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Abstract
Objectives
To assess whether epigenetic mechanisms affecting gene expression may be involved in
the pathogenesis of early-onset myopia, we performed genome-wide DNA methylation analyses of umbilical cord tissues, and assessed any associations between CpG site-specific
methylation and the development of the disorder when the children were 3 years old.

Methods
Genome-wide DNA methylation profiling of umbilical cord samples from 519 Singaporean
infants involved in a prospective birth cohort ‘Growing Up in Singapore Towards healthy
Outcomes’ (GUSTO) was performed using the Illumina Infinium HumanMethylation450K
chip microarray. Multivariable logistic regression models were used to assess any associations between site-specific CpG methylation of umbilical cord tissue at birth and myopia risk
in 3 year old children, adjusting for potential confounders. Gene expression of genes located
near CpG sites that demonstrated statistically significant associations were measured in relevant ocular tissues using human and mouse fetal and adult eye samples.

Results
We identified statistically significant associations between DNA methylation levels at five
CpG sites and early-onset myopia risk after correcting for multiple comparisons using a
false discovery rate of 5%. Two statistically significant CpG sites were identified in intergenic
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regions: 8p23(p = 1.70×10−7) and 12q23.2(p = 2.53×10−7). The remaining 3 statistically significant CpG sites were identified within the following genes: FGB (4q28, p = 3.60×10−7),
PQLC1 (18q23, p = 8.9×10−7) and KRT12 (17q21.2, p = 1.2×10−6). Both PQLC1 and
KRT12 were found to be significantly expressed in fetal and adult cornea and sclera tissues
in both human and mouse.

Conclusions
We identified five CpG methylation sites that demonstrate a statistically significant association with increased risk of developing early-onset myopia. These findings suggest that variability in the neonatal cord epigenome may influence early-onset myopia risk in children.
Further studies of the epigenetic influences on myopia risk in larger study populations, and
the associations with adulthood myopia risk are warranted.

Introduction
Myopia is a common eye disorder and a major public health concern due to its high prevalence
especially across urban Asian regions[1, 2]. Children who develop myopia at an early age have
a greater risk of developing high-grade myopia as adults[3]. Adults with high-grade myopia
are at an increased risk of developing retinal detachment, myopic macular degeneration and
glaucoma, all of which result in irreparable loss of vision[4–6]. Therefore, it is imperative to
better understand the etiology of myopia, especially the early-onset forms.
Genetics, as well as environmental factors such as near work and outdoor time have been
shown to be risk factors for myopia[7–13]. The Consortium for Refractive Error and Myopia
(CREAM) has performed genome-wide meta-analyses, studying 37,382 individuals from 27
cohorts of European ancestry, and 8,376 individuals from 5 Asian cohorts, and has identified
new loci associated with refractive error risk[14]. Similarly, epigenetic mechanisms affecting
gene expression may be involved in the pathogenesis of eye diseases such as myopia[15]. For
instance, in a murine form deprivation model of myopia, disease development has been associated with changes to scleral DNA methylation at CpG sites in the collagen 1A1 (COL1A1) gene
promoter and altered mRNA expression levels[16].
Examination of epigenetic markers at birth could provide novel insights into the etiology of
early-onset myopia, and modification of reversible, environmental factors could influence the
refractive error outcome in both childhood and adulthood. However, currently there are no
epigenetic genome-wide studies of myopia risks. The aim of our study is to examine whether
there are any associations between umbilical cord tissue DNA methylation sites and subsequent early-onset myopia risk among Singaporean children in the GUSTO birth cohort.

Materials and methods
Study population
The Growing Up in Singapore Towards healthy Outcomes (GUSTO) naturally-conceived
birth cohort consists of pregnant women aged 18 years and older, who attended their first trimester routine antenatal ultrasound scan at either one of the two major maternity units at the
Kadang Kerbau Women’s and Children’s Hospital (KKH) or at the National University Hospital (NUH) between June 2009 and September 2010.[17] This study enrolled mothers and their
directly descended children of Chinese, Malay and Indian origin which are the 3 major ethnic
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groups in Singapore. Children who developed strabismus, facial nerve palsy, eye infection,
developmental anomaly, eye injury or any other ocular conditions by age 3 were excluded
from the study. The study was approved by the SingHealth Centralized Institutional Review
Board and the National Health Group’s Domain Specific Review Board, and was conducted
according to the tenets of the Declaration of Helsinki. Informed written consent was obtained
from the parents or legal guardians following an in-person interview that included a detailed
verbal explanation of the study.

Eye measurements performed at 3 years of age
One drop of 0.5% proparacaine and one drop of 2.5% phenylephrine were followed by three
drops of 1% cyclopentolate instilled at 5-minute intervals in order to achieve cycloplegia.
Cycloplegic autorefraction was measured using a table-mounted Model RK-F1 autorefractor
(Canon, Tokyo, Japan) 30 minutes after the administration of the last eye drop. Each eye’s
spherical equivalent refraction (SER) was calculated as the sphere power plus half the cylinder
power. Myopia was defined as a SER magnitude of at least -0.5 dioptres (D). Disease-free controls were defined as children without a myopic SER.

DNA methylation analysis
Genomic DNA was extracted from the infant umbilical cords of GUSTO samples collected at
birth, bisulfite-converted and hybridized to Infinium Human Methylation450 BeadChip
microarrays (Illumina, Inc., San Diego, California, USA) as per the manufacturer’s instructions[18]. The raw signals were exported using the GenomeStudio Methylation Module (Illumina, Inc., San Diego, California, USA). Following standard protocol and quality control
procedures[19], probes with less than three beads for any sample, or with signal detection pvalues (calculated from the signal versus background for the individual bead intensities) >
0.01 for any sample were discarded.
Percentage methylation or β-values, were calculated as the ratio of the methylated probe
intensity to the overall CpG site intensity for each CpG site, resulting in values ranging from 0
to 1. Batch effects were removed using COMBAT[20]. CpG sites that were cross-hybridizing,
overlapping single-nucleotide polymorphisms (SNPs), or those where the methylation range
across the study subjects was less than 10%, were excluded.
To correct for cell-type heterogeneity, hematocyte proportions were estimated for fibroblasts, B-cell and T-cell lymphocytes using the Houseman reference panel method[21, 22].
Using principal component analysis (PCA) on the cellular proportion matrix, the first two
principal components were extracted as surrogates for the primary hematocyte distribution.

