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Abstract

High myopia [refractive error ≤ −6 diopters (D)] is a heterogeneous condition, and without clear accompanying features, it can be
difficult to pinpoint a genetic cause. This observational study aimed to evaluate the utility of whole exome sequencing (WES) using
an eye disorder gene panel in European patients with high myopia. Patients with high myopia were recruited by ophthalmologists
and clinical geneticists. Clinical features were categorized into isolated high myopia, high myopia with other ocular involvement or
with systemic involvement. WES was performed and an eye disorder gene panel of ∼500 genes was evaluated. Hundred and thirteen
patients with high myopia [mean (SD) refractive error − 11.8D (5.2)] were included. Of these, 53% were children younger than 12 years
of age (53%), 13.3% were aged 12–18 years and 34% were adults (aged > 18 years). Twenty-three out of 113 patients (20%) received a
genetic diagnosis of which 11 patients displayed additional ocular or systemic involvement. Pathogenic variants were identified in
retinal dystrophy genes (e.g. GUCY2D and CACNA1F), connective tissue disease genes (e.g. COL18A1 and COL2A1), non-syndromic high
myopia genes (ARR3), ocular development genes (e.g. PAX6) and other genes (ASPH and CNNM4). In 20% of our high myopic study
population, WES using an eye gene panel enabled us to diagnose the genetic cause for this disorder. Eye genes known to cause retinal
dystrophy, developmental or syndromic disorders can cause high myopia without apparent clinical features of other pathology.

Introduction
Myopia is a refractive error in which light rays enter-
ing the eye focus in front of the retina lead to blurred
vision (1). High myopia is the more severe form and is
defined as a refractive error ≤ −6 diopters (D) or axial
length ≥ 26 mm (1). The risk of high myopia is larger in
patients with an early onset (i.e. when refractive error
exceeds the age, i.e. when myopia severity is higher than
the age) (2). Although myopia can easily be corrected with
glasses or contact lenses, it can lead to irreversible vision
loss owing to its complications later in life (3,4). Consider-
ing the increasing prevalence and incidence, myopia will
become one of the leading causes of visual impairment
or blindness worldwide, necessitating elucidation of its
complex etiology (3,5).

Common myopia caused by a complex interplay
between multiple common genetic factors of small effect
and environmental influences is often distinguished
from Mendelian myopia caused by a single pathogenic

variant, which is often accompanied by systemic features
(6). Up to now, >500 common variants associated with
refractive error have been identified through genome-
wide association studies, explaining only 18% of the
phenotypic variability of refractive error. Hence, a
large part of its heritability is still unresolved (7,8).
In contrast, >80 systemic syndromes, such as Marfan
and Stickler syndrome, and 27 retinal disorders, such
as retinitis pigmentosa or congenital stationary night
blindness (CSNB), can co-occur with myopia (9,10). The
more pronounced familial aggregation of high myopia
compared with low myopia suggests that the genetic
contribution to high myopia is higher (11). Several mainly
Asian studies have focused on the identification of new
genetic variants for high myopia, but results were limited
to the identification of a small number of loci (12–18).

In our clinic, whole exome sequencing (WES) with the
application of an eye gene panel is commonly used to sur-
vey for putative genetic variants in suspected Mendelian
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Table 1. General characteristics of the study population

N (%) Children (<12 y) Adolescents
(12–18 y)

Adults (>18 y) Total

N (%) 60 (53.1) 15 (13.3) 38 (33.6) 113 (100)
Age at presentation (y) 115 (100) 6.3 (2.7) 14.7 (1.9) 45.5 (16.9) 20.5 (20.5)
Age of onset of myopia (y) 86 (75) 2.8 (1.3) 3.4 (1.5) 5.1 (4.0) 3.5 (2.5)
Gender (% male) 115 (100) 39 (65) 8 (53.3) 13 (34.2) 60 (53.1)
Mean RE (D) 111 (98) −9.9 (4.7) −13.0 (5.3) −13.9 (5.2) −11.8 (5.2)
RE groups −0.5D to >−3D 111 (98) 1 (1.7) 0 (0) 0 (0) 1 (0.9)

−3D to >−6D 9 (15.3) 0 (0) 0 (0) 9 (8.1)
−6D to >−10D 21 (35.6) 5 (33.3) 9 (24.3) 35 (31.5)
−10D to >−15D 22 (37.3) 5 (33.3) 13 (35.1) 40 (36.0)
≤-15D 6 (10.2) 5 (33.3) 15 (40.5) 26 (23.4)

Continuous variables are presented as mean (SD) and categorical variables as N (%). Abbreviations: Y = years; RE = refractive error. The values in bold indicate
different refractive error categories.

forms of high myopia (19). Studies investigating the util-
ity of this genetic testing have mainly been performed in
high myopia families or small numbers of unrelated high
myopia cases (9).

In this study, we investigated the utility of WES with
an eye disorder gene panel in high myopia irrespective of
accompanying pathology.

