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ment of myopia.
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1 | INTRODUCTION

Myopia, commonly known as ‘near-sightedness’, is a vi-
sion disorder that is estimated to affect 2.6 billion people
worldwide. Current forecasting suggests the prevalence
of myopia will increase to 5.0billion people (50% of
the global population) by 2050 (Holden et al., 2016).
Typically, myopia is caused by excessive axial elonga-
tion of the eye. This axial elongation of myopic eyes is an
important risk factor for eye diseases such as glaucoma,
retinal detachment and myopic macular degeneration
(Haarman et al., 2020; Ohno-Matsui et al., 2021).

Both genetics and lifestyle factors such as reduced time
spent outdoors are implicated in the pathogenesis of my-
opia (Morgan et al., 2021; Tedja et al., 2019). Advances in
molecular genetics over the past two decades have con-
siderably expanded our knowledge of the genetic con-
tribution to refractive errors. A major finding has been
that myopia and hyperopia are associated with a com-
plex array of different gene variants, most of which have
very subtle effects. Despite intensive research efforts,
molecular genetic findings have been able to explain less
than one-fifth of the heritability of refractive error (Hysi
et al., 2020; Tedja et al., 2018, 2019). This underscores the
challenging nature of uncovering gene variants of small
effect and discovering rare, large-effect mutations within
this field. Further research into the genetics of myopia is
needed to understand why the heritability of refractive
error is so high despite the unquestionably important
role of environmental risk factors for myopia.

2 | THE CREAM CONSORTIUM

The Consortium for Refractive Error and Myopia
(CREAM) is an international research collaboration
that was established in 2011 with the aim of increasing
knowledge about the genetics of refractive error and
myopia. The consortium brought together researchers
studying 37 different cohorts from across the world
(Table 1). Eachstudycohort provided valuable geneticand
phenotypic information, predominantly in populations
of European and East Asian ancestry. CREAM's
collaborative approach facilitated large genome-wide
association study (GWAS) meta-analyses to be carried
out. These GWAS meta-analyses have played a crucial
role in driving the identification of novel myopia genes
(Tedja et al., 2019). In 2020, the CREAM consortium
summarized its initial contribution to myopia research

genome-wide association studies of the myopia endophenotypes axial length
and corneal curvature doubled the number of common genetic variants known
to be associated with these traits. Nevertheless, much remains to be done to
fulfil the promise of myopia genetics research for improving the detection of
children at above-average risk of high myopia, and the prevention and treat-

genetics, genome-wide association study, myopia, refractive error, whole exome sequencing

in a review article (Haarman, Tedja, et al., 2021). In the
current article, we review the CREAM consortium's
findings during the period from 2020 to 2025. However,
we begin with a brief summary of the pre-2020 findings.
A list of abbreviations is given in Table 2.

3 | SUMMARY OF CREAM
RESEARCH STUDIES 2011-2020

CREAM'sfirst collaborative work replicated a previously
identified genetic locus on chromosome 15, where the
GJD?2 gene is located (Haarman, Enthoven, et al., 2021;
Haarman, Tedja, et al., 2021; Verhoeven et al., 2012).
GJD2 codes for the protein connexin-36, which forms
gap junctions between cones, rods and bipolar cells that
serve as electrical synapses for retinal signal transduction
(Brown-Panton et al., 2023; Haarman, Enthoven,
etal.,2021; Haarman, Tedja, et al., 2021; Quint et al., 2021;
van der Sande et al., 2022). The first CREAM GWAS
for refractive error identified 24 novel loci (Verhoeven
et al., 2013) and replicated many of the genetic variants
identified in a GWAS for age of onset of spectacle
wear for myopia carried out by the direct-to-consumer
genomics company, 23andMe (Kiefer et al., 2013). By
increasing the number of collaborating institutions, a
subsequent CREAM GWAS meta-analysis that included
160420 participants (with independent replication in an
additional 95505 participants) increased the number of
validated refractive error loci to 161 (Tedja et al., 2018).
A polygenic score derived from these genome-wide
significantly associated variants demonstrated a 40-fold
higher risk of myopia (more negative refractive error)
for individuals in the first decile of the polygenic score
compared to those in the tenth decile (Tedja et al., 2018).
This work further suggested that cellular processes
of cell-cell adhesion, synaptic transmission, calcium
ion binding and cation channel activity were linked to
the development of myopia and identified many genes
related to the cell cycle and growth pathways, such as
the MAPK and TGF-beta/SMAD pathways. Other key
findings included the identification of genes involved
in retinal cell physiology and light processing (RGR,
RPILI, RORB and GNB3); confirmation of the role of
the TGF-beta signalling pathway in myopia; evidence
of dopamine pathway involvement through the DRDI
gene; and novel mechanisms, such as rod-and-cone
bipolar synaptic neurotransmission, anterior-segment
morphology and angiogenesis (Tedja et al., 2018).
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TABLE 1 Study cohorts contributing to the CREAM Consortium. Reproduced from supplementary table la of Tedja et al. (2018).