Validation gene expression in human fetal and adult eye tissues
Human fetal and adult gene expression was measured in the retina, retinal pigment epithelium
(RPE), choroid, sclera, optic nerve and cornea as described in Young TL, et al[23]. Briefly, 8
fetal eyes at 12-weeks and 6 fetal eyes at 24-weeks gestational age were obtained from
Advanced Biosciences Resources (Alameda, California, USA). In addition, 6 adult eyes were
obtained from the North Carolina Eye Bank (Winston–Salem, North Carolina, USA). RNA
was extracted using a mirVanaTM total RNA extraction kit (Ambion, Austin, Texas, USA) following the manufacturer’s protocol. The RNA samples were amplified using an Illumina Total
Prep kit (Ambion, Austin, Texas, USA) and hybridized to Illumina HumanHT-12 v4 Expression BeadChips (San Diego, California, USA). Twelve tissue samples were processed on each
chip. Microarray data background noise was subtracted from the intensity values using Illumina’s GenomeStudio software, exported and log2 transformed. Sample outliers were
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determined by principle component analyses using Hoteling’s T2 test[24] at a 95% confidence
interval and removed from further analyses. Data intensities were normalized by Quantile normalization followed by Multichip Averaging to reduce chip effects[25]. In instances where a
gene had multiple probes on the array, the corresponding p-values were combined using Fisher’s method (Fisher’s combined probability test) and the signal intensities were averaged.

Animal experimentation
C57BL/6J wild type (WT) mice were purchased from National University of Singapore (Singapore). Animals were housed on a 12 hour light/ 12 hour dark cycle with food and water provided ad libitum. SingHealth Institutional Animal Care and Use Committee (IACUC; AALAC
accredited) has approved the study and animal procedures. The animal procedures performed
in this study were in accordance with the Guide for the Care and Use of Laboratory Animals.
All aspects of the study were in accordance with the Association for Research in Vision and
Ophthalmology (ARVO) recommendations for animal experimentation.

Murine myopia model
A −15 diopter spectacle lens [PMMA Contact Lens (Lenspec, Singapore) in Grey Tint, 8.5 mm
diameter, 8 mm base curve, refractive index: 1.43, axial thickness: 0.5 mm] was placed over the
right eye on post-natal day 10 before eye opening by gluing to an annulus of matching Velcro
tape surrounding the periorbital skin. The spectacle lenses were cleaned daily in dim light. The
left eyes were uncovered and served as controls. All optical interventions were removed on
postnatal day 52 [26–28].

Ocular biometry assessment
The refractive error of each eye was measured weekly using an automated infrared photorefractor (Image Source, Kirkland, WA). By using optical low coherence interferometer (OLCI),
AC Master (Carl-Zeiss Meditec, Oberkochen, Germany), the biometry of the eye was measured in vivo [29, 30] at days, 24, 31, 38, 45 and 52 after induction of myopia. Differences of
refractive power, axial length, corneal thickness, anterior chamber depth, lens thickness and
vitreous chamber depth between treated and control eyes were calculated.

Validation gene expression in mouse eye tissues
Total RNA was isolated from single cryogenically ground WT mouse retina and sclera (n = 12
eyes from myopic, control and naïve group; conducted in 2 batches; n = 6 samples from each
group from each batch) using RNeasy Mini kit (Qiagen, Germany). The concentration and
quality of RNA was determined by absorbance at 260 nm and the absorbance ratio of 260/280
using the Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies, Wilmington,
DE). Subsequently, the isolated RNA was reverse-transcribed into sense cDNA using a T7-N6
primer, labelled with biotin using a Genechip Whole Transcript Sense Target Labeling Assay
(Affymetrix, Inc., Santa Clara, CA) and hybridized to a Mouse Gene 1.0 ST Array (Affymetrix,
Inc.) using the Genechip Hybridzation Kit (Affymetrix, Inc.). The microarray chips were then
stained using a Genechip Hybridzation, Wash and Stain Kit (Affymetrix, Inc.) and scanned
using a Genechip Scanner 3000 7G (Affymetrix, Inc.).

Statistical analysis
Characteristics between the myopic children and controls were compared using the Wilcoxon
rank sum test for continuous variables and Fisher’s exact test for categorical variables.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214791 May 17, 2019

4 / 14

Epigenetics and early-onset myopia

Multivariable linear regression models were used to assess any association between myopia
onset status in 3 year old children (binary variable) and genome-wide, CpG site-specific DNA
methylation of umbilical cord tissues at birth, adjusting for sex, ethnicity (Chinese, Malay and
Indian), gestational age (continuous value in weeks), the first two principal components of
hematocyte proportion, and bisulfite conversion plate batch effects (dummy values). We also
used continuous SER and adjusted for parental smoking as well as parental myopic refractive
status as a potential confounder in the sensitivity analysis. The resulting p-values were corrected for multiple testing using the Benjamini and Hochberg[31] method and were considered genome-wide significant with a false discovery rate (FDR) < 0.05. A Bonferronicorrected p-value for the multiple testing of all 160,418 CpGs was also used as a threshold for
significance; the corrected p-value was 0.05/160,418 = 3.10 × 10−7. Due to the high correlation
between right and left eyes, we used the average SER from both eyes (Spearman rho: 0.88).
All statistical tests were two-sided and p < 0.05 was considered statistically significant. All
data analysis and statistical tests were conducted in R version 3.0 and above (www.r-project.
org) and STATA (StataCorp. 2009. Stata Statistical Software: Release 11. College Station, TX:
StataCorp LP.).

