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Purroske. To study the relatively high effect of the refractive error gene GJ/D2 in human
myopia, and to assess its relationship with refractive error, ocular biometry and lifestyle
in various age groups.

MetHoDs. The population-based Rotterdam Study (RS), high myopia case-control study
MYopia STudy, and the birth-cohort study Generation R were included in this study.
Spherical equivalent (SER), axial length (AL), axial length/corneal radius (AL/CR), vitre-
ous depth (VD), and anterior chamber depth (ACD) were measured using standard
ophthalmologic procedures. Biometric measurements were compared between GJ/D2
(rs524952) genotype groups; education and environmental risk score (ERS) were calcu-
lated to estimate gene-environment interaction effects, using the Synergy index (SD).

Resurts. RS adults carrying two risk alleles had a lower SER and longer AL, ACD and VD
(AA versus TT, 0.23D vs. 0.70D; 23.79 mm vs. 23.52 mm; 2.72 mm vs. 2.65 mm; 16.12
mm vs. 15.87 mm; all P < 0.001). Children carrying two risk alleles had larger AL/CR at
ages 6 and 9 years (2.88 vs. 2.87 and 3.00 vs. 2.96; all P < 0.001). Education and ERS
both negatively influenced myopia and the biometric outcomes, but gene-environment
interactions did not reach statistical significance (SI 1.25 [95% confidence interval {CI},
0.85-1.85] and 1.17 [95% CI, 0.55-2.50] in adults and children).

Concrusions. The elongation of the eye caused by the GJD2 risk genotype follows a dose-
response pattern already visible at the age of 6 years. These early effects are an example
of how a common myopia gene may drive myopia.

Keywords: myopia, G/D2, biometry, refractive error, gene-environment
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yopia (near-sightedness) is an ocular condition caused

by a complex interplay between genetic and envi-
ronmental risk factors.! Over the past decade, genome-
wide association studies have revealed hundreds of common
genetic variants associated with refractive error and myopia
using large population based studies from the Consortium
for Refractive Error and Myopia and the UK Biobank.?~!!
Although the majority of these common variants are located
intergenically and annotated on the basis of physical
distance, they are expressed in a large range of ocular cell
types and are involved in biological key processes such as

Copyright 2021 The Authors
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light signaling, pigmentation, circadian rhythm, and extra-
cellular matrix remodeling.®*-!' One of the first established
common myopia risk variants is near GJD2, encoding the
gap junction protein connexin 36.%!? Single nucleotide poly-
morphisms (SNPs) annotated to this gene have one of the
highest effect sizes of common myopia genes in virtually
all genome-wide association studies studies.?>"!° The most
commonly identified top SNP adjacent to G/D2 is rs524952,
located 39 kb away from its 3" end on chromosome 15. This
variant has a high allele frequency (minor allele frequency
47.5%-49.1%) and a relative strong effect on spherical
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equivalent (SER) (Beta —0.06 to —0.29).4211 Although this
variant is not located exonically in G/D2, the associated SNP
is implicated to have a regulatory effect on GJ/D2.1'? Gap
junctions like GJD2 are responsible for transmission of small
molecules, ions, and second messengers between adjacent
cells and enable metabolic coupling of cells and chemical
communication.'3"1® GJD2 in particular has been implicated
in cell communication, cell-cell signaling, visual perception,
and transmembrane transport.l” Functional investigations in
animal and cellular studies are currently underway to gain
sight into the molecular role of GJD2 in causing myopia,
with the aim to find targets for intervention. Bearing that
in mind, detailed information on the effect of G/D2 on all
ocular components of refractive error is needed.

Although the association between GJ/D2 and SER and
axial length (AL) has been well established, little is known
about its effect on anterior chamber depth (ACD) and lens
thickness (LT), nor is it clear what the timing of the gene
effect is. We therefore studied the influence of this major
myopia gene on the entire ocular biometry in large studies
of adults, as well as children. We also assessed whether this
gene was susceptible for any interaction with environmental
factors such as education or lifestyle.

