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Abstract

Background: The prevalence of open-angle glaucoma (OAG) varies from 0.5% to 7.0% among populations of diverse
ancestry, suggesting the existence of genetic differences. The purposes of this study were to provide insights into
genetic causes of OAG, which can result in prevalence and phenotype differences among populations of diverse
ancestry for OAG, and to compare allele frequencies of intraocular pressure (IOP) elevation-related SNPs in OAG
among Koreans and other ethnic groups.

Methods: We collected the data on a total of 135 OAG-associated single nucleotide polymorphisms (SNPs) from a
genome-wide association studies (GWAS) catalog. The population-level allele frequencies of these SNPs were derived
based on the 1000 Genomes Project and Korean Reference Genome Database. We used Fisher's exact test to assess
whether the effect allele at a given SNP was significantly enriched or depleted.

Results: European, American, and South Asian populations showed similar heatmap patterns, while African, East
Asian, and Korean populations had distinct patterns. Korean population presented different profiles compared to
other groups; rs1579050 (FMNL2 gene), rs2024211 (CAV2,CAV1), and rs8141433 (GNBTL;TXNRD2 gene), which are
known to be associated with IOP variation, were enriched in Americans, Europeans, and Africans, and depleted in
Koreans. These can be the candidates for the causative genes of differences in the prevalence of IOP variation in OAG
according to ethnic groups.

Conclusions: Differences in allele frequencies associated with IOP related SNPs between Koreans and other ethnici-
ties were observed, which may explain the high prevalence of OAG with normal IOP predominantly in Koreans and
East Asians.

Keywords: Open-angle glaucoma, Allele frequency, Single nucleotide polymorphism, Intraocular pressure,
Prevalence, Normal-tension glaucoma

Background

Glaucoma, which is a progressive optic neuropathy char-
acterized by degeneration of the retinal ganglion cells and
their axons and a corresponding visual field defect [1], is
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and from 0.1% to 2.3% for angle-closure glaucoma [6-8],
suggesting the existence of genetic differences among
populations of diverse ancestry. As OAG is the predomi-
nant form of glaucoma, epidemiologic research regarding
diverse ancestry populations has been conducted [2, 5,
9-12]. According to a meta-analysis report [13], the prev-
alence of OAG was higher in Africans, followed by Euro-
peans and Asians. Still, there were little data on other
ethnic groups, such as South and East Asians. A recent
study complementing this has shown that the prevalence
of OAG was higher in Africans and Latinos, followed
by Europeans, South Asians, and East Asians [14]. The
relationship between the prevalence and geographical
variations might encompass genetic, environmental, and
cultural differences.

Evidence for a causal relationship between elevated
intraocular pressure (IOP) and OAG is robust, but nor-
mal-tension glaucoma (NTG) is considered a part of the
spectrum of OAG intrinsically, which is arbitrarily based
on the distribution of IOP; OAG with IOP <21 mmHg is
termed as NTG. Specifically, NTG is common in Asians,
including Koreans (77.0%) and comprises the majority
(52-92%) of cases of OAG in Asian studies [15-18]; the
proportions are higher than those in Europeans (30—-38%)
and African ancestry populations (57.1%) [3, 19, 20]. This
difference in the pattern of prevalence of NTG accord-
ing to populations of diverse ancestry suggested that
it may be related to different allele frequencies of glau-
coma-related single nucleotide polymorphism (SNP).
In addition, first-degree relatives of affected patients are
estimated to have as much as 4 to 10 times increased
risk compared to the general population [21, 22]. These
suggest that genetic aspects should be considered as a
cause of glaucoma. Recently, studies based on genome-
wide association study (GWAS) of glaucoma with meta-
analysis using the results from various cohorts such as
International Glaucoma Genetics Consortium (IGGC),
Australian and New Zealand Registry of Advanced
Glaucoma (ANZRAG), and UK Biobank (UKBB) had
revealed novel risk loci and SNPs related with IOP [23—
26]. Combining these results using the GWAS catalog
(NHGRI-EBI) [27] and utilizing 1000 Genomes Project
phase 3 data [28], we could infer the difference in glau-
coma-related SNPs according to populations of diverse
ancestry. Additionally, it is possible to assess the allele
frequency of OAG-associated SNPs and IOP elevation-
associated SNPs in OAG among Koreans using 1722
whole-genome sequencing data of healthy Koreans in the
Korean Reference Genome Database (KRGDB) [29].