Results
Out of the 1,236 recruited participants, 925 children (74.8%) attended a clinical follow-up visit
on the third year. Cycloplegic refraction were measured in 574 children (46.3%) respectively
[32]. A total of 519 children with both umbilical cord methylation profiles and cycloplegic
refraction measurements were included in this epigenome-wide association study (EWAS)
study. Following the removal of CpG sites that cross-hybridized, overlapped with SNPs, or
demonstrated a methylation range across the study subjects of less than 10%, the total number
of CpG sites that remained for further analysis was 160,418[33, 34].
There were 29 myopic cases (SER < -0.5D) and 490 non-myopic controls (S1 Table). SER
data was available for all 519 children at 3 years of age, of which 258 were males and 261 were
females. There were 295 (56.8%) Chinese, 71 (26.6%) Malay and 42 (16.6%) Indian participants. The mean gestational age was 38.1 weeks (standard deviation (SD) = 1.4). The mean
SER for all subjects was 0.90D (SD = 1.01D) with a range of -7.25D to 4.01D.
After adjusting for sex, ethnicity, gestational age, cellular composition and bisulfite conversion plate batch effects, we found five CpG probes (cg21880079, cg14066632, cg03155767,
cg17154092, cg26299044) whose mean methylation levels were statistically significantly different between cases and controls (p-values < 3.10×10−7). All five probes passed 5% FDR, of
which three CpG probes passed Bonferroni correction (Table 1, Fig 1). The distribution of
observed p-values for each CpG site followed the expected distribution for most of the CpGs
(S1 Fig). All five detected CpG probes were significantly hypomethylated among the 3-year old
myopia cases compared to controls (Fig 2). Using continuous SER measures and adjusting for
parental myopic refractive status as well as parental smoking status did not change the results
(S2–S4 Tables).
To assess whether the four genes identified at or near statistically significant CpG probes
(ARL1, FGB, PQLC1, KRT12) were expressed in myopia-relevant ocular tissues, gene expression
data from human fetal and adult ocular tissues were examined. The ARL1 gene was expressed
in adult retina (p = 1.0×10−15), RPE (p = 0.0037), sclera (p = 0.0004), optic nerve (p = 0.0002)
and cornea tissue (p = 1.0×10−15), and fetal retina/RPE (p = 1.0×10−15), choroid (p = 1.0×10−15),
sclera (p = 1.0×10−15), optic nerve (p = 1.0×10−15) and cornea tissue (p = 1.0×10−15). KRT12 was
found in adult (p = 1.0×10−15) and fetal cornea (p = 1.0×10−15) tissue. PQLC1 gene expression
was found in adult (p = 0.0037) and fetal retina/RPE (p = 1.0×10−15), sclera (p = 1.0×10−15),
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Table 1. Significant CpGs that are different between myopic cases and controls at a 5% FDR.
CpG

Chr

Estimate (95% CI)a

P-valueb

Nearest gene

Gene location

FDR

cg21880079

8p23

-3.06 (-4.20, -1.93)

1.70 × 10–7

-

Intergenic

0.019

cg14066632

12q23.2

-3.54 (-4.87, -2.21)

2.53 × 10–7

ARL1

Intergenic

0.019

cg03155767

4q31.3

-2.40 (-3.32, -1.49)

3.62 × 10–7

FGB

3’ UTR (exon 8 of 8)

0.019

cg17154092

18q23

-4.49 (-6.27, -2.72)

8.88 × 10–7

PQLC1

intron (intron 3 of 3)

0.036

cg26299044

17q21.2

-2.81 (-3.93, -1.69)

1.15 × 10–6

KRT12

intron (intron 2 of 7)

0.037

Abbreviations: Chr, chromosome; IQR, inter-quartile range; CI, confidence interval; FDR, false discovery rate
Regression coefficients (Estimate) are reported as percentage methylation change in case group.

a

b

P-value was obtained from linear regression of myopia (case and control) and methylation at each CpG site, adjusted for sex, gestational age, ethnicity, bisulfite

conversion batch and cellular proportions.
https://doi.org/10.1371/journal.pone.0214791.t001

choroid (p = 1.0×10−15), optic nerve (p = 1.0×10−15) and cornea tissue (p = 0.0002). However,
FGB was not found to be expressed in any human eye tissues.
Furthermore, we evaluated the four genes for expression in a myopic animal model. We
found that PQLC1 (p = 1.50×10−1), KRT12 (p = 1.99×10−1) and FGB (p = 3.60×10−7) gave an
expression signal in the mouse sclera, but not in mouse retina. However, only the FGB expression signal in the mouse sclera was statistically significant.

Fig 1. Manhattan plot of the EWAS results on umbilical cord methylation profiles. Each point represents a CpG site (n = 160,419)
with the chromosomal position along the x-axis and the negative logarithm of the associated p value on the y-axis. The solid blue
horizontal line indicates FDR at 5%, which was 1.30 × 10−6 in this study. The results were from linear regression of methylation on casecontrol groups adjusted by covariates including child gender, ethnicity, cell types, bisulfite conversion batch and gestational age. Data
showed there were 5 CpGs above the line of FDR corrected p-value after adjusting by covariates.
https://doi.org/10.1371/journal.pone.0214791.g001
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Fig 2. Methylation profiles of the significant CpG sites for myopic cases and controls.
https://doi.org/10.1371/journal.pone.0214791.g002

