
Acta Ophthalmologica. 2023;101:185–199.	﻿�     |  185wileyonlinelibrary.com/journal/aos

O R I G I N A L  A R T I C L E

Common and rare genetic risk variants in age-related macular 
degeneration and genetic risk score in the Coimbra eye study

Cláudia Farinha1,2,3,4   |    Patricia Barreto1  |    Rita Coimbra1  |    Maria Luz Cachulo1,2,3  |   

Joana Barbosa Melo5  |    José Cunha-Vaz1,4,5  |    Yara Lechanteur6  |    Carel B. Hoyng6  |   

Rufino Silva1,2,3,4,5

Received: 30 January 2022  |  Accepted: 14 August 2022

DOI: 10.1111/aos.15232  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Acta Ophthalmologica published by John Wiley & Sons Ltd on behalf of Acta Ophthalmologica Scandinavica Foundation.

Cláudia Farinha and Patricia Barreto both equally contributed to this study.  

1AIBILI – Association for Innovation and 
Biomedical Research on Light and Image, 
Coimbra, Portugal
2Ophthalmology Department, Coimbra 
Hospital and Universitary Centre (CHUC), 
Coimbra, Portugal
3Clinical Academic Center of Coimbra 
(CACC), Coimbra, Portugal
4Coimbra Institute for Clinical and 
Biomedical Research, Faculty of Medicine, 
(iCBR- FMUC), University of Coimbra, 
Coimbra, Portugal
5Center for Innovative Biomedicine and 
Biotechnology (CIBB), University of 
Coimbra, Coimbra, Portugal
6Department of Ophthalmology, Radboud 
University Medical Center, Donders 
Institute for Brain Cognition and 
Behaviour, Nijmegan, Netherlands

Correspondence
Cláudia Farinha, AIBILI – Association for 
Innovation and Biomedical Research on 
Light and Image, Azinhaga Santa Comba, 
Celas, 3000-548 Coimbra, Portugal.
Email: claudia.farinha@hotmail.com

Abstract

Purpose: To determine the contribution of common and rare genetic variants in 

age-related macular degeneration (AMD) in a Portuguese population from the 

Coimbra Eye Study (CES), and the genetic risk score (GRS).

Methods: Participants underwent ophthalmologic examination and imaging. A 

centralized reading centre performed AMD staging. Genetic sequencing was car-

ried out with the EYE-RISK assay. Sixty-nine single nucleotide polymorphisms 

(SNPs) were genotyped and tested for association with AMD. Case–control and 

progression-to-AMD analyses were performed using logistic regression to assess 

allelic odds ratio (OR) at a 95% confidence interval (CI) for each variant. GRS was 

calculated for cases/controls and progressors/non-progressors. Cumulative impact 

of rare variants was compared between cases/controls using logistic regression.

Results: In case–control analysis (237 cases/640 controls) variants associated 

with risk of disease were: ARMS2 rs10490924, ARMS2_HTRA1 rs3750846, CFH 

rs35292876, SLC16A8 rs8135665, TGFBR1 rs1626340. Major risk variants ARMS2/

HTRA1 rs3750846, CFH rs570618 and C3 rs2230199 had unexpected lower allele 

frequency (AF), and the highest risk-conferring variant was a rare variant, CFH 

rs35292876 (OR, 2.668; p-value = 0.021). In progression-to-AMD analysis (137 pro-

gressors/630 non-progressors), variants associated with risk of progression were 

ARMS2 rs10490924, ARMS2_HTRA1 rs3750846, CFH rs35292876. GRS of cases/

controls was 1.124 ± 1.187 and 0.645 ± 1.124 (p-value < 0.001), and of progressors/non-

progressors was 1.190 ± 1.178 and 0.669 ± 1.141 (p-value < 0.001). Higher proportion 

of pathogenic rare CFH variants was observed in cases (OR, 9.661; p-value < 0.001).

Conclusions: Both common and rare variants were associated with AMD, but a 

CFH rare variant conferred the highest risk of disease while three major risk vari-

ants had a lower-than-expected AF in our population originary from a geographic 

region with lower prevalence of AMD. GRS was still significantly higher in AMD 

patients. Damaging CFH rare variants were cumulatively more common in AMD 

cases.
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1  |   INTRODUCTION

Age-related macular degeneration (AMD) is the leading 
cause of irreversible blindness in the older population of 
industrialized countries (Colijn et al., 2017; Li et al., 2020; 
Wong et al., 2014). As the burden of disease is expected 
to increase in the next decades (Colijn et al.,  2017; Li 
et al.,  2020), further understanding on the pathophys-
iology of disease is of utmost importance, not only in 
order to develop therapeutic strategies capable of halting 
disease progression but also to provide the best advice to 
patients on their individual risk.

In the last two decades several research groups pro-
vided important information on AMD genetics with 
identification of several common and rare variants as-
sociated to risk of disease development and progression. 
In fact, the heritable component in AMD is estimated 
to be as high as 45%–70% (Fritsche et al.,  2013, 2016; 
Geerlings, de Jong, et al., 2017; Jordan-Yu et al., 2021). 
Recently, a landmark genome-wide association study 
(GWAS) identified 52 variants at 34 genomic regions to 
be independently associated with AMD. Forty-five were 
common variants while seven were rare variants (minor 
allele frequency [MAF] <0.01). Susceptibility genes were 
grouped into four main pathways: (1) complement sys-
tem, (2) high density lipoprotein metabolism, (3) angio-
genesis and (4) extracellular matrix remodelling. Most 
of the identified variants were in or near a gene of the 
complement system: complement factor H (CFH), com-
plement factor I (CFI), complement component 3 (C3), 
complement component 2 (C2), complement compo-
nent 9 (C9), complement factor B (CFB) and vitronectin 
(VTN). Furthermore, a significant burden of rare vari-
ants was observed in the CFH and CFI genes (in addi-
tion to TIMP metallopeptidase Inhibitor 3 (TIMP3) and 
solute carrier family 16 member 8 (SLC16A8)) (Fritsche 
et al., 2016). In fact, the interest in rare variants in AMD 
is significantly growing since they can have strong im-
pact due to high penetrance and may predispose to more 
severe disease in a given cluster of subjects or population. 
Several other rare and low-frequency variants (MAF 
0.010–0.050) were already identified and might explain 
the missing heritability in AMD (Geerlings, de Jong, 
et al., 2017). Since population-specific rare variants tend 
to have a strong functional effect, case–control studies 
are, therefore, of most importance to be carried out in 
different populations (de Breuk et al.,  2020; Fritsche 
et al., 2016; Gibson, 2012).