Hence, the purposes of this study were to gain insights
into genetic causes of OAG, which can result in preva-
lence and phenotype differences among populations
of diverse ancestry for OAG, and to compare allele
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frequencies of IOP elevation-related SNPs in OAG
among Koreans and other population groups. We also
developed the composite genetic risk score for OAG as a
whole and OAG with high IOP and tested the correlation
between a population-level average of composite risk
scores and OAG prevalence.

Methods

This study was approved and monitored by the Institu-
tional Review Board (IRB) of the Veterans Health Service
Medical Center, Korea (IRB No. 2019-07-008).

Comparison of OAG-related SNPs in global population

and East Asians

According to the International Society of Geographical
and Epidemiological Ophthalmology (ISGEO) classifi-
cation [30], OAG is defined as glaucomatous optic neu-
ropathy in the presence of an open angle and no other
ocular abnormality accountable for the neuropathy. We
researched the GWAS catalog (NHGRI-EBI, https://
www.ebi.ac.uk/gwas/docs/file-downloads, “All associa-
tions v1.0.2—with added ontology annotations, GWAS
Catalog study accession numbers and genotyping tech-
nology’, December 2019) for SNPs that were associated
with ‘open-angle glaucoma’-related trait (EFO_0004190).
Initially, 146 glaucoma-associated SNPs from the GWAS
catalog were collected. Of these, a total of 135 SNPs was
used for analysis after removing the repeated ones (Addi-
tional files 2, 3: Table S1 and Table S2).

Among SNPs associated with OAG-related trait, we
determined OAG risk by examining the sign of beta-
coefficient, whether the odds ratio for the effect allele
was greater than one, and text description in the primary
GWAS reports. The details and advantages of the method
have been described elsewhere [31]. In brief, the popula-
tion-level allele frequencies of these SNPs were derived
based on the 1000 Genomes Project phase 3 (n=2504)
and KRGDB (n=1722). The 1000 Genomes Project sur-
veys genetic variations among 2504 individuals from 26
worldwide populations, which can be grouped into Afri-
can (AFR), East Asian (EAS), European (EUR), South
Asian (SAS), and the American (AMR) based on their
geographical locations and ancestries [28]; the data were
downloaded from ftp://ftp.1000genomes.ebi.ac.uk/voll/
ftp/release/20130502/ (last accessed: January 15, 2020).
Because the East Asian data in the 1000 Genomes Pro-
ject did not include data from the Korean population,
we compared the data from the five continents with
data extracted from KRGDB, which included the whole
genome sequencing data for 1722 Korean (KOR) indi-
viduals [29]. The data on the population frequency of the
SNPs were downloaded from the web-based database
(http://152.99.75.168:9090/KRGDB/menuPages/downl
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oad.jsp/, last accessed: January 15, 2020). For the com-
parison of the distribution of individual risk alleles of the
Korean population, individual genotype results of the
2nd phase of KRGDB (n=1099) were obtained from the
National Human Resource Bank of Korea.

Comparison of SNPs related to IOP elevation in OAG

in Global population and East Asians

OAGQG is defined as an optic nerve state, but IOP is con-
sidered a major risk factor. Hence, research for allele fre-
quencies of SNPs influencing IOP may give us insights
on the difference in the prevalence of NTG and OAG
with high IOP according to different ancestries. The 52
SNPs related to IOP are shown in Table 1, which have
been obtained from GWAS catalog data, a study using
Genetic Epidemiology Research in Adult Health and
Aging (GERA) cohort [32], a large multi-ethnic study for
identifying novel loci related to IOP [33], and meta-anal-
ysis results of IGGC, ANZRAG, and UKBB [23-26]. The
population-level allele frequencies of these SNPs were
derived as described above.

