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Age-related macular degeneration (AMD) is a multifactorial retinal disease
with a large genetic risk contribution. Reticular pseudodrusen (RPD) is a
sub-phenotype of AMD with a high risk of progression to late vision threa-

tening AMD. In a genome-wide association study of 2165 AMD+/RPD+ and 4181
AMD+/RPD- compared to 7639 control participants, both chromosomes 1
(CFH) and 10 (ARMS2/HTRAI) major AMD risk loci are reidentified. However
association is only detected for the chromosome 10 locus when comparing
AMD+/RPD+ to AMD+/RPD- cases. The chromosome 1 locus is notably absent.
The chromosome 10 RPD risk region contains a long non-coding RNA HTRAI-
ASI (ENSGO0000285955/BX842242.1) which colocalizes with genetic markers
of retinal thickness. HTRAI-ASI has a strong retinal eQTL signal, pinpointing
the parafoveal photoreceptor outer segment layer. Whole genome sequencing
of phenotypically extreme RPD cases identifies even stronger enrichment for
the chromosome 10 risk genotype.

Age-related macular degeneration (AMD) is a leading cause of severe
irreversible vision loss worldwide'. Late-stage AMD complications
result from damage to the photoreceptors and their supporting cells,
the retinal pigment epithelium (RPE)**.

The hallmark of AMD is the presence of drusen, which are focal
accumulations of extracellular, lipid-rich debris underneath the
RPE. Their increasing size and extent are associated with an
increased risk of progression to vision-threatening late AMD®*.
Reticular pseudodrusen (RPD), or subretinal drusenoid deposits
(SDD), refer to distinct deposits that accumulate apical to the RPE
(or in the subretinal space)’. They are present in approximately 30%
of individuals with intermediate stage AMD, and up to 60% of those
with late-stage disease®. RPD is a critical AMD sub-phenotype driv-
ing vision loss® and has been associated with a higher risk of
AMD progression, worse visual function, and poorer treatment
outcomes®.

AMD is a complex multifactorial disease, with a strong genetic
predisposition and an incompletely understood pathophysiology.

Similarly, the pathogenesis of RPD and the biologic basis for their
contribution to poor prognosis and visual outcomes are also not
understood. Several large genome-wide association studies (GWAS)
have identified genetic loci at the complement factor H (CFH) gene
family at the 1g31 locus and the ARMS2/HTRAI genes at the 10g26
locus, as having the largest effects for AMD risk’%. In contrast, previous
genetic studies in RPD have not performed GWAS analysis, but rather
have limited their analysis to selected AMD-associated single nucleo-
tide polymorphisms (SNPs) within the ARMS2/HTRAIL, C3 and VEGFA
genes’.

In this work, we conducted a comprehensive, well-powered gen-
ome-wide association study (GWAS) to identify the genetic risk factors
associated specifically with RPD. Joint analysis with outer retinal traits
and retinal expression data has leveraged new insights from genome
annotations and confirmed results with genome sequencing and RPD
load analyses (Fig. 1). This study sheds light on genetic risk factors for
RPD and how these function in the retina, providing a foundational
understanding for future investigations.
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Results
Harmonization of phenotyping and genotyping
Fourteen cohorts contributed to the RPD consortium, where RPD were
primarily defined based upon their presence in optical coherence
tomography (OCT) imaging, the optimal method to detect RPD (Sup-
plementary Table 1). Nine cohorts contributed individual-level geno-
type data and the remaining five cohorts shared summary statistics
results of GWAS (Supplementary Table 2).

Phenotyping harmonization of the individual-level data led to
a dataset of 2894 AMD+/RPD+, 5127 AMD+/RPD-, and 2083 AMD-/
RPD- controls. Genotyping quality control (QC) led to a final
individual-level dataset of 1250 AMD+/RPD+, 2738 AMD+/RPD-,
and 1946 AMD-/RPD- controls. Cohorts with summary statistics
data available after phenotyping and genotyping harmonization
comprised 915 AMD+/RPD+, 1443 AMD+/RPD-, and 5693 AMD-/
RPD- control participants. Curation of the genotype data after QC
from cohorts with individual-level data combined with cohorts
with available summary statistics resulted in a final dataset com-
prised of 2165 AMD+/RPD+, 4181 AMD+/RPD-, and 7639 AMD-/RPD-
controls, resulting in a total sample of 13,985 (Supplementary
Table 3).

Genotyping data was harmonized by combining cohorts by origin,
e.g., whole genome sequencing, or SNP array platform (Supplementary
Table 4). Genotyping QC processes led to the identification of a set of
high-quality variants across cohorts to facilitate the meta-analysis
(Supplementary Table 5).

Detailed demographic data are shown in Supplementary Table 3
and Supplementary Fig. 1. Recruitment strategies influenced the
range of AMD and RPD prevalence across cohorts (Supplemen-
tary Fig. 2).

GWAS meta-analysis

We first conducted an AMD GWAS with available individual-level data
in AMD+/RPD(+/-) (N=3276) compared to AMD-/RPD- controls
(N=1946), serving as a QC step to confirm sensitivity and power to
detect known key AMD risk loci (Fig. 2a). In this overall AMD GWAS
(baseline), we detected genome-wide significant association signals on
chromosome 1, 6 and 10 confirming the three major AMD risk loci
identified previously (Supplementary Table 6)'°.

We then performed an RPD-specific GWAS meta-analysis (GWAS]1)
comparing AMD+/RPD+ cases to AMD+/RPD- cases, identifying the
genetic risk loci specific for RPD. Prior to the meta-analysis, genomic
control correction (GC) was applied to each GWAS to correct for
population stratification. The GC inflation factor (1) ranged from 0.9 to
1.3 (Supplementary Table 5). The veracity of results for individual
GWAS was confirmed using Quantile-Quantile plots (Q-Q plots, Sup-
plementary Fig. 3a).

After frequency annotation and quality control steps, the
number of SNPs varied between cohorts, with a minimum of 6,984,307
available SNPs for analysis to a maximum of 8,369,653 SNPs (with
minor allele frequency (MAF) of >0.01), for inclusion in the meta-
analysis (Supplementary Table 5). A GWAS meta-analysis in European
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Fig. 1| Overall AMD+/RPD+ compared to AMD+/RPD- study design in multiple
stepwise strategies from cohort collection, GWAS, to subsequent post-GWAS
analyses. Age-related macular degeneration AMD, Reticular pseudodrusen RPD,
Single nucleotide polymorphism SNP, Quality control QC, Genome-wide

associations study GWAS, expression quantitative trait loci eQTL. Created in Bior-
ender. Farashi, S. (2025) https://biorender.com/pO5m3ap with copyright under a
CC BY licence.
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populations across the 14 cohorts for the 2165 AMD+/RPD+ and 4181
AMD+/RPD- samples was performed using an inverse-variance weigh-
ted fixed effect meta-analysis method, implemented via METAL (ver-
sion 2011-03-25)". The GC A of the GWAS meta-analysis summary
statistics was 1.01 (Supplementary Fig. 3b).

The GWAS identified one risk region on chromosome 10 at the
ARMS2/HTRAI locus (rs11200638, beta = 0.26, p=3.73e¢™™), reaching
genome-wide significance (P-value< 5x10%) (Fig. 2b). Two protein-
coding genes, ARMS2 and HTRAI are located at this risk locus (Fig. 2c),
with genome-wide significantly associated SNPs spanning both genes.

