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Purpose: Myopia (nearsightedness) is a condition in which a refractive error (RE) affects vision. Although
common variants explain part of the genetic predisposition (18%), most of the estimated 70% heritability is
missing. Here, we investigate the contribution of rare genetic variation because this might explain more of the
missing heritability in the more severe forms of myopia. In particular, high myopia can lead to blindness and has a
tremendous impact on a patient and at the societal level. The exact molecular mechanisms behind this condition
are not yet completely unraveled, but whole genome sequencing (WGS) studies have the potential to identify
novel (rare) disease genes, explaining the high heritability.

Design: Cross-sectional study performed in the Netherlands.
Participants: We investigated 159 European patients with high myopia (RE > �10 diopters).
Methods: We performed WGS using a stepwise filtering approach and burden analysis. The contribution of

common variants was calculated as a genetic risk score (GRS).
Main Outcome Measures: Rare variant burden, GRS.
Results: In 25% (n ¼ 40) of these patients, there was a high (> 75th percentile) contribution of common

predisposing variants; that is, these participants had higher GRSs. In 7 of the remaining 119 patients (6%),
deleterious variants in genes associated with known (ocular) disorders, such as retinal dystrophy disease
(prominin 1 [PROM1]) or ocular development (ATP binding cassette subfamily B member 6 [ABCB6], TGFB
induced factor homeobox 1 [TGIF1]), were identified. Furthermore, without using a gene panel, we identified a
high burden of rare variants in 8 novel genes associated with myopia. The genes heparan sulfate 6-O-sulfo-
transferase 1 (HS6ST1) (proportion in study population vs. the Genome Aggregation Database (GnomAD) 0.14 vs.
0.03, P ¼ 4.22E-17), RNA binding motif protein 20 (RBM20) (0.15 vs. 0.06, P ¼ 4.98E-05), and MAP7 domain
containing 1 (MAP7D1) (0.19 vs. 0.06, P ¼ 1.16E-10) were involved in the Wnt signaling cascade, melatonin
degradation, and ocular development and showed most biologically plausible associations.

Conclusions: We found different contributions of common and rare variants in low and high grade myopia.
Using WGS, we identified some interesting candidate genes that could explain the high myopia phenotype in
some patients.
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Nearsightedness (myopia) is a refractive error (RE) in which myopia is increasing globally, which will put a significant

the optics of the eye fails to focus light rays entering the eye
exactly on the retina, leading to blurred vision. This ocular
condition is caused by an elongated length of the eye axis;
the axial length (AL) of an emmetropic eye is on average
23.5 mm compared with at least 26 mm in high myopia
(Fig 1). People with myopia have clear vision when they
focus on objects nearby but blurred vision when looking
at objects positioned further away. Myopia is often
defined as an RE � �0.5 diopters (D) and high myopia as
an RE � �6 D.1 The prevalence of myopia and high
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burden on our health care system caused by the visual
consequences.2,3 The RE of myopia can be corrected by
wearing glasses or contact lenses, but the visual
impairment caused by complications (myopic macular
degeneration, retinal detachment, glaucoma, and cataract)
at older age is often irreversible.4,5 Unraveling the
etiology of myopia may help to find targets for prevention
and therapy.

Myopia is the result of a combination of environmental
influences and genetic factors. More than 500 common
1https://doi.org/10.1016/j.xops.2023.100303
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genetic factors with a relatively small effect size have been
identified through genome-wide association studies
(GWASs) with large sample sizes (N ¼ 160 420 to N ¼ 542
934).6,7 These genetic factors cumulatively explain around
18% of the heritability of the trait, whereas estimates of the
total RE heritability in several other studies are around
70%.7,8 Rare genetic factors with potentially large effect
sizes could partly explain this missing heritability because
previous GWAS studies were not designed nor had
sufficient power to identify rare variants. Previous whole
exome sequencing studies using both population-based co-
horts, as well as high myopia families, identified some
interesting new candidate genes harboring rare variants with
roles in several pathways (see Tedja et al8 for an overview of
whole exome sequencing studies and RE).9,10 Because these
studies performed genetic techniques only covering the
exome, application of whole genome sequencing (WGS)
could identify new and relevant additional genes and could
identify rare variants underlying previous GWAS signals.

Several pathways and processes have been linked to
myopia, including retinal light transduction, extracellular
matrix remodeling, cell cycle pathways, and cell growth.6,7

The involved genes are expressed across all retinal cell types
and probably function in a light-dependent retina-to-sclera
signaling cascade causing axial elongation and myopia.6,7

The role of these retinal cell types and the interaction
between different processes in these retinal cells in
myopia development are not completely understood.

Whole genome sequencing has the advantage that
different types of genetic variation over the entire genome
can be evaluated, including coding and noncoding single
nucleotide variants (SNVs), copy number variants (CNVs),
and structural variants (SVs). Rare variants (minor allele
frequency < 1%) have a potentially large impact and could
therefore explain a large part of the missing heritability of
myopia. Until now, WGS has not been applied frequently to
myopia and was only performed in selected families with
high myopia as a follow-up study after linkage analysis to
pinpoint a genetic locus.11 In other complex genetic diseases,
such as schizophrenia, diabetes, or retinitis pigmentosa,
however, new association signals were identified or genetic
diagnoses could be made with the use of WGS.12e16 Given
the complex genetic nature of myopia, in which the genetic
contribution to the etiology is expected to be larger on the
extreme end of the myopia spectrum, focusing on high
myopia is a logical first step. Therefore, we studied a highly
myopic population (RE > �10 D) of European ancestry to
identify rare SNVs, CNVs, and SVs using WGS with high
potential impact. We applied a stepwise approach focusing
on putative pathogenic variants and subsequently performed
a broader evaluation of genes of interest by evaluation of the
topologically associating domain (TAD) regions.
Methods

Study Population

The Myopia Study (MYST) is a caseecontrol study, conducted
from 2010 to 2020 in Rotterdam, The Netherlands.17 Participants
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were recruited via public media, eye care providers, and
advertisements on the website for MYST and Erasmus Medical
Center. People aged < 18 years and patients with a history of a
confirmed syndromic cause of myopia were excluded.17 For the
current study, we included extreme high myopia patients (mean
RE � �10D) with available DNA and European ancestry (based
on questionnaire data). We used genetic and ophthalmic data
from the Rotterdam Study (RS) 1-3 for comparison of genetic
risk score (GRS) with RE. The RS is a long running, prospective
population-based study conducted in the city district Ommoord
in Rotterdam, The Netherlands.18 Only individuals with available
genetic data and RE were included. Both studies adhered to the
tenets of the Declaration of Helsinki and were approved by the
local ethics committees of Erasmus Medical Center, Rotterdam,
The Netherlands (MEC-02-1015 [RS] and MEC 2009-248
[MYST]). All participants provided informed consent.