METHODS
Study Populations

This study included all study participants with available
GJD2 genotype and SER from adults of the Rotterdam
Study (RS-I, RS-II, and RS-III) and MYopia STudy (MYST),
and from children of the Generation R study. The Rotter-
dam Study is a long-running, prospective population-based
study conducted in city district Ommoord in Rotterdam, The
Netherlands. MYST is a cross-sectional clinic-based case-
control study that included highly myopic adult patients
(SER < —06D) and emmetropic controls. Generation R is a
population-based prospective cohort study of children who
were born between April 2002 and January 2006 in Rotter-
dam, The Netherlands. Detailed description and method-
ological background of these studies are available else-
where.'®=2! All measurements were collected after receiving
approval from the Medical Ethics Committee of the Erasmus
University Medical Center, and all participants provided writ-
ten informed consent in accordance with the Declaration of
Helsinki.

Ophthalmological and Genetic Data

Adult Population. All participants from the Rotter-
dam Study and MYST underwent extensive ophthalmo-
logical examinations, including SER and corneal radius
(CR) measured with the Topcon RM-A2000 Auto-Refractor
(Topcon Optical Company, Tokyo, Japan). Biometric
measurements including AL, corneal thickness (CT), ACD,
and LT were measured with Lenstar LS900 (Laméris Ootech,
Gelderland, The Netherlands). Three measurements of biom-
etry per eye were averaged to a mean value. Participants
with an AL greater than 30 mm were additionally measured
with the A-scan function of the PacScan 300 AP (Sonomed
Escalon, New Hyde Park, NY, USA) to guarantee accurate
measurements on the higher end of the axial length spec-
trum. In the Rotterdam Study, biometry measurements were
introduced at a later stage than refractive error and were
therefore available in a subgroup of participants. Partici-
pants with bilateral pseudophakia, aphakia, or refractive
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surgical procedures at baseline without knowledge of refrac-
tive error before surgery were excluded for analysis regard-
ing SER. Measurements of the two eyes were averaged; when
these were missing in one eye, the measurement of the other
eye was used. SER was calculated as the sum of the full
spherical value and half of the cylindrical value. Mild and
moderate myopia was defined as SER < —0.5D and high
myopia as SER < —6D, according to the recent International
Myopia Institute guidelines.?? Data on LT of pseudophakic
patients were excluded. Mean CR (in radius mm) was calcu-
lated as the sum of the mean values of keratometry readings
of vertical and horizontal corneal meridian (K1 and K2) per
eye divided by two. Vitreous depth (VD) was calculated by
subtracting CT, ACD, and LT from total AL.

Children Population. For the Generation R Study, we
included the research visits of the children aged six and nine
years. At both ages, automated cycloplegic refractive error
was measured using a Topcon KR8900 instrument (Topcon).
Two drops (three in case of dark irises) of cyclopentolate
(1%) with a five-minute interval were dispensed, and refrac-
tive error measurements were performed at least 30 minutes
thereafter when the pupil diameter was >6 mm. In chil-
dren at age six, automated cycloplegic refractive error was
measured in a subset of children with a visual acuity of >0.1
logarithm of the minimum angle of resolution (LogMAR)
in at least one eye, or in children with an ophthalmologic
history. Those with visual acuity of <0.1 LogMAR, no glasses,
and no ophthalmologic history were classified as nonmy-
opic.??% In children at age nine, automated cycloplegic
refractive error was measured in all children. Ocular biom-
etry was measured by a Zeiss IOL-master 500 (Carl Zeiss
Meditec, Jena, Germany) and included AL, ACD, K1, and K2.
Myopia was defined as SER < —0.5D in at least one eye.
Five measurements of AL per eye were averaged to mean AL.
Mean CR was calculated (CR) on the basis of three measure-
ments of CR (K1 and K2) per eye. The AL/CR was used as
a proxy for refractive error, because SER was not available
for all children. Mean AL/CR ratio was calculated by dividing
AL (mm) by CR (mm) for both eyes, divided by two. Further-
more, AL elongation (mm/year) was calculated by dividing
the difference in AL between measurements at age six and
age nine by the time in years. Mean AL elongation of two
eyes was used in the analyses. Finally, because LT was not
available in children, we calculated lens power in children
aged nine years and in the adults using the previously vali-
dated modified Stenstrom and Bennett-Rabbetts methods,
which uses spherical refraction, CR, ACD, and a customized
value of the c-constant (2.550 and 2.560, respectively) for
estimation ?5-20

