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Multitrait analysis of glaucoma identifies new risk
loci and enables polygenic prediction of disease
susceptibility and progression
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Glaucoma, a disease characterized by progressive optic nerve degeneration, can be prevented through timely diagnosis and
treatment. We characterize optic nerve photographs of 67,040 UK Biobank participants and use a multitrait genetic model
to identify risk loci for glaucoma. A glaucoma polygenic risk score (PRS) enables effective risk stratification in unselected
glaucoma cases and modifies penetrance of the MYOC variant encoding p.GIn368Ter, the most common glaucoma-associated
myocilin variant. In the unselected glaucoma population, individuals in the top PRS decile reach an absolute risk for glaucoma
10 years earlier than the bottom decile and are at 15-fold increased risk of developing advanced glaucoma (top 10% versus
remaining 90%, odds ratio=4.20). The PRS predicts glaucoma progression in prospectively monitored, early manifest
glaucoma cases (P=0.004) and surgical intervention in advanced disease (P =3.6 x10~¢). This glaucoma PRS will facilitate
the development of a personalized approach for earlier treatment of high-risk individuals, with less intensive monitoring and

treatment being possible for lower-risk groups.

clinically characteristic optic neuropathy associated with,

but not dependent on, elevated intraocular pressure'. It is the
leading cause of irreversible blindness worldwide and is predicted
to affect 76 million by 2020 (ref. >°). There is no single definitive
biomarker for glaucoma, and diagnosis involves assessing clinical
features, with characterization of the optic nerve head carrying the
strongest evidential weight. Primary open-angle glaucoma (POAG)
is the most prevalent subtype of glaucoma in people of European
and African ancestry>*. POAG is asymptomatic in the early stages;
currently approximately half of all cases in the community are undi-
agnosed even in developed countries’. Early detection is paramount
since existing treatments cannot restore vision that has been lost,
and late presentation is a major risk factor for blindness®. Thus, bet-
ter strategies to identify high-risk individuals are urgently needed’;

( i laucoma refers to a group of ocular conditions united by a

more refined approaches can capitalize on the fact that POAG is one
of the most heritable of all common human diseases® . The lack
of a currently cost-effective screening strategy for glaucoma’,
coupled with very high heritability, make glaucoma an ideal candi-
date disease for the development and application of a PRS to facili-
tate risk stratification.

Opverlap of features shared by healthy optic nerves with those in
the early stages of glaucoma makes it a difficult disease to diagnose
early, necessitating costly ongoing monitoring of patients for pro-
gressive optic nerve degeneration'. Once a glaucoma diagnosis is
established, rates of progression vary widely between individuals,
and considerable time can elapse before surveillance techniques
adequately differentiate slow from more rapidly progressing cases'.
Progressive vision loss from glaucoma can be slowed, or in some
cases halted, by timely intervention to reduce intraocular pressure
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using medical therapy, laser trabeculoplasty or incisional surgery’.
The ability to predict progression is currently crude, with delays
in treatment escalation for high-risk individuals an important and
inevitable consequence, as well as substantial cost and morbidity
associated with the overtreatment of lower-risk cases.

The chronicity, heritability, clinical heterogeneity and treatability
of POAG make it an ideal candidate for genetic risk profiling'"'*. In
this study, we evaluated the optic nerve head in 67,040 UK Biobank
(UKB) participants, enabling the largest genome-wide association
study (GWAS) of optic nerve morphology to date, using the vertical
cup/disc ratio (VCDR) as an endophenotype for glaucoma. Then,
we incorporated additional genetic data from a second well-estab-
lished glaucoma endophenotype, intraocular pressure (IOP), and
combined this with glaucoma disease status, using a recently devel-
oped multitrait analysis of GWAS (MTAG)" approach to first iden-
tify new risk loci for glaucoma and then generate a comprehensive
glaucoma PRS. We examined the impact of newly implicated glau-
coma genes in independent case-control cohorts from Australia,
the United Kingdom and the United States, and then evaluated
the utility of the PRS for predicting glaucoma risk and important
clinical outcomes in well-characterized cases across a range of
disease severities.

Results

Study design. Our overall study design is illustrated in Extended
Data Fig. 1a. We first conducted a GWAS on glaucoma (7,947 cases
and 119,318 controls) and on the key endophenotypes for glau-
coma: VCDR (including new data on 67,040 UKB participants and
International Glaucoma Genetics Consortium (IGGC), n=23,899);
and IOP (including data on 103,914 UKB participants and GWAS
summary statistics from the IGGC, n=29,578; Supplementary Table
1). These data were then combined using MTAG" to identify new
glaucoma risk loci and construct a PRS. The clinical significance of
the PRS was investigated in advanced glaucoma cases in two popu-
lations and a separate prospectively monitored clinical cohort with
early manifest glaucoma. The predictive ability of the PRS was also
explored in other datasets; however, to ensure our results general-
ize to further cohorts, we selected mutually exclusive samples for
inclusion in the discovery and testing datasets to ensure no sample
overlap. When required, we rederived the PRS to ensure no sample
overlap (Extended Data Fig. 1b-d and Supplementary Note).