Study number Study name Origin Study design N
European cohorts
1 1958 British Birth Cohort The United Kingdom Population-based study 1658
2 ALIENOR France Population-based study 509
3 ALSPAC-Mothers The United Kingdom Population-based study 1865
4 ANZRAG Australia POAG cases 648
5 AREDS The United States Population-based study 1842
6 BATS Australia Population-based twin study 158
7 BMES Australia Population-based study 1896
8 Croatia-Korcula Croatia Population-based study 822
9 Croatia-Split Croatia Population-based study 344
10 Croatia-Vis Croatia Population-based study 527
11 DCCT The United States Clinical trial 791
12 EGCUT Estonia Population-based study 904
13 EPIC-Norfolk The United Kingdom Population-based study 1084
14 ERF The Netherlands Family-based study 2610
15 FECD The United States Case—control* 393
16 FITSA Finland Population-based twin study 329
17 Framingham The United States Population-based study 2729
18 Gutenberg Health Study 1 Germany Population-based study 2738
19 Gutenberg Health Study 2 Germany Population-based study 1140
20 KORA Germany Population-based study 2372
21 OGP Talana Italy Population-based study 509
22 ORCADES The United Kingdom Population-based study 1165
23 Rotterdam Study [ The Netherlands Population-based study 5787
24 Rotterdam Study I1 The Netherlands Population-based study 2038
25 Rotterdam Study I1I The Netherlands Population-based study 2950
26 TEST Australia Population-based twin study 267
27 Twins UK The United Kingdom Population-based twin study 4342
28 WESDR The United States Case—control from population-based 295
study
29 YFS Finland Population-based study 1480
Total N 44192
Asian cohorts
30 Beijing Eye Study China Population-based study 590
31 Nagahama Japan Population-based study 2730
32 SCES Singapore (Chinese) Population-based study 1724
33 SIMES Singapore (Malay) Population-based study 2275
34 SINDI Singapore (Indian) Population-based twin study 2110
35 SP2-1M Singapore Population-based study 818
36 SP2-610 Singapore Population-based study 871
37 STARS PARENT Singapore Population-based study 817
Total N 11935

The largest GWAS meta-analysis performed by the
CREAM consortium was reported by Hysi et al. (2020).
In this study of 542934 participants of European ances-
try, Hysi et al. identified 449 genetic loci independently
associated with refractive error, of which 336 were novel.
Post-GWAS analysis suggested that molecular processes
such as regulation of intraocular pressure, structural
development of the eye and circadian rhythms contrib-
uted to myopia. Retinal genes were highly represented,

including TRPM1 and VSX2, which play key roles in rod
ON bipolar cells and cone bipolar cells, respectively. A
polygenic score composed of the 890 most strongly asso-
ciated single nucleotide polymorphisms (SNPs) explained
12% of the variation in refractive error in an independent
sample of adults from the EPIC-Norfolk cohort; quan-
tifying prediction accuracy using the area under the
receiver operating characteristic curve (AUROC), the
polygenic score predicted high myopia (<—5.00D) with
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an accuracy of AUROC=0.75 in the EPIC-Norfolk co-
hort (Hysi et al., 2020).

The early CREAM studies supported a wide range of
research initiatives by independent groups. Highlights
included the discovery of the association of the NRXNI
gene with refractive astigmatism (Li et al., 2015),
gene—environment interactions at novel loci such as
AREG, GABRRI and PDEIOA in Asian populations
(Fan, Verhoeven, et al., 2016) and preliminary evi-
dence of interaction with near work for 39 SNPs de-
rived from a CREAM meta-GWAS, with the strongest
signal at ZMAT4 (Fan, Guo, et al., 2016). Similarly,
eight novel genome-wide significant loci (RSPOI,
C3orf26, LAMA2, GJD2, ZNRF3, CD55, MIP and
ALPPL?) associated with axial length were identified
(Cheng et al., 2013). GWAS analyses conducted by the
CREAM consortium also resulted in the replication
of previously reported gene variants associated with
corneal astigmatism, such as PDGFRA, ZC3HIIB,
GJD2, RASGRFI and RFBOX]I, while validating other
promising candidate genes and strengthening the evi-
dence for their role in refractive error development (Li
et al., 2015; Shah et al., 2018). Other notable achieve-
ments included the evidence of no causal association
between higher serum vitamin D levels and myopia
based on Mendelian randomization analysis, which
suggested that the protective effect of time spent out-
doors against myopia was not mediated via vitamin D

(Cuellar-Partida et al., 2017).

TABLE 2 Alist of acronyms used in this literature review.

AL Axial length

AOSW Age-of-onset of spectacle wear
BDES Beaver Dam Eye Study

cC Corneal curvature

GWAS Genome-wide association studies
MMD Myopic macular degeneration
ncRNA Non-coding RNA

pLOF Putative loss of function

SER Spherical equivalent

SNP Single nucleotide polymorphism
WES Whole exome sequencing

4 | REVIEW SUMMARY OF CREAM
RESEARCH STUDIES 2020-2025

Inthe past Syears, CREAM studies have shifted attention
to rare variants and non-coding regions of the genome,
which had been neglected before due to technological
limitations (Table 3).