Ophthalmic Data

All participants from MYST and RS underwent extensive
ophthalmic examinations, including RE measurements with Top-
con RM-A2000 Auto-Refractor (Topcon Optical Company) and
AL measurements with Lenstar LS900 (Laméris Ootech), or with
the A-scan function of PacScan 300 AP (Sonomed Escalon) for
participants with AL � 30 mm. Measurements of both eyes were
averaged; when these were missing in one eye (due to, e.g., cataract
surgery without knowledge of prior RE), the measurement of the
available eye was used. Refractive error was calculated as the sum
of the full spherical value and half of the cylindrical value. In
addition to ophthalmic examinations, questions about the family
(e.g., parental myopia, RE of the parents) and ocular history were
included in MYST.

Genetic Analysis: WGS

Genomic DNA was isolated from ethylenediaminetetraacetic acid
anticoagulated blood according to standard protocols. All samples
were measured for sample purity and integrity using picogreen,
ultraviolet 260/280, and agarose gel electrophoresis. Four-micro-
gram double-stranded DNA was used as input for WGS by the
Beijing Genomics Institute (BGI) (n ¼ 156) on a BGISeq500 using
a 2 � 100-bp paired-end reads, with a minimal median coverage
per genome of 30-fold. Three samples, previously sent to Novo-
gene for WGS, were also included. Novogene used 1-mg double-
stranded DNA as the input for WGS on an Illumina HiSeq
PE150 platform using a 2 � 150-bp paired-end reads, with a
minimal median coverage per genome of 30-fold. The WGS data
were mapped to the human genome (hg19) using Burrows-Wheeler
Aligner. All data were based on percentage mapped reads,
coverage, bases with > 20� coverage, error rate, insert size, and
percentage duplicated mapped reads evaluated using Qualimap
V.2.2.1 (BGI) and SAMtools and Picard (Novogene) (Table S1,
available at www.ophthalmologyscience.org).19 Calling of
variants was performed using xAtlas V.0.1 (BGI) and GATK
(Novogene).20 Structural variants were detected based on paired-
end and split-read evidence using Manta Structural Variant Cal-
ler V.1.1.0 (Illumina) with default parameters (WGS from BGI
only).21

GRS Calculation

For calculation of a GRS, we used the WGS data of MYST as
described above and genotyping array data from RS.18 Genetic risk
score was calculated as the weighted number of risk alleles carried
for 528 genetic variants associated with RE, which were identified
in a GWAS by the Consortium for Refractive Error and Myopia,
23andMe, and the UK Biobank (N ¼ 620 035) (Tedja MS,

http://www.ophthalmologyscience.org


Haarman et al � Rare Variants in High Myopia Using WGS
Verhoeven VJM, Eriksson N, et al. Pathway-Specific Genetic Risk
Scores Associated with High Myopia. Presented at: International
Myopia Conference; September 12, 2019; Tokyo, Japan).6,7 The
regression coefficients for association with RE in D in the total
sample were used as the weightings (GRS ¼ Pk

i¼ lbiNi, where
b indicates the weightings and N the number of risk alleles for
each locus [indicated by i]).
Figure 1. Schematic overview of (A) emmetropia and (B) myopia. In
emmetropia, the optics of the eye focus light rays entering the eye exactly
on the retina. In myopia, the ocular globe is elongated, and the light rays
are focused in front of the retina. The different ocular components are
indicated.
Variant Filtering and Prioritization

All variants were initially prioritized according to predefined
criteria: we included variants with (1) coverage > 10 reads; (2)
allele frequency < 1% in either 1000 Genomes (1KG), Exome
Variant Server, Exome Aggregation Consortium, or the Genome
Aggregation Database (GnomAD) V2.1.1 (ALL, including Finnish
population)22 and an in-house control cohort (600 unaffected par-
ents from patients with unrelated phenotypes); (3) Combined
Annotation-Dependent Depletion (CADD) score > 20; and (4)
protein altering variant annotation including putative splice site and
splice region alterations. We used Fabric genomics (V6.8, pipeline
V6.6.6, https://app.fabricgenomics.com/) software to filter variants
and used Plink1.9 to create a multisample variant call format
(VCF) file (Fig S2, available at www.ophthalmologyscience.org).
ANNOVAR (V.10-2019)23,24 was used for annotation of all
variants of this multisample VCF and the online available
CADD score tool (V1.6) for assessing the CADD score.25

We applied a stepwise approach to identify new rare variants
associated with myopia (Fig S2).

1. Filtering Based on GRS. We stratified the total study pop-
ulation (MYST) based on GRS and RE into 4 groups: (group 1)
low RE (i.e., more extreme myopia, > �6D) and high (i.e., posi-
tive value or > 75th percentile) GRS; (group 2) low RE and low
GRS; (group 3) high RE and high GRS; and (group 4) high RE and
low GRS. Note that because myopia is on the negative side of the
RE distribution, a more negative GRS is associated with a more
negative RE, i.e., myopia, and vice versa. For illustrative purposes,
we also plotted the GRS against RE of RS (Fig 3). Note that no
WGS data were available for RS and that RS data were not used
in methodology steps 2 to 5. A high GRS indicates the
contribution of many common variants predisposing for myopia
(Fig 3). Because GRSs are based on the sum of common
haplotypes associated with myopia, we expected that individual
patients with low RE and high GRS (group 2) would have a
lower contribution of rare variants, and therefore, we excluded
this group in the rare variant analyses (steps 2 to 4).26