Genetic Data

The GJD2 genotype was assessed according to the geno-
type of SNP rs524952 (TT, TA, AA) as described before.”*7-28
The A allele is the risk allele (A) associated with a more
negative refractive error; T is the reference allele. This SNP
was chosen for the current analyses, because it was most
frequently associated with refractive error and in complete
linkage disequilibrium (R? =1 and D' = 1) with the second
most identified SNP annotated to GJD2 (rs634990). Further-
more, analysis of other SNPs in high LD (R? > 0.4) that were
previously associated with refractive error showed the same
results (data not shown). Quality control procedures were
performed. This SNP did not deviate from Hardy-Weinberg
equilibrium (P < 107°) and its call rate was >0.05.
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Environmental Factors

In the adult population, we focused on education as an
environmental risk factor. Level of education was deter-
mined with a questionnaire using the United Nations
Educational, Scientific and Cultural Organization classifi-
cation for educational attainment.?? We distinguished four
levels of education: primary education, lower education
(lower/intermediate general education or lower vocational
education), intermediate education (intermediate vocational
education or higher general education), and higher educa-
tion (higher vocational education or university).

In the children population, we focused on the combined
exposures of outdoor time and near work. These exposures
were measured using a questionnaire filled in by the parents.
Outdoor exposure was calculated as the sum of time playing
outside and walking or cycling to and from school, and was
averaged per day. Number of books read per week (<1 or
>1 per week) and reading distance (in <30 cm or >30 cm)
was asked and dichotomized. For desktop computer use, the
question “How much time does your child use the computer
in the morning/afternoon/evening” was asked for weekdays
and weekend days separately. Total hours computer use per
week was computed as the sum of five times weekdays and
two times weekend days. To assess the combined effect of
environmental factors, we calculated an environmental risk
score (ERS) by performing a multivariate regression includ-
ing outdoor exposure, books per week, and reading distance
as described previously.>

Statistical Analysis

Differences in SER and ocular biometry between genotypes
in adults and children were compared using ANOVA or post-
hoc independent #-test for normally distributed data (CT,
LT, CR, and lens power), and Kruskal Wallis test or Mann
Whitney test for skewed data (SER, AL, AL/CR, ACD, and
VD). Because age and gender influence biometry in chil-
dren, we performed age- and gender-adjusted regression
analysis in this group as well. To assess whether the differ-
ent biometric components differed proportionally to total AL
between genotypes, biometric components were divided by
AL. To investigate whether refractive error or ocular biome-
try changed linearly with increasing number of risk alleles,
a linear trend test was performed. In the MYST case control
study, we performed logistic regression analysis, adjusted for
age, sex, and education to estimate the effect of G/D2 geno-
type. To assess the impact of the GJD2 genotype as a risk
factor for myopia in the adult population (RS and MYST), we
calculated odds ratios (OR) using logistic regression analy-
sis, adjusted for age and sex.

In the RS adults, the effect of education on the association
between GJD2 genotype and SER was determined using a
stratified analysis and linear regression analysis. In children,
we investigated the effect of the ERS in every GJ/D2 stratum
using ANOVA and linear regression analysis, adjusting for
age, sex and ethnicity. In addition we calculated the Synergy
Index (SI) and relative excess risk due to interaction (RERI),
adjusted for age and sex, as proposed by Rothman, where a
SI >1 or RERI >0 indicates a positive interaction.’!3?