Strategies such as calculating the genetic risk score 
(GRS), the cumulative risk of developing AMD based 
on the genotype of variants known to be associated with 
disease, can also be useful. This is especially true when 
integrating the genetic information with other interact-
ing environmental and demographic factors to better 
predict disease risk (Colijn et al.,  2021; Cooke Bailey 
et al., 2016; de Breuk et al., 2020; Lambert et al., 2016; 
Wang et al., 2014). Furthermore, the GRS is important 
to explore in different cohorts as its calculation depends 
on the presence of risk variants that may be differently 
distributed across populations.

The Coimbra Eye Study (CES) is a 2-visit epide-
miologic population-based study on the prevalence 

and incidence of AMD in a Portuguese population 
(NCT01298674, NCT02748824) (Cachulo et al.,  2015, 
2016; Farinha et al., 2019, 2020). The environmental and 
nutritional risk factors associated with AMD preva-
lence were previously explored and reported (Cachulo 
et al., 2016; Raimundo et al., 2018). Subjects who partici-
pated in the 6.5-year follow-up visit for the estimation of 
incidence also had blood samples collected for further 
genetic characterization (Farinha et al., 2020).

The purpose of this study is to determine the contri-
bution of common and rare genetic variants in the devel-
opment of AMD in a Portuguese population, to explore 
the burden of pathogenic rare variants, and to determine 
differences between the GRS of AMD patients com-
pared to non-AMD participants.

2  |   M ATERI A LS A N D M ETHODS

2.1  |  Study design and population

The Epidemiological Study (NCT01298674) is a single-
centre population-based study whose cohort included 
two geographically distinct populations aged ≥55 years 
for the estimation of AMD prevalence: one from a 
coastal town (Mira), and the second from an inland town 
(Lousã) (Cachulo et al., 2016, 2015).

The AMD Incidence Study (NCT027048824) was 
conducted 6.5 years later and included only the subjects 
from the coastal town Mira, which had been recruited 
in the primary health care unit. This population was 
extensively characterized in this follow-up visit from a 
demographic and clinical perspective, including multi-
modal imaging (MMI). Complete information on the 
identification and description of the study population, 
as well on the patients' recruitment details, have been 
published elsewhere (Cachulo et al., 2016, 2015; Farinha 
et al., 2019).

Signed informed consent was obtained for all partici-
pants. The study adhered to the tenets of the Declaration 
of Helsinki (2008) and of the International Conference on 
Harmonization – Good Clinical Practice Guideline. The 
Association for Innovation and Biomedical Research on 
Light and Image (AIBILI) Ethics Committee issued a fa-
vourable opinion for the conduction of the study.

2.2  |  Data collection and AMD staging

Briefly, all participants from the follow-up incidence 
study underwent a detailed questionnaire-based inter-
view on demographic, clinical and lifestyle related in-
formation by a trained nurse from the primary health 
care centre, and blood samples were collected from 
the participants who consented for further genetic and 
laboratorial analysis. Afterwards, all participants un-
derwent bilateral ophthalmological assessment, includ-
ing best-corrected visual acuity (BCVA) tested with 
Early Treatment Diabetic Retinopathy Study (ETDRS) 
charts and MMI. This multimodal approach included 
Colour Fundus Photography (CFP) (Topcon® fun-
dus camera, TRC-NW8; Topcon Corp., Tokyo, Japan), 
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Spectral Domain Optical Coherence Tomography (SD-
OCT), Fundus Autofluorescence (FAF) and Infrared 
(IR) imaging with Spectralis HRA + OCT (Heidelberg 
Engineering, Heidelberg, Germany) (Farinha et al., 2020, 
2019).

In respect to AMD grading the Rotterdam staging 
system was used: early AMD was defined as stages 
2a, 2b and 3 (this is, presence of large (≥125 μm), soft, 
indistinct or reticular drusen only; or of soft distinct 
(≥63 μm), indistinct (≥125 μm) or reticular drusen with 
pigmentary abnormalities), and late AMD as stage 4 
(neovascular AMD (nAMD), and/or geographic atro-
phy (GA)) (Klaver et al., 2001; Vingerling et al., 1995). 
Staging of an individual participant was based on the 
eye with more severe status if both eyes were gradable, 
and on the gradable eye if only one eye was gradable. 
AMD staging was performed at a centralized read-
ing centre (Coimbra Ophthalmology Reading Center, 
AIBILI, Portugal), by senior medical retina specialist 
graders.

2.3  |  Genetic sequencing procedures and 
selection of cases/controls

Genomic DNA samples of the CES participants 
were genotyped according to standard procedures in 
the context of collaboration with The European Eye 
Epidemiology Consortium (E3). As reported else-
where, our cohort genetic data was obtained through 
the recently published EYE-RISK genotype assay, 
which was designed to genotype 87 single nucleotide 
polymorphisms (SNPs), including the 52 indepen-
dently associated SNPs identified by the International 
AMD Genomics Consortium (IAMDGC) (de Breuk 
et al., 2020; Fritsche et al., 2016). The assay also includes 
genes that have been described to carry rare variants 
in AMD (C3, C9, CFH, CFI, TIMP3, SLC16A8), can-
didate genes possibly carrying rare variants in AMD 
((age-related maculopathy susceptibility 2 (ARMS2), 
CD46 molecule (CD46), CFB, htrA serine peptidase 1 
(HTRA1)), and genes involved in AMD-mimicking 
macular dystrophies ((ATP binding cassette subfam-
ily a member 4 (ABCA4), catenin alpha1 (CTNNA1), 
peripherin2 (PRPH2)). Sequencing was performed by 
combining genomic capture using single-molecule mo-
lecular inversion probes (smMIPs) and next-generation 
sequencing, as described by de Breuk et al. (2020). After 
quality control, 69 SNPs were successfully genotyped 
in our cohort. To ensure a complete dataset of the 52 
AMD-associated variants 10 SNPs were genotyped by 
KASP genotyping assays.

