer pathways are also enriched, including
endometrial cancer (FDR = 85 x 107%), prostate cancer
(FDR = 2.0 x 1073) and small cell lung cancer (FDR = 3.0 x 1073).

Discussion

To our knowledge, this is the first GWAS report on macular
thickness. Using available SD-OCT and genetic data from the
UKB, we identified 139 loci significantly associated with mac-
ular thickness. These loci represent the first genomic regions
associated with macular thickness. The most significant loci
are LINC00461, TSPAN10, RDH5 and SLC6A20. Findings from gene
expression data provide additional biological support for the
presence of these genes in the retina. Moreover, results from our

cross-phenotype and enrichment analyses identified many bio-
logically relevant diseases. Our study provides the first insight
into the genetic architecture of macular thickness, highlighting
both the polygenic and pleiotropic nature of this trait.

The two most significant genomic regions associated with
macular thickness are LINC00461and TSPAN10. The most signif-
icant SNP in the top region, rs17421627, locates downstream of
LINC00461, a long intergenic non-coding RNA that is expressed in
the retina and is conserved in the macular region across multiple
species (11). A previous GWAS found LINC00461 to be associated
with retinal vascular caliber (12), an ocular characteristic associ-
ated with AMD (13,14). Moreover, LINC00461 has been associated
with macular telangiectasia type 2, a neurovascular degenerative
retinal disease that is characterized by photoreceptor dysfunc-
tion and human retinal pigment epithelial (RPE) abnormalities
(15). The RPE is a thin layer of epithelial cells that provides nutri-
ents to the photoreceptors, and dysfunction of the RPE can lead
to photoreceptor death and AMD. The lead SNP, rs7405453, in the
second region is located in the 3' UTR of TSPAN10, a family of
proteins that consists of four transmembrane domains that aid
in trafficking proteins required for normal organ development,
including the eyes (16). Previous GWASs found TSPAN10 to be
associated with several ocular diseases, including myopia (17)
and AMD (8). Additionally, it is expressed in numerous ocular
tissues, including the human retinal pigment epithelium, the
retina and the iris (18). The results from our study, in conjunction
with previous findings, suggest that these top two regions are
biologically relevant and may play an important role in macular
thickness determination and, subsequently, retinal disease.

The third and fourth most significant genomic regions
associated with macular thickness are RDH5 and SLC6A20. The
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Figure 4. A network of the pleiotropic effects for significant macular thickness SNPs in the GWAS Catalog. A network of traits and diseases for 274 SNPs that matched
directly to other phenotypes through the GWAS Catalog. Yellow, orange and red ovals denote SNPs, individual traits and categories, respectively.

lead SNP in the third most significant region, rs3138142, resides including microphthalmia/anophthalmia (28). Altogether, these

in an exon of RDH5 and has previously been associated with top genes provide the first insights into the genetic factors
AMD (8). RDHS5 is a member of the retinol dehydrogenases family, regulating macular thickness and shed new light on the
which is a group of enzymes that is involved in the visual cycle. pathogenesis of related ocular diseases.

RDHS5 is expressed in the RPE (19), and mutations in this gene Recently, there has been growing interest in pleiotropy.
have been associated with cone dystrophy and night blindness Through GWASs, thousands of genetic associations have been
(20). Additionally, RDHS5 has also been associated with myopia identified. Investigating whether traits share similar genetic
(17) and refractive error (21). The lead SNP in the fourth region, variants may shed new light on biological processes and
1517279437, is located in an exon of SLC6A20 and has previously may have important therapeutic implications, such as drug
been associated with urinary and blood metabolites (22,23). repositioning (29,30). For our study, the top SNPs associated
SLC6A20 is a proline transporter that has been associated with with macular thickness are also related to other ocular traits,
iminoglycinuria, a disorder that affects the ability to reabsorb including glaucoma, AMD, myopia, axial length and optic nerve
amino acids, such as proline, in the kidney and is highly head measurements. Moreover, numerous systemic traits were
expressed in the human RPE (24,25). Additionally, proline is also associated with the identified macular thickness variants,
favored by RPE cells as an energy substrate and is consumed such as neurological diseases, cancer and metabolic factors.
more than any other nutrient. Proline may also play a role in Among the overlapping neurological diseases, thinner retinal
AMD (26). SLC6A20 has also been associated with Hirschsprung’s thickness has been observed in individuals with Parkinson’s

disease (27), a disease that presents with ophthalmic anomalies, disease (31), schizophrenia (32) and Alzheimer’s disease (33).
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Table 3. Top enrichment results associated with macular thickness