For all analyses, P < 0.05 was considered statistically
significant. The IBM SPSS Statistics version 25 (IBM Corp.
Armonk, NY, USA) was used for the statistical analyses. We
used the epiR package of the R statistical software version
1.1.456 for calculation of the SI and RERI.
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Total eligible study population: n=17553

Rotterdam Study | 6835

Rotterdam Study Il 3011

Rotterdam Study Il 3932

MYST 1047
No genetic data available n=2297
Rotterdam Study | 546
Rotterdam Study Il 854

Genetic data available n= 12528 Rotterdam Study Ill 884

Rotterdam Study | 6289 MysT 13

Rotterdam Study Il 2157

Rotterdam Study Il 3048

MyST 1034 No SER available or history of CE n=984
Rotterdam Study | 504
Rotterdam Study Il 110
Rotterdam Study Il 88

SER and genetic data availablen=11634 MYST 192

Rotterdam Study | 5785

Rotterdam Study Il 2047

Rotterdam Study Il 2960

MYST 842

Ficure 1. Selection process of study participants for this study for

spherical equivalent (SER) analysis. CE, cataract extraction.

RESULTS

The selection process of adult participants included in
this analysis is shown in Figure 1. The final adult sample
consisted of 11,634 participants (RS1 n = 5785, RSIl n =
2047, RSIII n = 2930, and MYST n = 462 cases and n = 380
controls) (Fig. 1). In the adult RS study population, 42.5%
were male, and mean (SD) age was 64.8 (9.4) (Table 1).
Frequency of carrying zero, one, or two risk alleles was
27.3%, 49.5%, and 23.3%, respectively. Mean (SD) SER was
0.46 (2.60) D, and the prevalence of myopia and high myopia
was 25.1% and 2.2%, respectively. In the MYST population,
39.4% and 45.8% of cases and controls were male; mean
(SD) age was 45.9 (12.6) and 49.2 (12.5) years, respectively.
The mean (SD) SER was —10.4 (3.38) D in cases and —0.50
(1.77) D in controls. The children population consisted of
4132 children examined at baseline at six years (50.1% male,
mean [SD] age 6.18 [0.51]), and of 3133 children examined at
follow-up performed at nine years (49.5% male, mean [SD]
age 9.81 [0.38]) (Table 2). Frequency of carrying zero, one,
or two risk alleles was 26.2%, 50.7%, and 23.1%, respectively.
The prevalence of myopia was 2.2% and 11.6%, respectively
(Table 2).

Effect on Refractive Error and Biometry

RS adults carrying two risk alleles had a lower SER, longer
AL, longer ACD and longer VD (AA vs TT 0.23D vs 0.70D;
23.79 mm vs 23.52 mm; 2.72 mm vs 2.65 mm; 16.12 mm vs
15.87 mm; P = 4.33 x 10~7,P =1.10 x 1075, P = 4.85 x 10~*
and P = 5.30 x 107>, respectively) (Table 3). In heterozy-
gous carriers we observed a similar, but less strong effect in
comparison to those carrying two risk alleles (AT versus TT,
0.43D vs. 0.70D; 23.64 mm vs. 23.52 mm; 2.69 mm vs. 2.65
mm; 15.97 mm vs. 15.87 mm; P = 4.91 x 10°°, P = 1.61 x
1073, P = 0.022, and P = 0.005, respectively). AL was linearly
longer with increasing number of risk alleles (P = 6.67
x 1072). In MYST, carrying one GJD2 risk allele increased
the risk of being a high myopia case (OR 1.486 [95% CI,
1.083-2.039)). This risk was even higher when carrying two
risk alleles (OR 2.183 [95% CI, 1.516-3.143]) (Supplemental
Table S1).