T
124,230,000

In addition to ARMS2 and HTRAI, a long non-coding ribonucleic acid
(IncRNA) gene HTRAI and ARMS?2 anti-sense RNAI (HTRAI-ASI1, also
known as BX842242.1/ENSGO0000285955; Fig. 2c¢) is located within the
RPD risk region.

Three further sensitivity analyses were performed, (i) accounting
for AMD stage, (ii) excluding geographic atrophy (GA) cases, and (iii)
excluding neovascular AMD (nAMD) cases, all showed high correla-
tions with the identified associated locus on chromosome 10,
confirming the findings are not biased by AMD stage (Supplemen-
tary Fig. 4).
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Fig. 2 | Results of Genome-wide association studies (GWAS). a Manhattan plot of
overall age-related macular degeneration (AMD) GWAS (baseline) showing
-logl0(P-value) values across the genome comparing AMD+ (reticular pseudo-
drusen (RPD)+/-) participants (N =3276) vs. AMD- controls (N =1946). The red
horizontal line represents the genome-wide significance level (P-value = 5x1075).
Nearby genes to the two main associated loci with AMD risk on chromosomes 1, 6
and 10 are labelled; b Manhattan plot of the meta-analysis of AMD+/RPD+ partici-
pants compared to AMD+/RPD- participants (GWAS1). Common variants display a
genome-wide significant locus on chromosome 10. The y-axis indicates
-loglO(P-value). The red and blue horizontal lines represent the genome-wide
significance level (P-value = 5x107%) and suggestive genome-wide significance
level (P-value = 1x107°), respectively. Note that the RPD-specific GWAS found only
the ARMS2/HTRALI risk locus on chromosome 10, where the complement cascade
risk factors on chromosome 1 (CFH/CFHRs) were absent; ¢ Regional plot with
annotations displaying the top RPD-associated signal. The color of each point
(single nucleotide polymorphism; SNP) is determined by its linkage disequilibrium
(LD) squared correlation coefficient (r?) with respect to the top lead variant,

displayed in dark purple (rs11200638). Independent significant SNPs are displayed
as red circles outlined in black. Genes proximal to this RPD risk locus are labeled,
including ARMS2, HTRAI (both in red) and the long non-coding RNA HTRAI-ASI (in
black). HTRA1-ASI was added manually. The orange dashes over the top of the SNPs
indicate SNPs in the reference genome (1000 G Phase 3 European ancestry).
Genomic locations are plotted using the hgl9 genomic build. Generated using the
FUMA GWAS web tool (v1.5.3) (https://fuma.ctglab.nl) created by Watanabe et al.,
Functional mapping and annotation of genetic associations with FUMA. Nat.
Commun. 8:1826. (2017)*2. Note: only individual-level participants (AMD+/RPD(+/-)
N=3276 versus AMD-/RPD- N =1946; Total N =5222) were included in Fig. 2a (as
data from summary statistics cohorts was not available), whereas in Fig. 2b both
individual-level participants and participants with summary statistics were included
(AMD+/RPD+ N = 2165 versus AMD+/RPD- N = 4181; Total N=6346). See Supple-
mentary Fig. 9 for RPD-specific GWAS analysis of only individual-level participants,
which shows the same finding as the grouped data in (b). All P-values are uncor-
rected, based on a two-sided Wald test.

One locus on chromosome 18 (SNP rs76361335) was identified as
associated with RPD at suggestive significance (P-value< 1x107)
(Supplementary Table 7). However, this SNP has low confidence due to
its low MAF (0.02 and 0.011 in cases and controls, respectively) and
because it is an orphan signal with no other associated SNPs in linkage
disequilibrium (LD). The SNP resides in a gene desert (Supplemen-
tary Fig. 5).

The genome-wide significant region identified in the RPD GWAS
contains multiple SNPs in high LD (Supplementary Fig. 6a), but con-
ditional analysis on the RPD-risk lead SNP (rs11200638) did not reveal
any additional independent SNPs (Supplementary Fig. 6b).

Our primary RPD-specific GWAS (GWAS1) did not identify any
significant variants within the canonical Complement Factor Related
Genes risk loci on chromosome 1in AMD, the most prominent signal in
previous AMD GWAS'. Power studies suggested 100% power to detect
the top significant SNP on chromosome 1 (rs800292) from a recent
AMD GWAS', with beta = -0.7 and MAF = 0.23, in our RPD GWAS at the
genome-wide significance level (P-value< 5x107®) (Supplemen-
tary Fig. 7).

Two additional GWAS were performed (Supplementary Fig. 8a):
(i) AMD+/RPD+ compared to controls (N=1593 and N=7639, respec-
tively: GWAS2), and (ii) AMD+/RPD- compared to controls (N=3433
and N=7639, respectively: GWAS3). Two distinct meta-analyses were
carried out by incorporating the summary statistics data obtained
from GWAS2 and GWASS3 for the eight cohorts with feasible control
samples (Supplementary Table 8).

Genome-wide significant associations with the CFH gene
family on chromosome 1 were identified in both ancillary studies
with similar effect sizes to those previously described for AMD (Sup-
plementary Table 9 & Supplementary Fig. 8b:e) while the risk loci
on chromosome 1 were notably absent in the RPD-specific GWAS
(GWAS1) (Fig. 2a, b). Additional RPD-specific GWAS analysis on
individual-level data only also showed the risk region on chromosome
10 associated with RPD, with chromosome 1 absent (Supplemen-
tary Fig. 9).

To further investigate the GWAS finding on chromosome 10, we
performed colocalization analyses across GWAS1, GWAS2 and GWAS3
and compared it to the results of two published AMD GWAS by
Fritsche et al. and Han et al.”"°. Colocalization analyzes with the risk
variants within the ARMS2/HTRAI locus confirmed that the identified
region corresponds to the same locus previously identified in AMD
GWAS (Supplementary Fig. 10). Notably, there was complete coloca-
lization (posterior probability of 1.0) between all pairs of GWAS 2, 3
and GWAS results from Fritsche et al, and Han et al, with a
90% overlap (posterior probability of 0.90) observed in GWASI var-
iants compared to the other four GWAS studies (Supplemen-
tary Fig. 10).

X chromosome analysis, feasible for a subset of cohorts (eight
cohorts) (AMD+/RPD+: N=1707, AMD+/RPD-: N = 3321; Supplementary
Table 8), identified no significant signals.

Sex-specific GWAS results showed a high correlation of effect
sizes between males and females (Supplementary Fig. 11).

Study-specific association analyses of RPD risk region
Study-specific logistic regression association analyses were performed
using an additive genotypic association model following a pre-
determined RPD study-specific analysis plan. We examined the RPD-
risk lead SNP (rs11200638) in each summary statistic of individual
cohorts to explore its significance and effect size (Supplementary
Fig. 12a).

To assess the influence of each cohort on the meta-analysis, we
systematically excluded one cohort at a time, conducted separate
meta-analyses, and compared the P-values and effect sizes of the RPD
risk lead SNP across these analyses. The lead SNP remained genome-
wide significant in all leave-one-out cohort permutations (Supple-
mentary Fig. 12b).