2. Exclusion of Patients with a Known Ocular Syndro-
me. Although we excluded patients with clinically confirmed
syndromic myopia, variable expressivity of key phenotypic fea-
tures could potentially have masked syndromic patients. Therefore,
we evaluated 348 exonic and splice site variants in known (Men-
delian) ocular disease genes included in the Erasmus Medical
Center whole exome sequencing gene panel (N ¼ 477 genes;
Table S2, available at www.ophthalmologyscience.org).27 Variants
of interest were validated using Sanger sequencing and classified
according the American College of Medical Genetics and
Genomics criteria using an online tool (https://
franklin.genoox.com/clinical-db/home). We analyzed the clinical
signs of the corresponding Online Mendelian Inheritance in Man
phenotype in these individuals, using patient record information if
available.28,29 If an SNV in a gene associated with an autosomal
recessive (AR) disorder was detected, we continued with
screening the gene region for SVs using Manta output. Patients
were only excluded for subsequent analyses when a pathogenic
variant with a corresponding clinical phenotype was confirmed in
that patient.
3. Prioritization of Putative Pathogenic Variants on a Gene
Level. For individuals with a relative low burden of common
variants (low RE [� �10D] and low GRS [< 75th percentile] [2.38
to �5.44]), we filtered all variants on a gene level, based on the
frequency in the cohort (> 30 in our cohort) and CADD score (>
20). We did not apply a gene panel as in step 2. Highly variable
genes (low missense Z-score) or genes with an extremely high
variant frequency in our cohort (> 30) were excluded (Table S3,
available at www.ophthalmologyscience.org). Of all genes with a
variant present in 5 to 29 individuals, a burden gene-based test
was performed to assess its association with myopia (see methods
in the following paragraphs). We excluded genes reported to be
highly tolerant for rare missense variants, that is, with a GnomAD
(V2.1.1) missense Z-score < 1.22 We compared the number of
synonymous variants (with minor allele frequency < 1%) within
a gene between the 2 datasets (119 individuals with high myopia
from our study vs. GnomAD) to evaluate the presence of
technical artifacts.

4. Genome-Wide Evaluation of Genes of Interest. Our study
lacked the power to perform a rare variant burden test genome-
wide because of its sample size. Therefore, we initially focused
on rare putative deleterious variants impacting conserved amino
acids (steps 1e3) and subsequently evaluated the TAD region of
these gene regions (8 genes) for rare SVs and rare deleterious
SNVs using a more lenient CADD cutoff (CADD score > 15).
This CADD score focuses on the 5% most damaging variants
predicted across the genome (http://cadd.gs.washington.edu/
info).25 Topologically associating domain regions are evolutionary
conserved across species, contribute to the 3-dimensional nuclear
organization, and are involved in regulation of gene expression.30

We used TAD borders as described in brain cortical tissue as a
proxy for ocular tissue.31

5. Cohort-Wide Evaluation. As a final step, we evaluated the
rare variants in the most promising genes from step 3 in the total
study population, including those with many common variants
excluded in step 1. We analyzed the contribution of common
variants (GRS) and rare variants. The rare variant status was
3

https://app.fabricgenomics.com/
http://www.ophthalmologyscience.org
http://www.ophthalmologyscience.org
https://franklin.genoox.com/clinical-db/home
https://franklin.genoox.com/clinical-db/home
http://www.ophthalmologyscience.org
http://cadd.gs.washington.edu/info
http://cadd.gs.washington.edu/info


Figure 3. Genetic risk score in relation to spherical equivalent (diopters [D]) in our high myopia cohort and the Rotterdam Study (RS). Genetic risk score
(GRS) was calculated using betas from 528 single nucleotide polymorphisms from Tedja et al. The different colors indicate 4 different groups: red, low
refractive error (RE) and low GRS (< 75th percentile); green, low RE and high GRS (> 75th percentile); blue, high RE and low GRS; and yellow, high RE
and high GRS. The 75th percentile of GRS was calculated in the high myopia cohort (MYST) and applied to the total group. The GRSs of the RS
(included in the initial discovery genome-wide association study) were plotted for illustrative purposes. Spearman’s correlation coefficient is also shown (r2).
WGS ¼ whole genome sequencing.
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defined as having > 1 variant in any of the candidate genes. The
common variant status was defined as having a GRS below (�) or
above (þ) the 75th percentile, indicating less common variants and
more common variants, respectively.

Association Test and Statistical Analyses

An association burden test was performed as described previ-
ously.32 In short, we compared the total frequency of variants in the
genes of step 3 in our study population to the frequency in
GnomAD (V2.1.1) as a control population (N ¼ 141 456) using
a chi-square test.22 We used the gene borders defined by
GnomAD to assess the genomic context of every gene. We
applied a dominant model; that is, for each gene, the number of
individuals in our study population who carried � 1 qualifying
variant in that gene were assessed. We used the sum of
homozygote and heterozygote counts per gene from GnomAD as
a control population estimate. As the input for these tests, we
first created a gene-specific VCF file containing all unprioritized
variants in every gene for 1 individual using Plink1.9.33,34 Next,
we created a multisample VCF file, including all individuals, and
annotated this VCF file using ANNOVAR (V.10-2019) and
CADD (V1.6).23e25 As a next step, we excluded all variants
within these genes with frequency > 1% in 1KG, Exome Variant
Server, or Exome Aggregation Consortium and a BGI control
dataset consisting of 702 unrelated individuals, excluded synony-
mous variants, and looked at all variants with a CADD score > 15
or a Genomic Evolutionary Rate Profiling score > 2.35 For the
burden test analyses, a P value < 2.5 � 10�6 (Bonferroni
4

correction for approximately 20,000 genes) was considered
statistically significant.

We compared differences in means between groups using an
independent sample t test or analysis of variance for normally
distributed data (GRS, age at inclusion, and age of stabilization)
and the ManneWhitney U test or KruskaleWallis test for non-
normally distributed data (RE, AL, age of stabilization, age of
onset). Frequencies between groups were compared using the chi-
square test or Fisher exact test. Correlation between RE and GRS
was assessed by Spearman’s correlation coefficient. The IBM
SPSS Statistics version 25 (IBM Corp) was used for the statistical
analyses. Evidence for expression in ocular tissue of all genes of
interest was assessed using the recently published human ocular
dataset from Cowan et al36 and the online tool Spectacle, which
includes data from 5 human datasets (all-retina-choroid-retinal
pigment epithelium).37e42 Because these are exploratory ana-
lyses, any expression higher than 0 was reported positive. Evidence
for an ocular phenotype in a knockout mouse or zebrafish model
was assessed using the Mouse Genome Informatics database,43 the
International Mouse Phenotyping Consortium databases,44,45 and
the Zebrafish Information Network.46