Results
This study included 113 participants of whom 53% were
male patients and the mean (SD) age of the total popu-
lation was 20.5 (20.5) years (range: 1–75 years) (Table 1).
The majority of our patients were children younger than
12 years of age (53%) followed by adults (aged > 18 years,
34%) and adolescents (aged between 12 and 18 years,
13%). Mean (SD) refractive error in our study population
was −11.8D (5.2) and 59% had a refractive error of ≥−10D.
Eighty-two (73%) patients presented with isolated high
myopia, 17 (15%) presented with systemic involvement
and 14 (12%) presented with other ocular features.

With application of WES using an eye disorder gene
panel, we identified 48 variants in 40 patients (Fig. 2,
Supplementary Material, Table S1). After careful evalu-
ation, 25 variants in 23 patients (20%) were classified as
causal pathogenic mutations (final decision). In 17 (15%)
patients, the variants were classified as a VUS.

Figure 2 displays the occurrence of causal pathogenic
variants in patients with different clinical presentation.
The frequency of causal pathogenic variants was 15%
in patients with isolated high myopia, 35% in patients
with systemic features and 36% in patients with ocular
involvement. Considering the refractive error in the total
group, the frequency of pathogenic variants was 10%
in patients with a refractive error up to −6D, 20% in
patients with a refractive error ≤ −6D to −10D and 23%
in patients with a refractive error ≤ −10D. Note that the
first group only included children aged <12 years, who
might have a more myopic refraction when reaching
adult age. Patients with a pathogenic variant were
significantly younger [the mean (SD) age was 12.3
years (14.3) vs. 22.9 years (20.9), P = 0.012 for pathogenic
variant vs. no pathogenic variant, respectively] and

had a non-significantly more myopic refraction com-
pared with those without a pathogenic variant [mean
(SD) refractive error − 12.6D (5.6) vs. −11.3 D (5.1),
P = 0.329 for pathogenic variant vs. no pathogenic variant,
respectively]. About half of the patients with causal
pathogenic variants (52%, 12/23) presented with isolated
high myopia, 22% had retinal involvement and 26%
other systemic features (Fig. 1). In the group of patients
without a genetic diagnosis, less patients presented with
ocular or systemic involvement (10 and 12% for ocular
and systemic involvement, respectively, P = 0.042). The
chance for a genetic diagnosis was higher in patients with
ocular or systemic involvement [OR: 3.21 (P = 0.017) for
ocular/systemic involvement vs. isolated high myopia].

Onset of myopia was only available for a subgroup
of patients [75% (85/113)]. These patients did not differ
significantly with respect to refractive error. The median
age of onset in our study population was 3 years. Figure 2
displays the difference in frequency of causal pathogenic
variants between patients with an age of onset of myopia
≤3 and >3 years. This frequency was non-significantly
higher in patients with a lower age of onset (26 vs .13% in
≤3 and >3 years, respectively, P = 0.123; Fig. 3). In patients
with an onset ≤3 years, most pathogenic variants were
located in a connective tissue gene or retinal dystrophy
gene (both 36%, Fig. 3).

A detailed description of the 23 patients with a
pathogenic variant can be found in Supplementary Mate-
rial, Table S1 and Figure 4. The majority of pathogenic
variants was inherited in an X-linked (33%), autosomal
recessive (30%) or autosomal dominant (30%) pattern.
Only one patient (4%) harbored a de novo dominant
mutation. In 39% of the patients, a pathogenic variant
in a retinal dystrophy gene was detected (FAM161A,
GUCY2D, PDE6H, CACNA1F, NYX, RPGR and TRPM1; Fig. 3).
Six (77%) of these patients presented with isolated high
myopia (mean age: 17.3 years). In the other patients,
nystagmus, nyctalopia, strabismus or amblyopia were
clinical ocular features and their mean age was 6.3 years.
In three of the patients, a pathogenic variant in CACNA1F,
involved in X-linked CSNB type 2A, was discovered. In
one patient, electroretinography (ERG) was performed,
which showed a reduced photopic, scotopic and mixed
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Figure 1. Flow chart of study population selection. Abbreviation: CVI = cerebral visual impairment.

Figure 2. Clinical presentation of the patients undergoing WES and the identification of genetic variants. The presence of genetic variants in four groups
are displayed: patients with isolated high myopia, ocualr involvement, systemic features and the total group. Genetic variants were identified using
WES and application of an eye disorder gene panel. Values represent percentages.

b-wave, which was in line with the electro-retinal
findings observed in CSNB. Two of these CACNA1F
variants were reported in literature before, and these

patients showed a CSNB phenotype with ERG changes
(Supplementary Material, Table S1). In the patient
with CSNB type 1C caused by a pathogenic variant in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac113#supplementary-data


Human Molecular Genetics, 2022, Vol. 31, No. 19 | 3293

Figure 3. Occurrence of a pathogenic variant, VUS or no pathogenic variant stratified by age of onset of myopia, i.e. ≤3 years (A) and >3 years (B). The
different types of genes in which a pathogenic variant was identified stratified for patients ≤3 years (C) and >3 years (D) are shown at the bottom. Values
represent percentages. Abbreviation: y = years.

