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Abstract

Objective: MYOC (myocilin) mutations account for 3-5% of primary open angle glaucoma
(POAG). We aimed to understand the true population-wide penetrance and characteristics of
glaucoma among individuals with the most common MYOC variant (p.GIn368Ter) and the impact
of a POAG polygenic risk score (PRS) in this population.

Design: Cross-sectional population-based

Methods: Individuals with the p.GIn368Ter variant were identified among 77,959 UK Biobank
participants with fundus photographs (FPs). A genome-wide POAG PRS was computed and two
masked graders reviewed FPs for disc-defined glaucoma (DDG).

Main Outcome Measures: Penetrance of glaucoma

Results: 200 individuals carried the p.GIn368Ter heterozygous genotype, and 177 had gradable
FPs. 132 had no evidence of glaucoma, 45 (25.4%) had probable/definite glaucoma in at least

one eye and 19 (10.7%) had bilateral glaucoma. There were no differences in age, race/ethnicity,
or gender among groups (p>0.05). Of those with DDG, 31% self-reported or had ICD 9/10

code for glaucoma, while 69% were undiagnosed. Subjects with DDG had higher medication-
adjusted cornea-corrected intraocular pressure (IOPcc) (p<0.001) vs. those without glaucoma. This
difference in I0Pcc was larger in DDG with prior glaucoma diagnosis vs. those not diagnosed
(p<0.001). Majority of p.GIn368Ter carriers had 10P in the normal range (<=21 mmHg), though
this proportion was lower in those with DDG (p<0.02) and those with prior glaucoma diagnosis
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(p<0.03). Prevalence of DDG increased with each decile of the POAG PRS. Subjects with DDG
had significantly higher PRS compared to those without glaucoma (0.37 + 0.97 vs 0.01 £ 0.90,
p=0.03). Of those with DDG, individuals with prior diagnosis of glaucoma had higher PRS
compared to undiagnosed individuals (1.31 + 0.64 vs 0.00 £ 0.81, p<0.001) and had 27.5 times
(95%CI 2.5-306.6) adjusted odds of being in the top decile of PRS for POAG.

Conclusion: 1 in 4 individuals with MYOC p.GIn368Ter mutation had evidence of glaucoma, a
substantially higher penetrance than previously estimated, with 69% of cases undetected. A large
portion of p.GIn368Ter carriers have 10P in the normal range, despite similar age, including those
with DDG. PRS increases disease penetrance and severity of disease, supporting the utility of PRS
in optimizing risk stratification among MYOC p.GIn368Ter carriers.

Introduction

Glaucoma, a progressive optic neuropathy characterized by retinal ganglion cell
degeneration, is a leading cause of blindness worldwide.}:2 Glaucoma affects 3.54% of

the population older than 40 years worldwide, approximately 76 million people, and is
projected to increase to 111.8 million by 2040 due to aging of the world’s population.3
Primary open angle glaucoma (POAG) accounts for 75% of glaucoma globally and over
50% of glaucoma-related blindness.* Due to relatively slow loss of vision, glaucoma often
does not come to clinical attention until significant irreversible vision loss has occurred, with
population-based studies suggesting that nearly 50% of glaucoma cases in the US> and
90% of cases in developing countries’ are undiagnosed.

Glaucoma is a highly heritable disease, and POAG is one of the most heritable of all
complex human diseases.8 Reconstructed family data have estimated the heritability of
glaucoma at 70%.8 To date, 127 independent common risk variants for POAG have been
identified in multi-ethnic populations.®10 Of the disease-causing mutations, the MYOC
(myocilin) p.GIn368Ter variant is the most common rare mutation amongst populations

of European ancestry and has been found in 2-7% of patients with clinically diagnosed
POAG!112 and in 12-20% of patients with increased intraocular pressure (I0P).13 While
the underlying mechanism of this variant remains unclear, it appears that the aggregation of
misfolded myocilin proteins leads to trabecular meshwork cell dysfunction and subsequent
elevated 10P.14.15 Though MYOC variants have been associated with greater severity of
IOP elevation, the p.GIn368Ter variant was recently also associated with normal tension
glaucoma (NTG).16

MYOC disease-causing alleles are inherited in an autosomal dominant manner, however the
reported penetrance is variable and has been noted to be lower in population-based studies
compared to family-based studies.12 While ascertainment bias and aggregation of common
environmental risk factors in family-based studies and under sampling in population-based
studies likely play a role, accumulation of other common glaucoma-associated risk variants
may modify penetrance. For common and complex diseases, such as POAG, a polygenic risk
score (PRS) can be calculated using both known (genome-wide significant) common genetic
variants and variants of individual small effects, and PRS can be used to identify individuals
at high risk of disease.1’ Candidate PRS have previously been calculated for POAG and

Ophthalmology. Author manuscript; available in PMC 2022 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zebardast et al.

Methods

Page 3

shown to risk stratify cases, affect age of onset and likelihood of glaucoma progression and
modify the penetrance of the MYOC p.GIn368Ter variant.18

Recent availability of large-scale genomics data have made it possible to evaluate
population-wide effects of the MYOC p.GIn368Ter variant. However, prior studies have
relied on self-report for identification of cases,}2 which can be inaccurate and does not
elucidate clinical disease features. The purpose of our study is to use the available data
from the UK Biobank (UKBB), a large population-based study, to understand the true
population-wide mutation penetrance using imaging and 0P data from individuals with
MYOC p.GIn368Ter variant, to describe the clinical characteristics of glaucoma among
these individuals, as well as to understand the impact of underlying polygenic risk in this
population.