Pathway Analysis

We performed 2 pathway analyses to investigate the potential
functions and pathways of the associated genes. First, we con-
ducted a Gene Ontology term enrichment analysis (Gene Ontology
database released February 1, 2021) using the PANTHER over-
representation test (Released February 24, 2021) and all Homo
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sapiens genes as a reference.47,48 We used the Gene Ontology
biological process, molecular function, and cellular component as
annotation datasets. Statistical evaluation using the Fisher exact
and false discovery rate (FDR) correction for multiple testing
(FDR < 0.05) was performed. Second, we used Ingenuity
Pathway Analysis (QIAGEN Inc) for canonical pathway analysis
and causal network analysis, using humans as the reference
dataset.49

For both analyses, we analyzed the gene content of 2 groups of
genes: genes with missense variants with a GnomAD Z-score > 1
and a frequency in our cohort � 5 or startloss, stopgain, stoploss,
and splicing variants with a frequency of � 2 in our cohort (group
1) and genes with startloss, stopgain, stoploss, and splicing variants
irrespective of their frequency in our cohort (group 2).
Results

Our study population (N ¼ 159) had a mean (standard de-
viation [SD]) age of 48.6 (12.9) years and was composed of
57 (36%) male participants (Table 4). Because this female
predominance is not related to our outcome measures, it
therefore will probably not lead to any bias. Mean (SD)
RE was �13.8 D (3.4), and 30% of our population had
RE �15 D or worse. Myopia onset was known in a
subset of participants (n ¼ 156 [98.1%]) and was on
average (SD) 7.5 (3.5) years. Considering the family
history, 43% had a myopic mother and 46% a myopic
father with a mean (SD) RE of �5.2 D (3.8) and �5.0 D
(4.6), respectively. The majority (58%) had both a myopic
father and a myopic mother.

1. Myopia Explained by GRS

The mean GRS in our study population (MYST) was 1.44
(1.44) and the range was �1.55 to 5.40 compared with a
mean of �0.80 (1.40) and a range of �5.44 to 5.40 in the
individuals with any myopia in the total (MYST þ RS)
population. We compared the distribution of GRS in our
study population to the population-based RS (n ¼ 11 496).
The mean RE of RS was 0.46 D (SD 2.59), and the mean
GRS was �1.45 (SD 1.30). We pooled both populations
together and observed a negative correlation between RE
and GRS, that is, a higher GRS in more myopic participants
(i.e., more negative RE) (Spearman’s r ¼ �0.315, P <
0.01). We could identify 4 groups in our pooled population:
(1) low RE (i.e., more myopic, negative RE) and low GRS;
(2) low RE and high GRS; (3) high RE (less myopic, more
positive RE), low GRS; and (4) high RE and high GRS
(Fig 3). We observed 40 (25%) participants of MYST in the
second group. Because these individuals with many
common variants are less likely to carry rare (high
potential impact) variants, we excluded this group in
subsequent analyses from the MYST population (40/159).
The remaining individuals (n ¼ 119) were included in the
initial burden analysis.

When taking a closer look at the associated common
loci in MYST, we identified a higher-than-expected fre-
quency of the missense variant rs5442 in G protein subunit
beta 3 (GNB3) in our cohort compared with other cohorts
(27% vs. 14% vs. 10% vs. 9% vs. 5% in MYST and RS
[included in the discovery cohort of this variant]),6,7 849
European controls, Genome of the Netherlands (GoNL)
(V1.0.0),50 and GnomAD (V2.1.1),22 respectively. This
gene was highly ranked in the GWAS study of Tedja
et al,6 based on the significant association signal of the
exonic variant located in this gene, the expression in
ocular tissue, and phenotype in both humans (congenital
stationary night blindness) and animal studies (ocular globe
enlargement). We screened the GNB3 gene with a 10 000-
kb flanking region for a potential causal variant present in
the 26 carriers of this SNP and absent or with low
frequency in the remaining myopes. We did not identify
other potential causal variants explaining the previous
GWAS signal. Moreover, we did not observe rare high
impact variants located in the region of other common
GRS loci associated with RE, occurring with high
frequency in this study cohort.
2. Exclusion of Patients with a Known Myopia
Syndrome

Patients with obvious phenotypical characteristics of a
myopia syndrome were excluded from participation in our
study. Nevertheless, we were interested in deleterious vari-
ants in known ocular disease genes. After excluding com-
mon variants and applying our prioritization protocol, we
observed 348 SNVs in 192 known ocular disease genes
(Fig S2). The majority of these SNVs (89%) were missense
or silent variants, 10% were nonsense variants, and 1% were
canonical splice site variants. We identified 11 nonsense and
splice region variants with a minor allele frequency < 1% in
genes associated with autosomal dominant (AD) disorders,
26 rare variants in genes associated with AR disorders,
and 1 rare variant in a gene associated with a disorder
with both AD and AR inheritance patterns. The
prevalence of these ocular diseases is < 5 per 10 000. All
individuals were heterozygous for these variants.
Therefore, we screened the AR genes for deletions but did
not identify any deletions in addition to the SNVs
annotated to these genes (Table S5, available at
www.ophthalmologyscience.org). We could validate 6
SNVs in 6 individuals associated with an AD disorder and
1 SNV associated with a disorder causing both AD and
AR phenotypes (Table 6). These 7 variants were located
in genes associated with (ocular) developmental disorders
(ABCB6, TGIF1), retinal dystrophy (PROM1), corneal
dystrophy (AGBL carboxypeptidase 1 [AGBL1]), cataract
(crystallin beta A1 [CRYBA1], glucosaminyl (N-acetyl)
transferase 2 [GCNT2]), and isolated high myopia (prolyl
4-hydroxylase subunit alpha 2 [P4HA2]). The GRS and
RE of carriers of these variants were not significantly
different compared with noncarriers (mean [SD]
GRS �0.78 [0.97] vs. �1.05 [0.86], P ¼ 0.487 and mean
[SD] RE �14.5 D [3.4] vs. �13.7 D [3.4],
P ¼ 0.560 for carriers vs. noncarriers, respectively).