In adults (RS and MYST taken together), the OR for
common myopia was 1.245 and 1.426 for heterozygous and
homozygous risk carriers, respectively (P = 2.71 x 107> and
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TasLe 2. Baseline Characteristics of the Children Study Population
Examination at 6 Years Examination at 9 Years

Genotype and myopia status known N 4132 N 3390
Risk allele (% A) 4132 48.5 3390 48.3

TT 1082 (26.2) 899 (26.5)

AT (one risk allele) 2094 (50.7) 1702 (50.2)

AA (two risk alleles) 956 (23.1) 789 (23.3)
Ethnicity (% European) 4132 3559 (86.1) 3390 2979 (87.9)
Gender (% male) 4132 2072 (50.1) 3390 1679 (49.5)
Age (y)

Mean (SD) 4132 6.2 (0.5) 3390 9.8 (0.3)

Range 4.8-9.0 8.5-12.0
Myopia (n (%yes)) 4132 92 (2.2) 3390 392 (11.6)
SER (D)

Mean (SD) — — 1453 0.72 (1.32)

Range —9.81 to 8.31
AL (mm)

Mean (SD) 3877 22.37 (0.75) 3284 23.11 (0.84)

Range 17.54-28.88 17.68-27.72
CR (radius mm)

Mean (SD) 3660 7.78 (0.26) 3278 7.79 (0.26)

Range 6.94-9.07 6.93-8.79
AL/CR

Mean (SD) 3824 2.87 (0.08) 3276 2.97 (0.10)

Range 2.38-3.90 2.40-3.53
ACD (mm)

Mean (SD) 3539 3.31 (0.32) 3218 3.57 (0.26)

Range 1.46-6.31 2.01-5.14
AL elongation (mm)

Mean (SD) — — 2894 0.41 (0.17)

Range 0-1.65
Lens power (D) mS

Mean (SD) — — 1339 23.33 (1.51)

Range 18.60-29.40
Lens power (D) BR

Mean (SD) — — 1278 23.35 (1.52)

Range 18.63-29.38

mS, modified Stenstrom; BR, Bennett-Rabbetts.

TaBLE 3. Biometric Measurements in the Three Different Genotype Groups in the Adult Rotterdam Study Population
GJD2 Genotype Homozygous Risk Heterozygous Homozygous Reference
(r$524952) Allele (AA) (N = 2511) (AT) (N = 5339) Allele (TT) (N = 2942) P Value
SER (D) 0.23 (2.09) 0.43 (2.59) 0.70 (2.57) 433 x 1077"
% Myopia 696 (27.7) 1363 (25.5) 648 (22.0) 5.0 x 10767
% High Myopia 61 (2.4) 125 (2.3) 48 (1.6) 0.0627
AL (mm) 23.79 (1.33) 23.64 (1.25) 23.52 (1.22) 1.10 x 107"
CR (radius mm) 7.74 (0.27) 7.74 (0.26) 7.73 (0.26) 0.595*
AL/CR 3.07 (0.16) 3.05 (0.16) 3.04 (0.15) 2.10 x 107"
CT (um) 548.64 (3.08) 548.71 (33.86) 550.17 (35.39) 0.452F
ACD (mm) 2.72 (0.46) 2.69 (0.45) 2.65 (0.42) 4.85 x 10~%"
LT (mm) 4.56 (0.41) 4.58 (0.41) 4.59 (0.41) 0.299*
VD (mm) 16.12 (1.23) 15.97 (1.10) 15.87 (1.22) 5.30 x 107"
Lens power mS (D) 19.60 (1.98) 19.62 (1.91) 19.66 (1.87) 0.790%
Lens power BR (D) 19.45 (1.96) 19.47 (1.89) 19.50 (1.85) 0.802*

mS, modified Stenstrom; BR, Bennett-Rabbetts.
" Calculated using Kruskal Wallis test.

* Calculated using x? test.

¥ Calculated using ANOVA test.

P = 3.99 x 107); for high myopia the OR was 1.300 and
1.654, respectively (P = 0.015 and P = 2.50 x 107>, respec-
tively).
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Values are shown as mean (SD). The number (N) is the total number with a certain genotype with available SER.