TRPM1, ERG showed a negative b-wave corresponding
to the CSNB phenotype. The ERG of the patient with a
pathogenic variant in FAM161A (Cone rod dystrophy)
showed reduced amplitudes in both scotopic and
photopic conditions. ERG of the young patients with
the GUCY2D and RPGR variant did not show any
abnormalities but will be repeated when the patients
have reached an older age.

Causal pathogenic variants in connective tissue
disease genes [COL18A1 (Knobloch syndrome, N = 2)
and COL2A1 (Stickler syndrome, N = 5)] were identified
in 30% of patients. In three of the five patients with
Stickler syndrome, the clinical presentation was lim-
ited to isolated high myopia. One of these variants
was identified before with different clinical features,
including isolated high myopia (Supplementary Material,
Table S1) (20). In one other patient, a pathogenic
variant was identified in the ocular developmental PAX6
gene and, in another patient, a variant was identified
in the MYOC gene, causing both high myopia and
glaucoma. The remaining pathogenic variants were
identified in ASPH (Traboulsi syndrome) and CNNM4
(Jalili syndrome). The patient with a pathogenic variant
in ASPH presented with astigmatism, plagiocephaly,
retrognathia, an elongated face and iridal cysts, which

Figure 4. Overview of genes with a pathogenic variant identified using
WES with vision related gene panel in our cohort. The total number of
patients with a pathogenic variants was N = 23 (20.4%). In 39.1% of these
patients, a pathogenic variant in a retinal dystrophy gene was identified;
in 30.4%, a pathogenic variant in a connective tissue disease gene; in
13.0%, in a non-syndromic high myopia gene; in 8.7%, in another gene
and, in 8.7%, in other eye-related genes.

corresponds with the phenotype of Traboulsi syndrome
(OMIM 601552). The patient with Jalili syndrome (OMIM
217080) presented with a amelogenesis imperfecta and
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high myopia. Follow-up electrophysiological testing (ERG
showed low photopic responses) pointed toward a cone
dystrophy. The diagnosis of Jalili syndrome was made
based on the clinical presentation, biallelic variants in
the CNNM4 gene (a missense variant and a deletion) and
the electrophysiological testing.

In three female patients, a pathogenic variant was
found in a gene involved in non-syndromic high myopia
(ARR3). A female-limited inheritance pattern was present
in all these three patients’ family histories (21).

Variants were classified as a VUS in 17 (15%) of
patients. In a significant proportion (35%), this VUS was
located in a non-syndromic high myopia gene (ARR3,
SLC39A5, LRPAP1, PRIMPOL and SCO2); in 24%, this VUS
was located in a retinal dystrophy gene (TUB, OPN1LW,
IFT140 and CNGB1) and, in 24%, this VUS was located in
a connective tissue disease gene (COL2A1 and COL11A1)
(Supplementary Material, Table S1).

Discussion
Using WES with application of a panel of known eye
disorder genes in patients with high myopia in a tertiary
care setting, we were able to make a genetic diagnosis in
one out of five patients with isolated high myopia and
high myopia and comorbidity (total population) and in
one out of seven patients with isolated high myopia. The
variants identified were located in genes involved in reti-
nal dystrophies, non-syndromic high myopia, connective
tissue diseases, several other syndromes and disorders
of ocular development. This study demonstrates that in
patients who do not appear to have a Mendelian inher-
itance pattern of myopia, single gene mutations as well
as sub-clinical retinal and systemic symptoms might be
overlooked.

The majority (39%) of pathogenic mutations in our
study was identified in retinal dystrophy genes. Many
retinal dystrophies are characterized by the presence
of myopia (10). However, without specific clinical symp-
toms, i.e. defects in color vision or night blindness, these
disorders can be easily overlooked. This observation has
been described before in two community-based studies
in children with high myopia, warranting the awareness
of its co-occurrence with myopia (22,23). In our patients,
findings of the ERG which was done after WES often con-
firmed the pathogenicity of detected variants. However,
in some patients, it did not reveal any abnormalities, and
myopia may be the first or only symptom of a retinal
dystrophy. These findings suggest that ERG should be
performed to guide the interpretation of genetic variants
(especially, variants of unknown clinical significance) in
retinal dystrophy genes in patients with isolated high
myopia even in the absence of decreased visual acuity
of color blindness.

Some diagnoses in our study were made more fre-
quently than expected. Three patients had a mutation
in ARR3, encoding a cone specific protein. An extensive
description of the families is described elsewhere (24). Up

to now, there were only very few reports on patients with
mutations in this gene (21,25–27). Pathogenic variants
in ARR3 are associated with a specific female-limited
inheritance pattern of high myopia, caused by the cel-
lular inference between the active and inactivated X-
chromosome present in females (21). The exact role of
the cone Arrestin 3 protein in the visual signaling cas-
cade is not known, but an effect on circadian rhythm,
dopamine release, blue light and melanopsin has been
proposed (25). In a bovine animal model, the location of
this protein varied depending on the light conditions, i.e.
it was more present in the outer segments of cones after
light adaptation and increased in the inner segments in
dark-adapted eyes, suggesting a role in light-adaption
(28). Given the high frequency in our cohort, X-linked
female-limited ARR3 mutations should be considered in
families with high myopia with this specific female-only
inheritance pattern.