In addition to nonsense and splice site variants, we
identified 309 missense variants (99% in heterozygous
5
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Table 4. Baseline Characteristics of the Total Study Population (n ¼ 159)

Variable
Available
for n (%)

Total Population
(n [ 159)

Low RE (< L10D)
and High GRS

(Above 25th Percentile)
(n [ 119)

Low RE (< L10D)
and Low GRS

(Below 25th Percentile)
(n [ 40) P value

Age at inclusion, y 159 (100) 48.6 (12.9) 48.1 (12.6) 49.8 (13.9) 0.496
Range 21.0e85.0

Gender, % male 159 (100) 57 (35.8) 76 (63.9) 26 (65.0) 0.897
RE, D 158 (99.4) �13.8 (3.4) �13.8 (3.4) �14.0 (3.6) 0.589
Range �25.0 to �9.5

�10.0D to �15.0D (%) 158 (99.4) 111 (70.3) 84 (70.6) 27 (69.2) 0.872
� �15.0D (%) 47 (29.7) 35 (29.4) 12 (30.8)
AL, mm 143 (89.9) 28.6 (1.6) 28.6 (1.7) 28.6 (1.4) 0.948
Range 24.4e32.0

Age of onset, y 156 (98.1) 7.5 (3.5) 7.4 (3.7) 7.6 (2.4) 0.161
Range 2.0e27.0

Age of stabilization 85 (53.5) 26.2 (13.3) 26.3 (14.6) 25.8 (8.7) 0.835
Range 0e65

Myopia father 90 (56.6) 73 (45.9) 50 (83.3) 23 (76.7) 0.446
RE in case of myopia, D 63 (37.7) �5.0 (4.6) �5.1 (4.3) �4.8 (5.1) 0.347
Range �24.1 to �0.5

Myopia mother 99 (62.3) 69 (43.4) 46 (64.8) 23 (82.1) 0.091
RE in case of myopia, D 54 (34.0) �5.2 (3.8) �5.1 (4.0) �5.2 (3.6) 0.660
Range �16.00 to �0.25

Myopia
Both parents, % 71 (44.7) 41 (57.7) 24 (52.2) 17 (68.0) 0.489
One parent, % 21 (29.6) 15 (32.6) 6 (24.0)
None of parents, % 9 (12.7) 7 (15.2) 2 (8.0)

GRS 159 (100) �1.44 (1.44) �0.80 (0.96) �3.3 (0.79) 3.75E-32
Range �5.40 to 1.55

Age of onset of myopia is displayed, as well as age of RE stabilization. Continuous variables are presented as mean (SD) and categorical variables as n (%).
Genetic risk score was calculated using 529 single nucleotide polymorphism (SNPs) from Tedja et al.8 P value was calculated using the chi-square test or
exact test (myopia parents) for categorical variables and the t test (GRS, age at inclusion, and age of stabilization) or ManneWhitneyU test (RE, AL, age of
stabilization, and age of onset) for continuous variables.
AL ¼ axial length; D ¼ diopters; GRS ¼ genetic risk score; RE ¼ refractive error; SD ¼ standard deviation.
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form) occurring in 0.8% (1/119) to 1.7% (2/119). Two
hundred twenty (72%) were predicted as deleterious by
SIFT, PolyPhen, and MutationTaster, and 87 of these 220
variants were located in genes associated with AD disorders.
Variants in ATP binding cassette subfamily B member 6
(ABCB6), ATP binding cassette subfamily A member 4
(ABCA4), cadherin related 23 (CDH23), crystallin gamma D
(CRYGD), forkhead box E3 (FOXE3), myosin VIIA
(MYO7A), and phosphodiesterase 6B (PDE6B) and > 4
different variants per gene were observed.

We observed 237 768 rare (< 1%) SVs in 4644 genes,
of which 2239 SVs were annotated to a gene associated
with a known ocular disorder. Most of these SVs were
insertions (62%, length 1e10 bp) followed by trans-
locations (33%) and deletions (4%, length 51e7656 bp).
Structural variants were in centrosomal protein 290
(CEP290), chromodomain helicase DNA binding protein 7
(CHD7), eyes shut homolog (EYS), Fraser extracellular
matrix complex subunit 1 (FRAS1), protocadherin related
15 (PCDH15), and WD repeat containing planar cell po-
larity effector (WDPCP), and we identified > 100 SVs.
Based on these analyses, we did not exclude any individual
for subsequent analysis.
6

3. Prioritization of Putative Pathogenic Variants
Affecting Coding Sequences and the Splice
Region

In this analysis step, we did not apply an ocular disease gene
panel. Of the 8635 potentially deleterious (CADD > 20)
variants, 595 were nonsense variants and 112 were splice
site variants located in 638 unique genes. Nonsense variants
or splice site variants in chromodomain helicase DNA
binding protein 5 (CHD5), hemoglobin subunit zeta (HBZ),
oncomodulin (OCM), parkin coregulated like (PACRGL),
pericentriolar material 1 (PCM1), ribonuclease L (RNASEL),
SPNS lysolipid transporter 3, sphingosine-1-phosphate
(SPNS3), or WASH complex subunit 2A (WASHC2A) were
the most frequent (0.025% to 4.2%). We ranked all 8635
variants, including missense variants, based on frequency
and identified variants with a frequency > 5 (4.2%) in 32
genes (Table S7, available at www.ophthalmology
science.org). Seventeen genes were excluded because of
the high variability of these genes (a missense Z-score
< 1), and therefore, we performed a burden test of the
remaining 15 genes. The frequency of synonymous
variants in dual specificity phosphatase 7 (DUSP7),
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Table 6. Seven Missense and Splice Site Variants Located in Known Ocular Disease Genes Associated with AD Ocular Disorders According to OMIM

Gene Chr Exon Variant HGVS CADD dbSNP Classification OMIM Sex RE (D) GRS

ABCB6 2 4 c.833- 1G>A: p.(?) NC_000002.11: g.220080903C> T 27 rs1450661565 Likely pathogenic Dyschromatosis universalis
hereditaria 3, 615402, AD;
microphthalmia, isolated, with
coloboma, 614497, AD;
pseudohyperkalemia, familial, 2,
due to red cell leak, 609153, AD

F �12.44 �1.39

PROM1 4 23 c.2470C>T: p.(Q824*) NC_000004.11: g.15972698G> A 36 rs566891826 VUS Cone-rod dystrophy 12, 612657, AD,
AR; retinitis pigmentosa 41, 612095,
AR; Stargardt disease 4, 603786, AD;
macular dystrophy, retinal, 2,