Cohort description:

The UKBB is a prospective community-based cohort study of ~500,000 UK residents,
aged 40-69 years (http://www.ukbiobank.ac.uk/resources/) who were registered with the
National Health Service and includes detailed genotypic and phenotypic information on

all participants. Health questionnaires were collected from all participants that included
age at recruitment and self-reported race and gender. A subset of ~130,000 people had

eye examinations including visual acuity, refraction, keratometry, Goldmann and cornea-
corrected IOP (IOPcc, Ocular Response Analyzer; Reichert, Depew, NY). Over 84,000
people underwent retinal imaging with color fundus photographs (FP) and macular optical
coherence tomography (OCT) using a Topcon 3D OCT 1000 Mk2 (Topcon, Inc, Japan). The
National Research Ethics Service Committee NorthWest—Haydock approved the study, and
it was conducted in accordance with the Declaration of Helsinki. All participants provided
written informed consent.

Identification of glaucoma:

Individuals with glaucoma were identified if they self-reported glaucoma on eye problems/
disorders (UKBB data field 6148) or noncancer illness (UKBB data field 20002) or had

an International Classification of Diseases, Ninth or Tenth Revision (ICD9/10) diagnosis
code for POAG, other glaucoma or glaucoma, unspecified (H40.1, H40.8, H40.9). Where
available, age at first glaucoma diagnosis was obtained from UKBB data fields 4689 and
20009. Information on treatment with IOP lowering medication and prior laser/surgery was
obtained from data fields 20003, 5326 and 5327, respectively. As some participants were
already on 10P-lowering medications, and data from pre-treatment was unavailable, we
imputed pre-treatment IOP by dividing measured 10P by 0.7, according to the mean IOP
reduction achieved by medications.?

Two masked graders (NZ and ML) further reviewed color fundus photographs (FPs) from
identified p.GIn368Ter carriers for disc defined glaucoma (DDG). Fundus photographs were
graded for no glaucoma, probable glaucoma and definite glaucoma and vertical cup-to-disc
ratio (vVCDR). Probable glaucoma was defined by presence of at least two of the following
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criteria: VCDR =0.7 but <0.85, rim width <0.1 disc diameter, generalized or localized rim
thinning, visible RNFL defects or splinter hemorrhage. Definite glaucoma was defined as
VCDR >0.85 or visible RNFL defects corresponding with thinning area of rim or notches.23
Graders were 80.6% in agreement, x=0.66 (p<0.001). The 80 disagreements underwent
direct arbitration and were re-graded. Figure 1 shows an example of an eye with DDG versus
one judged to be normal by both graders.

Genotype quality control, p.GIn368Ter carrier identification and polygenic risk score

calculation:

The array genotype curation process is described in detail by Bycroft et al.1® In addition,
we applied various quality control steps with PLINK 1.9 on directly genotyped variants of
82,035 UKBB samples with ocular imaging, using best practice approaches refined in GTEX
consortium.20 The pipeline iteratively examines variants (single nucleotide polymorphisms
[SNPs] and indels [insertions and deletions]) and sample genotype efficiency, allele
frequencies, gender discrepancies and tests of Hardy-Weinberg equilibrium. Additionally,
we examined sample duplicates, cryptic relatedness, and contamination. Participants

with unresolved differences between genotype-inferred and reported sex were excluded
(N=449). Samples with genotyping call rate <97% were removed (229). Additionally, 3,381
individuals with high cryptic relatedness (>0.1875 Pi-hat) and 298 individuals with outlying
heterozygosity (4 standard deviations from the mean heterozygosity rate) after accounting
for inferred ancestry were also removed. We applied Principal Component Analysis (PCA)
to linkage disequilibrium (LD)-pruned (r2<0.1 in 200kb windows) genetic markers with
minor allele frequency (MAF)>1% and the k-nearest neighbors algorithm to predict the
ancestral background of participants using ancestral labels from the 1000 Genomes Project
Phase 3 reference panel. We found good correlation between self-reported and inferred
ancestry; for samples with mismatched ancestry, we used the inferred ancestry for quality
control (QC) and downstream analyses. Only participants with inferred European ancestry
were used in our study, leading to a total of 77,959 participants post QC with both genotype
and image data. For variant QC, we removed variants with call rate < 97%, MAF < 0.01 and
Hardy-Weinberg equilibrium test p < le-5.

Prior studies have demonstrated that M/ YOC ¢.1102C>T (p.GIn368Ter) can be imputed with
high accuracy from genotyping arrays.12 Similarly, here we identified 200 p.GIn368Ter
carriers using the imputation posterior probability for each of the 3 genotypes (GG, AG and
AA).

We constructed and tested a POAG PRS for UKBB participants using genome-wide
associate study (GWAS) summary statistics from the Caucasian subset of the large cross-
ancestry meta-analysis,? after exclusion of the UKBB cohort (summary statistics available
at https://segrelab.meei.harvard.edu/data/). PRS was computed using LDpred2?1 which is
implemented in R package bigsnpr.22 The posterior mean effect sizes from GWAS summary
statistics were estimated using a point-normal mixture prior for the variant effects and

were adjusted for linkage disequilibrium. The hyperparameters in the model included SNP
heritability (h?) and the fraction of casual variants (p). Hyperparameters to construct the
final PRS were chosen based on the best prediction performance measured by the area under
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the curve (AUC). PRS was calculated using two definitions of glaucoma cases: 1) ICD9/10
diagnosis code (747 cases, 75624 controls, 1,588 missing) and 2) combination of ICD 9/10
diagnosis code and glaucoma self-report as defined above (2001 cases and 75624 controls).
Due to better performance of the model using ICD 9/10 diagnosis codes only (supplemental
Figure 1), this PRS was used for all further analysis. Calculated PRS were normalized to a
mean of zero and standard deviation of 1.