Another group of the causal genes that we have
identified is related to connective tissue disorders. In
five patients, we identified a pathogenic variant in the
COL2A1 gene causing Stickler syndrome, which is a
disorder known to be characterized by high myopia but
is also often reported to be accompanied by specific
vitreous changes, midfacial underdevelopment, cleft
palate and joint abnormalities (29). Nonetheless, in three
of the five patients with Stickler syndrome, the clinical
presentation was limited to isolated high myopia, sug-
gesting that Stickler syndrome should also be suspected
in case of a clinical presentation limited to high myopia.
Surprisingly, two patients with Knobloch syndrome were
identified in this study. In contrast to Stickler syndrome,
the prevalence of Knobloch syndrome is thought to be
very low and its clinical presentation more severe (29–31).
The clinical spectrum of Knobloch syndrome reported in
literature is heterogeneous but is mainly characterized
by high myopia, vitreoretinal degeneration, often leading
to retinal detachment, and occipital encephalocele
(30,32–34). The Knobloch patients in this study presented
with only minor occipital defects and high myopia.
These findings suggest that the occurrence of this
condition is probably higher than reported in literature
and that the diagnosis might be missed in case of mild
symptomatology.

We compared our diagnostic yield of 20% with other
studies which performed WES in high myopia (Supple-
mentary Material, Fig. S1) (20,27,35,36). Sun et al. (20)
used a gene panel of 234 (mainly retinal dystrophy) genes
and found a yield of 24% (71/298) in patients with early
onset high myopia (<−6D). Zhou et al. (36) performed a
replication study using the same gene panel and iden-
tified a yield of 13% (42/325) and 1.5% (3/195) in the
early onset and late onset high myopia, respectively,
when considering pathogenic variants (ACMG class 5)
only. Wan et al. (35) applied a phenotype-driven filtering
strategy on a similar early onset high myopia group
and identified 20 pathogenic variants in 16 out of 20
(80%) patients. Recently, Liu et al. (27) identified a yield
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of 10% in 67 patients using a gene panel consisting of
17 ocular genes. Unfortunately, these studies did not all
perform a formal classification according to ACMG and
not all data were available to perform this by ourselves,
which could partly explain the wide range in yield. Fur-
thermore, the selection procedure of study participants
differed between these studies. Interestingly, however,
the genes with pathogenic variants could be catego-
rized into the same categories as in our study (retinal
dystrophy genes, connective tissue disease genes and
other).

This is the first European study evaluating the
diagnostic yield of WES in a highly myopic population.
Among the strengths of our study are the relatively large
number of patients included and the detailed clinical
information available. Unfortunately, we were not able
to perform segregation analysis in all family members of
patients with a variant of unknown significance (VUS).
Furthermore, we were not able to provide new functional
evidence for the variants of unknown significance or
pathogenic variants but relied on previous functional
studies reported in literature. Lastly, selection bias
might have occurred owing to the tertiary care hospital
based setting of this study, inclusion of mainly young
patients with a potential more extreme phenotype (worse
treatment response and high myopia progression) and
the retrospective design. However, given the relevant
diagnostic yield, which is comparable to other studies
(20,27,35,36), and the potential consequences of finding
a genetic cause, our study reflects the utility of genetic
testing in individuals with high myopia.

Since our analyses were limited to the genes included
in the gene panel, future research should focus on the
evaluation of WES data without the application of a gene
panel. GWAS results have suggested that myopia might
be explained by genetic variants located in regulatory
elements of the DNA, leading to different expression of
genes. Furthermore, assessment of intergenic regions of
DNA by using whole genome sequencing will have the
potential to unravel some of the yet unsolved cases (9).
Although the yield identified in our study encourages to
use diagnostic WES in a clinical setting, the availability
and costs of WES, as well as genetic counseling, should
be born into mind, especially in countries with limited
health care budget. Nevertheless, when genetic testing
is considered, WES offers a good alternative for targeted
sequencing in case of high myopic patients without spe-
cific clinical clues for a diagnosis.