608051, AD

M �11.88 �0.73

P4HA2 5 15 c.1555C>T: p.(R519*) NC_000005.9: g.131528750G>
A

41 rs200583507 VUS Myopia 25, AD, 617238, AD F �11.19 �1.33

GCNT2 6 3 c.14G>A:p. (W5*) NC_000006.11: g.10529158G> A 35 rs185805779 VUS Cataract 13 with adult i phenotype,
116700, AR; adult i phenotype
without cataract, 110800, AD

F �19.13 0.10

AGBL1 15 23 c.3220C>T:
p.(R1074*)

NC_000015.9: g.87217666C>T 33 rs185919705 Pathogenic Corneal dystrophy, Fuchs
endothelial, 8, 615523, AD

F �19.00 �2.23

TGIF1 18 1 c.177C>A:
p.(Y59*)

NC_000018.9:g.3452154C>A 22.3 rs121909070 Pathogenic Holoprosencephaly 4, 142946, AD M �15.25 �0.04

CRYBA1 17 5 c.500þ1G>
C: p.(?)

NC_000017.10: g.27580801G>C 25.7 rs775038545 Likely pathogenic Cataract 10, multiple types, 600881,
AD

F �12.50 �1.70

The variants and clinical details (sex, RE, GRS) of these patients are described. Variants were classified according to the ACMG guidelines using the online tool available through https://frank-
lin.genoox.com/clinical-db/home. Genome build GRCh37 is used as reference. Associated clinical disorder from OMIM is described, as well as the phenotype MIM number and CADD score. Information of
the family was available in 4 out of 7 patients. The patient with the ABCB6 variants had a myopic father (RE �7 D) and mother (RE �4 D). The parents of the patient with the P4HA2 variant were both
mildly myopic (RE w �2 D). The parents of the patient carrying the GCNT2 variant were not myopic. The patient with the CRYBA1 variant had a mother with myopia (RE �2 D).
ABCB6 ¼ ATP binding cassette subfamily B member 6; ACMG ¼ American College of Medical Genetics; AD ¼ autosomal dominants; AGBL1 ¼ AGBL carboxypeptidase 1; AR ¼ autosomal recessive;
CADD ¼ Combined Annotation-Dependent Depletion; CRYBA1 ¼ crystallin beta A1; D ¼ diopters; dbSNP ¼ The Single Nucleotide Polymorphism Database; F ¼ female; GCNT2 ¼ glucosaminyl (N-
acetyl) transferase 2; GRCh37¼ Genome Reference Consortium Human Build 37; GRS ¼ genetic risk score; HGVS ¼ Human Genome Variation Society; M ¼ male; MIM ¼ Mendelian Inheritance in Man;
OMIM ¼ Online Mendelian Inheritance in Man; P4HA2 ¼ prolyl 4-hydroxylase subunit alpha 2; RE ¼ refractive error; TGIF1 ¼ TGFB induced factor homeobox 1; VUS ¼ variant of uknown significance.
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dynein light chain LC8-type 1 (DYNLL1), intercellular
adhesion molecule 5 (ICAM5), and insulin receptor
substrate 2 (IRS2) was significantly higher in our cohort
than in GnomAD (Table S8, available at www.ophthal
mologyscience.org) (all P < 10 � 10�5), indicating
potential technical artifacts. Of the remaining genes, ATP
binding cassette subfamily D member 1 (ABCD1), RUNX
family transcription factor 1 (RUNX1), and microtubule
associated protein 6 (MAP6) showed the most significant
association with high myopia (Fig 4 and Table S9,
available at www.ophthalmologyscience.org). Furthermore,
these genes were not enriched for any SVs. RUNX1 was
expressed in ocular pericytes, MAP6 was expressed in
cone cells, HS6ST1 was expressed in both cones and rods,
RBM20 and MAP7D1 were expressed in retinal ganglion
cells, and CHADL1 was expressed in retinal pigment
epithelium cells (Fig 5 and Table S5).

4. Evaluation of the TAD Region of Loci of
Interest

Lacking the sample size and control cohort for a formal
burden analysis, we evaluated the TAD region of the 8
promising candidate genes identified in step 3. We did not
find any deleterious noncoding variant, SV, or CNV influ-
encing expression. We identified an intronic variant in
MAP7D1 that might affect expression of this gene. In
addition to the 8 promising candidate genes, we observed
rare variants in an additional 13 genes (Table S10, available
at www.ophthalmologyscience.org). Eleven of these genes
showed evidence for expression in ocular tissue, but only
solute carrier family 6 member 8 (SLC6A8) was associated
with a syndrome that can be characterized by an ocular
phenotype. SLC6A8 causes a syndrome characterized by
hyperopia, which is RE with a positive value, that is, RE
> 0.5 D (cerebral creatine deficiency syndrome Mendelian
Inheritance in Man [MIM] 300352). None of these genes
or variants were identified in previous GWASs.