Discussion
To our knowledge, this is the first epigenome-wide association study of early-onset myopia
among children. We have identified statistically significant differential methylation at five
CpG sites that associate with early-onset myopia. The genomic loci for these CpG sites are an
intergenic region on 8p23, a region near the ARL1 gene on 12q23.2, and regions within the
FGR, PQLC1 and KRT12 genes. Our microarray data also shows that three of these genes are
expressed in human fetal eye tissues (ARL1, KRT12, and PQLC1), of which two (PQLC1 and
KRT12) are also expressed in a mouse model of myopia, leading to the hypothesis that these
CpG sites may be biologically relevant. All five CpG sites showed a reduction in methylation
among myopic children versus non-myopic children, which may correlate with gene expression alterations and lead to a higher likelihood of developing myopia in early childhood.
A considerable amount of research has been conducted on the molecular determinants of
myopia. GWAS studies of refractive error involving large consortia, such as the 23andMe and
CREAM groups, have identified more than 100 gene loci with a high degree of concordance
between studies[35]. A number of associating SNPs have been located within or near genes
known to be related with eye and neuronal development and signalling, the retinal visual cycle
of the retina and general eye structure. However, these loci together explain only a small percentage of the observed variation in refractive error (2.3% in a study of children)[36]. Animal
models of myopia using retinal gene profiling have also identified a large number of genes that
may control eye growth[37]. However, there have been very few studies investigating whether
epigenetic changes may be involved in the development of myopic disease. Interestingly, a
study by Zhou et al.[16] found that in a monocular form deprivation-induced mouse model of
myopia, eyes with refractive error showed a higher frequency of scleral DNA methylation at
the COL1A1 promoter and a reduced level of COL1A1 mRNA[16]. This study, which focused
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specifically on the COL1A1 gene, suggested that myopia could be caused by an inhibition of
scleral collagen production.
In our genome-wide association study of CpG methylation and early-onset myopia, we
have identified epigenetic variation at five CpG sites at or near four gene loci that significantly
associate with early-onset myopia. These genes (ARL1, KRT12, PQLC1 and FGB) are known to
be involved in membrane transport, as well as corneal epithelium development[38, 39]. Previous studies have reported mRNA expression of ARL1, KRT12, PQLC1 and FGB genes in the
brain, cortex and cerebellum30. Consistent with earlier findings, previously identified genes
related to myopia were also located within or near genes associated with the brain, neuronal
development and signalling28. It has previously been proposed that the development of myopic
eye growth is initiated by a visually evoked signalling cascade starting from the sensory retina,
passing through the RPE and choroid, and ending with altered scleral physiology, where extracellular matrix remodelling such as thinning and stretching results in the elongation of the
eye31.
The most significant CpG site, cg21880079, which is differentially methylated between
myopic cases and controls is located in an intergenic region of chromosome 8p23. Interestingly, 8p23 is a known myopia locus (MYP10) that was previously reported in two familybased association studies[40, 41] and has also been associated with high myopia in the French
population[42]. The high myopia association is particularly interesting, as early-onset of myopia in children has been shown to be the most important predictor of high myopia in later
childhood[3]. CpG site cg21880079 is also located within exon 3 of the long intergenic noncoding RNA (lincRNA) ENST00000524073, however its function is currently unknown.
The second CpG site, cg14066632, is located 4kb upstream of the ARL1 gene on chromosome 12, which encodes a protein important for the normal function of the Golgi apparatus30.
Similar to PQLC1, ARL1 is also significantly expressed in adult and fetal eye tissues. Given the
proximity of this CpG site to the gene, it is likely that it is located close to the promoter of
ARL1, hence any change of methylation in this region could lead to differential regulation of
the expression of ARL1, given that methylation may affect the binding of transcription factors
in promoter regions.
The third CpG site, cg03155767, is located within the 3’ UTR of the FGB (Fibrinogen Beta
Chain) gene on chromosome 4, which encodes for the beta component of fibrinogen. The
methylation site is located in close proximity to the stop codon located within the last exon.
Mutations in this gene have been linked to several disorders, including afibrinogenemia, dysfibrinogenemia and hypodysfibrinogenemia[43, 44]. FGB has a major function in hemostasis
and could also facilitate the antibacterial immune response via both innate and T-cell mediated
pathways[45, 46]. However, its ocular functions and possible contribution to the pathogenesis
of myopia are unclear.
The fourth significantly associating CpG site, cg17154092, is located in an intronic region
of the PQLC1 (PQ Loop Repeat Containing 1) gene. PQLC1 is a protein-coding gene, which
maps to chromosome 18. Members of this gene family are membrane bound proteins that are
likely to function as membrane transporters of cysteine, cationic amino acids, lysine and/or
arginine across the lysosomal membrane in order to maintain acidic homeostasis35. Intriguingly, the CREAM consortium previously identified a number of genes implicated in ion transport, such as KCNQ5 and KCNJ2 that are involved in transporting potassium ions36.
Furthermore, our study detected significant levels of PQLC1 gene expression in adult and fetal
eye tissues. Therefore, PQLC1 could participate in transporting ions across ion channels in the
photoreceptors associated with myopia.
The fifth, significantly hypomethylated, CpG site is cg26299044, which is located in an
intronic region of the KRT12 gene on chromosome 17. KRT12 encodes the type I intermediate
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filament chain keratin 12, expressed in corneal epithelia. Mutations in this gene are known to
cause corneal dystrophy. During embryonic development, KRT12 is expressed in corneal peridermal epithelium, and increases in expression as the corneal epithelium matures during
development37. Both detected CpG sites of PQLC1 and KRT12, which were found to be significantly expressed in fetal and adult cornea and sclera tissues in both human and mouse, are
located in the intron regions of these two genes. Hypomethylation of introns has been consistently shown to be correlated with higher levels of gene expression across tissues and species
[47, 48]. Therefore, hypomethylation of intronic CpG sites might lead to increased gene
expression of PQLC1 and KRT12 in the myopic cases. Scleral changes are one of the primary
determinants of eye size and consequently, refractive status of the eye. Further studies can be
done to investigate if the hypomethylation of these CpG sites are correlated with changes in
cornea convexity and myopia.
A limitation of this study is that fetal cord cells were obtained from the umbilical cord at
birth, while the cycloplegic refraction (major phenotype) was performed at 3 years of age. Tissue specific DNA methylation is an important issue in EWAS, but due to the difficulty in
obtaining tissues from eyes, especially for large cohort studies, we could only use surrogate tissue. We postulate that the biological changes seen in early-onset myopia in very young children are already reflected in umbilical cord tissue at birth. However, we recognise that DNA
methylation in umbilical cord tissue might not necessarily extrapolate to the tissues of interest
such as the eye or the brain. However, if the objective is to identify a biomarker for disease
risk, then development of such assays has clear clinical applications. Epigenetic studies on neurodevelopment have found that in utero DNA methylation changes can be used to predict various future outcomes in human studies[49–52]. Therefore, DNA methylation changes in the
umbilical cord tissue may also predict phenotypic outcomes in the eye. We understand that
there is a need to construe the results with caution to prevent over-interpretation, hence further large-scale epigenetic studies to examine how these markers progress with time and correlate with myopia, as well as how umbilical cord tissue methylation correlates with human eye
methylation are warranted.
Confounding by cellular heterogeneity is a concern for DNA methylation data analyses.
Cord tissue is heterogeneous in its cellular content and consists of stromal, epithelial and
endothelial cells. Different cell types have distinct methylation profiles and differences between
cord methylation and eye methylation profiles are not well documented. To combat the issue
of cellular heterogeneity, we used cell type reference set analyses, though residual confounding
effects can still persist. Availability of better cell type reference sets developed by cell fractionation of cord tissue will help alleviate this limitation in future. Further epigenetic studies at
older age groups can be done to study how these markers progress with time and correlate
with myopia. We studied the expression of these epigenetically modified gene loci in adults as
well as fetal human eyes, however these were not myopic conditions. The small sample size
resulted in a small number of cases in the case-control analyses, however our results were statistically significant after adjusting for multiple comparisons.
To our knowledge, there are no other studies associating in-utero epigenetic factors with
early-onset myopia in young children. This work capitalizes on a unique opportunity to assess
the epigenome in a well-characterized early-onset myopic cohort. Early environmental exposures such as stress, or environmental light[53], could have an effect similar to air pollution
[54], cigarette smoking[55] or other environmental factor influencing the epigenome in other
diseases. Another major strength of this study is the prospective study design, where methylation was measured before the development of myopia and therefore eliminating the effects of
disease bias and reverse causation.
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In summary, we identified an association between early-onset myopia and variation in the
epigenome. Replication of these findings in other population studies as well as their longitudinal follow-up from birth to onset of myopia will help strengthen and advance these findings.