A clinical diagnostic guideline for patients with
high myopia is currently lacking. Therefore, we have
created an easy-to-use clinical management guideline
for myopia patients presenting in the clinic, imple-
menting the findings of this study (Supplementary
Material, Table S2). First, and extensive medical history
should be taken from each patient presenting with
high myopia, including hearing and vision problems, as
well as taking the family history to pinpoint a certain
inheritance pattern. This should be followed by an

ophthalmological examination and clinical examination
to search for specific features, which could highlight a
certain Mendelian form of myopia or specific syndrome.
This could be followed by targeted DNA examination in
case of a specific phenotype or WES when no specific
Mendelian form of myopia is suspected. We recommend
to perform WES in children <6 years of age when
their refractive error exceeds their age, in children
with therapy-resistant progressive myopia (axial length
above the 98th percentile line) and in adults with a
refractive error ≤ −10D (19). It is important to mention
that not all mutations can be picked up using WES
(e.g. copy number variants, structural chromosomal
rearrangements, intronic variants and mitochondrial
DNA mutations). Also, differences in the coverage of
genes on the gene panel or other technical sequencing
issues (this is specifically the case for high myopia
genes RPGR and the opsin genes involved in blue cone
monochromatism) might cause mutations not being
identified. In those cases, additional genetic testing, such
as targeted gene sequencing, an array-based approach or
whole genome sequencing, is required.

To conclude, this study showed the utility of WES with
an eye disorder gene panel in patients with high myopia.
We identified a genetic cause in one out of five of all
high myopia patients and in one out of seven of patients
with isolated high myopia. Information on the genetic
cause is important since it facilitates concise clinical
management of these patients and their family mem-
bers. First, it might have prognostic implications since
progression of visual decline is dependent on the genetic
defect underlying the disease. Given the risk of related
systemic features which could impact health, referral
to another medical specialist, e.g. a cardiologist in case
of Stickler syndrome, may be needed. Second, it might
predict the course of refractive error development and
response to treatment. Third, it might have implications
for future therapy, i.e. inclusion in gene therapy trials
in case of retinal dystrophies, and last but not least, it
provides the opportunity to provide reproductive options
(e.g. pre-implantation genetic testing) for future pregnan-
cies and options for predictive or carrier testing in family
members.

Materials and Methods
Study population
We included all European patients who underwent WES
with indication high myopia at the department of Clinical
Genetics at Erasmus Medical Center in Rotterdam, The
Netherlands (Fig. 1). These patients were referred to this
tertiary care hospital for genetic advice, (treatment of)
progressive myopia, other visual complaints or systemic
involvement. High myopia was defined as a refractive
error ≤−6 D in adults and as an axial length above the
98th percentile in children (37). Patients who underwent
WES in the context of segregation analysis, i.e. they were
not the proband, were excluded from analysis. Patients
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were stratified into three groups based on their clinical
presentation: isolated high myopia, high myopia with
ocular involvement and high myopia with systemic fea-
tures. Patients with both ocular involvement and sys-
temic features were classified in the group with systemic
features. Written informed consent was obtained from
all participants.

Whole exome sequencing
Genomic DNA was extracted from EDTA anticoagulated
blood according to standard protocols. WES was per-
formed as follows [outsourced at GenomseScan (Leiden,
The Netherlands)] (38). In short, exome-coding DNA was
captured with the Agilent Sure Select Clinical Research
Exome SureSelect kit [V4 (March 2015), CRE V1 (March
2015–2017), CRE V2 (March 2017–December 2019) and V7
(December 2019 till now)] and paired-end sequenced on
the Illumina platform [average coverage 50×, coverage
per gene on (39)]. Reads were aligned to Hg19 and
variants were called using the GATK haplotype caller
(v2.7-2). Detected variants were annotated, filtered and
prioritized using Alissa Interpret (Santa Clara, USA,
formerly Cartagenia Bench Lab NGS, Leuven, Belgium).
Filter steps included a gene panel restricted to a set
of ∼500 genes associated with eye disorders, which
included retinal dystrophy genes, cataract genes, corneal
dystrophies, connective tissues disease genes, ocular
developmental genes and high myopia genes (505 genes,
versions available on https://www.erasmusmc.nl/nl-
nl/patientenzorg/laboratoriumspecialismen/klinische-
genetica (39), Supplementary Material, Table S3). Tar-
geted sequencing of the familial variant was performed
in relatives when available (parents or other relatives).
Variants were initially classified according the ACMG
guidelines using Alamut Visual, the CADD scoring
website (40) and the online Franklin tool (https://franklin.
genoox.com/clinical-db/home, 17 August 2021); ACMG
class 5 was classified as pathogenic, class 4 was classified
as likely pathogenic and class 3 was classified as a
VUS (41). All class 3–5 variants were determined to be
causative after follow-up examinations. First, segrega-
tion analysis was performed if possible. Subsequently,
further clinical phenotyping was performed, e.g. an ERG
was performed in the case of a retinal dystrophy gene
defect. The final decision about causality was reached
during a multi-disciplinary expert consensus meeting.

Statistical analysis
Descriptive statistics of the patients were presented
as frequencies and means (SD). Refractive error was
calculated by adding half the cylindrical value to the
spherical value. Mean refractive error was calculated by
dividing the sum of the refractive error of both eyes by
two. Differences in refractive error, age and age of onset
between groups were compared using Kruskal Wallis
test or Mann-Whitney test since these data were not
normally distributed. Frequencies between groups were
compared using Chi-square test or Fisher’s exact test.

For all analyses, a P-value of <0.05 was considered to be
statistically significant. The IBM SPSS Statistics version
25 (IBM Corp. Armonk, NY) was used for the statistical
analyses.