5. Cohort-Wide Evaluation

First, we focused on the genes from step 3 (ABCD1,
PTGDR2, RPL19, RUNX1, STAT5A, DYNLL1, DUSP7,
HS6ST1, RBM20, MAP7D1, MAP6, ICAM5, IRS2,
DDX19B, and CHADL) in the total population (N ¼ 159). A
higher proportion of the 119 individuals with low RE and
high GRS had a pathogenic variant in the ABCD1 gene than
the 40 individuals with low RE and low GRS (P ¼ 0.00058)
(Table S11, available at www.ophthalmologyscience.org).
When comparing the total population (159) to the
GnomAD population, the association became stronger
(i.e., more significant) for most loci (Table S11). We
stratified individuals based on their burden of the most
promising rare variant-enriched candidate genes (n ¼ 8)
and observed that individuals carrying more rare variants
did not have a different contribution of common variants
(i.e., lower GRS) (Fig S6). The RE did not differ between
groups. We observed a trend toward a more myopic
refraction in individuals with a combination of common
and rare variants; however, this trend was not significant
(Fig S6).
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Pathway Analyses. We performed pathway analyses
using both PantherDB and Ingenuity Pathway Analysis with
2 groups of input genes: (1) genes with missense variants
with a GnomAD Z-score > 1 and a frequency in our cohort
� 5, or startloss, stopgain, stoploss, and splicing variants
with a frequency of � 2 in our cohort (72 genes); and
(2) genes with startloss, stopgain, stoploss, and splicing
variants irrespective of their frequency in our cohort (638
genes) (Tables S12eS14, available at www.ophthalmo
logyscience.org). Analysis of the 72 genes did not reveal
any significant results in Panther DB, but analysis
of the 638 genes identified cilium-dependent cell
motility (P ¼ 7.06E-06; FDR ¼ 0.03), microtubule-based
movement (P ¼ 2.33E-05; FDR ¼ 0.05), and organelle
assembly (P ¼ 1.13E-05; FDR¼ 0.03) as significant path-
ways (Table S12, available at www.ophthalmologyscien
ce.org). The most significant molecular functions were ion
binding (GO:0043167, FDR ¼ 1.05E-05) and ATPase
activity (GO:0016887, FDR ¼ 1.13E-05); the most
significant cellular components were cilium (GO:0005929,
FDR ¼ 1.49E-05) and microtubule cytoskeleton
(GO:0015630, FDR ¼ 2.61E-04). Using Ingenuity
Pathway Analysis and 72 genes and 638 genes as input
resulted in 28 and 13 significant pathways, respectively
(Tables S13 and S14). These pathways were related to
biotransformation, melatonin degradation, neuronal
signaling, and collagen transformation. Among the top
diseases and functions associated with these genes were
cellular developments and cell morphology but also
connective tissue disorders.
Discussion

In this first WGS study including 159 individuals with high
myopia, the genetic make-up was enriched with common
variants in 25% of patients. In the remaining individuals of
the high myopia study population, we screened the genome
for rare exonic variants located in known ocular disease
genes and identified variants in 7 genes associated with
(ocular) developmental disorders (ABCB6, TGIF1), retinal
dystrophy (PROM1), corneal dystrophy (AGBL1), cataract
(GCNT2, CRYBA1), and isolated high myopia (P4HA2).
Furthermore, we searched for highly deleterious genes
enriched for SNVs, CNVs, and SVs in individuals with high
myopia compared with controls and identified 8 novel
candidate genes associated with high myopia. In the entire
TAD region of the most promising candidate genes, we did
not find any deleterious noncoding variant, SV, or CNV
influencing expression except for an intronic variant in
MAP7D1. Knockout mouse models of the genes ABCD1,
HS6ST1, or RBM20 were reported to have an ocular
phenotype in mice (Tables S15 and S16, available at
www.ophthalmologyscience.org). Given their expression
in ocular tissue and ocular phenotype in knockout mouse
models, HS6ST1, RBM20, and MAP7D1 are the most
promising genes with a potential role in the development
of high myopia.

The WGS data allowed us to investigate the entire
genomic region around the previously identified common
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Figure 4. Burden test of top genes identified through whole genome
sequencing in our study population (N ¼ 119) with low refractive error and
high genetic risk score. The frequency of variants in our study population
(N ¼ 119) and in the comparing control GnomAD study population (N ¼
141 456) are displayed. The burden test was performed as explained in
detail in Guo et al.32 The frequency of synonymous variants in DUSP7,
DYNLL1, ICAM5, and IRS2 was significantly higher in our cohort than
in GnomAD (Table S8, all P < 10 � 10�5), indicating potential
technical artifacts. *P value of < 10 � 10�5. GnomAD ¼ The Genome
Aggregation Database; NS ¼ not significant.
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top hit in GNB3.51 We did not find any variant with a similar
frequency, and therefore, it is most likely that rs5442 is the
most causal SNV. Furthermore, we identified potential
deleterious variants in known ocular disease genes in 6%
of our study population. This is lower than we observed
in a cohort of myopic children and adults admitted to a
tertiary care hospital (yield was 15%), who displayed a
more extreme phenotype with respect to treatment
response and myopia progression.52 Other studies that
evaluated whole exome sequencing with a gene panel in
individuals with high myopia reported a yield between
10% and 80%.52e56 The discrepancy between our 2
studies may be caused by differences in the patient selection
(lower mean age in the previous study), the exclusion of
syndromic disorders beforehand, and the study design.

Among the most promising 8 novel genes associated
with myopia are HS6ST1, RBM20, and MAP7D1. The
HS6ST1 gene encodes the heparan sulfate 6-O-sulfo-
transferase 1 protein, which plays a critical role in neuronal
development.57 This heparin transferase regulates neural
branching and is associated with AD hypogonadotropic
hypogonadism (MIM 614880). This gene is expressed in
both rods and cones, and knockout mouse models
displayed abnormal eye development and aberrant retinal
ganglion layer morphology and influenced retinal axon
guidance at the optic chiasm.58,59 RNA binding motif
protein 20 (RMB20) encodes the RNA-binding motif pro-
tein 20, which regulates the splicing of several genes
involved in ion homeostasis, cardiomyopathy (MIM
613172), and sarcomere biology.60 Among these regulated
genes is titin (TTN), which was associated with myopia
previously in both GWASs as whole exome sequencing
studies with larger sample size.7,9 MAP7D1 encodes the
microtubule associated protein 7 domain-containing pro-
tein 1 and plays a role in Wnt5 signaling and the dynamics
of microtubules, which are major components of the
cytoskeleton.61 The Wnt signaling pathway was implicated
in myopia development previously in both a human
GWAS and in experimental myopia.7,62 Disruption of this
pathway might lead to abnormal eye development and
result in myopia.62,63

Pathway analyses highlighted cilium-dependent cell
motility and microtubule-based movement as underlying
processes. Both are related to the aforementioned Wnt
signaling cascade64 but also have a role in intracellular
transport.65 Microtubules are one of the filaments of the
cytoskeleton, which gives the cell its overall shape,
supports the plasma membrane, aids in the correct
positioning of organelles, provides tracks for the transport
of vesicles, and (in many cell types) allows the cell to
move.66 Motor proteins, for example, muscle fibers,
associate with the cytoskeleton and are responsible for
movement within the cell but also muscle contraction,
depending on the type of filament binding (actin or
microtubules).67 Muscle fibers are surrounded by
connective tissue, which plays a crucial role in the
function and integrity of the skeletal muscle cells.67

