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A genome-wide association study for myopia and
refractive error identifies a susceptibility locus at 15925
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Myopia and hyperopia are at opposite ends of the continuum of
refraction, the measure of the eye’s ability to focus light, which
is an important cause of visual impairment (when aberrant)
and is a highly heritable trait. We conducted a genome-wide
association study for refractive error in 4,270 individuals

from the TwinsUK cohort. We identified SNPs on 15¢25
associated with refractive error (rs8027411, P =7.91 x 1078).
We replicated this association in six adult cohorts of European
ancestry with a combined 13,414 individuals (combined

P =2.07 x 1079). This locus overlaps the transcription initiation
site of RASGRF1, which is highly expressed in neurons and
retina and has previously been implicated in retinal function
and memory consolidation. Rasgrf1~/~ mice show a heavier
average crystalline lens (P = 0.001). The identification of

a susceptibility locus for refractive error on 15¢q25 will

be important in characterizing the molecular mechanism
responsible for the most common cause of visual impairment.

Myopia is the most common eye disorder. It is part of the spectrum
of refractive error, measured as spherical equivalent, which is the
quantitative strength of spectacle lens required to enable images to
be focused on the retina of the eye. Clinically relevant myopia or
nearsightedness (more severe than -1 diopter) affects 33% of the
adult population in the United States!. Its prevalence is increasing
in more recent birth cohorts across both developed and less devel-
oped countries, particularly in east Asia, where over 80% of Chinese
young adults in Singapore and Taiwan are now affected®3. Apart
from the huge economic cost (estimated at $5.5 billion annually
spent by adults in the United States alone®), severe refractive error
is a important cause of blindness®>~7, particularly in the working-age
population®. Vision loss is greatest in the 2%-3% of the population

with ocular structural changes associated with high myopia (termed
‘pathological myopia’). The World Health Organization has identi-
fied the prevention and treatment of myopia as a priority within the

RASGRF1 gene region
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Figure 1 Association scatter plot for SNPs in the RASGRF1 promoter region
in the TwinsUK discovery cohort. Negative logarithms of the P values for the
association of each SNP with spherical equivalence are plotted. The lead
SNP is plotted in blue, with the meta-analysis P value for that SNP indicated.
Genotyped SNPs are plotted as diamonds and imputed SNPs as circles,

with the color indicating the degree of pairwise LD between the lead and
neighboring SNPs. Red indicates strong pairwise LD, with 2 > 0.8; orange
indicates moderate LD, with 0.5 < r2 < 0.8 yellow indicates weak LD, with
0.2 < r2 < 0.5; and white indicates no LD, with 2 < 0.2. The associated SNPs
lie in a 120-kb region of high LD, delineated by two local high-recombination
spots at approximately 77,150 kb and 77,270 kb. The recombination rates
are shown as light blue line and the locations of the genes with respect to
these SNPs are shown as dark green arrows.
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Table 1 Selection of SNPs associated with spherical equivalent measures in six cohorts of European ancestry at 15925

Discovery Cohort

Replication Cohorts

Meta-analysis

TwinsUK RS- RS-11

RS-111

ERF 1958BC Australian Twins Combined

SNP Allele Effect s.e.m. P Effect s.e.m.

P Effects.e.m. P Effect s.e.m.

P Effect s.em. P Effect sem. P Effect se.m. P Effect s.e.m. P

rs17175798 C
rs8027411 T
rs8033963 T
rs939658 G
rs939661 A

-0.34 0.07 1.38x 107 -0.13 0.05 0.01 -0.02 0.08 0.9 -0.30 0.08 0.000 -0.16 0.07 0.02 -0.19 0.19 0.04 0.06 0.08 0.4 -0.15 0.026 1.99 x 10~?
-0.35 0.07 7.91x 108 -0.12 0.05 0.01 -0.02 0.08 0.8 -0.29 0.08 0.001 -0.16 0.07 0.02 -0.18 0.18 0.05 0.06 0.08 0.4 -0.15 0.026 2.07 x 10~?
-0.34 0.07 1.59x 107 -0.12 0.05 0.01 -0.02 0.08 0.8 -0.29 0.08 0.001 -0.16 0.07 0.01 -0.18 0.18 0.05 0.04 0.08 0.5 -0.15 0.026 1.86 x 10~?
-0.34 0.07 2.09 x 107 -0.12 0.05 0.01 -0.02 0.08 0.8 -0.29 0.08 0.001 -0.17 0.07 0.01 -0.18 0.18 0.05 0.04 0.08 0.6 -0.15 0.026 1.85 x 10~?
-0.33 0.07 2.73x 107 -0.11 0.05 0.01 -0.01 0.08 0.9 -0.28 0.08 0.001 -0.17 0.07 0.01 -0.13 0.13 0.16 -0.01 0.08 0.9 -0.15 0.026 3.85 x 10~°