Supplementary Material
Supplementary Material are available at HMGJ online.

Acknowledgements
We thank all patients willing to cooperate in our study.

Conflict of Interest statement. None declared.

Funding
Netherlands Organization for Scientific Research; grant
91617076 (VJMV) and grant 91815655 (C.C.W.K.); Euro-
pean Research Council under the European Union’s Hori-
zon 2020 research and innovation programme (grant
648268 to C.C.W.K.); Erasmus MC Fellowship 2020 (to
V.J.M.V.). The funding organizations had no role in the
design or conduct of this research. They provided unre-
stricted grants.

References
1. Flitcroft, D.I., He, M., Jonas, J.B., Jong, M., Naidoo, K., Ohno-Matsui,

K., Rahi, J., Resnikoff, S., Vitale, S. and Yannuzzi, L. (2019) IMI-
defining and classifying myopia: a proposed set of standards for
clinical and epidemiologic studies. Invest. Ophthalmol. Vis. Sci., 60,
M20–M30.

2. Chua, S.Y., Sabanayagam, C., Cheung, Y.B., Chia, A., Valenzuela,
R.K., Tan, D., Wong, T.Y., Cheng, C.Y. and Saw, S.M. (2016) Age
of onset of myopia predicts risk of high myopia in later child-
hood in myopic Singapore children. Ophthalmic Physiol. Opt., 36,
388–394.

3. Fricke, T.R., Jong, M., Naidoo, K.S., Sankaridurg, P., Naduvilath, T.J.,
Ho, S.M., Wong, T.Y. and Resnikoff, S. (2018) Global prevalence of
visual impairment associated with myopic macular degenera-
tion and temporal trends from 2000 through 2050: systematic
review, meta-analysis and modelling. Br. J. Ophthalmol., 102,
855–862.

4. Verhoeven, V.J., Wong, K.T., Buitendijk, G.H., Hofman, A., Vinger-
ling, J.R. and Klaver, C.C. (2015) Visual consequences of refractive
errors in the general population. Ophthalmology, 122, 101–109.

5. Holden, B.A., Fricke, T.R., Wilson, D.A., Jong, M., Naidoo, K.S.,
Sankaridurg, P., Wong, T.Y., Naduvilath, T.J. and Resnikoff, S.
(2016) Global prevalence of myopia and high myopia and tem-
poral trends from 2000 through 2050. Ophthalmology, 123,
1036–1042.

6. Flitcroft, D.I. (2012) The complex interactions of retinal, optical
and environmental factors in myopia aetiology. Prog. Retin. Eye
Res., 31, 622–660.

7. Hysi, P.G., Choquet, H., Khawaja, A.P., Wojciechowski, R., Tedja,
M.S., Yin, J., Simcoe, M.J., Patasova, K., Mahroo, O.A., Thai, K.K.
et al. (2020) Meta-analysis of 542,934 subjects of European ances-
try identifies new genes and mechanisms predisposing to refrac-
tive error and myopia. Nat. Genet., 52, 401–407.

https://www.erasmusmc.nl/nl-nl/patientenzorg/laboratoriumspecialismen/klinische-genetica
https://www.erasmusmc.nl/nl-nl/patientenzorg/laboratoriumspecialismen/klinische-genetica
https://www.erasmusmc.nl/nl-nl/patientenzorg/laboratoriumspecialismen/klinische-genetica
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac113#supplementary-data
https://franklin.genoox.com/clinical-db/home
https://franklin.genoox.com/clinical-db/home
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac113#supplementary-data


Human Molecular Genetics, 2022, Vol. 31, No. 19 | 3297

8. Tedja, M.S., Wojciechowski, R., Hysi, P.G., Eriksson, N., Furlotte,
N.A., Verhoeven, V.J.M., Iglesias, A.I., Meester-Smoor, M.A., Tomp-
son, S.W., Fan, Q. et al. (2018) Genome-wide association meta-
analysis highlights light-induced signaling as a driver for refrac-
tive error. Nat. Genet., 50, 834–848.

9. Tedja, M.S., Haarman, A.E.G., Meester-Smoor, M.A., Kaprio, J.,
Mackey, D.A., Guggenheim, J.A., Hammond, C.J., Verhoeven,
V.J.M., Klaver, C.C.W. and Consortium, C (2019) IMI-myopia genet-
ics report. Invest. Ophthalmol. Vis. Sci., 60, M89–M105.

10. Hendriks, M., Verhoeven, V.J.M., Buitendijk, G.H.S., Polling, J.R.,
Meester-Smoor, M.A., Hofman, A., Consortium, R.D., Kamer-
mans, M., Ingeborgh van den Born, L. and Klaver, C.C.W. (2017)
Development of refractive errors—What can we learn from
inherited retinal dystrophies? Am J. Ophthalmol., 182, 81–89.

11. Guggenheim, J.A., Kirov, G. and Hodson, S.A. (2000) The heritabil-
ity of high myopia: a reanalysis of Goldschmidt’s data. J. Med.
Genet., 37, 227–231.