Optical coherence tomography (OCT):

Spectral domain OCT scans of the macula were obtained using Topcon 3D OCT 1000
Mk2 (Topcon, Inc, Japan). Three dimensional macular volume scans were obtained (512
horizontal A-scans/B-scan; 128 B-scans in a 6x6-mm raster pattern).2* All OCT images
were stored in .fda image files without prior analysis of macular thickness. We used the
Topcon Advanced Boundary Segmentation (TABS) algorithm to automatically segment all
scans, which uses dual-scale gradient information to allow for automated segmentation of
the inner and outer retinal boundaries and retinal sublayers.2> The boundaries segmented
include the internal limiting membrane (ILM), nerve fiber layer (NFL), ganglion cell layer
(GCL), inner plexiform layer (IPL), inner nuclear layer (INL), external limiting member
(ELM), photoreceptor inner segment/outer segment (IS/OS) junction layer, retinal pigment
epithelium (RPE), Bruch’s membrane (BM) and Chorio-retinal interface (CSl). The software
provides an image quality score which was used as quality control measure with scores
less than 40 excluded (n=70). Scans with outlying values for the ganglion cell complex
(defined as the distance between ILM and GCL) were manually reviewed and excluded if
clear segmentation errors were noted (n=2).

The thickness of each retinal sub-layer was determined by calculating the difference
between boundaries of interest and averaging this across all scans. For example, NFL
thickness was calculated as the difference between ILM and NFL boundary lines. We
determined the location of the fovea by calculating the minimum thickness of the 3 inner-
most segments across all B scans and identifying the location where this thickness value
approached zero. All B scan numbers obtained prior to this location were used to calculate
average thickness in the superior quadrants while the numbers after were used to calculate
inferior quadrant thickness values.

Statistical analyses:

Statistical analyses were performed using STATA software version 15.0 and RStudio

v. 4.0.3. Means and standard deviations were calculated for demographic and ocular
characteristics and compared across groups using two tailed Student t-test, and chi-square or
Fisher’s exact tests for continuous and categorical variables, respectively. Logistic regression
models adjusted for age at recruitment and sex were used to estimate odds of falling in the
top decile of PRS risk for POAG. Values were considered statistically significant if the P
value was less than 0.05.
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Among the 73,563 UKBB participants with complete imaging and genotype data, we
identified 200 (0.027%) heterozygous carriers of the p.GIn368Ter allele and no homozygous
carriers. 177 of the heterozygous carriers had gradable FPs in one or both eyes (160 right
eyes and 158 left eyes). Among those with gradable FPs, 132 (74.6%) had no evidence

of glaucoma, while 45 (25.4%) had probable or definite glaucoma (DDG) in at least one
eye, and 19 (10.7%) had evidence of bilateral disease. Of the 45 individuals with DDG,

14 (31%) self-reported or had an ICD 9/10 code for glaucoma, whereas 31 (69%) were
undiagnosed. Conversely, 6 of 132 individuals who were judged to have healthy appearing
optic nerves in both eyes self-reported or had 1ICD 9/10 for glaucoma. Of the 200 individuals
with available 10P data, after correction for IOP lowering medications, 27% and 21% had
IOP greater than 21 in their right and left eye, respectively, while 25.4% had an average

IOP over 21 in both eyes (defined as ocular hypertension, OHTN). There was no difference
in age between p.GIn368Ter carriers with and without OHTN (58.0 + 1.2 vs 57.2 £ 0.6
respectively, p=0.56).

Table 1 outlines the demographic and ocular characteristics among individuals with and
without DDG. There were no differences in age at baseline, age at diagnosis, race/ethnicity
or gender among individuals with and without DDG (p>0.05 for all). Subjects with DDG
had slightly higher myopic refractive error on average compared to those without evidence
of glaucoma (-1.3 £ 3.6 D vs 0.1 + 2.6 D, p=0.005, right eye; -1.7 £ 44D vs 0.1 £ 2.7 D,
p=0.001, left eye).

Subjects with DDG also had on average higher IOPcc in both right and left eyes (19.8

+ 6.4 mmHg vs 17.6 + 4.4 mmHg, p=0.02, right eye; 19.3 + 5.8 mmHg vs 17.3 + 4.4
mmHg, p=0.01, left eye). A higher proportion of subjects with DDG (24.4%) were on one
or more IOP lowering medications, compared to those without evidence of glaucomatous
optic neuropathy (4.6%) on imaging (p<0.001). After correction for use of IOP lowering
medication, the difference in IOP between those with and without DDG was larger (22.3 =
9.8 mmHg vs 18.0 £ 5.6 mmHg, p<0.001, right eye; 21.3 £ 7.7 mmHg vs 17.7 = 5.3 mmHg,
p<0.001, left eye). After adjustment for IOP lowering medications, over half of p.GIn368Ter
carriers had 10P in the normal range (<=21 mmHg), though this proportion was significantly
lower in those with DDG compared to those without glaucoma (53.3% vs 79.6%, p=0.001,
right eye; 64.4% vs 81.8%, p=0.02, left eye). Figure 2 demonstrates the distribution of
medication adjusted 10P in both groups. Individuals with DDG on average had larger vCDR
in both eyes and were more likely to undergo glaucoma surgery or laser based on self-report,
though this latter measure was overall rare in this cohort (Table 1).