Interestingly, collagen transformation (which is a major
component of connective tissue) and connective tissue
disorders were also identified as underlying pathways.
These pathways are interesting given the occurrence of
(high) myopia in several collagen-related syndromic
disorders (MIM 108300, 604841, and 267750).
Furthermore, collagen is the major component of the
sclera,68 and altered remodeling of the human sclera might
play a role in (exaggerated) axial elongation, which is a
hallmark of myopia and leads to associated complications
such as staphyloma.69

In addition to cilium-dependent cell motility,
microtubule-based movement, and collagen transformation,
pathway analyses identified melatonin degradation and
neuronal signaling as underlying pathways. Unfortunately,
we could not provide any direction of effect because gene
expression data were unavailable. Additionally, it remains to
be studied if missense variation has a dominant-negative or
gain-of-function effect. Regardless, the significant enriched
pathways provide valuable clues for important underlying
mechanisms. Melatonin is a key neuromodulator of circa-
dian rhythm and is related to light exposure, which are both
implicated in eye growth.70 Levels of melatonin are altered
in myopes,51,71 but the exact mechanisms underlying the
potential association between melatonin and myopia
development have yet to be elucidated.72

In complex genetic disorders and traits, the individuals
carrying less burden of common risk variants (a lower GRS
in case of myopia) are more likely to carry rare variants with
larger effect size.27 When comparing the number of carriers
of any of the top rare burden genes, however, between
individuals with low versus high common risk burden, we
did not observe a significant difference, except for
ABCD1. This can be attributed to a lack of power to
detect a difference or unmeasured environmental or
epigenetic effects in these groups. As a next step, we
evaluated these rare variants in the total population.
Unfortunately, we could not determine the effect size of
these variants but dichotomized the carriership of any of
9



Figure 5. Expression of top genes identified through whole genome sequencing in our study population (N ¼ 119) with low refractive error and low genetic
risk score. Evidence for expression in ocular tissue of these genes was assessed using the recently published human ocular dataset from Cowan et al31 and the
online tool Spectacle, which includes data from 5 human datasets (all-retina-choroid-retinal pigment epithelium [RPE]) (32-37). The ocular cell type with
highest expression is marked red. Panel A shows the different retinal layers. Panel B shows the presence of the top genes (in red), and Panel C shows the
gene name. A ¼ amacrine cell; BC ¼ bipolar cells; C ¼ cone photoreceptor cell; GC ¼ ganglion cell; GCL ¼ ganglion cell layer; H ¼ horizontal cell;
ILM ¼ inner limiting membrane; INL ¼ inner nuclear layer; IPL ¼ inner plexiform layer; IS ¼ inner segment; MG ¼ microglia; NFL ¼ optic nerve
fiber layer; OLM ¼ outer limiting membrane; ONL ¼ outer nuclear layer; OPL ¼ outer plexiform layer; OS ¼ outer segment; PC ¼ pericyte; R ¼ rod
photoreceptor cell.
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the rare variants containing candidate genes instead and
observed no different proportion of carriers in the
individuals with less common variant risk (higher GRS).
The RE in these groups was not significantly different.
We also stratified groups based on the combination of
common and rare variants to evaluate the effect on RE
and observed a trend toward a more myopic RE in
individuals carrying both many common variants, as well
as rare variants. This difference was not significant,
probably due to a lack of power. A trend could suggest
that the identified genes harboring rare variants are not
independent from common GRSs and that they act
additively or even interactively. Future research, however,
10
is necessary to further explore this hypothesis. We must
admit that the GRS filtering approach is not an ideal
method to select individuals most susceptible for carrying
rare variants. Multiple large studies focused on other
diseases (e.g., breast cancer) have shown that rare variants
and high GRSs can coexist and can contribute
independently to disease risk.73,74 Unfortunately, we did
not have access to the raw data of a control cohort, which
would indeed be preferred in a rare variant burden
strategy. We used stringent filtering criteria based on GRS
as a first step instead and later a more lenient filtering
approach in which we evaluated the total group
irrespective of GRS. Furthermore, we were able to
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evaluate our main candidate genes in a reference database
using similar sequencing technology and analysis
procedures.

This is the first study that performed WGS on a large
number of individuals with high myopia. This technique
enabled us to review the molecular genetic anatomy of high
myopia. Before we examined the TAD regions, we assessed
the contribution of common variants identified through large
scale GWASs by using GRS and used this as the first step of
our filtering approach. The cutoff for high versus low GRS
was chosen based on the distribution of GRSs in this pop-
ulation and might be affected by potential confounding
factors such as cryptic relatedness or potential selection bias,
leading to a distorted frequency of these variants in this
population.

Other limitations of this study are the lack of an emme-
tropic control group with WGS, which could provide in-
sights into the frequency of variants in a confirmed
nonmyopic population useful for prioritization of variants
and to evaluate the presence of differences in ancestry and
population stratification. Alternatively, we compared the
frequency of variants in our population to the populations
included in GnomAD and used the number of homozygotes
and heterozygotes as a proxy for carriership of any variant.
Because some individuals might carry > 1 rare variant in a
single gene, this approximation may be an overestimation in
the control group, resulting in a more conservative test.
Moreover, the RE status of the controls of GnomAD is
unknown, but some individuals could be (highly) myopic
because of the increasing prevalence of this condition in the
general population. To correct for technical artifacts,
ancestry, and population structure differences, we prioritized
all variants using 704 genomes from unrelated controls run
on the same BGI platform. Additionally, the current sample
size was too small to detect rare variants with large effect
genome-wide, and the 1% allele frequency cutoff might be
too strict given the increasing prevalence of myopia.75

Limitations in the processing and storage of large-scale
WGS data and the high costs of including large numbers
of patients and phenotypically evaluated controls to reach
statistical power prevented the use of a more lenient
filtering strategy, a formal genome-wide burden analysis,
and a completely hypothesis-free methodology. We expect
that variants in regulatory elements not evaluated in this
study will explain a proportion of the high heritability of
myopia.

To conclude, we identified rare variants in known ocular
disease genes in some individuals of our study population.
By screening of the entire genome filtered on highly dele-
terious variants, we identified 8 novel genes associated with
myopia that are related to Wnt signaling, ocular develop-
ment, and processing of melatonin. Whole genome
sequencing has the potential to unravel more of the genetic
architecture of high myopia, but more knowledge about the
exact role and function of intergenic regions and sequencing
of phenotypically evaluated control groups and larger
groups of patients to increase power are necessary to make
big steps.
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