Supporting information
S1 Table. Characteristics of study population in EWAS myopia case-control study.
(DOCX)
S2 Table. Significant CpGs that are different between myopic cases and controls using continuous SER measures.
(DOCX)
S3 Table. Significant CpGs that are significant different between cases and controls,
adjusting for parental myopic status.
(DOCX)
S4 Table. Significant CpGs that are different between myopic cases and controls at a 5%
FDR, adjusting for maternal smoking status.
(DOCX)
S1 Fig. Q-Q plot for p-values from EWAS on umbilical cord methylation profiles from
case-control comparisons.
(DOCX)

Acknowledgments
This work was supported by the Singapore National Research Foundation under its Translational and Clinical Research (TCR) Flagship Programme and administered by the Singapore
Ministry of Health’s National Medical Research Council (NMRC), Singapore- NMRC/TCR/
004-NUS/2008; NMRC/TCR/012-NUHS/2014; NMRC/CNIG/1088/2012; NMRC Centre
Grants NMRC/CG/SERI/2013. Additional funding is provided by the Singapore Institute for
Clinical Sciences, Agency for Science Technology and Research (A� STAR), Singapore,
National Institutes of Health/ National Eye Institute (NIH/ NEI) 1R01EY018246-01, NIH/
NEI R01 EY014685, an unrestricted grant by Research to Prevent Blindness, Inc. to the University of Wisconsin Department of Ophthalmology and Visual Sciences, the University of
Wisconsin Centennial Scholar Funds, and the National Institutes of Health/ National Eye
Institute R01 EY014685.

Author Contributions
Conceptualization: Yap-Seng Chong, Seang Mei Saw.
Data curation: Hong Pan, Neerja Karnani.
Formal analysis: Hong Pan, Veluchamy Amutha Barathi, Stuart W. Tompson, Suh-Hang H.
Juo, Terri L. Young.
Funding acquisition: Yap-Seng Chong, Seang Mei Saw.
Investigation: Seang Mei Saw.
Methodology: Veluchamy Amutha Barathi, Neerja Karnani.
Project administration: Seang Mei Saw.
Resources: Seang Mei Saw.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214791 May 17, 2019

10 / 14

Epigenetics and early-onset myopia

Supervision: Seang Mei Saw.
Writing – original draft: Wei Jie Seow, Cheryl S. Ngo.
Writing – review & editing: Wei Jie Seow, Cheryl S. Ngo, Veluchamy Amutha Barathi, Stuart
W. Tompson, Kristina N. Whisenhunt, Eranga Vithana, Yap-Seng Chong, Suh-Hang H.
Juo, Pirro Hysi, Terri L. Young, Neerja Karnani, Seang Mei Saw.

References
1.

Lin LL, Shih YF, Hsiao CK, Chen CJ. Prevalence of myopia in Taiwanese schoolchildren: 1983 to 2000.
Annals of the Academy of Medicine, Singapore. 2004; 33(1):27–33. Epub 2004/03/11. PMID:
15008558.

2.

He M, Zeng J, Liu Y, Xu J, Pokharel GP, Ellwein LB. Refractive error and visual impairment in urban children in southern china. Investigative ophthalmology & visual science. 2004; 45(3):793–9. Epub 2004/
02/27. PMID: 14985292.

3.

Chua SY, Sabanayagam C, Cheung YB, Chia A, Valenzuela RK, Tan D, et al. Age of onset of myopia
predicts risk of high myopia in later childhood in myopic Singapore children. Ophthalmic Physiol Opt.
2016; 36(4):388–94. https://doi.org/10.1111/opo.12305 PMID: 27350183.

4.

Vongphanit J, Mitchell P, Wang JJ. Prevalence and progression of myopic retinopathy in an older population. Ophthalmology. 2002; 109(4):704–11. Epub 2002/04/03. PMID: 11927427.

5.