Composite genetic risk score calculation using SNPs
related to OAG and OAG with high IOP

To compare the composite genetic risk of OAG, we
adopted the equation suggested by Mao et al. [31] The
composite genetic risk score is calculated using the fol-
lowing formula:

I .
i=1 Xi
21

Genetic risk score =

where “I” refers to the number of OAG-related SNPs,
and “Xi” refers to copies of risk alleles (Xi € {0,1,2}) at the
ith SNP. In one extreme case, if a person has two copies
of risk alleles at each OAG-related SND, then the person’s
risk score will become 1. On the other hand, if a person
has no copy of risk alleles at each OAG-related SNP, then
the person’s risk score will become 0. A person with a
composite score of 1 has the highest possible genetic risk
for OAG, while a person with a score of 0 has the low-
est possible genetic risk. If copies of effect alleles (0/1/2)
are randomly assigned to each SNP, the expected value of
the risk score will be 0.5. SNPs with a frequency differ-
ence of more than 10% between the total (n=1722) and
the 2nd phase (n=1099) data of KRGDB were excluded
from the genetic score calculation. We used the average
of composite genetic risk scores for the populations for
correlation with the country-wise OAG prevalence data.
In addition, the composite genetic risk score was calcu-
lated using IOP elevation-related SNPs for OAG with
high IOP. The prevalence of OAG with high IOP was cal-
culated as (1—the NTG proportion of OAG [12]) x the
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total OAG prevalence. The correlation analysis with the
composite genetic risk score and the prevalence of OAG
with high IOP was performed.

Data analyses

We used the Kruskal-Wallis rank-sum test to assess
OAG related SNP frequencies according to popula-
tions of diverse ancestry and Fisher’s exact test to assess
whether the effect allele at a given SNP is significantly
enriched or depleted compared to the global population
frequency in the 1000 Genomes Project database, and
the P values were first log,,-transformed. In the heat-
map generated to visualize allele enrichment or depletion
patterns in different populations, red and purple colors
meant higher and lower frequencies than the global aver-
age, respectively. If the effect allele of an SNP is enriched
in a population, then the negative of log;, of the enrich-
ment P-value (a positive number) was used to represent
the SNP associated with that population in a heatmap.
On the other hand, if the allele of an SNP is depleted in
a population, the value of log,, of the depletion P-value
(a negative number) was used to represent the SNP for
that population in the heatmap. Statistical analyses were
performed using R software version 3.6.0 (R Founda-
tion, Vienna, Austria). Statistical significance was set at
P<0.05 and |log;, P|>1.301.

Results

Patterns of OAG risk alleles among populations

A total of 135 OAG-related SNPs was obtained from 24
GWAS studies. Among these, 15 studies were performed
in Europeans, 13 in East Asians, 4 in South Asians, 7
in Africans, and 2 in Americans (9 studies were per-
formed in mixed ethnic populations). Clearly, popula-
tions except Europeans were understudied. However,
there was no significant difference in the SNP frequency
among these populations with the Kruskal-Wallis rank-
sum test (Fig. 1). This result suggests that many SNPs
found in Europeans are also applicable to other popula-
tions. Following collecting the OAG-associated SNPs,
we obtained their effect allele frequencies (EAFs) in
each of the continental groups and Koreans based on
genotype information from the 1000 Genomes Project
and KRGDB (Additional file 2: Table 1). A heatmap
showed how significantly the effect allele was enriched
or depleted across the Korean and continental groups
(Additional files 1: Figure S1) with a log scale among 135
OAG-related SNPs. For Koreans, 63 OAG-related SNPs
were significantly enriched, 63 SNPs were depleted, and 9
SNPs were similar to global EAF. The heatmap visualized
the proportion of effect alleles in each continental group
compared to the global average. There were certain pat-
terns of risk allele frequencies depending on continental
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Fig. 1 Comparison of frequency of open-angle glaucoma
(OAG)-related single nucleotide polymorphisms (SNP) according to
populations of diverse ancestry. This figure shows no difference in
OAG-related SNP frequency between populations with the Kruskal-
Wallis rank-sum test (P=0.8893). AMR: American, EUR: Europeans,

SAS: South Asians, AFR: Africans, EAS: East Asians, KOR: Koreans

groups. The hierarchical clustering tree showed the dif-
ferences among the populations; Europeans, Americans,
and South Asians were in one cluster, and Africans, East
Asians, and Koreans were in another cluster. In addi-
tion, we compared the EAFs of East Asians and Koreans
(Additional file 3: Table S2, Additional file 1: Figure S2).
Although the EAF was not much different among East
Asians, 25 SNPs were enriched, 26 SNPs were depleted,
and 84 SNPs were similar to those in Koreans. Moreover,
the heatmap clearly showed that the main pattern of the
allele frequency in East Asians in the 1000 Genomes Pro-
ject was very similar to that in Koreans, while few alleles
showed the opposite pattern in allele frequency between
East Asians and Koreans.