Association between RPD lesion extent and RPD risk region

An artificial intelligence (Al) algorithm applied to the optical
coherence tomography (OCT) imaging data quantified the macular
extent of RPD in a subset of AMD+/RPD+ individuals”. We
investigated the association between the chromosome 10 RPD risk
locus and the extent of RPD while adjusting for age and sex. The
findings reveal the RPD risk lead SNP (rs11200638) is significantly
associated with RPD extent, with more pronounced effects observed
in higher RPD extent deciles (Fig. 3a). In contrast, the chromosome 1
risk SNP (rs10922109; CFH) is not associated with RPD extent (Fig. 3b).
A strong and consistent dose dependent effect is observed
between the RPD extent deciles and the RPD risk allele dosage (Fig. 3c),
with a similar increase in the allele frequency of the RPD risk lead
SNP (Fig. 3d).

Non-additive GWAS

Non-additive genetic associations have been previously identified in
AMD for several risk loci in genes such as THUMPD2". To investigate
the association of common variants in a non-additive manner on
RPD, we conducted association analyses on the autosomes only,
using both dominant and recessive models comparing AMD+/RPD+
to AMD+/RPD- (GWASL in Supplementary Fig. 8a). Two meta-analyses
incorporated the summary statistics from dominant and recessive
models performed for nine cohorts with individual-level genotyping
data (Supplementary Table 8). We identified no genome-wide sig-
nificant signal (Supplementary Fig. 13a:d). However, SNP
10:124227624:C:T (rs60401382) within the ARMS2/HTRAI risk locus
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Fig. 3 | Reticular pseudodrusen (RPD) extent is significantly associated with
heightened RPD genetic risk. a Box plot showing the RPD extent in N =526
individuals relative to the RPD-risk lead single nucleotide polymorphism (SNP)
(rs11200638) dosage (x-axis). b Box plot showing RPD extent in N = 526 individuals
relative to the CFH top risk SNP (rs10922109) based on Fritsche et al. ” dosage (x-
axis) while adjusting for age and sex as covariates. In a and b, the y-axis represents
the log-transformed RPD extent based on the proportion of the entire volume scan
with RPD (the mean RPD extent of the left and right eyes was used) adding a
constant of 0.1 to avoid log(0) of N =181 individuals who showed a mean extent RPD
value of zero. A linear regression test was conducted to examine the differences in
the RPD extent across the genotype groups controlling for age and sex. We per-
formed pairwise two-sided Wilcoxon tests with Bonferroni correction to directly
compare the P-values among groups. Significant differences between all pairs of

RPD extent decile

groups are indicated by asterisks (P-value > 0.05: not significant (ns),
P-value=0.046:*, P-value=0.0007: ***); ¢ RPD extent as defined in panel a (y-axis)
for N=526 individuals, binned into deciles (x-axis) for analysis of RPD risk. d RPD
risk allele frequency (left y-axis) relative to RPD extent deciles (x-axis). In d, blue
points represent individual study participants’ genetic risk, colored by risk allele
dosage. Orange points represent risk allele frequency per decile (right y-axis). The
plot illustrates how the RPD-risk lead SNP genotypes vary across different levels of
RPD extent, providing insights into the genetic association between RPD risk and
the severity of RPD. In boxplots, a-c each box shows the median (middle line),
bounds of boxes show the interquartile range (25th-75th percentiles) and whiskers
extend to the most extreme data-points within +1.5x interquartile range from
respective quartiles; outliers are shown as points. There are no replicates in this
dataset.

was also associated with RPD at the suggestive significance level
under both dominant (beta= 0.23, p=2¢e?) and recessive models
(beta=0.21, p=9¢e?) (Supplementary Table 10) with the same effect
sizes, suggesting the rs60401382 signal is underpinned by a domi-
nant effect. Comparing the P-values across different genetic models
for only the individual-level data, the additive model shows the
strongest association (p=3.4 x 10711), while the dominant and
recessive models perform similarly. While these results are sugges-
tive of the additive model being the best fit, they do not rule out non-
additive contributions.

Whole Genome Sequencing of extreme RPD phenotype
participants

To further investigate the RPD risk haplotype and examine the clinical
importance of the identified risk region, short-read whole genome
sequencing (WGS) was conducted in a distinct AMD+ cohort (from the
Centre for Eye Research Australia, CERA) of European ancestry and
unrelated individuals with extreme RPD (AMD+/RPD++), defined as
having extensive and predominantly RPD deposits. Importantly, the
extreme RPD phenotype participants were chosen masked to their
RPD genetic risk profile, particularly of the chromosome 10 risk gen-
otype status.

The association between the extreme RPD status and the RPD risk
lead SNP (rs11200638) was evaluated using logistic regression models
adjusted for age, sex, and two ancestry principal components (PCs),
in AMD- controls (N=1008) compared to each of three cohorts: (1)
AMD+/RPD++ (N =44), (2) AMD+/RPD+ (N =1055), and (3) AMD+/RPD-
(N=1792). This revealed the RPD risk lead SNP was significantly asso-
ciated with RPD in all three comparisons with the highest odds ratio
(OR) observed in AMD+/RPD++ cases (OR=6.54, Cl=(11.4-33.76))
(Table 1). The Wald tests showed significant differences in the odds
ratios between all analysis pairs (Supplementary Table 11).

The RPD risk lead SNP (rs11200638) within the ARMS2/HTRAI risk
locus was found to have the highest frequency (0.6) in AMD+/RPD++.
The odds ratio of the RPD risk effect allele (A allele) of SNP rs11200638
in AMD+/RPD++ is more than double that of AMD+/RPD+ (Table 1).
The MAF of the risk lead SNP was observed to be ~3-fold higher in AMD
+/RPD++ (MAF = 0.6) compared to non-AMD controls (MAF = 0.25) or
non-Finnish Europeans in gnomAD v3.2.1 (MAF = 0.22)".

We investigated the WGS data in AMD+/RPD++ individuals to
identify potentially pathogenic rare genetic variants (MAF > 0.001) and
structural variants in the genes within the RPD risk locus (ARMS2 and
HTRAI) including coding, intronic and untranslated regions (UTRs)
using a rare-variant GATK pipeline analysis. After filtering with
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Table 1| Results of logistic regression analysis of the reticular pseudodrusen (RPD) risk lead SNP (rs11200638) genotypes in

three AMD+ cohorts compared to AMD-/RPD- controls

Cohort Genotype distribution GG/GA/AA RPD risk allele (A) frequency Odds Ratio Cl (£95%) P-value®
AMD+/RPD++ 7/2215 0.6 6.54 (11.4-33.76) 2.66e™"
AMD+/RPD+ 352/485/218 0.44 2.91 (2.44-3.46) 1152
AMD+/RPD- 743/767/282 0.37 1.80 (1.569-2.05) 8.13e°
AMD-/RPD- 568/374/66 0.25

AMD Age-related macular degeneration, Cl Confidence interval.

2Sex, age and first two genetic ancestry principal components were included in the regression models. P-values are based on a two-sided Wald test (uncorrected).

gnomAD v3.2.1* and other QC checks, no variants predicted to be
deleterious remained. Using the WGS data, we identified 198
other variants within the RPD-risk region genomic window
(chr10:124205544-124235544), of which 83 variants existed in the 1000
Genome reference panel allowing LD testing with the RPD-risk lead
SNP. LD scores ranged from r»=0.004 (multiple SNPs) to =1
(rs3763764) with multiple LD blocks (Supplementary Fig. 14).