Discovery of new optic nerve morphology loci. The GWAS of
VCDR (adjusted for vertical disc diameter) identified 76 statisti-
cally independent, genome-wide significant SNPs (66 loci), of
which 49 (43 loci) had not previously been associated with VCDR
(Supplementary Figs. 1 and 2 and Supplementary Table 2). Using
linkage disequilibrium score regression, we found no evidence for
genomic inflation (intercept=1.04, s.e.m.=0.01; Supplementary
Fig. 3). The genetic correlation between VCDR (adjusted for verti-
cal disc diameter) and glaucoma in the UKB was 0.50 (s.e.m.=0.05);
the correlation in effect size estimates at the 76 SNPs was 0.60
(P=9.0x107% Supplementary Fig. 4). We further combined the
UKB VCDR (adjusted for vertical disc diameter) GWAS and the
IGGC VCDR GWAS summary statistics using MTAG, and identi-
fied 107 independent genome-wide significant SNPs (across 90 loci;
Supplementary Table 3) for VCDR (adjusted for vertical disc diam-
eter). As reported previously, the genetic correlation between IOP
and glaucoma was high (0.71)", but as expected the genetic correla-
tion between VCDR (adjusted for vertical disc diameter) and IOP
was substantially lower (0.22, s.e.m.=0.03).

Discovery of previously unknown glaucoma loci via multivari-
ate analysis. Given the high correlation between glaucoma and its
endophenotypes, we then conducted a multivariate GWAS (with
8,002,429 SNPs after quality control) to identify 114 statistically

independent SNPs (107 loci, P<5X107%) associated with glau-
coma; this includes all previously published glaucoma loci as well
as 49 previously unknown loci (Fig. 1, Supplementary Figs. 5 and
6 and Supplementary Table 4). At the more stringent multiple test-
ing threshold (P<1x10®*) suggested by a simulation study”, 95
loci reached significance, 39 of which were previously unknown
(Supplementary Table 4); 27 of the 49 top SNPs at these loci were not
associated individually with any of the individual input traits at the
genome-wide significance level (P=>5X107%) and only reached this
threshold for glaucoma due to the MTAG method leveraging the
strong correlation between the input traits. Then, we attempted to
replicate the 49 previously unknown SNPs in two independent glau-
coma cohorts (Australian and New Zealand Registry of Advanced
Glaucoma (ANZRAG) and National Eye Institute Glaucoma
Human Genetics Collaboration Heritable Overall Operational
Database (NEIGHBORHOOD)). Given the much smaller effective
sample size of these replication cohorts (versus the discovery data-
sets from the MTAG analysis), we did not expect all of the SNPs to
be strongly associated; rather, if they were genuine associations, we
would expect the odds ratios (ORs) to be highly concordant, with
some of the smaller ORs being individually nonsignificant. The con-
cordance between the discovery cohort and our replication cohorts
log ORs was excellent (correlation 0.88, P=1.6X107%), indicating
that our multivariate model was successful in identifying genuine
glaucoma risk loci (Fig. 2 and Supplementary Fig. 7). Of the 49 pre-
viously unknown SNPs, 9 were replicated after Bonferroni correc-
tion (P <0.05/49=0.001, one-sided test; bold text in Supplementary
Table 4), 26 were associated at a nominal significance level (P <0.05,
one-sided test; italic text in Supplementary Table 4) and 46 (94%)
were in the expected direction. While the concordance between
multivariate and glaucoma replication sample log ORs was high,
only 9 of the 49 loci were significant for glaucoma after correction
for multiple comparisons; further studies are required to replicate
the remaining 40 loci for glaucoma.

We conducted a genome-wide gene-based association analysis
and a gene set enrichment analysis to assess which predefined bio-
logical pathways were enriched in our multitrait glaucoma GWAS;
we found 196 genes and 14 gene sets, respectively, that were sig-
nificant after Bonferroni correction (Supplementary Tables 5 and
6). The most significant pathways were also previously implicated
(that is, extracellular matrix, collagen and circulatory system devel-
opment)'*'°. Further studies are warranted to investigate the role of
these pathways in the risk of glaucoma.

Optimizing the prediction of glaucoma risk by combining corre-
lated traits. We derived our PRS based on the MTAG of GWAS data
from glaucoma and its endophenotypes. As well as increasing the
number of SNPs that reach genome-wide significance (mean chi-
squared statistic increased from 1.12 to 1.30, implying our effective
sample size was 2.59 times larger than if we had used UKB glau-
coma cases and controls alone), our multivariate model improved
the power of risk prediction by reducing the error in the estimate
of the effect size for every SNP (assuming the MTAG homogene-
ity assumption is true; see Discussion)". We first tested the dis-
criminatory power of the MTAG-derived PRS in the ANZRAG
cohort of advanced glaucoma. We found that SNPs with MTAG
P values <0.001 (corresponding to 2,673 uncorrelated SNPs after
linkage disequilibrium clumping at r*=0.1 and a P value thresh-
old of 0.001) had the highest Nagelkerke R? (13.2%) and area under
the curve (AUC, 0.68, 95% confidence interval (CI)=0.67-0.70;
Supplementary Table 7). The MTAG PRS has better prediction abil-
ity than any of the input traits alone (Supplementary Table 8). Based
on this, we set the P value threshold at 0.001 for all the remain-
ing prediction target sets (Progression Risk Of Glaucoma: RElevant
SNPs with Significant Association (PROGRESSA), Blue Mountains
Eye Study (BMES), UKB).
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Fig. 1| Manhattan plot displaying glaucoma-specific P values from the MTAG analysis. The samples used in the multitrait analysis are presented in
Extended Data Fig. Ta. Previously unknown SNPs are highlighted with red dots, with the nearest gene names in black text. Known SNPs are highlighted
with purple dots, with the nearest gene names in purple text. The red line is the genome-wide significance level at 5x1078.