Term Description Observed/total genes P FDR
Disease
PA444119 Eye diseases 70/437 1.1E-11 2.3E-08
PA443521 Blindness 36/96 3.4E-08 3.8E-05
PA443320 Amblyopia 15/45 1.3E-07 9.5E-05
PA444117 Eye abnormalities 32/189 1.3E-06 6.4E-04
PA445532 Retinal diseases 42/285 1.4E-06 6.4E-04
PA445530 Retinal degeneration 36/234 2.9E-06 1.1E-03
PA165108137 Retinitis NOS 31/194 6.4E-06 2.0E-03
PA443989 Ectopia lentis 7/13 7.5E-06 2.1E-03
PA445537 Retinitis pigmentosa 31/197 8.8E-06 2.2E-03
PA447310 Vision disorders 21/112 1.7E-05 3.8E-03
KEGG
hsa05210 Colorectal cancer—Homo sapiens (human) 18/62 8.0E-07 2.4E-04
hsa05213 Endometrial cancer—Homo sapiens (human) 15/52 7.3E-06 8.5E-04
hsa05161 Hepatitis B—Homo sapiens (human) 28/146 8.5E-06 8.5E-04
hsa05200 Pathways in cancer—Homo sapiens (human) 56/397 1.2E-05 8.8E-04
hsa05203 Viral carcinogenesis—Homo sapiens (human) 34/205 2.6E-05 1.5E-03
hsa01521 EGFR tyrosine kinase inhibitor 18/81 4.7E-05 2.0E-03
resistance—Homo sapiens (human)
hsa05230 Central carbon metabolism in cancer—Homo 16/67 4.9E-05 2.0E-03
sapiens (human)
hsa05215 Prostate cancer—Homo sapiens (human) 19/89 5.3E-05 2.0E-03
hsa04915 Estrogen signaling pathway—Homo sapiens 20/100 9.0E-05 3.0E-03
(human)
hsa05222 Small cell lung cancer—Homo sapiens 18/86 1.1E-04 3.0E-03
(human)

Genetic variants associated with breast, ovarian and lung
cancers also intersect with those associated with macular
thickness, and previous findings identified an association
between AMD and cancer mortality (34). Furthermore, several
metabolic traits, including body mass index, waist circumference
and type 2 diabetes, share some significant genetic variants with
macular thickness. These metabolic features have previously
been associated with both risk and progression of AMD (35,36).
The observed pleiotropic nature of macular thickness not only
aids in elucidating the effect of a single genetic variant on
multiple traits but may also lead to important public health and
medical implications. Knowing that certain traits are pleiotropic
means that drugs used to treat one condition may be effective
for treating another condition. For example, cancer drugs, such
as Avastin, can also be used to treat macular disease, e.g.
AMD. In addition to this advantage, we also need to be aware
of possible side effects. Specifically, aromatase inhibitor use
among women with hormone receptor-positive breast cancer
was associated with a decrease in retinal nerve fiber layer
thickness (37). Through pleiotropy, we can better understand
how shared genetic factors between traits influence biological
processes, such as drug metabolism, and subsequently, how
they may aid in more effective treatments while also preventing
negative side effects.