TwinsUK, the Twin Cohort recruited in the UK that served as a discovery GWAS (N = 4,270); RS-I, the first Rotterdam Study cohort (N = 5,328); RS-II, the second Rotterdam Study cohort
(N =2,157); RS-Il, the third Rotterdam Study cohort (N = 2,082); ERF, the Erasmus Rucphen Family (N = 2,032); 1958BC, the 1958 British Birth Cohort (N = 1,000); Aus, the Australian Twin
Study (N = 1,086). The combined column includes results from the meta-analysis of the discovery and replication cohorts. Effect, B coefficient of linear regression. The effect sizes denote changes in

diopters per each additional copy of the reference allele.

current global initiative to eliminate avoidable blindness’. There are
currently no practical therapies to prevent the progression of myopia,
even though the condition is easily diagnosed in affected children
and adolescents.

The mechanism for the development of myopia is not fully under-
stood. Although environment (in particular, education, urbanization,
outdoor activity and close work) clearly plays a role in myopia®1°,
numerous cross-sectional studies suggest that genetic heritability
might be as high as 80%!!. No individual genes have been consist-
ently associated with myopia to date, although several candidate loci
have been identified through linkage studies.

In order to further explore potential genetic influences of refrac-
tive error development in the general population, we conducted a
genome-wide association study (GWAS) using the British TwinsUK
adult twin registry cohort (see Online Methods for a detailed descrip-
tion of the population and clinical characteristics).

We analyzed a set of 4,270 individuals with complete informa-
tion on a panel of 2.2 million SNPs, of which 286,481 directly
genotyped in all individuals. All of these SNPs passed stringent
quality control criteria (Hardy-Weinberg equilibrium P > 0.001,
minor allele frequency of at least 0.04 and a genotyping success
rate for the SNP of at least 95%). Homogeneity of the population
was confirmed by comparison of sample set similarities with each
other and with three reference panels from the HapMap Phase 2
data (Supplementary Fig. 1).

The genomic inflation factor (1) was 1.04 (Supplementary Fig. 2).
Multiple SNPs, both directly genotyped and with imputed values,
showed genome-wide significance. Association was maximal for
rs8027411 (P = 7.91 x 1078), although association was consistently
high across a region of approximately 120 kb on chromosome 15
(Fig. 1 and Table 1). This association was consistent with an additive
model, and we found no evidence of dominance for any of these SNPs.
In the TwinsUK cohort, each additional copy of the susceptibility
allele for the top SNP lowered the refraction by an average of 0.35
diopters (Supplementary Table 1). Individuals carrying a genotype
homozygous for the T allele on the rs8027411 locus were signifi-
cantly more likely than those homozygous for the non-susceptibility
allele to have myopia than to have no refractive error (odds ratio
(OR) =1.16,95% CI 1.02-1.28, P = 0.02; Fig. 2, see Online Methods
for definitions).

We performed a replication study in 13,414 adults from six inde-
pendent population-based cohorts of European ancestry: four Dutch
cohorts (three within the Rotterdam Study and the Erasmus Rucphen
Family Study (ERF), a family-based study in a genetically isolated
population in the southwest of The Netherlands), one British cohort
(1958 British Birth Cohort) and one Australian cohort (Australian
Twin Study). The replication analysis was performed using both
observed and imputed genotypes. We observed an association for SNPs

at chromosome 15q25 in the Dutch and British replication studies.
Although the effect size was higher in the discovery panel (Fig. 3), the
effect sizes and directions of the effect were consistent among all the
cohorts, with the exception of the Australian cohort. The strongest evi-
dence of association in the meta-analysis was found for rs939658 and
rs8027411 (combined P=1.85 x 10~ and P=2.07 x 10~%, respectively),
with extra each copy of the myopia susceptibility allele (G and T
for the two SNPs, respectively) altering the spherical equivalent by
0.15 diopters (s.e.m. = 0.026) (Table 1). It is of note that the Australian
twin group was relatively underpowered (1,086 individuals from 525
families) and substantially younger than the other cohorts. It has been
shown that there is evidence of a rapidly increasing prevalence of
myopia and, therefore, a cohort effect is possible!2.