The MTAG-derived PRS was effective at separating advanced
glaucoma individuals in terms of risk, with a clear dose-response
over deciles (Fig. 3a and Supplementary Fig. 8). In the ANZRAG
cohort, individuals in the top decile of the PRS had a 14.9-fold higher
risk (95% CI=10.7-20.9) relative to the bottom decile, with even
better discrimination for the more common high-tension glaucoma
(OR=21.5, 95% CI=12.5-37.0) than normal-tension glaucoma
(Supplementary Fig. 9). We replicated the dose-response of the
PRS in a smaller UK advanced glaucoma dataset (Southampton and
Liverpool); the top versus bottom PRS decile had an OR=11.6 (95%
CI=6.0-25.3) and again had better discrimination for high-tension
glaucoma (OR=12.9, 95% CI=6.2-31.3). While comparing the top
and bottom deciles shows the dose-response across deciles, one can
also consider the risk in the high-PRS individuals versus all others;
when this is done in the ANZRAG cohort, the OR is 4.2 and 8.5 in
the top 10 and 1%, respectively, of individuals versus all remaining
individuals (Supplementary Table 9).

Glaucoma risk score performance in individuals carrying high-
penetrance variants. Previous studies indicated that PRS modifies the
penetrance of rare BRCA1 and BRCA2 mutation carriers for breast,
ovarian and prostate cancers'”'. Although the MTAG-derived PRS
only contains common variants, given that it indexes general glau-
coma risk, we hypothesized that it could stratify individuals carrying
known high-penetrance glaucoma variants. Pathogenic MYOC (myo-
cilin) gene variants account for 2-4% of POAG cases in most popula-
tions, the most common disease-causing variant being that encoding
p-GIn368Ter (rs74315329)". Penetrance is age-related and is lower in
population-based than family-based studies'**’. We speculated that
this difference in penetrance could be due to enrichment of common
glaucoma-associated variants in families modifying age-related pene-
trance. Within the UKB, we identified 965 MYOC p.GIn368Ter carri-
ers based on imputation (Supplementary Note)*'. Figure 3¢ shows the
cumulative risk of glaucoma in p.GIn368Ter carriers, stratified by PRS
tertiles. For p.GIn368Ter carriers in the lowest tertile PRS, glaucoma
risk remained very low (2%) up to age 60. In contrast, the highest
tertile PRS group had substantially increased risk of early diagnosis,
reaching a sixfold increase in absolute risk of glaucoma by age 60,
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Fig. 2 | Comparison of the effect sizes (log ORs) for 114 genome-wide
significant independent SNPs identified from the glaucoma multiple trait
analysis of GWAS in the UKB versus those in independent glaucoma
cohorts (meta-analysis of ANZRAG and NEIGHBORHOOD). The Pearson
correlation coefficient is 0.88 (P=1.6 x1073¢). The red line is the best fit
line, with the 95% confidence interval region in gray. Previously unknown
glaucoma SNPs are highlighted in red; known SNPs are shown in purple.

relative to the lowest PRS tertile (considering whole-age range, haz-
ard ratio=3.4, 95% CI=1.7-6.6). This supports the utility of PRS in
optimizing risk stratification and prediction, and early screening for
patients carrying high-penetrance MYOC variants in the presence of
high PRS scores.

Potential for glaucoma risk score in screening in the general
population. We considered a general population screening scenario
using the UKB (PRS was rederived to ensure no sample overlap;
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Fig. 3 | Multitrait analysis of GWAS PRS prediction. a, OR of developing advanced glaucoma in the ANZRAG cohort (with 1,734 advanced glaucoma cases
and 2,938 controls) for each PRS decile. The square dots are the OR values (adjusted for sex and the first four principal components) and the error bars
are the 95% Cl. The dashed line is the reference at the bottom PRS decile (OR=1). b, AUCs of PRS in the BMES cohort. The MTAG-derived PRS provided
additional predictive ability on top of traditional risk factors (age, sex, and self-reported family history; DelLong test P=0.002). The AUC is based on a
logistic regression model with the coefficients for age, sex, family history and PRS estimated from the BMES data (Supplementary Table 10). ¢, Cumulative
risk of glaucoma in UKB MYOC p.GIn368Ter carriers stratified by the PRS (adjusted for sex and first six genetic principal components). The cumulative risk
of tertiles (with 95% Cls) of PRS are displayed given the relatively small number of MYOC p.GIn368Ter carriers (n=965). d, Cumulative risk of glaucoma
for people in the top and bottom decile (with 95% Cls) of PRS of the UKB participants who do not have the MYOC p.GIn368Ter variant (adjusted for sex
and first six genetic principal components). The dashed line is the reference line of cumulative risk at 3%.