Our study has both strengths and limitations. We used a
large sample size, advanced imaging and genomics resources in
our examination of macular thickness. We further conducted a
sensitivity analysis by removing subjects who self-reported mac-
ular degeneration (n = 914 overlapped with the OCT and genet-
ics data) and obtained consistent results. Supplementary Mate-
rial, Figure S5 shows the Manhattan plot of the genome-wide
—logio(P)-values after removing subjects with self-reported mac-
ular degeneration. Supplementary Material, Figure S6 presents

the pairwise plots of the effect sizes (a) and —log;o(P)-values (b)
for the 139 index SNPs from the full sample and the sample
after removing self-reported macular degeneration. The results
agree with each other very well with pairwise points falling at or
close to the diagonal line demonstrating the robustness of our
analyses. As to the limitations, we restricted the current analysis
to white participants, and thus, the generalizability of these
findings to other ethnic groups requires further investigation.
Studies in diverse ethnic populations are needed in order to
assess the transferability of our findings, as well as to potentially
identify additional genetic variants. Furthermore, we excluded
genetic variants with MAF < 0.5%, omitting possible rare vari-
ants associated with macular thickness in our analysis. The
rare variant investigation may be more suitable for sequencing
data.

It is challenging to interpret small effect sizes in genetic
analyses of complex traits/diseases, which are very different
from that in Mendelian diseases. Furthermore, we often see
minor alleles show opposite effects for different genome-wide
significant SNPs, such as in these GWASs of macular thickness
and previous intraocular pressure (38-40). GWAS SNPs often
show pleiotropic effects (38,41,42) and can also have antagonis-
tic pleiotropy (43,44). A GWAS is the first step in our genetics
investigation. For possible clinical utility, it would be better to
consider the genes, pathways, pleiotropy and polygenic risk
scores of these quantitative trait loci rather than construing
each associated allele individually. The possible importance of
this GWAS study or any other may fall under two major cate-
gories: association and prediction. First, all GWAS hits provide
important biological insights into the genetic architecture of
complex traits/diseases. In our GWAS study of macular thick-
ness, top hits also pointed to key genes associated with AMD.
Second, although the beta estimates for individual genetic vari-
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ants appear to be small, the aggregative effect of these beta
estimates can be quite large and hence, clinically meaning-
ful. Many studies have built polygenic risk scores for complex
diseases based on GWAS results. For example, Khera et al. (45)
built polygenic risk scores for several common diseases, such as
coronary artery disease, atrial fibrillation, type 2 diabetes and
inflammatory bowel disease, using more than 6 million genetic
variants and obtained risk predictions equivalent to monogenic
mutations. Our results provide the first step for building pre-
diction models, which require further investigation. Therefore,
our GWAS results, like the other GWAS reports, are clinically
relevant and meaningful. However, we acknowledge that the
translation of GWAS results toward new therapeutics is a long
process (46).

This study presents the first GWAS of macular thickness.
Using data from the UKB, we identified 139 loci significantly
associated with macular thickness. Gene expression data for the
top macular thickness genes reveal the presence of these genes
in the retina, further providing biological support to our results.
Additionally, many genetic variants were also associated with
AMD. We identified numerous variants and genes that exhibit
pleiotropic effects with neurodegenerative diseases, cancer and
metabolic traits, as well as relevant KEGG pathways that are
associated with macular thickness. Our study provides the first
insights into the genetic architecture of macular thickness and
may further elucidate the pathogenesis of related ocular dis-
eases, such as AMD.

Materials and Methods
Ethics statement

The UKB received approval from the North West Multi-Center
Research Ethics Committee. All study participants provided
informed consent. Our access to the resource was approved
by UKB as complying with their Access Procedures and Ethics.
We obtained fully de-identified data. Our research adheres to
the tenets of the Declaration of Helsinki.

Study sample

The UKB study population has been described elsewhere (47,48).
Briefly, UKB is a population-based prospective study of indi-
viduals living in the UK. The study recruited about 500 000
adult study participants registered with the National Health
Service who were 40-69 years of age at enrollment. From 2006
to 2010, the biobank collected participants’ medical and family
histories, lifestyle factors, physical measurements and biological
specimens, including blood, saliva and urine samples. A subset
of the cohort, ~118,000 study subjects, participated in the eye
and vision component of the study. Within this subset, retinal
photography and SD-OCT data were released on 81 807 subjects.
For the current analysis, we only included participants who self-
reported as white.