All of the identified SNPs associated with the spherical equivalent
measures were in high linkage disequilibrium (LD) with one another
(Supplementary Fig. 3). This associated region spans about 120 kb
on chromosome 15q25 and overlaps the transcription initiation site
of RASGRFI (encoding Ras protein-specific guanine nucleotide-
releasing factor 1). This is a large gene spanning 130 kb with 28 known
exons and multiple alternative mRNA transcripts. Possible gains or
losses in transcription factor-binding sites, because of the DNA poly-
morphisms within the region of association, are predicted in silico
(Supplementary Table 2). The relevance of individual SNPs that
potentially influence transcription factor binding and expression of
this gene is difficult to assess due to the high LD across the region.

RASGRFI encodes a protein that is expressed at high levels in
neurons and retina in mice'? and that activates Ras'%. Our reverse
transcription experiments identified high levels of expression of this
protein in human retinas (data not shown). In mice, the protein is
heavily imprinted in the early developmental phases!>!®, but this
imprinting fades with time!6. RASGRFI expression is upregulated by
stimulation of muscarinic receptors!” and retinoic acid'®. Muscarinic
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Figure 2 Association of rs8027411 with clinical myopia in the TwinsUK
cohort. The values depicted by the diamonds represent ORs. Error
bars, 95% ClI.
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Figure 3 Plot of the effect on refractive error observed for rs8027411
in the seven population panels participating in the study. For each
population, the diamond square shows the B linear regression
coefficient or the average difference in diopters for each additional
copy of the T allele and the bars represent the standard error for the
estimate. TwinsUK, the Twin Cohort recruited in London, UK;

RS-I, the first Rotterdam Study cohort; RS-II, the second Rotterdam
Study cohort; RS-I11, the third Rotterdam Study cohort; ERF, the Erasmus
Rucphen Family; 1958BC the 1958 British Birth Cohort; Aus,

the Australian Twin Study.

inhibitors such as atropine inhibit the development of myopia in
animal models and human intervention studies!*?, and choroidal
retinoic acid synthesis is altered in animal models of myopia?!.
RASGRF1 knockdown mouse models have normal brain structure;
however, they perform worse than wild-type mice in exercises involv-
ing long-term memory?2.

Lack of expression of RASGRFI in knockdown models results
in a morphologically normal retina but causes pronounced defi-
ciencies in photoreception and visual sensory processes without
any other obvious sensory impairments?3. Furthermore, lack of
expression of RASGRF1 causes changes in the downstream expres-
sion of many genes??, including some genes whose mutations have
been reported to cause severe Mendelian vision disorders. Thus,
RASGREF]1 appears to be involved in the maintenance of normal
function of the retina and possibly in the signaling pathways deter-
mining myopia.

We further studied the effect of Rasgrfl1 on mouse eye parameters.
For this purpose, 19 wild-type mice were compared to 16 Rasgrfl knock-
down mice of the same age group (between 3- and 4-months-old, when
eye growth has stabilized). We found that the average crystalline lens was
significantly heavier in the knockdown mice (P = 0.001). This was inde-
pendent of the weight of the whole eye, as the ratio of crystalline weight
to the total eye weight remained significantly higher in the knockdown
mice (P = 0.003; Supplementary Table 3). Axial length was not signi-
ficantly different between the groups; however, it is known that the mea-
surement of this trait in mice is technically difficult and inaccurate?,
In humans, refractive error is mostly due to axial length variations, but

refractive error is highly correlated with lens thickness in mice?’.

LETTERS

In an accompanying study reported in this issue, C. Klaver and
colleagues report a genome-wide association study for refractive
error in a Dutch population-based cohort?®. Researchers from that
study identified a susceptibility locus at genome-wide significant
levels on chromosome 15q14. GJ/D2, also known as Connexin 36,
is the gene nearest to the associated chromosome 15q14 locus.
In our study, the chromosome 15q14 locus showed suggestive
association (P = 6 x 1077 in the TwinsUK Cohort GWAS), but this
locus was not taken forward for inclusion in our replication study
(Supplementary Fig. 4).

Both RASGRFI and GJD2 are involved in synaptic transmission
and play important roles in the transmission and processing of visual
signals?>?”. Animal models of myopia demonstrate that the signal that
continues or halts eye growth originates within the retina, and these
signals are transmitted through the choroid to stimulate or inhibit
scleral remodeling?®.