We were interested in the effect of G/D2 on the different
biometric components in relation to the enlarged AL. There-
fore we assessed proportional changes, that is, the ratio
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Tasie 4. Effect of GJD2 Genotype (rs524952) on Refractive Error and Biometric Measurements in the Children Population

Homozygous Homozygous Beta GJD2
Eye Risk Heterozygous Reference (rs524952)
Measurement Allele (AA) (AT) Allele (TT) Genotype* P Value
Age 6 N = 956 N = 2094 N = 1082
Myopia (% yes) 26 (2.7) 48 (2.3) 18 (1.7) 0.324 (0.28), 0.529 (0.3 0.235, 0.247
SER (D) — — — — —
AL (mm) 22.39 (0.75) 22.38 (0.76) 22.34 (0.73) 0.041 (0.016) 0.009
CR (radius mm) 7.77 (0.26) 7.78 (0.26) 7.78 (0.26) —0.001 (0.006) 0.897
AL/CR 2.88 (0.078) 2.88 (0.081) 2.87 (0.079) 0.006 (0.002) 3.11 x 1074
ACD (mm) 3.32(0.33) 3.31 (0.31) 3.31 (0.34) 0.008 (0.008) 0.305
Age 9 N =789 N = 1702 N =899
Myopia (%yes) 106 (13.4) 190 (11.2) 96 (10.7) 0.051 (0.13), 0.265 (0.150)" 0.698, 0.078
SER (D) 0.64 (1.4) 0.73 (1.3) 0.77 (1.3) —0.064 (0.050) 0.194
AL (mm) 23.16 (0.85) 23.12 (0.84) 23.08 (0.83) 0.054 (0.019) 0.005
CR (radius mm) 7.78 (0.26) 7.79 (0.26) 7.80 (0.26) —0.006 (0.006) 0.346
AL/CR 2.98 (0.096) 2.97 (0.094) 2.96 (0.097) 0.009 (0.002) 3.92 x 107>
ACD (mm) 3.59 (0.26) 3.57 (0.25) 3.56 (0.27) 0.021 (0.006) 0.001
AL elongation (mm) 0.42 (0.18) 0.41 (0.18) 0.41 (0.17) 0.005 (0.004) 0.288
Lens power mS (D) 23.25 (1.42) 23.38 (1.53) 23.32 (1.56) —0.069 (0.054) 0.207
Lens power BR (D) 23.29 (1.41) 23.39 (1.53) 22.34 (1.59) —0.059 (0.057) 0.301
ERS —0.0055 (0.95) 0.035 (1.00) —0.0087 (1.07) —0.007 (0.031) 0.813

Values are shown as mean (SD). N is the number of individuals with available myopia diagnosis per genotype.

mS, modified Stenstrom; BR, Bennett-Rabbetts.

* Calculated using linear regression analysis, adjusted for age and sex.
T Calculated using logistic regression analysis, adjusted for age and sex: AT vs. TT and AA vs. T.

between a biometric component and total AL, in the adult
RS population and identified a disproportionally decreased
LT and CT (AA versus TT, 0.191 vs. 0.195; 0.0231 vs. 0.0234;
P =193 x 1074 and P = 2.19 x 1074, respectively) and a
longer VD (AA versus TT, 0.676 vs. 0.674, P = 0.017); we
observed no disproportional difference in ACD (AA versus
TT, 0.114 vs. 0.112, P = 0.100 (Supplemental Table S2).