OCT measurements

SD-OCT was performed in each eye using the TOPCON 3D OCT
1000 Mk2 (Topcon Corporation, Tokyo, Japan) between 2009-
2010 and 2012-2013. Study participants who had eye surgery
4 weeks prior to the assessment or those with possible eye
infections did not undergo SD-OCT. Macular thickness was mea-
sured as the average macular thickness within the Early Treat-
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ment of Diabetic Retinopathy Study (ETDRS) grid outermost
circle (diameter = 6 mm) for each eye. After removing out-
liers and images with image quality lower than 45, the aver-
age macular thickness of both eyes was used for downstream
analysis. If only the macular thickness of one eye was avail-
able, this measurement was used as a surrogate for the final
value.

Genotyping, imputation and quality control

For this analysis, we used the genetic data from the March
2018 release. Genotype calling, imputation and quality control
(e.g. filtering variants based on Hardy-Weinberg equilibrium
and call rate) were performed centrally by the UKB team (49).
Study participants were genotyped on either the UK BiLEVE
Axiom Array (807 411 markers; n = 49 950) or the UKB Axiom
Array (825 927 markers; n = 438 427). After the application
of both genetic variants and sample quality control processes,
488 377 participants with 805 426 single nucleotide variants were
available in the release. Phasing the genotyped genetic variants
was performed using SHAPEIT3 (50). Imputation was conducted
using IMPUTE4, along with the 1000 Genomes Project (phase
3), UK10K and Haplotype Reference Consortium reference pan-
els. After imputation, 93 095 623 autosomal SNPs, short indels
and structural variants remained in the release. We applied
additional quality control parameters to the imputed data to
exclude variants with MAF < 0.5%, low imputation quality (info
score < 0.3) and missing rate > 0.1. This resulted in 11.1 million
autosomal variants for downstream analysis.

After genotype and phenotype quality control, a total of
68 423 self-reported white study participants with available SD-
OCT measurements were included in this analysis. We further
divided study participants into discovery and replication data
sets based on relatedness using the KING (51) software. Unre-
lated participants (n = 59 814) were used as a discovery data set
and related participants (n = 8609, independent of the discovery
set) were used as a replication data set.

Statistical analysis

Linear mixed models were used to analyze genotyped and
imputed genetic variants as implemented in BOLT-LMM (v2.3.1)
(52), taking into account population structure and cryptic relat-
edness. We assumed an additive genetic model and adjusted
for age, sex, genotyping array, study center, the first 10 principal
components of genetic ancestry and refraction. We carried out
LD score regression using the LDSC (LD score regression) method
(53). Genetic variants with P < 5 x 1078 in the discovery data
set were analyzed in the replication data set. Genetic variants
with P < 0.01 in replication results and exhibiting consistent
direction of effect were declared replicated. During the analysis
of the entire study sample, genetic variants with P < 5 x 1078
were declared genome-wide significant and genetic variants
with P < 1 x 107® were declared suggestive significance of an
association. Independent loci were identified using the PLINK
(54) clumping procedure (+500 kb with respect to the index
SNP). To identify additional genetic variants contributing to the
observed associations, conditional analyses were performed
for the identified genomic loci by including the lead genetic
variant in the regression models. Regional association plots were
generated with LocusZoom (55). We estimated the heritability of
macular thickness using BOLT-REML (9). R (v3.4.2) was used for
plotting.
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Enrichment analysis

To identify diseases and biological pathways associated with
macular thickness, we performed enrichment analysis. We
mapped all significant SNPs to genes according to their
GRCh37/hgl9 assembly genomic position. Using WebGestalt
(56), we carried out enrichment analyses of GLAD4U, a tool that
retrieves and prioritizes gene lists from PubMed literature and
KEGG pathways. Biological terms with FDR < 0.05 were declared
significant.

Supplementary Material

Supplementary Material is available at HMG online.

Web resources

The URLs for downloaded data and programs are the following:
R, https://www.r-project.org/
ANNOVAR, http://annovar.openbioinformatics.org/
BOLT-LMM, https://data.broadinstitute.org/alkesgroup/BOLT-
LMM/
Genevestigator, https://genevestigator.com/
GWAS Catalog, https://www.ebi.ac.uk/gwas/
PLINK, https://www.cog-genomics.org/plink2
WebGestalt, http://www.webgestalt.org/option.php
LocusZoom, http://locuszoom.org/.
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