Cases were defined as participants from the AMD 
Incidence Study with early or late AMD, this is stages 
2, 3 and 4. Controls were participants that in the 
Incidence Study were staged as 0 (no signs of AMD or 
only hard drusen) if their age was above 60 years old, 
or stage 1 (only soft distinct drusen (≥63 μm) or pigmen-
tary changes) if their age was above 70 years old. This 
was done to avoid including controls that could develop 
AMD. All cases that consented to the genetic analysis 
and with viable DNA samples were genotyped by the 

EYE-RISK consortium, as well as age and sex-matched 
controls.

2.4  |  Genetic analysis – Association to 
disease/ no disease and genetic risk score

The successfully genotyped samples and 69 SNPs were 
tested for association under an additive model, using the 
presence of AMD as a binary outcome. A logistic regres-
sion analysis was performed to assess allelic odds ratio 
(OR) at 95% confidence interval (CI) for each variant, 
adjusted for age and sex, with a significance level set to 
0.05.

We compared SNP allele frequencies (AFs) of con-
trol individuals and AMD patients in the CES cohort 
to those of the EYE-RISK and IAMDGC datasets, 
and we explored if the allelic ORs for all SNPs in our 
study showed the same direction and magnitude of effect 
compared with those reported in the EYE-RISK study 
and IAMDGC primary analysis (de Breuk et al., 2020; 
Fritsche et al., 2016).

The GRS was also computed in our population. 
Fifty-two independent variants identified by Fritsche 
et al. (2016) were selected and the OR from the IAMDGC 
GWAS fully conditioned analysis was used to compute 
the GRS. For each participant the GRS was generated 
according to the formula: GRS =

∑52

i=1

�

G
i
β
i

�

, where G
i
 

represents the genotype of variant i coded as 0, 1 or 2 
based on the number of minor alleles and β

i
 represents 

the effect size of variant i natural logarithm of the odds 
ratio of the minor allele varianti, based on the GWAS 
of the IAMDGC fully conditioned analysis. No data 
imputation was performed. The GRS was considered as 
missing if the genotype of one of the major risk variants 
(CFH rs570618, CFH rs10922109, C2/CFB/ ski2 like RNA 
helicase [SKIV2L] rs429608, ARMS2/HTRA1 rs3750846 
and C3 rs2230199) was not available.

2.5  |  Progression to AMD – Genetic 
associations and GRS

Since the CES is a longitudinal study, it was possible 
to also explore genetic associations with progression to 
AMD in the 6.5-year follow-up. For this analysis we com-
pared progressors to non-progressors. Progressors were 
participants that progressed from no AMD at baseline 
(stages 0 or 1) to having AMD at the follow-up visit in the 
Incidence study (this is, stages 2,3 or 4). Non-progressors 
were those participants that were classified as not hav-
ing AMD (stages 0 or 1) in both baseline and follow-up 
visits. Genetic associations were performed using the 
same methodology described in the previous section, as 
well as the calculation of the GRS for progressors versus 
non-progressors.

2.6  |  Rare variants analysis

For the rare variant analysis, we performed logistic regres-
sion analyses to assess the cumulative effect of rare variants 
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with AMD for the CFH, CFI and ARSM2 genes. All genetic 
variants with a MAF < 0.01 were included in the analysis.

Filtering of variants to ensure quality of the data was 
carried out by the EYE-RISK Consortium. Variants 
with less than 40 reads coverage on reference allele were 
changed to missing values. For homozygous reference 
samples, genotype was kept unchanged, even if it did not 
have 40 reads coverage in alternate alleles. Following the 
EYE-RISK quality control steps regarding rare variants, 
samples with more than 10% missing calls were removed 
from our dataset.

To predict the functional effect of the rare vari-
ants found in our population, two algorithms were 
explored: the PolyPhen 2 prediction score and the com-
bined annotation-dependent depletion (CADD) score. 
According to the PolyPhen 2 prediction score the vari-
ants included were stratified into: benign (b), possibly 
damaging (P) and probably damaging (D). Variants 
with a described loss-of-function (LoF) effect based on 
functional studies were included as a separate category. 
According to the CADD score the functional effect of 
genetic variants was stratified in: score of less than 20, 
of 20 or more, or LoF. Loss-of-function variants were 
defined as nonsense, splice-site and frameshift variants 
and as missense variants with a described functional ef-
fect based on functional studies (de Breuk et al., 2020).

2.7  |  Macular dystrophies mimicking AMD 
in the CES

For ABCA4, CTNNA1 and PHPR2 genes, sequenced 
with the EYE-RISK assay, we filtered for carriers of var-
iants of class 3 or higher, based on the American College 
of Medical Genetics and Genomics classification (de 
Breuk et al.,  2020). Retinal images of carriers were re-
evaluated by a retinal specialist (C.F.) to identify patients 
with potential misdiagnose of AMD caused by mimick-
ing inherited macular dystrophies.

3  |   RESU LTS

From the original cohort of 1.617 participants in the 
AMD incidence study, where 237 (14.7%) were early 

AMD cases and 28 (1.73%) were late AMD cases, a 
total of 922 samples were successfully genotyped for a 
total of 69 SNPs, in association with the EYE-RISK/
E3. In addition, to include only controls respecting the 
above-mentioned age criteria, 45 samples from controls 
were excluded. The final cohort in analysis comprised 
877 genotyped samples from 237 cases and 640 controls 
(Figure 1). Regarding AMD cases, 24.3% (n = 213) were 
early AMD (stages 2 and 3) and 2.73% (n = 24) were late 
AMD (stage 4). The global mean age of the cohort was 
72.6  ± 6.8 years and 57.8% were female. The mean age 
was 71.9 ± 6.4 years in controls versus 74.7 ± 7.3 in cases, 
and 56.2% of controls versus 62.0% of cases were female. 
Characterization of the analysed genotyped population 
is presented in Table S1.