The WGS-based structural variation analysis led to the identifica-
tion of a known insertion/deletion polymorphism (del443ins54) in the
3’UTR of ARMS2 and within the intronic region of IncRNA HTRAI-AS1
with a MAF of 0.31 in the non-Finnish European population (based on
gnomAD SVs v4.3.1). This indel is in strong LD with the lead SNP
(rs11200638) (r*=0.98 in the Australian population, Supplementary
Fig. 15a). Another coding variant, rs10490924 (c.205G>T, p.Ala69-
Ser), with a high in-silico score for predicted damaging variants
(combined annotation dependent depletion (CADD) score:15.87) was
in LD with the risk haplotype (Supplementary Fig. 15b).

RPD risk haplotype characterization

The WGS data in individuals homozygous for the chromosome 10 risk
tagging haplotype (rs11200638; N =15) for the RPD risk lead variant
was used to perform haplotype analysis of the RPD risk locus. Critical
region analysis identified a 95% confidence region spanning
rs1591008260 (chr 10:124197751) to rs1591024450 (chr 10:124227605-
124227614) of total length ~30 kb. Analysis of this region in individuals
homozygous for the chromosome 10 risk tagging haplotype
(rs11200638) revealed five haplotype blocks with spans ranging in size
from 55 bp to 7.64 kb (Supplementary Table 12).

Consistent induction of a novel IncRNA and suppression of
HTRAL1 inferred in RPD retina

The IncRNA HTRA1-ASI was first included in GENCODE release 29 (late
2018). To correct for annotation variation based on the usage of dif-
ferent human genome references in different retinal data sets for
homogenous retinal expression quantitative trait locus (eQTL) cura-
tion, we re-mapped two independent human post-mortem retina
RNAseq datasets to transcriptionally quantify this alongside ARMS2,
HTRAI and PLEKHAI. PLEKHAI has been identified as a risk gene for
AMD, lies upstream of the key risk region associated with RPD and is
included within the critical 10q26 region associated with AMD sus-
ceptibility. The NEI cohort included matched retinal RNAseq and
genotype data for 404 donors™. The Genentech cohort included up
to four tissues (neural retina and RPE; macula and non-macula) from
119 donors™*.

ARMS2 did not survive expression thresholding in either cohort,
as expected, since it is known to have low expression in human tissues,
including the retina”. eQTL analysis revealed a significant positive
correlation between the rs11200638 risk allele (A) dose and abundance
of HTRAI-ASI in the neural retina (non-macula) in both cohorts
(p <10™™ [NEI], adj.p = 0.02 [Genentech]). Positive associations in the
neural retina (macula, adj.p = 0.02) and RPE (non-macula, adj.p = 0.02)
were also detected in the Genentech cohort. Negative associations
with HTRAI were detected in the neural retina (non-macula, p = 0.002)

in the NEI cohort, and the neural retina (macula, adj.p=0.02), and
macula and non-macula RPE regions in the Genentech cohort
(adj.p=0.04 & 0.03 respectively) (Supplementary Tables 13, 14)
(Fig. 4). Despite the consistent QTL results, the correlation in RNA
expression between HTRAI and HTRAI-ASI varied substantially across
tissues and studies (e.g. non-macula retina expression was positively
correlated in the NEI cohort but negatively correlated in the Genentech
cohort (Supplementary Fig. 16).

Colocalization of published eQTL summary statistics for HTRAI-
AST'® overlapped with 26 out of 29 genome-wide significant RPD risk-
associated SNPs (Supplementary Fig. 17). Colocalization indicated a
shared haplotype underlying RPD risk, and differential expression of
HTRAI-AS1 (posterior probability of colocalization [PPH4] = 0.97)
(Fig. 5). Notably, Strunz et al. (2020), used for colocalization analysis,
identified HTRAI-ASI as the only significant eGene and did not find
HTRAI or ARMS2 to be eGenes".

RPD risk region and cross-trait analysis

Six retinal related traits with available summary statistics results,
including total retinal thickness, the thickness of photoreceptor cell
inner segments (IS), photoreceptor cell outer nuclear layer (ONL),
photoreceptor cell outer segments (OS), retinal RNA editing quanti-
tative trait loci (edQTLs) and retinal DNA methylation quantitative trait
loci (mQTL) were investigated for association with the chromosome 10
RPD risk locus. The GWAS results from total retinal thickness (includ-
ing RPE) and sub-cellular retinal layers were performed using the
UK Biobank dataset (see “Methods”)***.. Of the six traits investigated,
total pixel-wise retinal thickness” and the thickness of the photo-
receptor 0S? were significantly colocalized with the RPD risk region
(PPH4 = 0.99) (Fig. 5). The negative effect size of the RPD risk allele in
both total retinal thickness and photoreceptor OS thickness®** sug-
gests reduced thickness associated with this SNP. Unlike the photo-
receptor OS, the thickness of the other two photoreceptor sub-cellular
layers IS and ONL showed little overlap with the RPD risk region
(PPH4 =0.58 and 0.26, respectively) (Fig. 5).

Colocalization with retinal RNA edQTLs and the RPD risk locus
showed a posterior probability of 0.92 while retinal mQTL and RPD risk
locus showed the lowest overlap (posterior probability of 0.03) with
the RPD risk locus (Supplementary Fig. 18) suggesting that the biolo-
gical mechanism underpinning the chromosome 10 risk variant is not
methylation mediated but transcriptionally regulated, possibly via
RNA editing, an alternate post-transcriptional modification to methy-
lation. Colocalization analysis further demonstrated that the RPD-risk
haplotype coincided with total retinal thickness in the parafoveal
region of the retina (Supplementary Fig. 19). Furthermore, sensitivity
analyses assessing robustness of posterior inference of colocalization
showed a high degree of sensitivity and specificity (Supplementary
Table 15).

The consistent association of the RPD-risk lead SNP (rs11200638)
across multiple retinal traits underscores its potential role in influen-
cing retinal microstructure and in predisposing individuals to RPD,
with implications for further investigations to understand disease
mechanisms.
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Fig. 4 | Increased reticular pseudodrusen (RPD) genetic risk is associated with
increased expression of HTRA1-AS1 retinal RNA, and decreased expression of
HTRA1 in multiple tissues and independent datasets. HTRAI-ASI: long non-
coding RNA Antisense 1 gene; HTRAI: HtrA serine peptidase 1. Datapoints represent
gene expression and risk genotype dosage measured in post-mortem donor reti-
nae. The y-axis represents the log-transformed expression level of each gene; the
x-axis denotes the risk allele dosage of the RPD risk lead variant (O: individuals who
carry no RPD risk allele, 1: heterozygous for RPD risk allele and 2: homozygous for
RPD risk allele). Colour denotes age-related macular degeneration (AMD; teal) or
non-AMD/control (pink). Regression testing is corrected for disease status (single

regression line). Boxplots display the following information: middle line = median,
upper box bound = 75th percentile, lower box bound = 25th percentile; whiskers
extend to the most extreme data-points within 1.5 x interquartile range from
respective quartiles; outliers are included as points. NEI cohort: N=310 AMD and
N =94 non-AMD donors; Genentech cohort: N=23 AMD and N =98 non-AMD
donors. Asterisks at top right of each plot indicate a significant eQTL result (two-
sided Student’s T test; Nominal P-value < 0.05 for NEI cohort; Corrected

P-value < 0.05 for Genentech cohort, as eQTLs were tested in four retinal tissues).
Full summary statistics including exact P-values are provided in Supplementary
Tables 13 and 14.