We report, to our knowledge, the first genome-wide association
for common myopia and refractive error in multiple European popu-
lations, identifying an associated locus upstream of the transcription
site of RASGRFI. Rasgrfl knockdown mice have larger crystalline
lenses than wild-type mice, which are likely to result in increased
refractive power. RASGRFI is involved in learning, visual processing
and muscarinic signaling pathways, all of which have been associ-
ated or implicated with myopia. We believe that identification of this
susceptibility locus and the suggestive evidence for involvement of
the candidate gene RASGRF1 will greatly improve our understanding
of the pathogenesis of myopia.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Participants and cohorts. The TwinsUK adult twin registry based at
St. Thomas’ Hospital in London is a volunteer cohort of over 10,000 twins from
the general population. Twins largely volunteered unaware of the eye studies,
gave fully informed consent under a protocol reviewed by the St. Thomas’
Hospital Local Research Ethics Committee and underwent non-cyclopleged
autorefraction using an ARM-10 autorefractor (Takagi Ltd). Out of the original
4,388 subjects for whom phenotype and genotype information was available,
4,270 subjects (315 males and 3,955 females) with a mean age of 55 years (s.d. =
12; Supplementary Fig. 5a) were included in this study; 118 subjects were
excluded after failing quality control. The mean spherical equivalent for both
eyes was calculated using the standard formula:

spherical equivalent = sphere + (cylinder / 2)

The mean spherical equivalent was —0.4 diopters (s.d. = 2.73 diopters), with a
range of —25.12 to +9.4 diopters (Supplementary Fig. 5b). Myopia was defined
as the presence of the average spherical equivalent over both eyes <-1 diopter,
and emmetropia was defined as an average spherical equivalent between —0.5
and 0.5 diopters, inclusive of these values.

A series of three cohorts were derived from the Rotterdam Study (RS). The
RS-I was a prospective population-based cohort study comprising 7,983 sub-
jects aged 55 years or older living in Ommoord, a district of Rotterdam, The
Netherlands, with baseline examinations that included automated measure-
ment of refractive error in 1991-1993. All participants consented to participa-
tion, and the study received ethical approval by the Medical Ethics Committee
of the Erasmus University. Complete data on refractive error and from the
GWAS were available on 5,328 persons, 99% of whom were of European ances-
try. The RS-II included 2,157 new residents of Ommoord with good-qual-
ity genotyping data, aged 55 years or older, living in the district since 2000.
Baseline examinations took place between 2000 and 2002. The RS-III included
2,082 new residents of Ommoord aged 45 and older living in the district since
2006 and who had DNA samples with good-quality genotyping data. Baseline
examinations took place between 2006 and 2009 for RS-III. The fourth Dutch
replication study was the Erasmus Rucphen Family (ERF) Study, a family-
based study in a genetically isolated population in the southwest area of The
Netherlands. This study included 2,032 living descendants from 22 families
who had at least six children baptized in the community church between 1880
and 1900, who had good quality genotyping data and were aged 18 years or
older. The mean age (s.d.) and mean spherical equivalent (s.d.) were 68.5 (8.6)
years and +0.86 (2.45) diopters for RS-I, 64.2 (7.4) years and +0.48 (2.51)
diopters for RS-II, and 56.2 (5.8) years and —0.35 (2.62) diopters for RS-IIL
The mean spherical equivalent (s.d.) for ERF was +0.07 (2.25) diopters and
the mean age was 48.5 (14.5) years.

The 1958 British Birth Cohort was a prospective population-based study
that initially included 17,000 newborn children whose date of birth was within
the first week of March 1958. All participants gave informed written consent to
participate in genetic association studies, and the present study was approved
by the South East MultiCentre Research Ethics Committee (MREC) and the
Oversight Committee for the biomedical examination of the British 1958
Cohort. Biomedical examination protocols were approved by the South East
MREC. The phenotype for this cohort was spherical equivalent (mean of both
eyes) measured with non-cycloplegic autorefraction (Nikon Retinomax 2).
One thousand randomly chosen subjects from this cohort were included in the
GWAS. This included 482 males and 518 females, all aged 44-45 years, and the
average spherical equivalent (s.d.) in the GWAS was —0.94 (2.01) diopters.