The AFs of the tested SNPs in AMD cases and con-
trols are presented in Table 1 and Figure 2. Comparing 
the AFs from the CES cohort to the AFs of the EYE-
RISK and the IAMDGC datasets, the following in-
verse trends in MAF distribution between cases 
and controls in our study were found: the MAF was 
higher in controls for acyl-CoA dehydrogenase fam-
ily member 10/BRCA1 associated protein (ACAD10/
BRAP) rs61941272, C3 rs2230199, C9 rs62358361, col-
lagen type VIII alpha 1 chain (COL8A1) rs13081855 
and rs140647181 and NPL4 homologue, ubiquitin rec-
ognition factor/tetraspanin 10 (NPLOC4/TSPAN10) 
rs656559; and the MAF was higher in AMD cases for 
ATP binding cassette subfamily A member 1 (ABCA1) 
rs1883025 and rs2740488, apolipoprotein E (exo-
cyst complex component 3 like 2/microtubule affin-
ity regulating kinase 4) APOE (EXOC3L2/MARK4) 
rs73036519, CFH rs3753394, collagen type IV alpha 
3 chain (COL4A3) rs11884770, transforming growth 
factor beta 1 (TGBR1) rs334353, transforming growth 
factor beta receptor 1 (TGFBR1) rs1590, rs1626340 
and rs334349, and vascular endothelial growth factor 
A (VEGFA) rs943080. Another interesting finding was 
that for ARMS2/HTRA1 rs3750846, a major risk vari-
ant for AMD, the allele frequency in cases was much 
lower than expected when comparing our cohort to 
EYE-RISK and IAMDGC reports (AF: 0.197 CES 
versus 0.432 EYE-RISK/0.436 IAMDGC). The same 
was true for CFH rs570618 and C3 rs2230199, other 
major risk variants, albeit to a lesser extent.

F I G U R E  1   Flowchart of genotyped samples from the CES
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TA B L E  1   Allele frequencies (AFs) of the SNPs from AMD cases and controls in the CES and comparison to the EYE-RISK and the 
IAMDGC datasets

Gene SNP
Major/minor 
allele

MAF 
controls CES

MAF 
cases CES

MAF 
controls 
EYE-RISK

MAF 
cases 
EYE-
RISK

MAF 
controls 
IAMDGC

MAF cases 
IAMDGC

ABCA1 rs1883025 C/T 0.264 0.288 0.266 0.239 0.261 0.243

ABCA1 rs2740488 A/C 0.292 0.297 0.285 0.244 0.275 0.255

ACAD10/BRAP rs61941272 C/A 0.009 0.006 0.010 0.015 0.018 0.024

ADAMTS9 rs6795735 C/T 0.521 0.530 0.458 0.450 0.433 0.465

ADAMTS9-AS2 rs62247658 T/C 0.525 0.537 0.472 0.457 0.433 0.466

APOE rs429358 T/C 0.106 0.072 0.114 0.108 0.135 0.099

APOE (EXOC3L2/
MARK4)

rs73036519 G/C 0.216 0.257 0.286 0.281 0.302 0.284

ARHGAP21 rs12357257 G/A 0.317 0.297 0.270 0.230 0.223 0.243

ARMS2 rs10490924 G/T 0.142 0.201 0.181 0.437 0.208 0.436

ARMS2/HTRA1 rs3750846 T/C 0.140 0.197 0.181 0.432 0.208 0.436

B3GALTL rs9542236 T/C 0.461 0.483 0.466 0.474 0.437 0.452

B3GALTL rs9564692 C/T 0.329 0.319 0.302 0.260 0.299 0.277

C2 rs4151667 T/A 0.017 0.004 0.029 0.028 0.046 0.025

C2/CFB/SKIV2L rs2746394 G/A 0.012 0.008 0.008 0.009 0.012 0.016

C2/CFB/SKIV2L rs429608 G/A 0.142 0.078 0.134 0.087 0.148 0.090

C2/CFB/SKIV2L 
(PBX2)