Patterns of IOP elevation-related OAG risk alleles

among populations

Fifty-two IOP-related SNP traits were selected from
135 OAG-related SNPs (Table 1), and a heatmap show-
ing how significantly the EAF was enriched or depleted
across the Koreans and continental groups (Fig. 2) with
a log scale among 52 IOP-related SNPs was generated.
For Koreans, 23 OAG-related SNPs were significantly
enriched, 27 SNPs depleted, and 2 SNPs were similar to
global EAF. For example, rs2024211, located in the Inter-
genic of CAV2; CAVI that is expressed in the trabecular
meshwork cells cultured from OAG eyes and encoding
Caveolins [34], has T/C alleles in which the C allele was
tested in European populations to identify the risk of
OAG with high IOP [25]. The C allele frequencies were
26%, 36%, and 0.7% in European, African, and Korean
populations, respectively. Further, rs1579050, located
in FMNL2 gene belongs to the formin-related family of
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proteins that acts as a downstream effector of CDC42
(Rho family member) [33], has A/G alleles in which the
G allele frequencies were 58%, 10%, and 2.5% in Euro-
pean, African, and Korean populations. The rs8141433,
located in the Intergenic of GNBI1L; TXNRD2, TXNRD2
gene encodes a mitochondrial protein required for redox
homeostasis [35], revealed the G allele frequencies of
15%, 69%, and 4% in European, African, and Korean pop-
ulations. A hierarchical clustering tree showed the dif-
ferences among the populations; Europeans, Americans,
and South Asians were in one cluster, and Africans, East
Asians, and Koreans were in another cluster. These allele
frequencies may be related to a difference in the NTG
proportion of OAG among the populations. In addi-
tion, a heatmap showed how significantly the EAF was
enriched or depleted across the Koreans and East Asians
(Table 2, Fig. 3). For Koreans, rs12377624, LMXIB gene
had G/C alleles in which the C allele frequencies were
14%, 12.5%, and 7.9% in Chinese, Japanese, and Koreans,
respectively, whereas, rs2073006, EXOC2 gene had C/T
alleles in which the T allele frequencies were 11.8%, 8.1%,
and 22.0% in Chinese, Vietnamese, and Koreans, respec-
tively. However, the EAF was not much different among
East Asians; for Koreans, 13 SNPs were enriched, 7 SNPs
were depleted, and 32 SNPs were similar to those in
Global East Asians. A hierarchical clustering tree showed
the differences among East Asians, KOR, Japanese, and
Han Chinese in Beijing in one cluster, and Southern Han
Chinese and Chinese Dai in Xishuangbanna in another
cluster.

Composite genetic risk scores calculated using SNPs
related to OAG as whole and OAG with high IOP

We calculated the composite genetic risk scores based
on copies of effect alleles at OAG-associated SNPs, with
the assumption that allelic associations from a significant
majority of GWAS-identified variants can be replicated
in non-European populations [36]. The genetic risk score
of OAG was highest in Africans, followed by Europeans,
South Asians, and East Asians (Fig. 4). The prevalence of
OAG was correlated with the population average genetic
risk score (R=0.293, Fig. 4). In addition, the genetic risk
score of OAG with high IOP was highest in Europeans,
followed by South Asians, Africans, and East Asians
(Fig. 5). The prevalence of OAG with elevated IOP was
positively correlated with the population average genetic
risk score (R=0.699, Fig. 5).