The Australian Twin Eye Study comprised participants examined as part
of the Twins Eye Study in Tasmania or the Brisbane Adolescent Twins Study.
Ethical approval was obtained from the Royal Victorian Eye and Ear Hospital,
the University of Tasmania, the Australian Twin Registry and the Queensland
Institute of Medical Research. In all subjects, post-cycloplegic refraction (fol-
lowing instillation of tropicamide 1%) for both eyes was measured using a
Humphrey-598 automatic refractor (Carl Zeiss Meditec, Inc.). The mean
spherical equivalent of both eyes from all participants 18 years of age or older

at the time of examination was used for analysis. This cohort comprised 1,086
individuals from 525 families. The mean age (s.d.) of participants was 27.4
(11.8) years. The mean spherical equivalent (s.d.) was —0.53 (1.64) diopters,
with a range of —17.75 to +6.44 diopters.

Genotyping and imputation. Genotyping was carried out using three geno-
typing platforms from Illumina: the HumanHap 300k Duo for part of the UK
Twin Cohort and the HumanHap610-Quad array for the rest of the UK Twin
Cohort. The RS-I, RS-IT and RS-IIT studies used the Infinium II HumanHap550
chip v3.0 array to conduct the genotyping, with the exception of 133 of 2,516
subjects in RS-IT who were genotyped using the HumanHap610-Quad array.
The ERF cohort was genotyped with the Infinium HumanHap300-2 318K
array. The Australian cohorts were genotyped on the HumanHap610-Quad
array, with part of the sample typed alongside the UK Twin Cohort and the
remainder of the sample typed as part of a separate contract with deCODE
Genetics. Illumina’s Human1M-Duo chip was used for genotyping of the 1958
British Birth Cohort. Imputation was calculated with reference to HapMap
release 22 CEU population data using IMPUTE (see URLs) version 2 for the
UK Twin Cohort and the 1958 Birth Cohort. MACH (see URLs) was used for
imputation in the Dutch and Australian cohorts.

Statistical analyses. Association analysis was performed using MERLIN
in the UK and Australian Twin Cohorts and using PLINK (see URLs) in
the Rotterdam cohorts. Ancestry for these individuals was determined ini-
tially through self reporting and was verified through principal component
decomposition of their ancestry with and without comparison with HapMap
phase 2 standard populations. Meta-analysis was carried out using METAL
(see URLSs).

Laboratory animal handling and eye measurements. In an effort to minimize
the number of animals used and their suffering, all procedures with labora-
tory mice were carried out in accordance with European Union guidelines
(directives 86/609/EEC and 2003/65/EC), current Spanish legislation (RD
1201/2005. BOE 252/34367-91, 2005) and the US National Institutes of Health
guidelines for the use and care of animals in research. Rasgrfl-null mice were
obtained as described previously?’. Mice were bred in a pathogen-free facility
with water and food ad libitum.

For eye measuring, 16 3-4-month-old Rasgrfl-null mice and 19 wild-
type control mice?” were anesthetized with chloral hydrate (5% (wt/vol) in
saline, administered intraperitoneally, at 10 ml/g of body weight) and killed
by cervical dislocation. After measuring the body weight of each mouse in a
precision balance (Sartorius), its eyes were immediately extracted using 7-inch
curved tweezers (Lawton), eliminating all rests of the optical nerve, and all
vessels and surrounding tissues were cut away. Eye weight was immediately
measured in an AX-120 Analytical Weight Balance (Cobos Precision, S.L.).
The precision of the balance was 0.001 g. After being weighed, the eye balls
were positioned on a glass slide under a microscope (Olympus Provis AX70
photomicroscope, Olympus Optical Co., Ltd.). The coronal and longitudinal
axes were captured using an Olympus DP70 digital camera and measured
at x40 magnification using Olympus’ image capture software DP controller,
version 1.2.1.108 (Olympus Optical Co., Ltd.).

The lens from each eye was then manually isolated using 7-inch tweezers
(Lawton) under a binocular lens (Zeiss, Stemi 2000-C, Carl Zeiss) and
measured in an M-220 analytical balance (precision = 0.1 mg) (Denver
Instruments GmbH).

URLs. MACH, http://www.sph.umich.edu/csg/abecasiss MACH/; MERLIN,
http://www.sph.umich.edu/csg/abecasis/merlin/; PLINK, http://pngu.
mgh.harvard.edu/~purcell/plink/; METAL, http://www.sph.umich.edu/
csg/abecasis/metal/; IMPUTE, https://mathgen.stats.ox.ac.uk/impute/
impute_v2.html.

29. Font de Mora, J. et al. Ras-GRF1 signaling is required for normal beta-cell
development and glucose homeostasis. EMBO J. 22, 3039-3049 (2003).
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