rs204993 A/G 0.182 0.191 0.201 0.259 0.260 0.284

C3 rs147859257 T/G 0.000 0.000 0.001 0.014 0.004 0.012

C3 rs2230199 G/C 0.183 0.168 0.182 0.249 0.208 0.266

C3 (NRTN/FUT6) rs17855739 C/T 0.001 0.000 0.001 0.001 0.049 0.038

C9 rs34882957 G/A 0.013 0.011 0.009 0.017 0.009 0.016

C9 rs62358361 G/T 0.013 0.011 0.009 0.017 0.009 0.016

CFB rs641153 G/A 0.125 0.085 0.102 0.050 0.090 0.048

CETP rs17231506 C/T 0.292 0.301 0.313 0.335 0.315 0.348

CETP rs3764261 C/A 0.303 0.311 0.320 0.341 0.317 0.350

CETP rs5817082 C/CA 0.290 0.236 0.260 0.221 0.264 0.232

CFB rs4151672 C/T 0.015 0.004 0.029 0.029 0.045 0.025

CFH rs10922109 C/A 0.443 0.361 0.461 0.243 0.426 0.223

CFH rs121913059 C/T 0.000 0.000 0.000 0.001 0.000 0.003

CFH rs1410996 G/A 0.443 0.360 0.460 0.242 0.426 0.223

CFH rs148553336 T/C 0.002 0.002 0.005 0.003 0.009 0.003

CFH rs191281603 C/G 0.005 0.002 0.008 0.007 0.006 0.007

CFH rs35292876 C/T 0.010 0.023 0.011 0.018 0.009 0.021

CFH rs3753394 C/T 0.304 0.308 0.281 0.262 0.291 0.266

CFH rs570618 G/T 0.310 0.340 0.347 0.578 0.364 0.580

CFHR5 rs10922153 G/T 0.550 0.506 0.531 0.360 0.499 0.342

CFI rs10033900 C/T 0.304 0.341 0.421 0.510 0.477 0.511

CFI rs141853578 C/T 0.000 0.000 0.001 0.004 0.001 0.003

CNN2 rs10422209 C/G 0.228 0.165 0.165 0.136 0.123 0.142

COL10A1 rs3812111 T/A 0.451 0.415 0.426 0.355 0.387 0.372

COL4A3 rs11884770 C/T 0.355 0.374 0.330 0.267 0.278 0.258

COL8A1 rs13081855 G/T 0.083 0.080 0.088 0.113 0.092 0.104

COL8A1 rs140647181 T/C 0.028 0.024 0.020 0.022 0.016 0.023

COL8A1 rs55975637 G/A 0.114 0.118 0.114 0.141 0.117 0.132

CSK_MIR4513 rs2168518 A/G 0.339 0.327 0.335 0.328 0.345 0.328

CTRB2/CTRB1 rs55993634 C/G 0.127 0.105 0.105 0.069 0.089 0.075

HTRA1 rs11200638 G/A 0.131 0.164 0.177 0.424 0.207 0.431

(Continues)
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3.1  |  Associations with AMD risk

To test for variants associated with AMD cases, the total 
of 877 samples and 69 SNPs were tested for association 
under an additive model, using the presence of AMD 
as a binary outcome, in a univariate logistic regression 
analysis adjusted for age and sex.

Five risk variants were associated to increased risk 
of AMD: ARMS2 rs10490924 (OR 1.474; CI 95% 1.121–
1.933, p-value  =  0.005), ARMS2/HTRA1 rs3750846 
(OR 1.462; CI 95% 1.106–1.924, p-value  =  0.007), 
CFH rs35292876 (OR 2.668; CI 95% 1.136–6.171, 

p-value = 0.021), SLC16A8 rs8135665 (OR 1.436; CI 95% 
1.052–1.951, p-value = 0.021) and TGFBR1 rs1626340 (OR 
1.321; CI 95% 1.014–1.713, p-value  =  0.037). Moreover, 
we identified seven variants with protective effect: CFH 
rs10922109, CFH rs1410996, C2/CFB/SKIV2L rs429608, 
CETP rs5817082, calponin 2 (CNN2) rs10422209, CFB 
rs641153 and RDBP/CFB rs760070. Significant associa-
tions are depicted in Table 2, as well as comparisons to 
the EYE-RISK and the IAMDGC datasets (de Breuk 
et al., 2020; Fritsche et al., 2016). For purpose of com-
pleteness all risk associations tested are depicted in 
Table S2.

Gene SNP
Major/minor 
allele

MAF 
controls CES

MAF 
cases CES

MAF 
controls 
EYE-RISK

MAF 
cases 
EYE-
RISK

MAF 
controls 
IAMDGC

MAF cases 
IAMDGC

LIPC rs2043085 C/T 0.402 0.382 0.390 0.370 0.384 0.354

LIPC rs2070895 G/A 0.209 0.209 0.203 0.195 0.217 0.195

LIPC rs493258 C/T 0.526 0.500 0.494 0.444 0.465 0.442

LPL rs12678919 A/G 0.102 0.078 0.118 0.100 0.099 0.100

MIR rs4351242 C/T 0.094 0.086 0.075 0.038 0.067 0.063

MIR6130/RORB rs10781182 G/T 0.327 0.335 0.300 0.314 0.306 0.328

MMP9 rs142450006 TTTTC/T 0.100 0.118 0.098 0.080 0.141 0.124

NPLOC4/TSPAN10 rs6565597 C/T 0.318 0.287 0.339 0.380 0.381 0.400

PILRB/PILRA rs7803454 C/T 0.200 0.205 0.199 0.210 0.190 0.209

PRLR/SPEF2 rs74767144 C/G 0.010 0.006 0.021 0.021 0.022 0.017

RAD51B rs2842339 A/G 0.140 0.144 0.110 0.092 0.094 0.107

RAD51B rs8017304 A/G 0.527 0.489 0.425 0.348 0.372 0.349

RDBP_CFB rs760070 T/C 0.124 0.086 0.106 0.050 0.091 0.049

SLC16A8 rs8135665 C/T 0.150 0.203 0.181 0.228 0.195 0.217

SYN3/TIMP3 rs5754227 T/C 0.116 0.096 0.133 0.109 0.137 0.109

TGFBR1 rs334353 T/G 0.231 0.249 0.257 0.227 0.248 0.231

TGFBR1 rs1590 T/G 0.236 0.256 0.268 0.236 0.260 0.242

TGFBR1 rs1626340 G/A 0.181 0.219 0.211 0.182 0.209 0.189

TGFBR1 rs334348 A/G 0.238 0.257 0.265 0.235 0.260 0.242

TGFBR1 rs334349 G/A 0.224 0.248 0.259 0.236 0.261 0.242

TMEM97/VTN rs11080055 C/A 0.481 0.478 0.498 0.485 0.486 0.463

VEGFA rs943080 T/C 0.465 0.467 0.484 0.460 0.497 0.465

ZBTB41 rs12724106 A/G 0.088 0.105 0.088 0.151 0.105 0.168

Note: To compare allele frequencies in cases and controls in CES with EYE-RISK and IAMDGC datasets, major and minor alleles were selected to match the ones 
from Fritsche et al., 2016 (table S11).