Extended Data Fig. 1d), where we excluded the 965 MYOC
p.GIn368Ter carriers. Over the 40-69-year-old age range for indi-
viduals sampled in the UKB, glaucoma prevalence increases from
0.1% at age 40, reaching 3% (95% CI=2.9-3.1) by age 64. The
MTAG-derived PRS stratifies UKB participants very effectively; for
those in the top PRS decile, 3% prevalence (prevalence in general
population) is reached by age 59, while it takes an additional 10
years for this disease prevalence to be reached for people in the
bottom PRS decile. Alternatively, prevalence can be well stratified
by PRS deciles (Fig. 3d).

To benchmark the performance of the MTAG-derived PRS with
traditional risk factors, we computed the AUC in datasets for which
this was possible: BMES, UKB glaucoma (broad glaucoma defini-
tion) and UKB POAG (International Statistical Classification of
Diseases and Related Health Problems, 10th revision (ICD-10) defi-
nition; Fig. 3b and Supplementary Table 11 (PRS was rederived to
ensure no sample overlap), and Extended Data Fig. 1). In the BMES

cohort, our PRS provided additional predictive ability beyond that
imparted by traditional risk factors (age, sex and self-reported fam-
ily history), with a significant change in the AUC (from 0.73 to 0.80,
P=0.002; Fig. 3b). Clear improvement in prediction using this PRS
is also observed in people of South Asian ancestry (Supplementary
Table 11), although we were underpowered to explore this further
across other groups.

A previous study examined the cost-effectiveness requirements
for glaucoma screening and highlighted the key 50-60 age bracket’.
In the BMES data (Extended Data Fig. 1b), screening only those
with a top decile PRS identified 40% of all early-onset cases in the
50-60 age bracket (40% of the 10 cases, P=0.013). Such individu-
als represent a set of individuals who would probably benefit from
referral for immediate clinical assessment with skilled clinical
examination, retinal imaging and visual fields. We replicated this
result in the UKB POAG cohort (ICD-10 cases in Extended Data
Fig. 1c; the top 10% PRS screening finds 29% of 24 cases aged
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Fig. 4 | Clinical implications of the glaucoma PRS. a, Mean age at diagnosis (years) for each decile of the PRS in the ANZRAG cohort (linear regression
P=1.8%x107°). A total of 1,336 cases had accurate age at diagnosis information. We calculated the mean age at diagnosis for each decile of PRS, adjusted

for sex and the first four principal components in a linear regression model. The black squares are the regression-based mean age at diagnosis, with

the error bars for the 95% Cls. The red line is the line of best fit, with the 95% Cls in gray. b, Proportion of preserved baseline retinal nerve fiber layer

for PROGRESSA participants with early manifest glaucoma plotted against PRS decile (n=388; linear regression P=0.004). The black squares are the
retinal nerve fiber layer proportions, with the error bars showing the 95% Cls. The remaining retinal nerve fiber layer proportion is calculated for the
most affected quadrant of the most affected eye of each patient, as determined on optical coherence tomography scans at baseline and latest follow-up
scan. ¢, Proportion of patients requiring trabeculectomy in either eye in the ANZRAG POAG cohort (linear regression P=3.6 x107°). There were 1,360
cases with records of surgical treatment status. The black squares represent the observed average proportion of cases in each decile of PRS who required
trabeculectomy, with 95% Cl bars. The line of best fit is shown in red, with the 95% Cl shaded in gray.

50-60, P=0.0075). In this way, PRS-based screening would satisfy
the cost-effectiveness requirements outlined by Burr et al.’, identify
a meaningful proportion of cases and capture those cases most at
risk of severe disease.

Clinical implications of the glaucoma risk score. We evaluated
the predictive power of the PRS in advanced glaucoma; in 1,336
ANZRAG advanced POAG cases with accurate age at diagnosis
information available (Supplementary Table 12), the PRS was sig-
nificantly associated with age at diagnosis of POAG (P=1.8 X107°).
Individuals in the top 10% of the PRS distribution were, on aver-
age, diagnosed at ages 7years younger than people in the bot-
tom 10% (Fig. 4a). We also found that ANZRAG individuals with
a higher PRS had more family members affected by glaucoma
(P=3.5%107?), with the highest decile having twice as many mem-
bers affected (Supplementary Fig. 10).

Retinal nerve fiber layer (RNFL) thinning is a major structural
change evident in early-stage glaucoma®. In the early manifesta-
tion of glaucoma (PROGRESSA) cohort, the PRS predicted both
the proportion lost and rate of loss of peripapillary RNFL. Given
that glaucomatous loss of retinal ganglion cells generally progresses
unequally between eyes, with some quadrants of the retina damaged
more rapidly than others, we analyzed the most affected quadrant
of the most affected eye in individuals with early manifest glaucoma
and >2years of longitudinal optical coherence tomography data.
The PRS was significantly associated with the proportion of RNFL
lost from baseline to most recent review, even after adjustment for
known risk factors: age, IOP and RNFL thickness at presentation
(P=0.004; Fig. 4b and Supplementary Table 13). Expressed in terms
of rate of loss, each decile change in PRS was associated with an
accelerated progression rate of 0.05umyear~!, which was twice the
rate of thinning per mmHg (approximately 1 decile change for IOP)
of baseline IOP (0.022 pmyear™).