Discussion

RPD is a clinically important AMD sub-phenotype with greater pre-
valence in late AMD and strong predictive value for progression to
vision-threatening disease”. Our large sample size of well-
phenotyped individuals with AMD, with and without RPD, has
allowed us to conduct the first robust multi-cohort RPD-specific
GWAS. Our results pinpoint an AMD risk-associated region on chro-
mosome 10 near two well-known protein-coding genes HTRAI,
ARMS2 and a recently annotated IncRNA gene, HTRA1-ASI, all pre-
viously implicated in AMD risk'®'?, and excluded an association with
the well-established chromosome 1 CFH AMD risk locus. Several
candidate gene studies have reported the association of ARMS2/
HTRA1 locus with RPD, however, findings are inconsistent, potentially
due to small cohorts, and RPD being determined before OCT imaging
was available”>?*, Our findings appear to be further supported by a
small sample GWAS from Schwarz et al.” (66 RPD cases) which was
underpowered to detect genetic risk for RPD in a case/control GWAS
analysis, but which did associate the SNP rs11200630 (in perfect
linkage disequilibrium with our lead SNP rs11200638), with increas-
ing RPD load.

The inconsistent inclusion of HTRAI-ASI in published retinal
RNAseq and eQTL datasets may account for its more recent discovery
as an AMD risk gene and now also as an RPD risk gene. We re-analyzed
the two largest available RNA cohorts for post-mortem retina to
examine the genetic links between RPD, AMD and gene expression at
this locus, as well as describing the broadly conserved genetic

architecture underpinning these traits and gross retinal thickness and
photoreceptor layer thickness. The complement cascade gene family
on chromosome 1, comprising CFH and CFH-related proteins, has also
been reported to be associated with RPD****, However, our well-
powered RPD-specific GWAS results show no association with the
complement factor related genes.

The absence of association with the CFH gene family suggests a
specific genetic pathway for the etiology of RPD that involves the
ARMS2/HTRAI locus. The role of ARMS2/HTRA1 and more specifically
the HTRAI-ASI gene in the retina is not known but a range of potential
mechanisms have been suggested for HTRAI such as involvement in
the extracellular matrix (ECM) pathway, or in promoting cellular
senescence in RPE cells by impairing mitochondrial functions**?.
However, despite extensive investigations into the HTRAI mechanism
of action, little is known about its role in the human retina, due to the
expression complexity of HTRAI, dearth of retina specific studies,
limitations of current technology and the complexity of AMD*,

Multiple protein-coding and non-coding SNPs exist in the RPD risk
region (Supplementary Fig. 20). For instance, SNP rs10490924 is a
nonsynonymous change (A69S) located in the coding region of ARMS2
and is annotated as likely damaging by affecting epigenetic and
mitochondrial mechanisms of action in AMD?**’. This SNP is in high LD
with the RPD risk lead SNP (rs11200638; r*=0.98) and has been
implicated in RPD previously?. The biological functions of coding and
non-coding SNPs within the RPD risk region have been extensively
studied in AMD**?. The RPD-risk lead SNP (rs11200638) is located
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Fig. 5 | Genome-wide multi-trait colocalization analysis of reticular pseudo-
drusen (RPD) and candidate traits that show ARMS2/HTRAI locus as a sig-
nificant risk-associated region. Stacked association plots of traits with >95%
shared variants with RPD. Colocalization analysis with Coloc implicates the RPD risk
lead variant rs11200638 as being the shared causal variant between RPD risk and
expression quantitative trait loci (eQTLs), photoreceptor cell outer segment (OS)
thickness and total retinal thickness. In contrast, the thickness of photoreceptor
cell layers including the inner segment (IS) and photoreceptor cell outer nuclear
layer (ONL), did not show a high overlap with the RPD risk region. Each plot
includes a recombination (recomb.) rate track (blue line) and a linkage dis-
equilibrium (LD) color scale indicating the r? values of single nucleotide

polymorphisms (SNPs) in relation to RPD-risk lead SNP (rs11200638). The x-axis
represents the position on chromosome 10, and the y-axis represents the
-loglO(P-value) of association. The blue bars on the x-axis label the genes. IncRNA
HTRAI-ASI was added manually. The purple diamond represents the most sig-
nificant SNP in the region for each trait and the dark blue square represents the
RPD-risk lead SNP (rs11200638) in each trait. See Supplementary Table 15 for P1, P2
and P12 values of sensitivity analyses. P-values for all traits except the RPD GWAS
are based on two-sided Student’s T tests. P-values for the RPD GWAS are based on a
two-sided Wald test. Note: The gene track represents annotated genes in the
region, regardless of whether they are target genes for eQTLs.
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within a super-enhancer/promoter region of both HTRAI and IncRNA
HTRAI-AS1, and eQTL results from this and other studies implicate
induction of the IncRNA in the retina® (Supplementary Fig. 20). Using
WGS data, we show enrichment of an insertion/deletion polymorph-
ism (del443ins54) in participants with an extreme RPD phenotype. This
structural variant is in high LD with RPD-risk lead SNP (rs11200638) as
well as A69S. It is located in 3’UTR of ARMS2 and within the intronic
region of IncRNA HTRAI-ASI and involved in the de-stabilisation of
ARMS2 mRNA?*”. The functional role of this insertion/deletion on the
IncRNA HTRA1-AS1 is yet to be studied.

HTRAI-ASI is a recently annotated non-coding gene located anti-
sense and upstream of HTRAI and may be involved in its regulation.
Indeed, the in-cis regulatory role of IncRNAs antisense to protein-
coding genes is reasonably established®. Targeted experimentation is
now required to understand the functional interaction (if any) between
HTRAI and HTRAI-ASI, especially considering their inconsistent cor-
relation in abundance across retinal tissues and study cohorts (Sup-
plementary Fig. 16).

Our findings combined with UK Biobank summary data from
a large-scale GWAS of subcellular retinal thickness, identified shared
retinal microstructure risk loci, which pinpointed the photoreceptor
outer segments of the retina as likely affected by RPD. In addition, the
same data, when analyzed to examine fine-scale spatial retinal thick-
ness association signals, uncovered the parafoveal region - a common
site of RPD deposits - as having shared genetic etiology with the
ARMS2/HTRAI locus™. Interestingly, recent findings in an AMD cohort
showed that reduced retinal thickness is often observed outside the
fovea, especially the outer superior subfield of the standard grid (Early
Treatment Diabetic Retinopathy Study grid; ETDRS grid), which cor-
relates with the areas where RPD develops over time, with the central
subfield having the least involvement®.

To address the current limitations in studying RPD®, we used
cohorts where OCT was primarily used to detect RPD*. Although this
has allowed for more accurate detection of RPD, we acknowledge that
revealing genetic risk factors of RPD is not straightforward due to
inconsistent definitions of RPD. Therefore, we followed a meta-analysis
approach with a stringent quality control methodology that accounts
for possible effects caused by variations in the RPD definition. An
alternative approach is to use the extent of RPD, measured in a robust,
high throughput manner, via Al approaches applied to OCT imaging
data, in individuals as a quantitative trait. We used this technique to
determine RPD extent, which was available on only a subset of our
cohorts, and we observed that participants in higher deciles of RPD
extent are more likely to carry the RPD risk SNP. The genetic risk
factors underpinning RPD quantity specifically are a target for future
work including examining rate of disease progression.