Discussion

Genetic factors are likely to play an essential role in
the development of OAG [37]. Well-designed glau-
coma cohort studies [23-26] had demonstrated the
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Fig. 2 The heatmap generated using intraocular pressure elevation in open-angle glaucoma-related single nucleotide polymorphisms in the global
population. The heatmap shows how significantly the effect alleles are enriched or depleted in each population. Each row shows SNPs, and each
column shows populations of diverse ancestry. Red color means effect allele is enriched, whereas purple color means effect allele is depleted (log;,
P>1301 indicated enrichment, log,, P< — 1.301 indicated depletion). A hierarchical clustering tree shows the differences among continents; EUR,
AMR, and SAS are in one cluster, and AFR, EAS, and KOR are in another cluster. AMR: American, EUR: Europeans, SAS: South Asians, AFR: Africans, EAS:

1

relationships of genetic loci with OAG or IOP eleva-
tion in OAG [25, 32, 33]. Although there is a Genome
Aggregation Database (gnomAD) with more numbers,
the authors thought that 1000 Genomes Projects would
fit the design of this study, which being representative
genome data and well-designed public data of whole-
genome sequencing data from various populations
around the world. Also, data of 1000 Genomes Projects
was used for the gene target prediction model in the pre-
vious large POAG/IOP study [25]. Combining the results
of these studies and the Korean whole-genome data, our
study had identified the differences in allele frequen-
cies of SNPs related to OAG or IOP elevation in OAG
for worldwide populations as well as the relationship
between the composite genetic risk scores and the preva-
lence in OAG or OAG with high IOP according to popu-
lations of diverse ancestry. The present study highlighted
that the genetic risk of OAG with high IOP was present
in Europeans, Americans, South Asians, Africans, and
East Asians, in that order and showed a positive correla-
tion with actual prevalence.

Our findings demonstrated that the prevalence of OAG
differed among populations of diverse ancestry and was
positively correlated with genetic factors. These results

are consistent with those of the previous study by Kapet-
anakis et al, which demonstrated the global variations
and time trends in the prevalence of OAG [14]. In their
study, among people over 80 years of age, Latinos (AMR)
had the highest OAG prevalence, followed by blacks
(AFR), whites (EUR), South Asians, and East Asians,
and this distribution was consistent with our genetic
risk score results. For people with an age of 40 years, the
population prevalence of OAG was highest in Africans
(4.5%), followed by Americans (3.5%), Europeans (2.1%),
South Asians (2.0%), and East Asians (1.8%).

The advantage of our study is that we used the data of
IOP-related SNPs in OAG, derived from a study using
GERA cohort [32], a large multi-ethnic study for iden-
tifying novel loci related to IOP [33], and meta-anal-
ysis results of IGGC, ANZRAG, and UKBB [23-26].
Although NTG is considered as a type of OAG with an
IOP <21 mmHg, controversy exists regarding whether
NTG should be regarded as a disease within the spec-
trum of OAG or a distinctive disease. The focus of
this study was not on the pathogenesis of NTG but on
the SNPs known to be related to IOP in OAG and the
prevalence of OAG with high IOP. In countries other
than Asia, there are limited data on NTG proportion
[12], but our study showed that the IOP-dependent
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Fig. 3 The heatmap generated using intraocular pressure elevation in open-angle glaucoma-related single nucleotide polymorphisms in the East
Asian population. The heatmap shows how significantly the effect alleles are enriched or depleted in each population. Each row shows SNPs, and
each column shows populations of diverse ancestry. Red color means effect allele is enriched, whereas purple color means effect allele is depleted
(logyo P>1.301 indicated enrichment, log,, P< — 1.301 indicated depletion). A hierarchical clustering tree shows the differences among East Asians,
KOR, JPT, and CHB in one cluster, and CHS, and CDX in another cluster. CDX: Chinese Dai in Xishuangbanna, CHB: Han Chinese in Beijing, China, CHS:
Southern Han Chinese, China, JPT: Japanese in Tokyo, Japan, KOR: Korean in Republic Korea, KHV: Kinh in Ho Chi Minh City, Vietnam
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mechanism in OAG could be explained according to
populations of diverse ancestry. On the aspect of allele
frequency, the IOP-dependent mechanism was highest
in Europeans, followed by South Asians, Americans,
Africans, and finally, East Asians. These results sug-
gested that the IOP-dependent mechanism was less
prominent in Koreans and Japanese.