Abbreviations: ABCA1, ATP binding cassette subfamily A member 1; ACAD10/BRAP, acyl-CoA dehydrogenase family member 10/BRCA1 associated protein; 
ADAMTS9, ADAM metallopeptidase with thrombospondin type 1 motif  9; ADAMTS9-AS2, ADAMTS9 antisense RNA 2; AFs, allele frequencies; AMD, age-
related macular degeneration; APOE (EXOC3L2/MARK4), apolipoprotein E (exocyst complex component 3 like 2/microtubule affinity regulating kinase 4); APOE, 
apolipoprotein E; ARHGAP21, rho GTPase activating protein 21; ARMS2/HTRA1, age-related maculopathy susceptibility 2/htrA serine peptidase 1; B3GALTL, 
beta 3-glucosyltransferase; C2/CFB/SKIV2L, complement component 2/complement factor B/ski2 like RNA helicase; C3, complement component 3; C9, complement 
component 9; CES, Coimbra Eye Study; CETP, cholesteryl ester transfer protein; CFB, complement factor B; CFH, complement factor H; CFHR5, complement factor h 
related 5; CFI, complement factor I; CNN2, calponin 2; COL10A1, collagen type X alpha 1 chain; COL4A3, collagen type IV alpha 3 chain; COL8A1, collagen type VIII 
alpha 1 chain; CSK_MIR4513, c-terminal src kinase/microRNA 4513; CTRB2/CTRB1, chymotrypsinogen B2/chymotrypsinogen B; HTRA1, htrA serine peptidase 1; 
IAMDGC, International AMD Genomics Consortium; LIPC, lipase c, hepatic type; LPL, lipoprotein lipase; MAF, minor allele frequency; MIR6130/RORB, microRNA 
6130/RAR related orphan receptor b; MMP9, matrix metallopeptidase 9; NPLOC4/TSPAN10, NPL4 homologue, ubiquitin recognition factor/tetraspanin 10; NRTN/
FUT6, neurturin /fucosyltransferase 6; PBX2, PBX homeobox 2; PILRB/PILRA, paired immunoglobulin like type 2 receptor beta/ paired immunoglobulin like type 2 
receptor alpha; PRLR/SPEF2, prolactin receptor/sperm flagellar 2; RAD51B, RAD51 paralog b; SLC16A8, solute carrier family 16 member 8; SNPs, single nucleotide 
polymorphisms; SYN3/TIMP3, synapsin III/TIMP metallopeptidase inhibitor 3; TGFBR1, transforming growth factor beta receptor 1; TMEM97/VTN, transmembrane 
protein 97/vitronectin; VEGFA, vascular endothelial growth factor A; ZBTB41, zinc finger and BTB domain containing 41.

Single nucleotide polymorphisms with an inverse trend in AF between cases and controls in the CES in comparison to the EYE-RISK and IAMDGC datasets are 
presented in bold. Rare variants in our cohort are presented in grey.

TA B L E  1   (Continued)
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3.2  |  Genetic risk score

To assess individual genetic risk, the GRS was calcu-
lated. The SNPs from the IAMDGC fully conditioned 
analysis used in the GRS calculation in the CES study are 
presented in Table S3. However, if the genotype of one of 
the major risk variants (CFH rs570618, CFH rs10922109, 
C2/CFB/SKIV2L rs429608, ARMS2 rs3750846 and C3 
rs2230199) was not available, the GRS was considered as 
missing. For this reason, the analysed cohort to compute 
the GRS comprised 829 subjects: 607 controls and 222 
cases.

Significant differences between the GRS from con-
trols and AMD cases were found in our population: 
0.645 ± 1.124 versus 1.124 ± 1.187, respectively (p < 0.001). 
The GRS varied from −2.905 to 5.526, and there was a 
clear shift towards a higher GRS in AMD cases com-
paring to controls. It was, however, not possible to com-
pletely distinguish between cases and controls based on 
the GRS alone, as there is substantial overlap (Figure 3). 
We further explored on the GRS from early (n = 213) and 
late (n = 24) AMD cases, but no significant differences 
were found between them.

3.3  |  Progression to AMD – Genetic 
associations and GRS

We obtained 137 samples from progressors and 630 
samples from non-progressors. Variants associated 
to risk of progression were: ARMS2 rs10490924, 
ARMS2/HTRA1 rs3750846, CFH rs35292876; and var-
iants protective for progression were again C2/CFB/
SKIV2L rs429608, CFH rs10922109, CFH rs1410996, 
CNN2 rs10422209 but also complement factor h re-
lated 5 (CFHR5) rs10922153, synapsin III (SYN3)/
TIMP3 rs5754227 and collagen type X alpha 1 chain 
(COL10A1) rs3812111 (Table 3).

Non-progressors and progressors also had a signifi-
cantly different GRS: 0.669 ± 1.141 and 1.190 ± 1.178, re-
spectively (p < 0.001). Again, and despite the substantial 
overlap, there was a shift towards a higher GRS in those 
who progressed to AMD (Figure 4).

3.4  |  Rare and low-frequency variants analysis

A total of 859 samples and 1031 rare variants were suc-
cessfully genotyped in our cohort. After filtering, 973 
SNPs and 804 samples from 591 controls and 213 AMD 
cases were analysed. We investigated the presence of rare 
variants and their association with disease for the CFH, 
CFI and ARMS2 genes.

For the CFH gene, a total of 90 rare variants were in-
cluded (Table S4). The cumulative analysis revealed that 
AMD patients had more rare variants with a CADD 
score ≥ 20 or LoF variants compared to controls (OR, 
9.661; p-value < 0.001) (Tables 4 and 5).

As for the CFI gene the rare variants found are re-
ported in Table S5. Controls had more benign variants 
according to PolyPhen-2 score and higher frequency of 
a CADD score < 20; however, the cumulative difference 
did not reach statistical significance when comparing 
controls with cases (Table S6).

For the ARSM2 gene the only two rare variants assessed 
were 10:124214262:G:C (Gly7Arg) and 10:124214475:C:G 
(Pro78Ala), and none was found in our population.

3.5  |  Macular dystrophies mimicking AMD

No AMD cases in the CES had two class 3 or higher 
variants previously reported as pathogenic in the 
ABCA4 gene. Two controls were homozygotes for class 
3 variant Asn1868Iln (rs1801466) in ABCA4 gene, but 
the fundus imaging did not show features compat-
ible with macular dystrophy after revising the exams. 
Furthermore, the cumulative analysis of variants for 
the ABCA4 gene did not reveal more rare variants in 
AMD cases compared to controls (Table S7). No path-
ogenic variants were found for genes CTNNA1 and 
PRPH2.

4  |   DISCUSSION

Several variants were found to be associated with the pres-
ence of AMD and its progression in our epidemiological 

F I G U R E  2   Minor allele frequencies in the CES incidence cohort. Comparison between cases and controls
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longitudinal study, while others had a protective role. 
These genes act in different pathophysiologic pathways 
sustaining the multifactorial aetiology of AMD. Their 
effects in our population agree with major reports, in-
cluding large GWAS studies, although some risk vari-
ants considered major were found in lower frequency 
than expected. Despite this, the GRS was still signifi-
cantly different between AMD and non-AMD cases and 
between progressors and non-progressors, supporting 
its role when assessing individual risk. Furthermore, we 
also found that rare and low-frequency variants in the 
CFH gene with damaging effects were more common in 
our AMD patients.