Saw SM, Gazzard G, Shih-Yen EC, Chua WH. Myopia and associated pathological complications. Ophthalmic & physiological optics: the journal of the British College of Ophthalmic Opticians (Optometrists).
2005; 25(5):381–91. Epub 2005/08/17. https://doi.org/10.1111/j.1475-1313.2005.00298.x PMID:
16101943.

6.

Chang L, Pan CW, Ohno-Matsui K, Lin X, Cheung GC, Gazzard G, et al. Myopia-related fundus
changes in Singapore adults with high myopia. American journal of ophthalmology. 2013; 155(6):991–
9.e1. Epub 2013/03/19. https://doi.org/10.1016/j.ajo.2013.01.016 PMID: 23499368.

7.

French AN, Morgan IG, Mitchell P, Rose KA. Risk factors for incident myopia in Australian schoolchildren: the Sydney adolescent vascular and eye study. Ophthalmology. 2013; 120(10):2100–8. Epub
2013/05/16. https://doi.org/10.1016/j.ophtha.2013.02.035 PMID: 23672971.

8.

Ip JM, Saw SM, Rose KA, Morgan IG, Kifley A, Wang JJ, et al. Role of near work in myopia: findings in a
sample of Australian school children. Investigative ophthalmology & visual science. 2008; 49(7):2903–
10. Epub 2008/06/27. https://doi.org/10.1167/iovs.07-0804 PMID: 18579757.

9.

Dirani M, Tong L, Gazzard G, Zhang X, Chia A, Young TL, et al. Outdoor activity and myopia in Singapore teenage children. The British journal of ophthalmology. 2009; 93(8):997–1000. Epub 2009/02/13.
https://doi.org/10.1136/bjo.2008.150979 PMID: 19211608.

10.

Sherwin JC, Reacher MH, Keogh RH, Khawaja AP, Mackey DA, Foster PJ. The association between
time spent outdoors and myopia in children and adolescents: a systematic review and meta-analysis.
Ophthalmology. 2012; 119(10):2141–51. Epub 2012/07/20. https://doi.org/10.1016/j.ophtha.2012.04.
020 PMID: 22809757.

11.

Mutti DO, Mitchell GL, Moeschberger ML, Jones LA, Zadnik K. Parental myopia, near work, school
achievement, and children’s refractive error. Investigative ophthalmology & visual science. 2002; 43
(12):3633–40. Epub 2002/11/28. PMID: 12454029.

12.

Guggenheim JA, McMahon G, Northstone K, Mandel Y, Kaiserman I, Stone RA, et al. Birth order and
myopia. Ophthalmic epidemiology. 2013; 20(6):375–84. Epub 2013/10/31. https://doi.org/10.3109/
09286586.2013.848457 PMID: 24168726; PubMed Central PMCID: PMCPmc3833053.

13.

Verhoeven VJ, Hysi PG, Wojciechowski R, Fan Q, Guggenheim JA, Hohn R, et al. Genome-wide metaanalyses of multiancestry cohorts identify multiple new susceptibility loci for refractive error and myopia.
Nature genetics. 2013; 45(3):314–8. Epub 2013/02/12. https://doi.org/10.1038/ng.2554 PMID:
23396134; PubMed Central PMCID: PMCPmc3740568.

14.

Verhoeven VJ, Hysi PG, Wojciechowski R, Fan Q, Guggenheim JA, Hohn R, et al. Genome-wide metaanalyses of multiancestry cohorts identify multiple new susceptibility loci for refractive error and myopia.
Nat Genet. 2013; 45(3):314–8. https://doi.org/10.1038/ng.2554 PMID: 23396134; PubMed Central
PMCID: PMCPMC3740568.

15.

Mazzio EA, Soliman KF. Basic concepts of epigenetics: impact of environmental signals on gene
expression. Epigenetics. 2012; 7(2):119–30. https://doi.org/10.4161/epi.7.2.18764 PMID: 22395460;
PubMed Central PMCID: PMCPMC3335905.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214791 May 17, 2019

11 / 14

Epigenetics and early-onset myopia

16.

Zhou X, Ji F, An J, Zhao F, Shi F, Huang F, et al. Experimental murine myopia induces collagen type
Iα1 (COL1A1) DNA methylation and altered COL1A1 messenger RNA expression in sclera. Mol Vis.
2012; 18:1312–24. Epub 2012/05/30. PMID: 22690110; PubMed Central PMCID: PMCPMC3369898.

17.

Soh SE, Tint MT, Gluckman PD, Godfrey KM, Rifkin-Graboi A, Chan YH, et al. Cohort profile: Growing
Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort study. Int J Epidemiol. 2014; 43
(5):1401–9. Epub 2013/08/06. https://doi.org/10.1093/ije/dyt125 PMID: 23912809.

18.

Dedeurwaerder S, Defrance M, Calonne E, Denis H, Sotiriou C, Fuks F. Evaluation of the Infinium Methylation 450K technology. Epigenomics. 2011; 3(6):771–84. Epub 2011/12/01. https://doi.org/10.2217/
epi.11.105 PMID: 22126295.

19.

Pan H, Chen L, Dogra S, Teh AL, Tan JH, Lim YI, et al. Measuring the methylome in clinical samples:
improved processing of the Infinium Human Methylation450 BeadChip Array. Epigenetics. 2012; 7
(10):1173–87. https://doi.org/10.4161/epi.22102 PMID: 22964528; PubMed Central PMCID:
PMC3469459.

20.

Down TA, Rakyan VK, Turner DJ, Flicek P, Li H, Kulesha E, et al. A Bayesian deconvolution strategy for
immunoprecipitation-based DNA methylome analysis. Nat Biotechnol. 2008; 26(7):779–85. Epub 2008/
07/10. nbt1414 [pii] https://doi.org/10.1038/nbt1414 PMID: 18612301.

21.

Houseman EA, Molitor J, Marsit CJ. Reference-free cell mixture adjustments in analysis of DNA methylation data. Bioinformatics. 2014; 30(10):1431–9. https://doi.org/10.1093/bioinformatics/btu029 PMID:
24451622; PubMed Central PMCID: PMC4016702.