Individuals with DDG but who were not diagnosed at the time of the study did not differ in
age, gender, ethnicity or average refractive error from those with prior glaucoma diagnosis
(p>0.2 for all) (Table 2). Undiagnosed individuals on average had lower 10P both before
(18.3 £ 4.2 mmHg vs 23.0 £ 8.9 mmHg, p=0.02 right eye; 18.4 £ 5.3 mmHg vs 21.4 +

6.6 mmHg, p=0.1 left eye) and after (18.3 £ 4.2 vs 30.8 £ 12.9, p<0.001 right eye, and
18.4 £ 5.3 vs 28.0 £+ 8.6, p=0.001 left eye) correction for IOP lowering medication, and
they were more likely to have IOP in the normal range or less than 21 mmHg (64.5% vs

Ophthalmology. Author manuscript; available in PMC 2022 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zebardast et al.

Page 7

28.6% p=0.03, right eye; 74.2% vs 40.9%, p=0.04, left eye). Additionally, individuals with
prior diagnosis appeared to have more severe disease compared to those undiagnosed, as
evidenced by greater vCDR (0.75 £ 0.15 vs 0.67 + 0.16, p=0.1, right eye; 0.79 + 0.10 vs
0.67 + 0.18, p=0.04, left eye) (Table 2).

Among p.GIn368Ter carriers, 204 eyes of 124 individuals had OCT scans with an image
quality score greater than 40. The average thickness of the ganglion cell complex (GCC) in
our cohort was 101.1 + 8.7 um and 101.9 £ 9.0 um in the right and left eye, respectively.
Eyes with DDG had on average lower overall GCC thickness (96.5 = 9.8 pm vs 102.7 =

8.2 um, p<0.001), inferior GCC thickness (96.0 = 10.9 um vs 101.4 + 10.6 um, p=0.01)

and superior GCC thickness (92.1 + 12.3 pm vs 99.5 £+ 13.2 um, p=0.005) compared to

eyes judged to be healthy. Figure 3 shows the GCC thickness distribution amongst eyes with
DDG is shifted toward lower values compared to eyes without DDG. Similarly, eyes with
DDG displayed lower average RNFL thickness (37.8+ 5.4 um vs 40.1+ 4.9 pm, p=0.03) and
inferior RNFL thickness (38.0 = 6.9 um vs 41.3 + 6.5 um, p=0.01) compared to eyes without
DDG (Table 3). In logistic regression models adjusting for age at recruitment and refractive
error, each 10 pm decrease in average GCC thickness predicted 2.1 (95% CI 1.3 to 3.5,
p=0.003) times higher odds of DDG, and each 10 um decrease in inferior RNFL thickness
similarly predicted a 2.0 (95% CI 1.1 to 3.7, p=0.03) times higher odds of DDG.

We computed a POAG PRS for each of the 747 glaucoma cases (defined using ICD

9/10 diagnosis codes) and 75,624 controls with FPs in the UKBB using genome-wide
variant associations from the largest to date POAG meta-analysis of European-descendent
individuals® excluding the UKBB cohort (see Methods). In the full cohort, glaucoma cases
had significantly higher PRS (0.51 + 1.0) compared to controls (0.0 £ 1.0, two-tailed
Student’s t-test, p<0.001). AUC for glaucoma case detection reached 0.65 for PRS alone and
0.75 with addition of age and sex (supplementary Figure 1).

Among, p.GIn368Ter carriers, individuals with DDG had significantly higher PRS for
POAG compared to those without glaucoma (0.37 = 0.97 vs 0.01 + 0.90, two-tailed
Student’s t-test, p=0.03) (Figure 4). When stratified by OHTN, individuals with OHTN
and evidence of DDG had slightly higher PRS compared to those without DDG (0.88 +
1.05 vs 0.52 + 0.97, p=0.26). Similarly, those with normal 10P who had evidence of DDG
had slightly higher PRS compared to those without glaucoma (0.03 + 0.67 vs —0.14 + 0.84,
p=0.36), though neither reached statistical significance. The prevalence of DDG increased
with each decile of PRS (Figure 5). Conversely, individuals with DDG were more likely to
have a PRS in the top decile of POAG risk (16.7% vs 8.8% for top decile, p=0.16) (Figure
6) and had 2.1 (95% CI 0.7 to 5.7) times higher age and gender-adjusted odds of being in the
top decile of PRS for POAG, though this difference did not reach statistical significance.

Of those with DDG, individuals with prior diagnosis of glaucoma had higher PRS compared
to undiagnosed individuals (1.31 = 0.64 vs 0.00 + 0.81, p<0.001) (Figure 7). Diagnosed
individuals were more likely to have a PRS in the top decile of POAG risk (50.0% vs 3.3%
for top decile, p=0.001) (Figure 8) and had 27.5 (95% CI 2.5 to 306.6) times higher age- and
gender-adjusted odds of being in the top decile of PRS for POAG.
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In random effects regression models accounting for clustering at the individual level
between the right and left eyes, one-point increase in PRS predicted 1.9 um (95% ClI

0.2 to 3.7 um, p=0.03) decrease in average GCC thickness, 1.0 pm (95% CI 0.1 to 1.9,
p=0.047) decrease in average RNFL and 1.4 um decrease in inferior RNFL thickness (95%
Cl1 0.2 to 2.6, p=0.03). Only the association between PRS and inferior RNFL thickness
remained significant after adjustment for age at recruitment and refractive error (p=0.049).
The relationship between average GCC and inferior RNFL thickness and PRS was more
pronounced among eyes with DDG compared to those without (Figure 9).

Discussion

This is the first large-scale population-based study of imaging and clinical characteristics

of glaucoma among individuals with the MYOC p.GIn368Ter variant. We demonstrate that
nearly 1 in 4 individuals with this mutation has evidence of glaucoma in at least one eye,
70% of whom were likely previously undiagnosed. Our data show that while 10P plays an
important role in development and severity of glaucoma in this population, a large portion of
patients have IOP in the normal range, including those with structural signs of glaucomatous
optic neuropathy. Importantly, background polygenic risk increases disease penetrance and
severity in this population.