Genome-wide association studies have identified sev-
eral genetic risk variants that are strongly associated 
with AMD: 52 variants at 34 genomic regions, of which 
45 were common variants while 7 were rare variants 
(Fritsche et al., 2016). In our study 12 variants sequenced 
by the genotype assay developed by the EYE-RISK 
consortium were found to be associated with AMD. 
Eleven are common variants while one in the CFH gene 
(rs35292876) is a rare variant that increases the risk of 
AMD.

The analysis of the MAF of all sequenced SNPs in 
AMD cases versus controls revealed that some variants 
had an inverse trend in our cohort compared to what 
was found in the larger databases of the EYE-RISK 
and IAMDGC. These differences can be due to the 
relatively low number of our sample or most probably 
due to real specificities of our study population, which 
originates from a small populational area in central 
Portugal. These discrepancies were found in different 
pathways, such as the complement system (CFH, C3 and 

C9), extracellular matrix (COL4A3, COL8A1, matrix 
metallopeptidase 9 [MMP9]), cholesterol metabolism 
(ABCA1, ACAD10/BRAP, APOE) and the TGFBR1 
gene (de Breuk et al., 2020; Fritsche et al., 2016).

Another interesting finding when analysing the MAF 
distribution was that regarding the major risk variants 
for AMD, we observed that for both ARMS2/HTRA1 
rs3750846 and CFH rs570618, the allele frequency in 
our cases was much lower compared to the AFs of cases 
from the EYE-RISK and IAMDGC datasets (de Breuk 
et al., 2020, Fritsche et al., 2016). In addition, not only the 
same was true for C3 rs2230199, another major risk vari-
ant, but even an inverse distribution between cases and 
controls was found in our cohort for this variant. This 
lower-than-expected AF in major risk variants in AMD 
cases translates into lower odds ratios with implications 
in AMD risk in our cohort. We previously reported in 
our epidemiologic study that this coastal population 
had significantly lower prevalence of both early and late 
AMD compared to the inland cohort. Furthermore, in 
the subsequent incidence study of the coastal population 
we found that incidence of late AMD was lower than ex-
pected compared to other European cohorts (Cachulo 
et al., 2016; Farinha et al., 2019). These differences could 
be due to different habits and lifestyle profiles, as well 
as for different genetic patterns such as we now describe 
in this report. Furthermore, we also previously reported 
that a higher adherence to the Mediterranean diet was 
significantly protective for AMD, and that the coastal 
population had a significantly higher adherence to it 
(Nunes et al., 2018). The interplay between these lifestyle 
and genetic background differences could be the cause of 
our previous epidemiologic findings for this population 
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and are in accordance to the findings on genetic and life-
style interaction by Colijn et al. (2021).

The variants significantly associated to AMD in our 
population were fewer than expected but as discussed 
above, specific genetic differences in our population 
cannot be excluded, as for instance there were sequenced 
variants in the complement pathway totally absent in our 
cohort. Furthermore, genes associated to having the dis-
ease were just in part the same as those associated with 
conversion to AMD in the longitudinal analysis and lo-
cated only in CFH and AMRS2/HTRA1 genes. This dis-
crepancy might be related to the more prominent role of 
these genes in disease progression. The variant ARMS2 
rs10490924, is known to be associated with incidence of 
early AMD and progression to both neovascular AMD 
and geographic atrophy (Seddon et al., 2015; Heesterbeek 
et al., 2020).

The development of AMD is influenced not only by 
common variants but also by rare genetic variants, and 
the impact of such rare variants can be quite significant. 
The CFH rs121913059 (Arg1210Cys) for instance is as-
sociated to a 47 times higher risk of developing AMD 
but was not found in our cohort (Geerlings, de Jong, 
et al., 2017). The CFH rare variant rs35292876 was iden-
tified in our population as a low-frequency variant and 
in addition conferred the highest risk of AMD (OR, 
2.67), even when compared to major common risk vari-
ants. Moreover, it was associated to the highest risk of 
progression to AMD in follow-up analysis (OR, 3.06). 
Interestingly, for this variant the EYE-RISK did not find 
association to AMD risk while the IAMDGC reported 
an OR of 2.42 (de Breuk et al., 2020; Fritsche et al., 2016). 
Geographic variations might explain the discrepancies, 

and this specific variant was found to be more common 
in western Europe compared to other globe regions, jus-
tifying its superior prevalence and effect in our popula-
tion (Geerlings et al., 2018). This variant was not found 
to be associated to FH or FHR concentrations in serum, 
but other rare variants have, and their burden analysis 
is important to pursue in different cohorts. The CFH 
rs757785149 (Arg53Cys), has been previously identified 
in AMD families with high disease burden and was iden-
tified in our study only in cases. It is reported to possi-
bly affect the local conformation of Factor H, slightly 
reducing the binding affinity to C3b (Geerlings, de Jong, 
et al.,  2017; Lorés-Motta et al.,  2021). Our cumulative 
analysis of rare variants in the CFH gene revealed that 
they had impact in disease development in our cohort, as 
damaging rare variants were more frequent in AMD pa-
tients compared to non-AMD controls. More functional 
studies are necessary to determine their pathophysiolog-
ical effect.