22.

Gutierrez-Arcelus M, Lappalainen T, Montgomery SB, Buil A, Ongen H, Yurovsky A, et al. Passive and
active DNA methylation and the interplay with genetic variation in gene regulation. Elife. 2013; 2:
e00523. Epub 2013/06/12. https://doi.org/10.7554/eLife.00523 PMID: 23755361.

23.

Young TL, Hawthorne F, Feng S, Luo X, St Germain E, Wang M, et al. Whole genome expression profiling of normal human fetal and adult ocular tissues. Exp Eye Res. 2013; 116:265–78. https://doi.org/10.
1016/j.exer.2013.08.009 PMID: 24016867; PubMed Central PMCID: PMCPMC3875233.

24.

Hotelling H. The generalization of student’s ratio. Ann Math Statist 1931; 2:360–78.

25.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, et al. Exploration, normalization, and summaries of high density oligonucleotide array probe level data. Biostatistics. 2003; 4
(2):249–64. https://doi.org/10.1093/biostatistics/4.2.249 PMID: 12925520.

26.

Barathi VA, Kwan JL, Tan QS, Weon SR, Seet LF, Goh LK, et al. Muscarinic cholinergic receptor (M2)
plays a crucial role in the development of myopia in mice. Dis Model Mech. 2013; 6(5):1146–58. Epub
2013/05/08. https://doi.org/10.1242/dmm.010967 PMID: 23649821; PubMed Central PMCID:
PMCPMC3759334.

27.

Barathi VA, Boopathi VG, Yap EP, Beuerman RW. Two models of experimental myopia in the mouse.
Vision Res. 2008; 48(7):904–16. Epub 2008/02/22. https://doi.org/10.1016/j.visres.2008.01.004 PMID:
18289630.

28.

Barathi VA, Beuerman RW. Molecular mechanisms of muscarinic receptors in mouse scleral fibroblasts: Prior to and after induction of experimental myopia with atropine treatment. Mol Vis. 2011;
17:680–92. Epub 2011/03/16. PMID: 21403852; PubMed Central PMCID: PMCPMC3056126.

29.

Schmucker C, Schaeffel F. A paraxial schematic eye model for the growing C57BL/6 mouse. Vision
Res. 2004; 44(16):1857–67. Epub 2004/05/18. https://doi.org/10.1016/j.visres.2004.03.011 PMID:
15145680.

30.

Barathi VA, Weon SR, Beuerman RW. Expression of muscarinic receptors in human and mouse sclera
and their role in the regulation of scleral fibroblasts proliferation. Mol Vis. 2009; 15:1277–93. Epub
2009/07/07. PMID: 19578554; PubMed Central PMCID: PMCPMC2704914.

31.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. Journal of the Royal Statistical Society Series B (Methodological). 1995; 57(1):289–
300.

32.

Chua SY, Ikram MK, Tan CS, Lee YS, Ni Y, Shirong C, et al. Relative Contribution of Risk Factors for
Early-Onset Myopia in Young Asian Children. Invest Ophthalmol Vis Sci. 2015; 56(13):8101–7. https://
doi.org/10.1167/iovs.15-16577 PMID: 26720462.

33.

Chen YA, Lemire M, Choufani S, Butcher DT, Grafodatskaya D, Zanke BW, et al. Discovery of crossreactive probes and polymorphic CpGs in the Illumina Infinium HumanMethylation450 microarray. Epigenetics. 2013; 8(2):203–9. Epub 2013/01/15. https://doi.org/10.4161/epi.23470 PMID: 23314698;
PubMed Central PMCID: PMC3592906.

34.

Price ME, Cotton AM, Lam LL, Farre P, Emberly E, Brown CJ, et al. Additional annotation enhances
potential for biologically-relevant analysis of the Illumina Infinium HumanMethylation450 BeadChip
array. Epigenetics & chromatin. 2013; 6(1):4. https://doi.org/10.1186/1756-8935-6-4 PMID: 23452981;
PubMed Central PMCID: PMC3740789.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214791 May 17, 2019

12 / 14

Epigenetics and early-onset myopia

35.

Wojciechowski R, Hysi PG. Focusing in on the complex genetics of myopia. PLoS Genet. 2013; 9(4):
e1003442. Epub 2013/04/04. https://doi.org/10.1371/journal.pgen.1003442 PMID: 23593034; PubMed
Central PMCID: PMCPMC3617090.

36.

Fan Q, Guo X, Tideman JW, Williams KM, Yazar S, Hosseini SM, et al. Childhood gene-environment
interactions and age-dependent effects of genetic variants associated with refractive error and myopia:
The CREAM Consortium. Sci Rep. 2016; 6:25853. https://doi.org/10.1038/srep25853 PMID:
27174397; PubMed Central PMCID: PMCPMC4865831.

37.

Murphy M, Crewther S, Kiely S, Riddell N, Giummarra L, Crewther D. Anti-Diuretic Hormone ArginineVasopressin Promotes an Increased Myopic Shift in Refractive Compensation to Optical Defocus in
Physiologically Stressful Environmental Light Conditions. Investigative Ophthalmology & Visual Science 2013; 54(15):5183.

38.

Sullivan LS, Baylin EB, Font R, Daiger SP, Pepose JS, Clinch TE, et al. A novel mutation of the Keratin
12 gene responsible for a severe phenotype of Meesmann’s corneal dystrophy. Mol Vis. 2007; 13:975–
80. PMID: 17653038; PubMed Central PMCID: PMCPMC2774455.

39.

Jezegou A, Llinares E, Anne C, Kieffer-Jaquinod S, O’Regan S, Aupetit J, et al. Heptahelical protein
PQLC2 is a lysosomal cationic amino acid exporter underlying the action of cysteamine in cystinosis
therapy. Proc Natl Acad Sci U S A. 2012; 109(50):E3434–43. https://doi.org/10.1073/pnas.1211198109
PMID: 23169667; PubMed Central PMCID: PMCPMC3528584.