Our results suggested that IOP-related SNPs for Afri-
can ancestry might have been less enrolled, as SNPs
were different because most of SNPs were derived from
Europeans studies. A recent study on the association
of genetic variants with OAG with individuals with
African ancestry reported that rs59892895T >C risk
allele was the appreciable frequency in Africans, but
not in Europeans or Asians [38]. As these alleles were
not included in our study, then other results would be
expected, considering the prevalence of OAG in Afri-
can ancestry. In addition, further studies on glaucoma
cohorts of Asians and Americans are necessary to iden-
tify the differences in genetic variants with respect to
those associated with African ancestry.

A recent study on multi-trait analysis of glaucoma
used polygenic prediction for glaucoma progression in
early manifest glaucoma cases and surgical intervention
in advanced glaucoma cases, which could facilitate the

development of a personalized approach for treatment
[39]. In addition, another study showed that the associa-
tion of polygenic risk score with IOP improved the pre-
diction of OAG [40]. Our findings also showed a trend
in genetic risk and glaucoma prevalence. These results
demonstrated the importance of IOP as well as genetic
factors in glaucoma development and progression. The
particular contributions of the genes to the pathogenesis
of OAG, however, remain to be elucidated. Moreover, the
major heritable component of OAG is still unexplained.
Further studies are necessary for glaucoma specialists to
discover genetic variants to explain the identified asso-
ciations and investigate any gene—gene or gene-environ-
ment interactions.

This study may insight the prevalence difference of
OAG and NTG according to region and country. In Euro-
pean descent, most glaucoma is known to be POAG with
high IOP, and POAG with normal IOP is known to be
the minority. However, in East Asians, especially in Japan
and Korea, most of the OAG is NTG. Since glaucoma
treatment is a management of lowering IOP and other
risk factors, understanding the genetic difference in SNP
frequencies with IOP would provide sufficient insights
regarding the pathogenesis of glaucoma for clinical oph-
thalmologists and glaucoma specialists. A major strength
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of our study was the inclusion of the large Korean whole-
genome data (n=1722) to reflect the allele frequency of
SNPs related to OAG and OAG with high IOP. Addition-
ally, we did not systematically organize the new glaucoma
cohort and analyze the effects; instead, we compared the
1000 Genomes Project data with OAG-related SNP data
from the GWAS catalog. However, there are a few limita-
tions to this study. First, the GWAS catalog contains data
for which the risk allele is not clearly defined in the minor
allele frequency (MAF). However, we did not exclude
these in our study because the majority of MAFs are
likely to be risk alleles, so removing all of the undefined
alleles would result in inaccurate subgroup analysis. Fur-
ther study is needed for the data curation of 32 undefined
SNPs. To solve this problem, risk allele curation is nec-
essary for the GWAS catalog, based on further results of
large population studies using glaucoma cohorts. Second,
the statistical significance of EAF in Koreans was high
and should be interpreted with caution since the Fisher’s
test can decrease the P-value as the number of subjects
increases, even with the same odds ratio values as the
Korean reference genome number was 1722, which was
very high, assuming that the genome number of 26 popu-
lations belonging to the 1000 Genomes Project was about
100, ranging from 61 to 113. Third, we used the compos-
ite risk score that did not include the effect size weights,
as the weighted-odd ratios vary according to the ethnic
group even for the same SNP, and there are inaccura-
cies due to insufficient study data on OAG-related SNPs
in the Africans and Asians population. In the future, the
polygenic risk score with the effect size weighted odd
ratio will be a more desirable study. Fourth, our study
analyzed what is currently known; it is not a study that
shows new genetic loci or pathway analysis using cell cul-
ture and animal study. Additionally, our findings should
be interpreted in consideration of the fact that the pen-
etrance is variable even when causative SNPs are present
in specific individuals. Nevertheless, it would be mean-
ingful to understand genetic research from the point of
view of a clinical glaucoma specialist.

Conclusions

Our study showed substantial population differentiation
in allele frequencies in both of OAG-related SNPs and
IOP-related SNPs in OAG. From the allele frequency
of these SNPs, we calculated the composite risk scores
for OAG and OAG with high IOP for 26 ethnic groups
in the 1000 Genomes Project and Koreans. In addition,
the prevalence of OAG and OAG with high IOP corre-
lated with genetic risk scores. We observed differences in
allele frequencies associated with SNPs related to IOP in
OAG between Koreans and other populations of diverse
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ancestry, which may explain the high prevalence of OAG
with normal IOP predominantly in Koreans and East
Asians.
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