Incisional surgery for glaucoma (trabeculectomy) is highly
effective at reducing IOP, but has significant complications that
can adversely impact vision'. Trabeculectomy is performed either
when IOP cannot be controlled with medical or laser therapy, or

NATURE GENETICS | www.nature.com/naturegenetics

when there is progressive visual field loss despite well-controlled
IOP. Patients with a high PRS were more likely to have undergone
surgery for glaucoma (Fig. 4c and Supplementary Fig. 11). In the
ANZRAG cohort of POAG cases, a higher PRS was associated with
requiring trabeculectomy, even after adjustment for maximum
recorded IOP and age (P=3.6x107°); the OR of requiring trab-
eculectomy in either eye for people in the top PRS decile was 1.78
(95% CI=1.07-3.00) compared to the bottom decile. We observed a
very similar trend in our UK replication (Southampton/Liverpool)
samples (Supplementary Fig. 11).

Discussion

Through a large-scale multivariate GWAS we identified previously
unknown genes for glaucoma, the leading cause of irreversible
blindness worldwide’. Despite a smaller replication cohort, many
of these previously unknown hits were replicated, and all but three
SNPs showed a consistent direction of effect. We then expanded this
analysis to derive a PRS and interrogated its utility across a wide
spectrum of clinically relevant glaucoma outcomes.

From the multivariate GWAS, we identified 49 previously
unknown loci associated with glaucoma (9 of which were replicated
after correction for multiple comparisons in independent glaucoma
case-control cohorts; 26 were replicated with a P<0.05). Most of
the loci replicated at P<0.001 are at genes previously associated
with glaucoma risk factors (myopia, central corneal thickness, IOP,
VCDR). Specifically, RSPO1 is associated with ocular axial length®.
BICC1 is associated with myopia and corneal astigmatism”~*.
POU6F2 modulates corneal thickness and increases glaucoma risk
in animal experiments?”. FBXO32, PTPNI and VPS13C are asso-
ciated with IOP"***, while CASC20 was identified in our VCDR
(adjusted for vertical disc diameter) GWAS. These findings show
that our multivariate GWAS improves the power to identify previ-
ously unknown glaucoma genes and advance our understanding of
the causes of glaucoma risk.

The MTAG-derived PRS was validated in independent samples,
confirming its high predictive ability. Individuals in the top PRS
decile were at 15-fold increased risk of advanced glaucoma and at
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21.5-fold increased risk of advanced high-tension glaucoma, relative
to the bottom decile, which represents a substantial improvement
on previously reported genetic profiling strategies, where, based on
SNPs that were genome-wide significantly associated with IOP and
SNPs previously associated with VCDR and glaucoma, top decile
individuals had a 5.6-fold increased risk'*. This new glaucoma PRS
also outperforms those derived from other well-studied conditions;
for example, our OR comparing the top 1% PRS individuals versus
the remaining individuals was 8.5, which is higher than that seen in
a recent study that surveyed coronary artery, atrial fibrillation, type 2
diabetes, inflammatory bowel disease and breast cancer™. The etiol-
ogy of complex diseases depends on both environmental and genetic
factors; thus, PRS alone will never achieve the very high predictive
power (for example, AUC>0.99) required for accurate population
screening®. Our glaucoma PRS will be primarily useful for strati-
fying individuals into risk groups; for example, in the BMES data,
screening the top decile of the PRS in individuals between 50 and
60 years old identifies 40% of cases. Moreover, as argued by Khera
et al.”, individuals with a high PRS for glaucoma are probably at
a similar risk to individuals carrying rare ‘high-penetrance MYOC
mutations®. Finally, PRS performance for glaucoma is particularly
noteworthy given the clinical implications of identifying at-risk
individuals and the prevention of irreversible blindness with readily
available treatment proven to be effective at preventing visual loss.

While current treatments are effective in preventing or reduc-
ing POAG progression'”, many patients are not diagnosed before
irreversible damage to visual function has already occurred. Earlier
diagnosis of glaucoma can reduce glaucoma blindness and our work
demonstrates that people with a higher PRS require earlier clinical
assessment. In the UKB, individuals in the top PRS decile reach an
equivalent absolute risk for glaucoma 10years earlier than people in
the bottom decile. In advanced glaucoma cases, individuals in the top
decile were diagnosed at ages 7 years earlier than those in the bottom
decile. Similarly, the MTAG-derived PRS was associated with signifi-
cantly earlier disease onset in UKB MYOC p.GIn368Ter carriers who
are at high disease risk. The MTAG-derived PRS can also identify
people with early manifest glaucoma who are at higher probability
of disease progression, as well as the probability of requiring surgi-
cal intervention, which is highly effective at reducing IOP but carries
substantial treatment morbidity, meaning it should always be targeted
specifically at those at higher risk of disease progression and blindness.