12. Nakanishi, H., Yamada, R., Gotoh, N., Hayashi, H., Yamashiro,
K., Shimada, N., Ohno-Matsui, K., Mochizuki, M., Saito, M., Iida,
T. et al. (2009) A genome-wide association analysis identified a
novel susceptible locus for pathological myopia at 11q24.1. PLoS
Genet., 5, e1000660.

13. Li, Z., Qu, J., Xu, X., Zhou, X., Zou, H., Wang, N., Li, T., Hu, X., Zhao,
Q., Chen, P. et al. (2011) A genome-wide association study reveals
association between common variants in an intergenic region
of 4q25 and high-grade myopia in the Chinese Han population.
Hum. Mol. Genet., 20, 2861–2868.

14. Li, Y.J., Goh, L., Khor, C.C., Fan, Q., Yu, M., Han, S., Sim, X., Ong, R.T.,
Wong, T.Y., Vithana, E.N. et al. (2011) Genome-wide association
studies reveal genetic variants in CTNND2 for high myopia in
Singapore Chinese. Ophthalmology, 118, 368–375.

15. Shi, Y., Qu, J., Zhang, D., Zhao, P., Zhang, Q., Tam, P.O.S., Sun, L.,
Zuo, X., Zhou, X., Xiao, X. et al. (2011) Genetic variants at 13q12.12
are associated with high myopia in the Han Chinese population.
Am. J. Hum. Genet., 88, 805–813.

16. Shi, Y., Gong, B., Chen, L., Zuo, X., Liu, X., Tam, P.O., Zhou, X.,
Zhao, P., Lu, F., Qu, J. et al. (2013) A genome-wide meta-analysis
identifies two novel loci associated with high myopia in the Han
Chinese population. Hum. Mol. Genet., 22, 2325–2333.

17. Khor, C.C., Miyake, M., Chen, L.J., Shi, Y., Barathi, V.A., Qiao, F.,
Nakata, I., Yamashiro, K., Zhou, X., Tam, P.O. et al. (2013) Genome-
wide association study identifies ZFHX1B as a susceptibility
locus for severe myopia. Hum. Mol. Genet., 22, 5288–5294.

18. Hosoda, Y., Yoshikawa, M., Miyake, M., Tabara, Y., Shimada, N.,
Zhao, W., Oishi, A., Nakanishi, H., Hata, M., Akagi, T. et al. (2018)
CCDC102B confers risk of low vision and blindness in high
myopia. Nat. Commun., 9, 1782.

19. Enthoven, C.A., Polling, J.R., Haarman, A.E.G., Verhoeven, V.J.M.
and Klaver, C.C.W. (2021) Waarom dragen steeds meer kinderen
een bril? Praktische pediatrie, Year 15 - edition - Number 1 |
Infection.

20. Sun, W., Huang, L., Xu, Y., Xiao, X., Li, S., Jia, X., Gao, B., Wang, P.,
Guo, X. and Zhang, Q. (2015) Exome sequencing on 298 probands
with early-onset high myopia: approximately one-fourth show
potential pathogenic mutations in RetNet genes. Invest. Ophthal-
mol. Vis. Sci., 56, 8365–8372.

21. Xiao, X., Li, S., Jia, X., Guo, X. and Zhang, Q. (2016) X-linked
heterozygous mutations in ARR3 cause female-limited early
onset high myopia. Mol. Vis., 22, 1257–1266.

22. Logan, N.S., Gilmartin, B., Marr, J.E., Stevenson, M.R. and
Ainsworth, J.R. (2004) Community-based study of the association
of high myopia in children with ocular and systemic disease.
Optom. Vis. Sci., 81, 11–13.

23. Marr, J.E., Halliwell-Ewen, J., Fisher, B., Soler, L. and Ainsworth,
J.R. (2001) Associations of high myopia in childhood. Eye, 15,
70–74.

24. van Mazijk, R., Haarman, A.E.G., Hoefsloot, L.H., Polling, J.R., van
Tienhoven, M., Klaver, C.C.W., Verhoeven, V.J.M., Loudon, S.E.,
Thiadens, A.A.H.J. and Kievit, A.J.A. (2022) Early onset X-linked
female limited high myopia in three multigenerational families
caused by novel mutations in the ARR3 gene. Hum. Mutat., 43,
380–388.

25. Széll, N., Fehér, T., Maróti, Z., Kalmár, T., Latinovics, D., Nagy,
I., Orosz, Z.Z., Janáky, M., Facskó, A. and Sohajda, Z. (2021)
Myopia-26, the female-limited form of early-onset high myopia,
occurring in a European family. Orphanet J. Rare Dis., 16, 45.

26. Yuan, D., Yan, T., Luo, S., Huang, J., Tan, J., Zhang, J., Zhang,
V.W., Lan, Y., Hu, T., Guo, J. et al. (2021) Identification and func-
tional characterization of a novel nonsense variant in ARR3 in
a southern Chinese family with high myopia. Front. Genet., 12,
765503.