Compared to previous estimates in population-based studies, we found a substantially higher
penetrance of glaucoma among individuals with MYOC p.GIn368Ter, 25.4% in at least

one eye and 10.7% with bilateral disease. Using the UKBB and relying on self-report,

Han et al,12 found a penetrance of 7.6% among p.GIn368Ter carriers, while Nag et al'3
found 9.6% POAG penetrance in the Rotterdam study, both substantially lower than our
study. Our review of images demonstrated that the majority of glaucoma cases due to
MYOC p.GIn368Ter in the UKBB were undiagnosed, and conversely, some individuals with
healthy optic nerves reported having glaucoma. These data are in line with prior literature
that demonstrates over 50% undiagnosed rates of glaucoma in developed countries.>:6:26.:27
In fact, if we rely solely on self-report, the penetrance of glaucoma in our population is

only 11.3%, much closer to previously published rates. The Rotterdam study, however,

had available visual field and optic disc photos for all participants. The lower penetrance

of disease in that population may be partly due to variability in population structure and
differences in the p.GIn368Ter minor allele frequency (MAF).13 Our studies using disease
definitions based on image and 10P data provide a more accurate measure of p.GIn368Ter
penetrance and show that the penetrance is higher than in prior reports.

It must be noted, however, that even with the higher penetrance of glaucoma among
p.GIn368Ter carriers reported here, our estimated penetrance of glaucoma is much lower
than that reported in family-based studies. Prior studies have reported glaucoma penetrance
ranging from 56-96% in various populations and increasing with age.11:12:28.29 However, it
is likely that these studies over-estimate the true penetrance of glaucoma in this population,
as pedigrees are often ascertained from probands with POAG or OHTN, which potentially
selects for high penetrance branches. Additionally, aggregation of common environmental
and polygenic risk factors among families may lead to inflation of these estimates.
Alternatively, population-based studies can underestimate true penetrance due to bias toward
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recruitment of healthy volunteers. Prior work has shown that the p.GIn368Ter minor allele
frequency (MAF) in the entire UKBB dataset is 0.13%, which is similar to the MAF

of 0.128% among our UKBB subset with fundus imaging. Additionally, the MAF in the
UKBB is similar to reported values from exome sequencing databases in non-Finnish
European individuals, suggesting no major ascertainment bias toward healthy individuals
in our dataset.1?

The idea that underlying accumulation of common genetic risk variants can influence risk
and penetrance of disease has previously been shown with rare mutations for other diseases,
such as breast and ovarian cancer3931 and early-onset myocardial infarction32 including

the p.GIn368Ter variant.1® We similarly show here that penetrance of glaucoma among
p.GIn368Ter carriers varies with underlying polygenic risk and that accumulation of these
common genetic variants affect severity of disease and likelihood of diagnosis. We found
similar to others that prevalence of DDG increased with each decile of PRS, and individuals
with DDG were more likely to be have a PRS in the higher deciles of POAG risk. We
further show, for the first time, that higher PRS may increase the likelihood of clinical
diagnosis, possibly due to higher disease severity. This is evidenced by higher IOP and
greater CDR in those with prior diagnosis. Additionally, PRS was an independent predictor
of GCC and RNFL thickness, suggesting more severe disease (thinner GCC and RNFL) in
those with higher PRS. Alternatively, it is possible that higher PRS may be linked to stronger
family history of glaucoma which may have resulted in earlier and more frequent monitoring
of these individuals thus leading to greater likelihood of clinical diagnosis. While, the
population-based design of the UKBB precludes this analysis, the link between family
history and higher PRS has been previously demonstrated in an Australian population.18
Further investigation is necessary to understand the link between family history and PRS.

Classically, the p.GIn368Ter variant has been associated with high IOP. The penetrance of
OHTN in our study is similar to that reported by Han et a/12 (24.3%) and slightly higher
than the 12.5% and 19.4% rates in the TwinsUK and the Rotterdam Study, respectively,
likely due to differences in MAF in these populations.13 IOP clearly plays an important
role in development of disease in those with this stop-gained variant and other MYOC
mutations. Indeed, we found that individuals with DDG had on average higher IOPs than
those without structural evidence of disease. Additionally, IOP appears to be an important
factor in diagnosis, with individuals with known glaucoma having higher IOPs compared to
those with structural disease and no prior diagnosis. Despite this, the majority of individuals
with DDG, even those with prior clinical diagnosis, had 10Ps in the normal range, even
after adjusting for IOP lowering medications. Together, these findings suggest that this
MYOC mutation may increase susceptibly to optic nerve disease even with 10Ps in the
normal range. Indeed, prior studies have also found NTG to occur in patients with the
p.GIn368Ter variant, albeit at lower rates. These prior studies®-28 may have been biased
towards examination of pedigrees who had already come to clinical attention partly due to
high IOP. Our results suggest that NTG may not be as uncommon as previously thought

in the p.GIn368Ter carrier population. Importantly, development of glaucoma in both the
setting of normal and high IOP, at least in part, appears to be influenced by an individual’s
underlying polygenic risk. We found a higher PRS among those with evidence of DDG at
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multiple IOP levels, compared to those without glaucoma, though our sample size is likely
too small to reach statistical significance.

Finally, we also found that the inferior RNFL and inferior aspect of the optic nerve is
most susceptible to damage in individuals with the MYOC stop mutation with structural
evidence of glaucoma. While prior family studies have assessed the clinical features of
individuals with p.GIn368Ter related glaucoma,11:16:33 there is no prior work that has
examined glaucoma imaging features in this population. Further investigation may help
elucidate clinical phenotypes associated with this mutation.