Rare variants in the CFI gene have also been associ-
ated with a four-fold increased risk of AMD, younger age 
at AMD onset and with late AMD (de Breuk et al., 2020; 
de Jong et al., 2020; Seddon et al., 2013). In our popula-
tion controls had more benign variants, while none of 
the reported high risk rare variants. The CFI variant 
Pro553Ser was observed more in controls and is reported 
to be benign in respect to Factor I levels measured in 
the plasma of carriers (de Jong et al.,  2020; Geerlings, 
de Jong, et al., 2017; Geerlings, Kremlitzka, et al., 2017). 
Our lack of significance when cumulatively comparing 
between cases and controls is probably related to the 
small number of carriers. No ARMS2 rare variants were 
found, as observed in the EYE-RISK report, which is 

F I G U R E  4   GRS of progressors and non-progressors
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interesting since it is a gene known to play a fundamental 
role in AMD progression. Despite altering the protein 
structure or splicing, the sequenced variants have a low 
CADD score (<10) and were absent from our population. 
Other rare variants known to be associated to increased 
risk of AMD such as C3 rs147859257 or C9 rs62358361 
were not found in our cohort or were not associated to 
AMD, and this is probably related to the different distri-
bution of rare alleles across populations.

Addressing the cumulative risk of damaging rare 
variants may be more useful when analysing differences 
between cohorts than focusing only on a few variants 
with low effect in larger study populations. This ap-
proach might even have a role in the near future in the 
identification of those who would benefit more of tar-
geted therapies. Rare variants in the CFH and CFI genes 
were already found to cause higher levels of comple-
ment activation, thus the carriers might respond more 
to complement-inhibiting therapies. Phase I/II clinical 
trials for subretinal gene therapy in AMD are currently 
underway, and others targeting the complement inhi-
bition are already in Phase III (Cabral De Guimaraes 
et al., 2021; de Jong et al., 2021; Jaffe et al., 2020; Liao 
et al., 2020).

Regarding the Genetic Risk Score, it was found to be 
significantly different between AMD cases and controls, 
and between progressors and non-progressors. This con-
firms that the conjoined heritable component in a given 
individual is important for developing the disease and 
should be taken into account, if personalized medicine 
is to be pursued in the future. However, since there was 
a substantial overlap, it was not possible to completely 
distinguish between AMD patients and controls based 
on the GRS alone. This is not unexpected and is in line 
with what was found in previous publications, since the 
complex aetiology of AMD depends not only of the ge-
netic background, but is greatly impacted and modified 
by environmental factors (Colijn et al.,  2021; de Breuk 
et al., 2020). Thus, a score that comprehensively assesses 
genetic and lifestyle risk factors, such as smoking, body 
mass index, nutrition and even concomitant medication, 
together with phenotypic characteristics of the disease, 
might be more informative of the risk of disease than the 
GRS alone (Heesterbeek et al., 2019; Seddon et al., 2015). 
This is more relevant as one must remember that the GRS 

is calculated on the basis of pre-defined risk variants, 
and as we found, not even major risk variants are evenly 
distributed across populations, compromising the gen-
eralization of such tool if used alone in risk calculation. 
Awareness of this is especially important if the GRS is 
to be implemented in settings such as clinical trials and 
clinical practice to assess the individual risk of a patient.

Genetic studies on AMD are based on the princi-
ple that diagnosis is correct. However, it is sometimes 
challenging to differentiate from mimicking inherited 
macular dystrophies, especially in late atrophic stages. 
Moreover, it is crucial to correctly identify AMD pa-
tients before their inclusion in clinical trials (de Breuk 
et al.,  2020; Kersten et al.,  2018). We evaluated the oc-
currence of rare genetic variants associated with AMD-
mimicking dystrophies and no pathogenic variants were 
found in our patients, thus excluding this possible bias 
from our analysis, and further strengthening the genetic 
characterization of our cohort.

This study has some limitations that should be ad-
dressed. Despite being originally an epidemiological 
population-based study, for the purpose of genetic anal-
ysis it is a relatively small cohort, and the population is 
from a single location. As some genetic variants are geo-
graphically and regionally heterogeneous there is the risk 
of bias, and the analysis cannot be fully extended to the 
entire Portuguese population. However, this is the first 
and only genetic study in AMD in a Portuguese cohort, 
and we provide extensive characterization regarding 
common and rare variants. We also found differences in 
AFs that might explain previous findings in both preva-
lence and incidence in the CES, further contributing to 
the disease genetic knowledge in Europe and differences 
towards other regions. Another limitation was that in 
progression analysis a comprehensive understanding of 
the genetic risk of progression to late AMD and of fast 
progressors, which would be of most interest to explore, 
was not possible due to small sample size available for 
these analyses. However, we still derived important in-
formation on those who progressed to develop AMD 
during follow-up. Finally, as part of the EYE-RISK proj-
ect our results are based in a comprehensive genotype 
assay recently validated in European populations.

In summary, several variants were identified in asso-
ciation to AMD in our cohort, and the CFH rare variant 

TA B L E  5   CFH rare variants score in AMD cases versus controls

CFH rare variant carriers by PolyPhen 
2 score Controls, N (%) (n = 591) Cases, N (%) (n = 213) OR (95% CI) p-Value

Non-carrier 545 195 1 reference

Carrier-B 44 13 0.826 (0.419–1.524) 0.558

Carrier-P 1 1 2.795 (0.110–70.904) 0.468

Carrier-D 0 2 NA 0.981

Carrier-LoF 0 1 NA 0.986

CFH rare variant carriers by CADD score

Non-carrier 541 182

Carrier-CADD < 20 45 17 1.123 (0.612–1.975) 0.695

Carrier-CADD ≥ 20 or LoF 4 13 9.661 (3.371–34.636) <0.001

Abbreviations: AMD, Age-related macular degeneration, N, number of subjects; B, Benign; CADD, combined annotation-dependent depletion; CFH, complement 
factor H; CI, confidence interval; D, probably damaging; LoF, loss-of-function; OR, odds ratio; P, Possible damaging.
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rs35292876 conferred the highest risk of disease, while 
three major AMD risk variants in ARMS2/HTRA1, 
CFH and C3 had a lower-than-expected AF. Damaging 
rare variants in the CFH gene were significantly more 
frequent in AMD patients when cumulatively analysed. 
The GRS was significantly higher in AMD cases, but it 
was insufficient to discriminate from controls and non-
progressors, reinforcing the need to include lifestyle and 
other risk factors when personalizing risk. Our study 
adds new information regarding the common and rare 
variants associated to AMD in a European population, 
which can be used for comparison with other popula-
tional cohorts and further expanding the knowledge of 
AMD pathophysiology.
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