In children homozygous for GJD2 risk alleles, AL was
significantly longer, after correction for age and gender, at
both 6 and 9 years (AA versus TT, 22.39 mm vs. 22.34 mm, P
= 0.009, and 23.16 mm vs. 23.08 mm, P = 0.005 for ages six
and nine, respectively) (Table 4). ACD was larger in children
carrying any number of GJ/D2 risk alleles, but this effect was
only significant in children aged nine (AA versus TT, 3.32
mm vs. 3.31 mm, P = 0.305, and 3.59 mm vs. 2.56 mm, P =
0.001 for ages six and nine, respectively). In addition, chil-
dren carrying two risk alleles had larger AL/CR at ages six
and nine years (AA versus TT, 2.88 vs. 2.87, and 2.98 vs.
2.96, P = 3.11 x 104 and P = 3.92 x 1072, respectively).
GJD2 genotype was not significantly associated with CR (P
= 0.897 and P = 0.346 for ages six and nine), AL elongation
between ages six and nine (P = 0.288) or lens power (modi-
fied Stenstrom P = 0.207; Bennett-Rabbetts P = 0.301).

Interaction With Environmental Factors

The effect of education in adults and ERS in children on the
association between GJD2 and myopia is shown in Figures
2 and 3. Adults with more GJD2 risk alleles had a lower SER
in every education stratum, except for primary education
(Betaprimary education = —0.131 (P = 0110), Betalower education =
—0.251; Betajnermediate education = _02497 Betahigher education =
—0.22 (P=2.79 x 107°, P = 2.11 x 10~* and P = 0.014 for
other education level groups, respectively) (Fig. 2). However,
when adjusting for age and sex, the interaction effect was
not significant (Beta = —0.025, P = 0.503). The SI and RERI
examining the biological interaction between education and
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GJD2 genotype did not reach statistical significance (SI 1.25
[0.85-1.85] and RERI 0.185 [—0.087 to 0.459]). The combined
effect of outdoor exposure and near work calculated as ERS
in children followed the same trend that was observed with
education in adults: in children with an increased ERS, we
observed a more myopic AL/CR in children carrying one
or two risk alleles (AL/CR below versus above median ERS:
2.95 vs. 2.96, P = 0.281; 2.96 vs. 2.98, P = 1.33 x 107%
2.97 vs. 2.99, P = 0.028 for none, one, and two GJD2 risk
alleles, respectively (Fig. 3). The SI and RERI for interaction
in children was not significant (1.17 [95% CI 0.55-2.50] and
0.25 [95% CI —0.85 to 1.30], respectively).

DISCUSSION

Our combined analysis of large studies on Dutch adult and
children revealed that the GJ/D2 risk genotype is associated
with myopia mainly by an enlarged VD and ACD and not
by changes in LT or CT. The effect of the G/D2 genotype
on total AL was already visible in children aged six and nine
years old, suggesting that G/D2 has an effect at early age. The
effect of the risk alleles was consistent with a dose response
relationship, implying that alleles have an additive effect.
The large risks of myopia and high myopia among carriers of
a single-risk SNP suggests that this gene can be a showcase
of how common myopia genes affect ocular phenotype at
an early age.

We identified the most prominent effect of G/D2 on total
AL: the entire length of the eye was longer in risk carri-
ers compared to non-risk carriers in both adults and chil-
dren. This is a typical characteristic found in myopia, the
ocular globe is mainly enlarged in length and not height
or width.*3> The ACD enlargement was only significant in
adults and children risk carriers at the age of nine, implying
that VD precedes ACD in myopia development. Several stud-
ies also investigated biometric components in GJD2.3:28:36:37
Cheng et al? found a longer AL in adult carriers, and Li
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Ficure 2. Effect of the G/D2 genotype (rs524952, 0-2 risk alleles) on mean SER (in diopters [D]) in RS adult population, stratified by
educational level. X-axis represents number of GJD2 risk alleles (rs524952, 0-2) and genotype. Colors represent the four educational levels.
Beta coefficients are the effect of GJD2 genotype, adjusted for age and sex, within every educational level. Beta = —0.131 (P = 0.110);
Beta = —0.251 (P = 2.79 x 107%); Beta = —0.249 (P = 2.11 x 10~%); Beta = —0.222 (P = 0.014) for primary, lower, intermediate, and higher

education, respectively.
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Ficure 3. Effect of the ERS on AL/CR in children, stratified by GJD2 genotype (15524952, 0-2 risk alleles). Betas indicate regression
coefficients demonstrating the effect of ERS on AL/CR within every genotype, derived from linear regression analysis adjusted for age, sex,
and ethnicity. Beta_0 risk alleles = 0.519 (P = 0.203); Beta_1 risk allele = 1.482 (P = 9.67 x 10’7); Beta_2 risk alleles = 1.026 (P = 0.014).