Our study is subject to a number of limitations. The p.GIn368Ter genotypes are based

on imputed and not directly genotyped calls, which may have led to some incorrect
identification of carriers. However, prior evidence shows that the p.GIn368Ter variant can be
imputed with high accuracy.3* We identified glaucoma cases using only disc photographs,
as functional and other structural data (optic nerve OCT) were unavailable. Though the
difference was small, our DDG group had slightly higher myopic refractive error compared
to those without glaucoma. It is possible that the myopic appearance of the optic nerve

may have led to false positive classifications of DDG. Alternatively, as myopia is a possible
risk factor for glaucoma3® this may simply represent greater underlying disease risk. Our
use of two independent masked graders with good agreement mitigated grading problems

to some degree. Additionally, as some FPs were ungradable and poor quality, it is possible
that we are under- or overestimating the prevalence of disease due to nonrandom missing
data. Additionally, we show good association between average GCC thickness and DDG.
Approximately 20% of subjects without evidence of DDG had OHTN in our study. The lack
of longitudinal data does not allow for determination of exposure time or rate of progression
of these eyes to glaucomatous optic neuropathy.

Our study suggests that the MYOC p.GIn368Ter variant has a higher penetrance for
glaucoma than previously thought among the general European population, and while

IOP plays an important role in disease, normal tension glaucoma is not uncommon in

this group. Importantly, we demonstrate that background polygenic risk influences disease
penetrance and severity in this population. Clinically, our results have important implications
by demonstrating that glaucoma occurs across a range of 10Ps in this at-risk population

and support the utility of PRS in optimizing risk stratification among patients carrying the
p.GIn368Ter variant. Clinicians should be aware that polygenic risk scores may increasingly
play a role in identification of higher risk individuals, clinical decision-making and guiding
earlier treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Financial support:

This work was supported the MEE Institutional Startup Fund (NZ). The funding organization had no role in the
design or conduct of this research.

Ophthalmology. Author manuscript; available in PMC 2022 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zebardast et al.

Page 11

Abbreviations:

References

1.

POAG primary open angle glaucoma
DDG disc defined glaucoma

FP fundus photo

0P intraocular pressure

GCC ganglion cell complex

RNFL retinal nerve fiber layer

PRS polygenic risk score

OCT optical coherence tomography

Flaxman SR, Bourne RRA, Resnikoff S, et al. Global causes of blindness and distance
vision impairment 1990-2020: a systematic review and meta-analysis. Lancet Glob Health.
2017;5(12):e1221-e1234. [PubMed: 29032195]

. Khawaja AP, Cooke Bailey JN, Wareham NJ, et al. Genome-wide analyses identify 68 new loci

associated with intraocular pressure and improve risk prediction for primary open-angle glaucoma.
Nat Genet. 2018;50(6):778-782. [PubMed: 29785010]

. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global prevalence of glaucoma

and projections of glaucoma burden through 2040: a systematic review and meta-analysis.
Ophthalmology. 2014;121(11):2081-2090. [PubMed: 24974815]

. Quigley HA, Broman AT. The number of people with glaucoma worldwide in 2010 and 2020. Br J

Ophthalmol. 2006;90(3):262—267. [PubMed: 16488940]

. Quigley HA, West SK, Rodriguez J, Munoz B, Klein R, Snyder R. The prevalence of

glaucoma in a population-based study of Hispanic subjects: Proyecto VER. Arch Ophthalmol.
2001;119(12):1819-1826. [PubMed: 11735794]

. Sommer A, Tielsch JM, Katz J, et al. Relationship between intraocular pressure and primary open

angle glaucoma among white and black Americans. The Baltimore Eye Survey. Arch Ophthalmol.
1991;109(8):1090-1095. [PubMed: 1867550]

. Rotchford AP, Kirwan JF, Muller MA, Johnson GJ, Roux P. Temba glaucoma study: a

population-based cross-sectional survey in urban South Africa. Ophthalmology. 2003;110(2):376-
382. [PubMed: 12578784]

. Wang K, Gaitsch H, Poon H, Cox NJ, Rzhetsky A. Classification of common human diseases

derived from shared genetic and environmental determinants. Nat Genet. 2017;49(9):1319-1325.
[PubMed: 28783162]

. Gharahkhani P, Jorgenson E, Hysi P, et al. A large cross-ancestry meta-analysis of genome-wide

association studies identifies 69 novel risk loci for primary open-angle glaucoma and includes a
genetic link with Alzheimer’s disease. bioRxiv. 2020:2020.2001.2030.927822.

10. Vithana EN, Khor CC, Qiao C, et al. Genome-wide association analyses identify three new

susceptibility loci for primary angle closure glaucoma. Nat Genet. 2012;44(10):1142-1146.
[PubMed: 22922875]

11. Fingert JH, Heon E, Liebmann JM, et al. Analysis of myocilin mutations in 1703 glaucoma

patients from five different populations. Hum Mol Genet. 1999;8(5):899-905. [PubMed:
10196380]

12. Han X, Souzeau E, Ong JS, et al. Myocilin Gene GIn368Ter Variant Penetrance and

Association With Glaucoma in Population-Based and Registry-Based Studies. JAMA Ophthalmol.
2019;137(1):28-35. [PubMed: 30267046]

Ophthalmology. Author manuscript; available in PMC 2022 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zebardast et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 12

Nag A, Lu H, Arno M, et al. Evaluation of the Myocilin Mutation GIn368Stop Demonstrates
Reduced Penetrance for Glaucoma in European Populations. Ophthalmology. 2017;124(4):547-
553. [PubMed: 28038983]