A concern with the MTAG method is the homogeneous assump-
tion, which could be violated for some SNPs that have no effect
on one trait but are non-null for other traits (that is, it is possible
that a small number of the variants may be more specific for IOP
or VCDR rather than glaucoma). The homogeneity assumption has
been studied in detail by Turley et al.” We have evaluated the pos-
sible inflation using the maximum false discovery rate (FDR) as rec-
ommended by Turley et al.". The baseline maximum FDR for the
MTAG glaucoma-specific input GWAS summary statistics is 0.049,
and the maximum FDR for the MTAG glaucoma-specific output
summary statistics is 0.03. Since these are similar, there is no evi-
dence of inflation due to violation of the homogeneity assumption.
As recommended by the MTAG authors, we also performed replica-
tion analysis to assess the credibility of previously unknown SNPs
in two independent datasets (an Australasian cohort of advanced
glaucoma (ANZRAG) and a consortium of cohorts from the United
States NEIGHBORHOOD)); this analysis shows there is very good
concordance between the MTAG-based effect sizes and those from
the glaucoma cohorts. Furthermore, using MTAG output instead of
the individual input traits improves the predictions in independent
cohorts (Supplementary Table 8), providing additional evidence
that we are not merely identifying IOP- or VCDR-specific loci that
have no effect on glaucoma. Further research needs to be under-
taken to investigate the biological mechanisms of these previously
unknown genes on glaucoma risk.

A limitation of this work is that in our 7,947 UKB glaucoma cases,
only a small proportion had documented disease subtype; however,
since the proportion of UK glaucoma cases that have POAG is high
(87% in a recent study by Chan et al.’), this probably would not
have a large influence on our results. A further limitation is that it is
not yet clear how applicable our findings are to other populations.
We showed that the PRS improved prediction accuracy over and
above traditional risk factors in homogeneous groups (as defined by
genetic principal components) of either European or South Asian
ancestry. The performance of the PRS in other populations should
be tested to investigate the generalizability of our findings. The per-
formance of the PRS in aiding clinical decision-making and guiding
earlier treatment could be evaluated prospectively in a longitudinal
intervention study, with participants randomized to have their PRS
provided or withheld from their treating specialist.

In summary, we have applied a multivariate approach using
weighted data on glaucoma, and the endophenotypes IOP and
VCDR, to identify previously unknown glaucoma loci, and develop
a PRS. This PRS was shown to be predictive of: (1) increased risk of
advanced glaucoma; (2) glaucoma status significantly beyond tra-
ditional risk factors; (3) earlier age of glaucoma diagnosis; (4) high
levels of absolute risk in persons carrying high-penetrance glaucoma
variants; (5) increased probability of disease progression in early-
stage disease; and (6) increased probability of incisional glaucoma
surgery in advanced disease. This glaucoma PRS has good predic-
tive power across a range of clinical cohorts and its application will
facilitate the rational allocation of resources through clinical screen-
ing and timely treatment in high-risk patients, with reduced clinical
monitoring costs in lower-risk groups.
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Methods

Study design and overview. Our overall study design is illustrated in

Extended Data Fig. 1. We first conducted a GWAS on glaucoma and on the key
endophenotypes for glaucoma: VCDR and IOP. These data were then combined
using MTAG", a method for combining multiple genetically correlated traits to
maximize power to identify previously unknown loci and improve genetic risk
prediction. Specifically, our MTAG analysis outputs glaucoma-specific effect

size estimates and P values for SNPs across the genome. Newly associated loci
(P <5x%107%) were validated in two independent cohorts with well-characterized
POAG. We created a PRS based on the MTAG GWAS summary statistics. The
clinical significance of the PRS was investigated in advanced glaucoma cases in
two populations and a separate prospectively monitored clinical cohort with early
manifest glaucoma. The predictive ability of the PRS was also explored in other
datasets; however, to ensure our results generalize to further cohorts, we selected
mutually exclusive samples for inclusion in the discovery and testing datasets

to ensure no sample overlap. When required, we rederived the PRS to avoid any
sample overlap (Extended Data Fig. 1). Study procedures were performed in
accordance with the World Medical Association Declaration of Helsinki ethical
principles for medical research (2013 version).

Study populations. Detailed information of individual studies, phenotypic
definitions and genetic quality control procedures are provided in the
Supplementary Note.

The UKB is a population-based study of half a million people living in the
United Kingdom™. We measured VCDR and vertical disc diameter in all patients
with gradable retinal images (67,040 participants following exclusions, detailed
in the Supplementary Note) and undertook a GWAS to identify SNPs influencing
optic nerve head morphology. Vertical disc diameter adjustment of the VCDR was
used to account for optic cup and disc size covariation®**'. To improve the power
in the multitrait analysis, we combined the VCDR data with data on corneal-
compensated IOP (103,914 participants) and glaucoma (7,947 cases, 119,318
controls) in the MTAG analysis'“. We also used publicly available VCDR and IOP
GWAS summary results for individuals of European ancestry from the IGGC
(yepr= 23,899, 10p=29,578)*.