NS, not significant. *P < 0.05; **P < 0.001.

and coworkers® identified an effect of GJD2 genotype on
both SER and AL in children. Tideman et al.*® analyzed chil-
dren cohorts from the TEST, SCORM, STARS, and Guangzhou
Twins studies, in addition to Generation R, and found a
significant association between GJ/D2 and AL/CR. Only Chen
at al?® did not find evidence for a relationship, not with
AL nor with other biometric markers. This Chinese cohort
study examined GJD2 SNP rs634990, a variant in full LD with
our SNP, and we therefore had anticipated similar results.
However, the sample size included only 814 participants;
hence, it is likely that lack of power explains the lack of
significant findings.>°

In contrast to the elongating effect on AL, ACD and VD,
GJD2 genotype did not influence LT or CT. This is in contrast
to our expectations, because in particular LT is known to
have adaptation potential to refractive changes and can
become thinner with myopia progression.’®-4 Therefore
we investigated whether LT and CT were disproportionally
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altered in thickness or were in line with the AL enlarge-
ment. We found a somewhat thinner-than-expected cornea
and lens in persons carrying GJD2 risk alleles, but this did
not result in functional consequences with respect to refrac-
tive power. In addition, the absence of GJD2 expression in
human lens or corneal tissue makes a genuine effect on
these structures unlikely.

Current evidence for the link between the gene G/D2
and refractive error are based on risk SNPs with a probably
regulatory function and a location in the proximity of G/D2.
Mechanisms through which GJD2 alters eye growth are yet
unclear. G/D2 plays a pivotal role in retinal signal trans-
duction and is expressed in gap junctions between cones,
rods, and bipolar cells.*'~** Furthermore, animal studies
demonstrated expression in AIl amacrine cells and ganglion
cells.*-%> Changes in expression may cause disruption of
the normal channel permeability and affect signal trans-
duction and size of receptive fields. A blurry image and
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axial length elongation may be the result.“ The investigated
SNP is located in a regulatory region, which may influence
gene expression.'? Although the GTEX database shows both
decreased and increased expression in neuronal tissue for
this SNP, it has a clear expression quantitative trait locus
(eQTL) effect in pituitary, pancreas, skeletal muscle, and
heart-atrial appendage tissue with the A risk allele associ-
ated with decreased expression of G/D2. Functional studies
showing the direction of this SNP effect in ocular tissue are
currently lacking.

Our study has strengths and limitations. Among the
strengths are the large study population including all RS
cohorts, MYST, and the Generation R study aiming to maxi-
mize statistical power, enriching the number of persons
with high myopia and increasing generalizability of find-
ings. Extensive biometric data was available to evaluate the
gene effect on various eye components in both adults and
children. All studies of adults were performed at the same
research center using identical study protocols, thus increas-
ing homogeneity across studies and validating a combined
analysis of outcomes. Another strength is the inclusion of
both adults and children. The adults revealed gene effects
on the final refractive state; the children allowed the study
of changes during emmetropization and early myopization.
A limitation was the lack of measurements on LT and CT in
children. Fortunately, we were able to estimate lens power
for these missing data using independent methods. We and
others lack data on biometry in children from the first years
after birth and cannot identify whether GJ/D2 effects are
congenital or mostly result from early environmental trig-
gers.

In conclusion, the GJD2 risk genotype leads to myopia
mainly by an elongated VD and ACD in a dose-response
fashion already at an early age. The early onset and signif-
icant risk of high myopia make this gene interesting for
further examination of myopia mechanisms. Deciphering
how this gap junction protein drives eye elongation may
reveal promising drug targets and open the way to risk
management in myopia.
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