Wang H, Li M, Zhang Z, Xue H, Chen X, Ji Y. Physiological function of myocilin and its

role in the pathogenesis of glaucoma in the trabecular meshwork (Review). Int J Mol Med.
2019;43(2):671-681. [PubMed: 30483726]

Wiggs JL, Pasquale LR. Genetics of glaucoma. Hum Mol Genet. 2017;26(R1):R21-R27.
[PubMed: 28505344]

Alward WLM, van der Heide C, Khanna CL, et al. Myocilin Mutations in Patients With Normal-
Tension Glaucoma. JAMA Ophthalmol. 2019;137(5):559-563. [PubMed: 30816940]

Khera AV, Chaffin M, Aragam KG, et al. Genome-wide polygenic scores for common diseases
identify individuals with risk equivalent to monogenic mutations. Nat Genet. 2018;50(9):1219-
1224. [PubMed: 30104762]

Craig JE, Han X, Qassim A, et al. Multitrait analysis of glaucoma identifies new risk

loci and enables polygenic prediction of disease susceptibility and progression. Nat Genet.
2020;52(2):160-166. [PubMed: 31959993]

Bycroft C, Freeman C, Petkova D, et al. Genome-wide genetic data on ~500,000 UK Biobank
participants. bioRxiv. 2017:166298.

Aguet F, Brown AA, Castel SE, et al. Genetic effects on gene expression across human tissues.
Nature. 2017;550(7675):204-213. [PubMed: 29022597]

Privé F, Arbel J, Vilhjalmsson BJ. LDpred2: better, faster, stronger. bioRxiv.
2020:2020.2004.2028.066720.

Privé F, Aschard H, Ziyatdinov A, Blum MGB. Efficient analysis of large-scale genome-wide data
with two R packages: bigstatsr and bigsnpr. Bioinformatics. 2018;34(16):2781-2787. [PubMed:
29617937]

Liu H, Li L, Wormstone 1M, et al. Development and Validation of a Deep Learning System

to Detect Glaucomatous Optic Neuropathy Using Fundus Photographs. JAMA Ophthalmol.
2019;137(12):1353-1360. [PubMed: 31513266]

Schmidt-Erfurth U, Waldstein SM, Klimscha S, et al. Prediction of Individual Disease Conversion
in Early AMD Using Artificial Intelligence. Invest Ophthalmol Vis Sci. 2018;59(8):3199-3208.
[PubMed: 29971444]

Keane PA, Grossi CM, Foster PJ, et al. Optical Coherence Tomography in the UK Biobank Study
- Rapid Automated Analysis of Retinal Thickness for Large Population-Based Studies. PLoS One.
2016;11(10):e0164095. [PubMed: 27716837]

Mitchell P, Smith W, Attebo K, Healey PR. Prevalence of open-angle glaucoma in Australia. The
Blue Mountains Eye Study. Ophthalmology. 1996;103(10):1661-1669. [PubMed: 8874440]

Wensor MD, McCarty CA, Stanislavsky YL, Livingston PM, Taylor HR. The prevalence of
glaucoma in the Melbourne Visual Impairment Project. Ophthalmology. 1998;105(4):733-739.
[PubMed: 9544649]

Craig JE, Baird PN, Healey DL, et al. Evidence for genetic heterogeneity within eight glaucoma
families, with the GLC1A GIn368STOP mutation being an important phenotypic modifier.
Ophthalmology. 2001;108(9):1607-1620. [PubMed: 11535458]

Wiggs JL, Allingham RR, Vollrath D, et al. Prevalence of mutations in TIGR/Myocilin in patients
with adult and juvenile primary open-angle glaucoma. Am J Hum Genet. 1998;63(5):1549-1552.
[PubMed: 9792882]

Kuchenbaecker KB, McGuffog L, Barrowdale D, et al. Evaluation of Polygenic Risk Scores for
Breast and Ovarian Cancer Risk Prediction in BRCA1 and BRCA2 Mutation Carriers. J Natl
Cancer Inst. 2017;109(7).

Lecarpentier J, Silvestri V, Kuchenbaecker KB, et al. Prediction of Breast and Prostate Cancer
Risks in Male BRCA1 and BRCA2 Mutation Carriers Using Polygenic Risk Scores. J Clin Oncol.
2017;35(20):2240-2250. [PubMed: 28448241]

Khera AV, Chaffin M, Zekavat SM, et al. Whole-Genome Sequencing to Characterize Monogenic
and Polygenic Contributions in Patients Hospitalized With Early-Onset Myocardial Infarction.
Circulation. 2019;139(13):1593-1602. [PubMed: 30586733]

Ophthalmology. Author manuscript; available in PMC 2022 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zebardast et al. Page 13

33. Alward WL, Fingert JH, Coote MA, et al. Clinical features associated with mutations in the
chromosome 1 open-angle glaucoma gene (GLC1A). N Engl J Med. 1998;338(15):1022-1027.
[PubMed: 9535666]

34. Gharahkhani P, Burdon KP, Hewitt AW, et al. Accurate Imputation-Based Screening of GIn368Ter
Myocilin Variant in Primary Open-Angle Glaucoma. Invest Ophthalmol Vis Sci. 2015;56(9):5087—
5093. [PubMed: 26237198]

35. Mitchell P, Hourihan F, Sandbach J, Wang JJ. The relationship between glaucoma and myopia: the
Blue Mountains Eye Study. Ophthalmology. 1999;106(10):2010-2015. [PubMed: 10519600]

Ophthalmology. Author manuscript; available in PMC 2022 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zebardast et al.

Page 14

Figure 1.
Fundus photo example
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Figure2.

Distribution of cornea corrected intraocular pressure adjusted for medication use among
individuals with and without disc defined glaucoma. Density plots show the distribution of
numerical variables. The y-axis is the probability density function for the kernel density
estimation and measures the probability per unit on the x-axis.