27. Liu, F., Wang, J., Xing, Y. and Li, T. (2020) Mutation screening of
17 candidate genes in a cohort of 67 probands with early-onset
high myopia. Ophthalmic Physiol. Opt., 40, 271–280.

28. Zhang, H., Cuenca, N., Ivanova, T., Church-Kopish, J., Freder-
ick, J.M., MacLeish, P.R. and Baehr, W. (2003) Identification and
light-dependent translocation of a cone-specific antigen, cone
arrestin, recognized by monoclonal antibody 7G6. Invest. Oph-
thalmol. Vis. Sci., 44, 2858–2867.

29. Robin, N.H., Moran, R.T. and Ala-Kokko, L. (1993) Stickler syn-
drome. University of Washington, Seattle, Seattle (WA).

30. Khan, A.O., Aldahmesh, M.A., Mohamed, J.Y., Al-Mesfer, S. and
Alkuraya, F.S. (2012) The distinct ophthalmic phenotype of
Knobloch syndrome in children. Br. J. Ophthalmol., 96, 890–895.

31. Printzlau, A. and Andersen, M. (2004) Pierre Robin sequence
in Denmark: a retrospective population-based epidemiological
study. Cleft Palate Craniofac. J., 41, 47–52.

32. Caglayan, A.O., Baranoski, J.F., Aktar, F., Han, W., Tuysuz, B.,
Guzel, A., Guclu, B., Kaymakcalan, H., Aktekin, B., Akgumus,
G.T. et al. (2014) Brain malformations associated with Knobloch
syndrome–review of literature, expanding clinical spectrum,
and identification of novel mutations. Pediatr. Neurol., 51, 806–
813.e8.

33. Hull, S., Arno, G., Ku, C.A., Ge, Z., Waseem, N., Chandra, A.,
Webster, A.R., Robson, A.G., Michaelides, M., Weleber, R.G. et al.
(2016) Molecular and clinical findings in patients with Knobloch
syndrome. JAMA Ophthalmol, 134, 753–762.

34. Suzuki, O.T., Sertié, A.L., Der Kaloustian, V.M., Kok, F., Carpen-
ter, M., Murray, J., Czeizel, A.E., Kliemann, S.E., Rosemberg, S.,
Monteiro, M. et al. (2002) Molecular analysis of collagen XVIII
reveals novel mutations, presence of a third isoform, and pos-
sible genetic heterogeneity in Knobloch syndrome. Am. J. Hum.
Genet., 71, 1320–1329.

35. Wan, L., Deng, B., Wu, Z. and Chen, X. (2018) Exome sequencing
study of 20 patients with high myopia. PeerJ, 6, e5552.

36. Zhou, L., Xiao, X., Li, S., Jia, X. and Zhang, Q. (2018) Frequent
mutations of RetNet genes in eoHM: further confirmation in 325
probands and comparison with late-onset high myopia based on
exome sequencing. Exp. Eye Res., 171, 76–91.

37. Tideman, J.W.L., Polling, J.R., Vingerling, J.R., Jaddoe, V.W.V.,
Williams, C., Guggenheim, J.A. and Klaver, C.C.W. (2018) Axial
length growth and the risk of developing myopia in European
children. Acta Ophthalmol., 96, 301–309.

38. Oegema, R., Baillat, D., Schot, R., van Unen, L.M., Brooks, A.,
Kia, S.K., Hoogeboom, A.J.M., Xia, Z., Li, W., Cesaroni, M. et al.
(2017) Human mutations in integrator complex subunits link



3298 | Human Molecular Genetics, 2022, Vol. 31, No. 19

transcriptome integrity to brain development. PLoS Genet., 13,
e1006809.

39. Erasmus MC, D.C.G. (2019) Genoomdiagnostiek: DNA. Vision Dis-
orders. Department of Clinical Genetics, Erasmus Medical Center
Rotterdam, the Netherlands. https://www.erasmusmc.nl/nl-nl/
patientenzorg/laboratoriumspecialismen/klinische-genetica.

40. Kircher, M., Witten, D.M., Jain, P., O’Roak, B.J., Cooper, G.M. and
Shendure, J. (2014) A general framework for estimating the

relative pathogenicity of human genetic variants. Nat. Genet., 46,
310–315.

41. Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J.,
Grody, W.W., Hegde, M., Lyon, E., Spector, E. et al. (2015) Standards
and guidelines for the interpretation of sequence variants: a
joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molec-
ular Pathology. Genet. Med., 17, 405–424.

https://www.erasmusmc.nl/nl-nl/patientenzorg/laboratoriumspecialismen/klinische-genetica
https://www.erasmusmc.nl/nl-nl/patientenzorg/laboratoriumspecialismen/klinische-genetica

	 Whole exome sequencing of known eye genes reveals genetic causes for high myopia
	 Introduction
	 Results
	 Discussion
	 Materials and Methods
	 Supplementary Material
	 Acknowledgements
	 Funding