The ANZRAG consists of 3,071 POAG cases of European ancestry, who were
compared to 6,750 controls’. For sub-analyses restricted to advanced POAG,
there were 1,734 advanced POAG cases and 2,938 controls; of these cases, 1,336
participants had accurate age at diagnosis information available. Replication of
the ANZRAG findings was performed using 332 advanced glaucoma cases from
Southampton and Liverpool in the United Kingdom; for case-control analysis,
cases were matched to 3,000 randomly selected European ancestry individuals
from the QSkin Sun and Health Study**. The NEIGHBORHOOD GWAS results
were generated through meta-analyzing summary data from 8 independent
datasets (3,853 POAG cases and 33,480 controls) of European ancestry from the
United States™.

The BMES is a population-based cohort study investigating the etiology of
common ocular diseases among suburban residents aged 49 years or older in
Australia’. Data from 74 POAG cases and 1,721 controls of European ancestry
with genotype information were included.

The PROGRESSA study is a prospective longitudinal study of the clinical and
genetic risk factors, and course of early-stage glaucoma (n=388). Patients with
confirmed early manifest POAG on sequential automated perimetry testing were
consecutively recruited from ophthalmology clinics in South Australia (detailed
criteria found in the Supplementary Note). Individuals underwent 6-monthly
evaluation of IOP, optic disc assessment, RNFL analysis by optical coherence
tomography and achromatic Humphrey visual field perimetry. Longitudinal data
were used from all visits since baseline presentation; participants were followed
for 1-8 years. The change in RNFL was measured between the baseline optical
coherence tomography and the most recent scan in the most affected quadrant of
the most affected eye. Treating clinicians and graders were unaware of the patient’s
genetic risk for glaucoma or any PRS data.

POAG in the ANZRAG, NEIGHBORHOOD, BMES and PROGRESSA
cohorts was defined as outlined previously”, and in accordance with the consensus
statement from the World Glaucoma Association*'. IOP was not used in the
clinical case definition of POAG"'.

Statistical analysis. Detailed information on the statistical analysis is provided in
the Supplementary Note.

For the VCDR (adjusted for vertical disc diameter) and IOP GWAS in the UKB,
we used linear mixed models (BOLT-LMM software v.2.3) to account for cryptic
relatedness and population stratification, adjusting for sex, age and the first ten
principal components*. We meta-analyzed the UKB IOP GWAS results with those
from the IGGC using the inverse variance-weighted method (METAL software
2011-03-25 release)™. For the UKB glaucoma GWAS, we removed relatives
(pi-hat> 0.2 calculated using identity by descent based on autosomal markers) and
used the PLINK software (v.1.90beta) for the association analysis*.

Then, we conducted a multitrait GWAS using the MTAG v.1.0.7 software
to combine the European ancestry GWAS summary statistics from the UKB
glaucoma, UKB VCDR (adjusted for vertical disc diameter), IGGC VCDR and

IOP meta-analysis (Extended Data Fig. 1)"*. MTAG performs joint analysis of
GWAS summary results from related traits to improve statistical power to identify
new genes and maximize the predictive ability of our PRS". In MTAG, GWAS
summary results from related traits are used to construct the variance-covariance
matrix of their SNP effects and estimation error; MTAG improves the accuracy of
effect estimates by incorporating information from other genetic correlated traits.
The MTAG method explicitly models sample overlap in the input studies and
provides valid estimates even when sample overlap is present'’. To benchmark the
increase in effective sample size relative to just using UKB glaucoma, we calculated
(r2mrac — 1)/ (r2gwas — 1), where y2yrag and 72Gwas are the mean chi-squared
statistics from MTAG and the UKB glaucoma analyses, respectively’.

We used a stepwise model selection procedure in the GCTA-COJO software
(v.1.26) to identify independent, genome-wide significant SNPs*. Gene-based and
pathway analysis were conducted in MAGMA v.1.06, as implemented in FUMA
v.1.3.1 (refs. 7).

Prediction was based on the estimated glaucoma ORs from the MTAG analysis.
To derive a PRS, we considered a range of P value thresholds (5x 1078, 1x 107,
0.001, 0.05, 1) with linkage disequilibrium clumping *=0.1 for inclusion of SNPs
in the prediction model, applying each to our first prediction cohort (advanced
glaucoma from the ANZRAG cohort). To avoid falsely inflating prediction
accuracy, we applied the threshold with the greatest predictive value in ANZRAG
(P<0.001) for the subsequent predictions into other target sets (rather than
repeatedly taking the best P value threshold for each of the datasets). We tested
the LDpred (v.0.9.09)* approach for PRS construction, although the predictions
were no better than those from the thresholding approach described earlier.

There was no sample overlap between any of the training and target datasets
(Extended Data Fig. 1).

Bivariate linkage disequilibrium score regression was used to estimate the
genetic correlation between pairs of traits”. The pROC package (v.1.14.0) was used
to calculate the AUC™. Analyses were performed with the R software (v.3.4.1)"".