40.

Hammond CJ, Andrew T, Mak YT, Spector TD. A susceptibility locus for myopia in the normal population is linked to the PAX6 gene region on chromosome 11: a genomewide scan of dizygotic twins. Am J
Hum Genet. 2004; 75(2):294–304. https://doi.org/10.1086/423148 PMID: 15307048; PubMed Central
PMCID: PMCPMC1216063.

41.

Stambolian D, Ciner EB, Reider LC, Moy C, Dana D, Owens R, et al. Genome-wide scan for myopia in
the Old Order Amish. Am J Ophthalmol. 2005; 140(3):469–76. https://doi.org/10.1016/j.ajo.2005.04.
014 PMID: 16084785.

42.

Meng W, Butterworth J, Bradley DT, Hughes AE, Soler V, Calvas P, et al. A genome-wide association
study provides evidence for association of chromosome 8p23 (MYP10) and 10q21.1 (MYP15) with high
myopia in the French Population. Invest Ophthalmol Vis Sci. 2012; 53(13):7983–8. https://doi.org/10.
1167/iovs.12-10409 PMID: 23049088.

43.

Duga S, Asselta R, Santagostino E, Zeinali S, Simonic T, Malcovati M, et al. Missense mutations in the
human beta fibrinogen gene cause congenital afibrinogenemia by impairing fibrinogen secretion. Blood.
2000; 95(4):1336–41. PMID: 10666208.

44.

Koopman J, Haverkate F, Lord ST, Grimbergen J, Mannucci PM. Molecular basis of fibrinogen Naples
associated with defective thrombin binding and thrombophilia. Homozygous substitution of B beta 68
Ala—-Thr. J Clin Invest. 1992; 90(1):238–44. https://doi.org/10.1172/JCI115841 PMID: 1634610;
PubMed Central PMCID: PMCPMC443086.

45.

Luo D, Lin JS, Parent MA, Mullarky-Kanevsky I, Szaba FM, Kummer LW, et al. Fibrin facilitates both
innate and T cell-mediated defense against Yersinia pestis. J Immunol. 2013; 190(8):4149–61. https://
doi.org/10.4049/jimmunol.1203253 PMID: 23487423; PubMed Central PMCID: PMCPMC3622124.

46.

Suh TT, Holmback K, Jensen NJ, Daugherty CC, Small K, Simon DI, et al. Resolution of spontaneous
bleeding events but failure of pregnancy in fibrinogen-deficient mice. Genes Dev. 1995; 9(16):2020–33.
PMID: 7649481.

47.

Anastasiadi D, Esteve-Codina A, Piferrer F. Consistent inverse correlation between DNA methylation of
the first intron and gene expression across tissues and species. Epigenetics Chromatin. 2018; 11(1):37.
Epub 2018/07/01. https://doi.org/10.1186/s13072-018-0205-1 PMID: 29958539; PubMed Central
PMCID: PMCPMC6025724.

48.

Kim D, Shivakumar M, Han S, Sinclair MS, Lee YJ, Zheng Y, et al. Population-dependent Intron Retention and DNA Methylation in Breast Cancer. Mol Cancer Res. 2018; 16(3):461–9. Epub 2018/01/14.
https://doi.org/10.1158/1541-7786.MCR-17-0227 PMID: 29330282; PubMed Central PMCID:
PMCPMC5835176.

49.

Ponsonby AL, Symeonides C, Vuillermin P, Mueller J, Sly PD, Saffery R. Epigenetic regulation of neurodevelopmental genes in response to in utero exposure to phthalate plastic chemicals: How can we
delineate causal effects? Neurotoxicology. 2016; 55:92–101. Epub 2016/05/18. https://doi.org/10.1016/
j.neuro.2016.05.011 PMID: 27208563.

50.

Turecki G, Meaney MJ. Effects of the Social Environment and Stress on Glucocorticoid Receptor Gene
Methylation: A Systematic Review. Biol Psychiatry. 2016; 79(2):87–96. Epub 2014/12/13. https://doi.
org/10.1016/j.biopsych.2014.11.022 PMID: 25687413; PubMed Central PMCID: PMCPMC4466091.

51.

Lo CL, Zhou FC. Environmental alterations of epigenetics prior to the birth. Int Rev Neurobiol. 2014;
115:1–49. https://doi.org/10.1016/B978-0-12-801311-3.00001-9 PMID: 25131541; PubMed Central
PMCID: PMCPMC4158947.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214791 May 17, 2019

13 / 14

Epigenetics and early-onset myopia

52.

Cardenas A, Houseman EA, Baccarelli AA, Quamruzzaman Q, Rahman M, Mostofa G, et al. In utero
arsenic exposure and epigenome-wide associations in placenta, umbilical artery, and human umbilical
vein endothelial cells. Epigenetics. 2015; 10(11):1054–63. https://doi.org/10.1080/15592294.2015.
1105424 PMID: 26646901; PubMed Central PMCID: PMCPMC4844206.

53.

Goldschmidt E, Jacobsen N. Genetic and environmental effects on myopia development and progression. Eye (Lond). 2014; 28(2):126–33. Epub 2013/12/20. https://doi.org/10.1038/eye.2013.254 PMID:
24357837; PubMed Central PMCID: PMCPMC3930266.

54.

Baccarelli A, Bollati V. Epigenetics and environmental chemicals. Curr Opin Pediatr. 2009; 21(2):243–
51. PMID: 19663042; PubMed Central PMCID: PMCPMC3035853.

55.

Su D, Wang X, Campbell MR, Porter DK, Pittman GS, Bennett BD, et al. Distinct Epigenetic Effects of
Tobacco Smoking in Whole Blood and among Leukocyte Subtypes. PLoS One. 2016; 11(12):
e0166486. Epub 2016/12/09. https://doi.org/10.1371/journal.pone.0166486 PMID: 27935972; PubMed
Central PMCID: PMCPMC5147832.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214791 May 17, 2019

14 / 14