This work included European populations, however since
population-specific frequencies influence disease risk it may not
translate to non-European populations. Specifically, the frequency of
the allele of RPD risk SNP (rs11200638) is higher in East Asians (0.4) and
South Asians (0.3) than in Europeans (0.2) (based on gnomAD v3.2.1).
The genetic underpinnings of RPD may be translatable across other
populations with similar risk allele frequencies (Africans/Mixed
Americans); however caution is needed when generalizing GWAS
findings due to differing genetic factors and environmental contexts®.

Given the nature of the RPD-specific GWAS within AMD, it is
inevitable that the investigation of the genetic loci will occur in those
with AMD. Thus, the genetics of RPD, independently of AMD, remains
largely unexplored. Whether the presence of RPD is a secondary
representation of the genetic risk of AMD or an independent biological
mechanism(s) remains unanswered. This can be addressed by studying
cohorts with isolated RPD free of other retinal diseases; however, such
cases are relatively rare.

In summary, we present here the first evidence of specific genetic
variants associated with RPD susceptibility which survive stringent

genome-wide significance thresholding. We present multiple lines of
evidence and a potential biological mechanism underlying genetic risk
factors. Further research is needed to systematically validate our
findings and to assess the functional consequences of the identified
genetic variants in the retina of AMD participants more susceptible to
developing RPD.

Methods

Study cohorts

Fourteen international cohorts joined the RPD consortium as they
were able to contribute cohorts of AMD and healthy control partici-
pants 50 years of age or older, who had multimodal retinal imaging
performed in both eyes to determine AMD and RPD status as well as
DNA for genotyping. A list of cohorts involved in the RPD consortium s
described in Supplementary Table 1. Individual sites used a combina-
tion of multimodal retinal imaging, including optical coherence
tomography (OCT), fundus autofluorescence (FAF), near infra-red
(NIR) and color fundus photography (CFP), which were performed
based on site-specific protocols (Supplementary Table 1). Retinal
image grading was performed by each site to determine AMD and RPD
status, whose criteria are described in Supplementary Table 1.
Individual-level data were available for nine cohorts, and summary
statistics were available for a further five (Supplementary Table 2).

Harmonization of AMD and RPD phenotyping

Phenotyping across the 14 cohorts was harmonized by following
rigorous person-based AMD and RPD phenotyping protocols.
For individual-level data sets, this was performed at the Centre for
Eye Research Australia (CERA) and allowed a final categorization
of participants into a status of AMD+ or AMD- and RPD+ or RPD- (or
were excluded from the analysis if unable to categorize) across the
cohorts. For data sets providing summary statistics, categorization was
done by site-based graders based on the analysis plan provided by
the CERA.

The AMD status (presence or absence) and stage for each parti-
cipant was determined according to the Beckman Classification
criteria®*. Healthy controls were required to have either no signs of
aging or normal signs of aging in both eyes, while AMD stage was
classified on a per person basis into i) early or intermediate AMD ii)
late-stage geographic atrophy (GA) or iii) late stage neovascular AMD
(nAMD)*. Categorization of further subtypes of nAMD such as type 1, 2
or 3 (retinal angiomatous proliferation) or polypoidal choroidal vas-
culopathy were not available in the cohorts.

The RPD status (presence or absence) was defined in all cohorts
based on OCT findings, except for one cohort (Genentech) where FAF/
NIR imaging was primarily used with OCT used only for cases of
questionable RPD (Supplementary Table 1). The definition of RPD+ on
OCT varied across cohorts in the number of definite RPD needing to be
present and varied with regard to whether confirmation on en face
images (FAF, NIR or CFP) was required (Supplementary Table 1).

For the WGS analysis, 44 cases of AMD+/RPD++ individuals from
CERA cohort were selected with extreme phenotype grading where the
ratio of RPD to conventional drusen was >90%.

Genotype data and quality control

Of the 14 international cohorts, DNA samples of seven cohorts
extracted from blood were genotyped on the Infinium Global
Screening Array-24 (GSA array v.3) (https:/www.illumina.com/
products/by-type/microarray-kits/infinium-global-screening.html).
The remaining seven cohorts were genotyped using various SNP-chip
platforms or by WGS methods within the cohort country of origin or
within Europe, for the European cohorts (Supplementary Table 2, 4).
Ten cohorts provided individual level data, while four cohorts shared
the GWAS summary statistics with the RPD consortium. The summary
statistics cohorts were analyzed using the same shared, or as close as
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possible, genotyping/phenotyping quality control and analysis pipe-
line (Supplementary Table 1, 2). Details of genotyping platforms in
each cohort are described in Supplementary Table 4. Sex was deter-
mined using genotype data and the need to account for sex in the
analyses was included in the study design.

To ensure consistent quality control measures, an analysis plan
was followed uniformly across each cohort. Detailed guidelines out-
lining the analytical plan for this study were shared with analysts across
all five cohorts and the summary statistics were shared with the RPD
Consortium. This included the removal of low-quality SNPs or samples
with high missing rates of >98% (this threshold was>95% in the
NICOLA cohort), and those SNPs exhibiting deviation from HWE
(P-values<5e-7 in all cohorts except for NICOLA and Genentech
cohorts with P-values<S5e-6). In addition, we excluded ambiguous
SNPs, non-biallelic SNPs, SNPs associated with batch effect and SNPs
with MAF of <1%. We transferred all variant identifiers to unique variant
names consisting of chromosome, base position (based on hg37) and
allele codes in reference and alternative alleles, respectively. Quality
control procedures were implemented to ensure data accuracy for
each cohort and are summarized in Supplementary Table 2.

King software version 2.3.0 (released on October 10, 2022) or
PLINK v.1.0/v.2.0* were used to calculate PCs and relatedness™.
Related individuals were removed in four cohorts, whereas the
remaining ten cohorts included related individuals. A linear mixed
model was used to perform the association analysis to deal with the
related samples in ten cohorts where related individuals were included
in the GWAS (Supplementary Table 2). To determine ancestries com-
pared to the 1000 Genome reference panel, King software version
2.3.0 (released on October 10, 2022) or PLINK v.1.0/v.2.0* were used.
Duplicated samples, which could also be monozygotic twins, and non-
European individuals were removed (Supplementary Fig. 21a).

We then imputed genotypes of nine cohorts with individual-level
data to the Haplotype Reference Consortium (HRC) reference panel
using the Minimac 3.0 or 4.0 pipeline via the Michigan Imputation
Server or the TopMed Server. Variants were filtered to include those
with high imputation quality (INFO scores >=0.7). Details of imputation
reference and analysis method in each cohort are described in Sup-
plementary Table 4.

GWAS and meta-analysis

Given differences in phenotyping and genotyping methods and to
avoid any cohort-based effects, GWAS was performed individually on
each cohort. Standard or linear mixed models, using Regenie tool
(v3.0)*” and the RVTESTS (v2.0.6)*® tools, respectively, were used for
the GWAS analysis (Supplementary Table 17). Age (at the date of the
latest imaging) and sex were incorporated as covariates to adjust for
the demographic characteristics of participants. Two to five genetic
PCs, depending on cohort-specific properties, were included in the
association analyses to adjust for population stratification (Supple-
mentary Fig. 21b and Supplementary Table 17). This approach was
adopted to mitigate the potential impact of phenotyping variability on
the outcomes of GWAS. Details of the model used in each cohort are
described in Supplementary Table 17.