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

Data availability

The UKB data are available through the UK Biobank Access Management System
https://www.ukbiobank.ac.uk/. The GWAS summary statistics from the glaucoma
MTAG analysis is available for research use at https://xikunhan.github.io/site/
publication/. We will return the derived data fields following UKB policy; in due
course, they will be available through the UK Biobank Access Management System.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Study design. We applied the multi-trait analysis of GWAS (MTAG) algorithm to datasets of European descent (unless otherwise
specified). a, We applied MTAG to four datasets (glaucoma case-control GWAS from the UKBB; GWAS meta-analysis of intraocular pressure (IOP)
from the International Glaucoma Genetics Consortium (IGGC) and the UKBB; Vertical cup-disc ratio (VCDR) GWAS data that was either adjusted

for vertical disc diameter (VDD) in the UKBB dataset; or not adjusted for VDD in the IGGC). Novel variants identified through this analysis were then
confirmed in two independent data sets: an Australasian cohort of advanced glaucoma (ANZRAG) and a consortium of cohorts from the United States
(NEIGHBORHOOD). The clinical significance of the PRS derived from the MTAG analysis was validated in independent samples: first, in advanced
glaucoma cases (ANZRAG and samples from Southampton/Liverpool in the UK), and second, in a prospectively monitored clinical cohort with early
manifest glaucoma (PROGRESSA). b, Prediction in BMES, where we removed the IGGC VCDR and IGGC IOP GWAS from the training datasets, given
that they contain BMES data. ¢, Prediction in the UKBB glaucoma and ICD-10 POAG cases. Here we removed all glaucoma cases and 3,000 controls with
IOP/VCDR measurements as well as their relatives from UKBB VCDR/IOP GWAS. We also evaluated the performance of PRS in non-European ancestry
(192 cases and 6,841 controls of South Asian ancestry in UKBB). d, Cumulative risk of glaucoma in UKBB. For the analysis of MYOC p.GIn368Ter carriers
(n=965; cases = 72; controls = 893), participants were stratified into tertiles of PRS. We also examined cumulative risk of glaucoma in the general
population (that is in MYOC p.GIn368Ter non-carriers, n = 381,196; cases = 7,381; controls = 373,815) stratifying by deciles of the PRS. The discovery and
testing datasets were designed to derive the PRS with no sample overlap (Supplementary Note).
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|X| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O 00000s

|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection BOLT-LMM software (version 2.3): https://data.broadinstitute.org/alkesgroup/BOLT-LMM/
GCTA software (version 1.26): http://cnsgenomics.com/software/gcta/
LOCUSZOOM (version 1.4): http://locuszoom.sph.umich.edu/
LDlink: https://analysistools.nci.nih.gov/LDlink/
LD score regression software (version 1.0.0): https://github.com/bulik/Idsc
MAGMA (v1.06): https://ctg.cncr.nl/software/magma
METAL software (2011-03-25 release): http://csg.sph.umich.edu/abecasis/Metal/
MTAG: Multi-Trait Analysis of GWAS (version 1.0.7) https://github.com/omeed-maghzian/mtag
PLINK software (version 1.90 beta): http://www.cog-genomics.org/plink2
R (version 3.4.1): https://cran.r-project.org/

More details are presented in the method section and Supplementary Note.

Data analysis Please see above.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data used in this work were obtained from the UK Biobank (UKBB), the Australian & New Zealand Registry of Advanced Glaucoma (ANZRAG), the Blue
Mountains Eye Study (BMES), the The Progression Risk Of Glaucoma: RElevant SNPs with Significant Association (PROGRESSA) study, and the National Eye Institute
Glaucoma Human Genetics Collaboration Heritable Overall Operational Database (NEIGHBORHOOD).

More details are presented in the method section, Supplementary Note, and Supplementary Table 1.

UK Biobank data are available through the UK Biobank Access Management System https://www.ukbiobank.ac.uk/.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We assembled the largest possible sample size to maximize the number of novel loci. This approach was effective because we identified many
novel loci for glaucoma and replicated them in independent datasets.

Data exclusions  Some samples were excluded based on genetic ancestry to ensure homogeneity. This is described in the methods.

Replication We assembled multiple independent sample sets for glaucoma in the project. We replicated the novel loci for glaucoma and prediction
findings in independent datasets.

Randomization  Samples were from collected from observational studies and were not randomized.

Blinding Genotyping and quality control for the genetic data was conducted without knowledge of the phenotypes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[] Antibodies X[ ] chip-seq
[ ] Eukaryotic cell lines X[ ] Flow cytometry
|:| Palaeontology |Z| |:| MRI-based neuroimaging

[] Animals and other organisms
[X] Human research participants

[] Clinical data

XOXXKXX &

Human research participants

Policy information about studies involving human research participants

Population characteristics The detailed information of population characteristics about all study cohorts can be found in Supplementary Tables 1 and
Supplementary Note.

Recruitment The detailed information of recruitment for each of the study cohorts can be found in Supplementary Note.

Ethics oversight All participants provided informed written consent, and all study procedures were performed in accordance with the World
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Ethics oversight Medical Association Declaration of Helsinki ethical principles for medical research. More information about these study cohorts
can be found in Supplementary Note.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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