Ophthalmology. Author manuscript; available in PMC 2022 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zebardast et al.

0.04

0.03

Density

0.01

0.00

Figure 3.

Page 16

D +Glaucoma
D No Glau

80 90 100 110 120
Ganglion cell complex thickness (um)

Ganglion cell complex thickness distribution amongst eyes with and without disc defined
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Figure 4.

Distribution of polygenic risk score for primary open angle glaucoma among individuals
with and without disc defined glaucoma.
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Figureb.
Prevalence of disc defined glaucoma by polygenic risk score decile
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Percentage of subjects with and without disc defined glaucoma in each decile of polygenic
risk score
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Primary open angle glaucoma polygenic risk score distribution among individuals with disc
defined glaucoma with and without prior diagnosis
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50

Percentage of subjects with disc defined glaucoma with and without prior diagnosis in each
decile of primary open angle glaucoma polygenic risk score
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Figure9.
Relationship between primary open angle glaucoma polygenic risk score and A) ganglion

cell complex thickness and B) inferior retinal nerve fiber layer thickness among eyes with
and without disc defined glaucoma. LOWESS (locally weighted scatterplot smoothing)

is a non-parametric locally weighted method for scatterplot smoothing which models the
interrelationship in data.
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Table 1.

Characteristics of p.GIn368Ter carrier individuals with and without disc defined glaucoma

With disc defined  Nodiscdefined P value
glaucoma glaucoma
N= 45 N =132
Age at baseline (SD) 58.0 (8.3) 56.6 (7.7) 0.3
Age at diagnosis (SD) * 50.0(10.9) 50.6 (9.1) 09
% Caucasian 100% 100% NA
% male 48.9 41.7 0.4
SE OD in diopter (SD) -1.3(3.6) 0.1(2.6) 0.005
SE 0S in diopter (SD) -1.7 (4.4) 0.1(2.7) 0.001
10Pcc OD in mmHg (SD) 19.8 (6.4) 17.6 (4.4) 0.01
10Pcc OS in mmHg (SD) 19.3 (5.8) 17.3 (4.4) 0.02
1+ 10P meds, n(%) 11 (24.4%) 6 (4.6%) <0.001
10Pmce OD in mmHg (SD) 22.3(9.8) 18.0 (5.6) <0.001
10Pmce OS in mmHg (SD) 21.2(1.7) 17.7 (5.3) 0.001
10Pmce OD <21 mmHg, n(%) 24 (53.3%) 105 (79.6 %) 0.001
10Pmce OS <21 mmHg, n(%) 29 (64.4%) 108 (81.8%) 0.02
VvCDR OD 0.70 (0.16) 0.3 (0.15) <0.001
VCDR OS 0.71 (0.17) 0.34 (0.15) <0.001
Glaucoma surgery or laser 3/45 (7%) 0/132 0.02 (exact)

Page 23

OD =right eye, OS = left eye, IOPcc = cornea corrected intraocular pressure, IOPmcc = medication adjusted cornea corrected intraocular pressure,
VCDR = vertical cup-to-disc ratio, SD = standard deviation

*
value not missing in N=15 with disc defined glaucoma and N=5 with no disc defined glaucoma
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Table 2.

Characteristics of p.GIn368Ter carrier individuals with disc defined glaucoma by prior diagnosis status

+ self-report/ICD

Not diagnosed P value
1

= N=3
Age at baseline (SD) 59.1 (6.0) 57.5(9.3) 0.6
% Caucasian 100% 100% NA
% male 35.7 54.8 0.2
SE OD in diopter (SD) -1.9 (4.6) -1.1(3.0) 0.5
SE OS in diopter (SD) -2.8(5.9) -1.2(3.6) 0.3
I0Pcc OD in mmHg (SD) 23.0 (8.9) 18.3 (4.2) 0.02
10Pcc OS in mmHg (SD) 21.4 (6.6) 18.4 (5.3) 0.1
10Pmcc OD in mmHg (SD) 30.8 (12.9) 18.3 (4.2) <0.001
10Pmce OS in mmHg (SD) 28.0 (8.6) 18.4 (5.3) 0.001
IOPmce OD <21 mmHg, n(%) 4 (28.6%) 20 (64.5%) 0.03
10PmMce OS <21 mmHg, n(%) 6 (40.9%) 23 (74.2%) 0.04
VCDR OD 0.75 (0.15) 0.67 (0.16) 0.1
VCDR 0OS 0.79 (0.10) 0.67 (0.18) 0.04

Page 24

OD =right eye, OS = left eye, IOPcc = cornea corrected intraocular pressure, IOPmcc = medication adjusted cornea corrected intraocular pressure,
VCDR = vertical cup-to-disc ratio, SD = standard deviation
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Table 3.

Ganglion cell complex and retinal nerve fiber layer thickness amongst eyes with and without disc-defined
glaucoma

DDG No DDG P value
N=30eyes N =156eyes

Total GCC thickness in um (SD) 96.5 (9.8) 102.8 (8.2) <0.001

Inferior GCC thickness in um (SD) 96 (10.9) 101.4 (10.7)  0.01

Superior GCC thickness in pm (SD) 92.1(12.4)  99.6 (13.3) 0.05

Total RNFL thickness in um (SD) 37.8(5.4) 40.1 (4.9) 0.03

Inferior RNFL thickness in um (SD)  38.0 (6.9) 41.3 (6.5) 0.01

Superior RNFL thickness in um (SD)  38.8 (6.9) 41.3(7.3) 0.09

GCC = ganglion cell complex, RNFL = retinal nerve fiber layer, DDG = disc defined glaucoma, um = micrometers, SD = standard deviation
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