A meta-analysis was performed on the GWAS results of all four-
teen cohorts using METAL software (version 2011-03-25)"". Additional
analyses were performed to identify signals on the sex chromosome X
for the eight cohorts genotyped on the GSA array v.3 (Supplementary
Table 4). The genotypes of chromosome X were imputed using the
HRC. The pseudo-autosomal region (PAR) was imputed jointly for
males and females with the non-pseudo-autosomal region (non-PAR)
being imputed separately for males and females. After separate
imputation of the PAR and non-PAR regions, the association analysis
was performed using the RVTESTS tool (v2.0.6).

GWAS summary statistics for all data sources were processed
through a standardized quality control pipeline®. To ensure the

robustness and reliability of our findings, we conducted additional QC
on the meta-analysis results. In our meta-analysis, we maintained
approximately a 1:2 ratio of cases to controls. We only retained variants
for further analysis that met stringent criteria: (i) variants with a total
effective sample size (Neff) exceeding >70% of the total populations,
and (ii) annotated in HRC reference panel (hgl9) for chromosome and
position. We excluded variants with low minor allele count (MAC < 10,
calculated as MAC = 2*Neff*MAF, with Neff being the effective sample
size, Neff = Rsq *2/((1/NCases)+(1/NControl)) and MAF being the minor
allele frequency, low imputation quality (Rsq<0.7) or large standard
error of the estimated genetic effect (SE > 10).

Further, we used RVTESTS (v2.0.6) to perform non-additive
association models including recessive and dominant associations of
genetic variants with RPD. The latter was performed to explore non-
linear effects that might be associated with RPD risk.

We used the Genetic Association Study Power Calculator web tool
(v0.0.2)*° to compute the power of our RPD-GWAS in detecting
chromosome 1 signals.

A series of sex specific GWAS were performed individually on each
cohort with individual-level data available (Supplementary Table 18) to
assess any sex specific associations in results.

Conditional GWAS

To investigate whether the significant region identified in the RPD-
GWAS represents more than one haplotype, we conducted conditional
analyses using the Regenie tool (v3.0)*. Conditional GWAS was per-
formed in cohorts genotyped on a GSA array v.3 (Supplementary
Table 4).

Post-GWAS analyses

Post-GWAS analyses, including WGS, eQTL, and PheWAS investiga-
tions, were conducted to further elucidate the genetic underpinnings
of RPD phenotype associations identified in the study.

Visual examination of associated regions

We used the LocusZoom software (v0.14.0)* to visualize and annotate
the genomic region associated with RPD including SNPs that are in LD
with top RPD risk variants derived from our summary statistics GWAS.
A regional plot with annotations displaying the top RPD-associated
signal was generated using the FUMA GWAS web tool (v1.5.3)*2. Genes
were annotated using the hg37 genome build. IncRNA HTRAI-AS1 was
added manually.

RPD lesion extent measurements

The extent of RPD present in an eye was determined by first
segmenting individual RPD lesions within an OCT B-scan, a single
image slice within a three-dimensional OCT volume scan. This was
performed using an instance-based deep learning segmentation
model, and it was used to derive the one-dimensional label of RPD
presence along each A-scan (vertical column of pixels within a B-scan).
The percentage of the A-scans within the OCT volume scan with this
RPD label was thus derived to provide a two-dimensional, en face
extent of RPD".

WGS

Following the GWAS, a subset of individuals with extreme RPD status
was selected for WGS. This subset was chosen to maximize the chances
of discovering rare variants causing RPD. Additionally, the WGS data
was used to explore the haplotype(s) within the RPD risk region. WGS
was performed using the NovaSeq PE150 (PCR-free library prepara-
tion) aiming for 30x coverage. The raw sequence data of 44 samples
(sequenced in two batches) with extreme RPD was provided as
unmapped FASTQ files which were mapped to the human reference
genome (based on hg37 genome assembly version) using an in-house
pipeline based on GATK best-practice guidelines*’. The joint-called
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variants were output to variant caller format (VCF) files for: i) rare
variants, small insertions and deletions (indels) in genes within the
ARMS2/HTRALI locus, and ii) structural variants located in the chro-
mosome 10 risk region. Variant calling, quality control, and prior-
itization were carried out using an in-house pipeline by excluding
variants with MAF < 0.001, including SNPs with Variant Effect Predictor
(VEP; v.109) impact of moderate or higher, excluding variants pre-
dicted/annotated as benign by SIFT (v2.1)*, Polyphen (v2.2.2)* tools
and Clinvar release 202001*. The structural variants (SV) quality
control was restricted to SVs with MAF >0.001 in the ARMS2/HTRA1
gene region using two SV detection tools including Smoove (v0.2.8)*
and Manta (v1.0.0)*%,

Next, an association between the RPD phenotype and the RPD risk
lead SNP was evaluated using logistic regression models in AMD-/RPD-
controls compared to three cohorts including: 1) Extreme RPD cases
(AMD+/RPD++), 2) AMD cases with RPD (AMD+/RPD+) and 3) AMD
cases with no RPD (AMD+/RPD-). These models were adjusted for age,
sex, and two genetic PCs to account for population stratification,
ensuring that the observed associations were not confounded by
demographic or population structure factors.

RPD risk haplotype characterization

To identify risk haplotypes associated with RPD, we conducted a
haplotype analysis using high-resolution WGS genotyping data. We
selected SNPs within the candidate region (Chr 10:124,205,544-
124,235,544, based on hgl9) that encompass a window of 15 kb of the
lead variant associated with RPD. Individuals homozygous for RPD risk
lead variant were chosen (N=15) for this analysis. Haplotype con-
struction was performed first by phasing the genotype using PLINK
(v.1.9)*. We included both common and rare variants (MAF > 0.001) to
capture the full spectrum of genetic variation. Haplotype blocks were
defined for variants with no missing data based on LD patterns (pairs of
variants within 200 kb of each other are considered), and no frequency
cut-off was set in the analysis.

eQTL analysis

Post-mortem donor retina RNA sequencing libraries with matched

genotype data were available for 404 samples (310 AMD + 94 controls)

generously provided by Prof Anand Swaroop (hereafter NEI eQTL
cohort)'’; and up to four tissues (neural retina and RPE, peripheral
and macula regions) from at least one eye from an independent
cohort of 119 donors (22 AMD and 97 controls), generously
provided by Dr Luz Orozco (Genentech cohort)®. Raw reads were
mapped to the human reference genome GRCh38.p14 (v110; Apr 2022)
using STAR in two-pass mode*’, and gene counts were quantified
via subread featureCounts®. Data were further quality controlled
using edgeR (v4.2)"' to remove lowly expressed genes (filterByExpr),
normalize library sizes (trimmed-mean of M values), and compute
log-counts-per-million (logCPM) values for downstream analysis.

Targeted eQTL analysis was performed for each gene and tissue in

the ARMS2 locus by extracting donor genotypes at the lead SNP

and regressing log CPM values, correcting for available metadata as
follows:

1). NEI eQTL cohort: log(CPM) -risk allele dosage + age + sex + AMD
Minnesota Grading System level + RNA integrity number + post-
mortem interval (hours)

2). Genentech eQTL cohort: log(CPM) -~ risk allele dosage + sex + AMD
status + (1/donor ID)

Model 1) used the base R (v4.1.3) linear model and model 2) used
ImerTest to incorporate a random term for donor ID given the avail-
ability of binocular data for 17% of the cohort. The tidyverse suite
(v2.0.0) was used for data cleaning and manipulation, and broom
(v1.0) was used to generate summary statistics. Results for 1) were
thresholded at P-value < 0.05; results for 2) were adjusted for multiple

testing using the Benjamini-Hochberg Procedure and thresholded at
adjusted P-value<0.05. R (v4.1.3) packages ggplot2 (v3.5/v3.5.1),
cowplot (vl.1) and patchwork (vl1.3) were used to generate QTL
boxplots.

Cross-trait analysis of RPD risk region

Phenotype association analyses were conducted to investigate the
AMD+/RPD+ GWAS result relationship with retinal-related diseases,
traits and clinical outcomes that have previously identified the ARMS2/
HTRAI genes. We then explored the overlap of the RPD risk region
in our RPD-specific GWAS and the GWAS summary statistics data
of related traits. To obtain the summary statistics, we searched
the GWAS Catalog®® and PubMed for recent GWAS performed on
retinal-related traits which were not available in the GWAS Catalog?.
Seven retina-relevant traits including total retinal thickness, the
thickness of photoreceptor cell inner segment (IS), photoreceptor
cell outer nuclear layer (ONL), photoreceptor cell outer segment
(0S), retinal expression quantitative trait loci (eQTL), retinal
editing quantitative trait loci (edQTLs)® and retinal DNA
methylation quantitative trait loci (mQTL)** were identified (Fig. 5 and
Supplementary Fig. 19). The two studies on total retinal thickness and
the thickness of photoreceptor cell segments used the UK BioBank
dataset measures extracted from the OCT images. The total retinal
thickness GWAS was conducted by Jackson et al. which is a high-
throughput GWAS on fine-scale retinal thickness measurements by
Artificial Intelligence (Al)-based methods across >29,000 points in
the macula and was available in-house?. The study on the thickness
of photoreceptor cell segments used Topcon advanced boundary
software (different versions used as multisite study) to measure the
layers®.

Colocalization

We conducted colocalization analyses using coloc version 5.2.2% to
assess shared genetic etiology across related traits. The Bayesian
colocalization approach is based on prior probabilities, not the Markov
chain Monte Carlo method. Sensitivity analysis was performed to test
colocalization hypotheses of RPD risk region and cross-traits with
>99% overlap.

Statistical tests

We used a rank-based linear regression model to assess the relation-
ship between the RPD extent and the genotype dosage of the RPD-risk
lead SNP (rs11200638) while adjusting for age and sex as covariates.
The Kruskal-Wallis test was conducted to examine the differences in
the RPD extent across the genotype groups.

Statistical significance was defined as adjusted for multiple
testing using the False Discovery Rate (FDR) or Benjamini-Hochberg
P-value<0.05, throughout this study unless it is mentioned
otherwise.

Ethics and inclusion statement

This research included local researchers from 14 cohorts inter-
nationally. Local researchers from each cohort have fulfilled the cri-
teria for authorship required by Nature Portfolio journals and have
been included as authors since their participation was essential for the
study design and implementation. Roles and responsibilities were
agreed among collaborators ahead of the research with collaboration
agreements in place covering study design, study implementation,
data ownership, intellectual property and authorship. This manuscript
includes findings that are locally relevant and were determined in
collaboration with the local researchers. The research was not severely
restricted or prohibited in the setting of the researchers, and has been
approved by each local ethics committee or institutional review board
(Supplementary Table 16). The research did not result in stigmatiza-
tion, incrimination, discrimination or personal risk to participants and
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did not involve health, safety, security or other risk to researchers.
Local researchers are able to continue using the data generated from
their cohort for their own local research. Local research relevant to the
study was taken into account in citations.

Ethics

In this study, prior to data collection, comprehensive ethical approvals
were obtained from all relevant institutional review boards or ethics
committees (Supplementary Table 16). The study was conducted in
accordance with the International Conference on Harmonization
Guidelines for Good Clinical Practice and the tenets of the Declaration
of Helsinki, and all enrolled participants provided written informed
consent. Each ethical agreement was approved by the Walter and Eliza
Hall Institute of Medical Research Human Research Ethics Committee
(HREC, project number 20/13LR) where the final analysis was
performed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The meta-analysis association results generated in this study have
been deposited in the GWAS Catalog database under accession codes

GWAS1I  GCST90559231, GWAS2  GCST90559232, GWAS3
GCST90559233, GWAS4 GCST90559234, GWASI females
GCST90559235, GWASI_males GCST90559236, GWAS2 females

GCST90559237, GWAS2_males GCST90559238, GWAS3 females
GCST90559239, GWAS3 _males GCST90559240, GWAS4 females
GCST90559241, GWAS4 males GCST90559242. GWAS4 is the base-
line AMD GWAS. This is the minimum dataset necessary to verify and
extend the study outcomes and includes disaggregated results for
sex. The individual-level source data for the GWAS results are pro-
tected and are not available as a set due to data privacy laws and
Ethics Committee/Institutional Review Board restrictions. Individual-
level source data was obtained for this study under written colla-
boration agreements with each of the 14 collaborating sites. The
individual level de-identified whole genome sequencing data are
available under restricted access due to data privacy laws and Ethics
Committee restrictions. Access to this data for the purposes of
studying age-related macular degeneration can be obtained under a
collaboration agreement (contact: rh.guymer@unimelb.edu.au).
Requests will be responded to within 3 months, with data remaining
available for the length of the agreement period. Downstream data
reuse requires a new or amended agreement. The NEI post-mortem
donor retina RNA sequencing data used in this study are available in
the Gene Expression Omnibus (GEO) database under accession code
GSE115828". The Genentech post-mortem donor retina RNA
sequencing data used in this study are available in the GEO database
under accession code GSE135092". The NEI and Genentech
individual-level genetics required to calculate the quantitative trait
loci (QTLs) are not publicly available as it is proprietary
information™"®. For this study, we obtained access to the individual-
level genetics data under separate collaboration agreements with NEI
and Genentech™"¢. The pixel-level GWAS results from the UK BioBank
subcellular retinal thickness analysis* are available for download
from the Open Science Framework [https://doi.org/10.17605/0SF.10/
KZUGVT*. They are not available on the GWAS Catalog due to the
large size of the results. Look-ups for pixel-level results, including
SNPs can be made using the online portal [http://retinomics.org/].
Individual-level data can be accessed from the UK Biobank upon
request, via an application process [http://www.ukbiobank.ac.uk/].
Pixel-level and summary statistics data from the subcellular retinal
thickness study” have been returned to the UK Biobank. All pro-
cessed data generated in this study are provided within the paper and

in the Supplementary Information. Step-by-step pipelines for the
genetic analyses are immediately accessible to anyone at https://
www.protocols.io/edit/genetics-of-rpd-amd-dkx34xqn.

Code availability

The code used for the deep learning model described herein is for-
mally maintained as part of the Project-MONAI Model Zoo and is
publicly available at: https://github.com/Project-MONAI/model-zoo/
tree/dev/models/retinal OCT_RPD_segmentation,
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