5 | RARE VARIANTS
IDENTIFY HIGH-CONFIDENCE
MYOPIA-ASSOCIATED GENES

Genetic variants identified through GWAS meta-analyses
account for about 12%-19% of the inter-subject variation
in refractive error (Clark et al., 2023; Hysi et al., 2020).
However, twin and family heritability studies suggest
that genetics accounts for 50%-80% of the inter-subject
variation in refractive error (Sanfilippo et al., 2010).
This gap, known as the ‘missing heritability’, could be
attributed to several factors, one of which is the presence
of rare variants (typically defined as variants with a
minor allele frequency<1%). The advance of whole exome
sequencing (WES), whole genome sequencing (WGS) and
exome array genotyping techniques now permit accurate,
cost-effective genotyping of rare variants. Earlier GWAS
analyses ignored these rare variants, due to limitations of
accurate genotyping using SNP arrays and imputation.
Rare variants often have serious adverse impacts on gene
function, resulting in a large phenotypic effect in patients
carrying such a variant. Thus, rare variants offer a direct
route to identifying high-confidence candidate myopia
genes; by contrast, it is typically uncertain which nearby
gene or genes are impacted by the SNPs identified in
GWAS analyses.

Using the gene-based SKAT-O algorithm, which
aggregates the effects of rare variants in each gene,
Patasova et al. (2022) reported that the S/X6 and CRX
genes were significantly associated with refractive
error in individuals of European ancestry. The associ-
ation of rare variants in CRX with refractive errors in
this study was noteworthy because CRX is known to be
important in photoreceptor development (Furukawa
et al., 1997). Furthermore, mutations in S/X6 and CRX
are associated with retinal dystrophies such as Leber

TABLE 3 Key points: an overview of main findings identified across papers reported during 2020-2025 that were included within this

review, highlighting key insights into myopia development.

1 In general, the same genetic variants predispose individuals to high myopia, low myopia and hyperopia.

2 Polygenic scores have been developed to predict which children are at greatest risk of developing high myopia in the future; the
performance of these polygenic scores is approaching the level required for use in the clinic. However, performance varies greatly

depending on the ancestry of the patient.

3 A very wide variety of genetic mechanisms are implicated in conferring susceptibility to myopia, including non-coding enhancers,

microRNAs and IncRNAs.

4 Exome sequencing studies have begun to identify novel rare variants associated with myopia, sometimes within genes previously

identified by GWAS to be associated with refractive error.

5 An exome-array study identified 129 genes associated with refractive error, of which only 10 were previously identified to be

associated with refractive error.

6 A recent GWAS for corneal curvature identified 20 novel loci.

7 A multiethnic GWAS study of axial length identified 5 were novel, not previously reported in studies biased towards participants of

European ancestry.
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congenital amaurosis, cone-rod dystrophy and also
with microphthalmia (Aldahmesh et al., 2013; Freund
et al., 1998; Swain et al., 1997). Indeed, it is now rec-
ognized that a wide range of retinal dystrophy dis-
ease genes can cause early onset high myopia (Wang
et al., 2025). Patasova et al. concluded that rs146737847
and rs61748438 were the lead SNPs driving the associ-
ation in the S7X6 and CRX gene regions, respectively.
The discovery that rare variants can play significant
roles in refractive errors and myopia has since been sup-
ported by several studies from the Myopia Associated
Genetics Intervention Consortium (MAGIC) (Chen
et al., 2024; Yuan et al., 2024). Patasova et al. also
considered PRSAP52, PCCA, MIR4683, SELENOM,
NAPA and VWAS as suggestive significant findings.
Further replication in additional cohorts supported the
association of NAPA with refractive error (Patasova
et al., 2022).

In a separate study focussing on rare variants geno-
typed using exome arrays, Musolf et al. (2023) analysed
a multi-ancestry discovery cohort of 13000 CREAM
participants along with a replication sample of 14000
participants, finding a total of 129 candidate gene as-
sociations driven by rare variants. More than half of
these genes (66/129) were already known to be associated
with an ocular phenotype; however, the link to refrac-
tive error was a novel discovery for most of the genes.
To improve power and robustness, the study by Musolf
et al. employed three different methods (EMMAX-VT,
EMMAX-CMC and ACAT) to test for an association
with refractive error. Only rare variants were included in
the analyses. Four genes (CDF15, PDCD6IP, RRM?2 and
ST6GALNACS) were co-identified in meta-analyses of
multi-ancestry cohorts across different methods, three
of which overlapped with the findings in Indo-European
ancestry cohorts (PDCD6IP being replaced by PIK3CA
in this ancestry group). GSTM5 and WEEI were
uniquely identified in East Asian cohorts. Among all of
the identified genes, seven (PER3, PDCD6IP, MAPT,
CHST6, GRHL2, USH2A and P4HTM) were priori-
tized as high-confidence candidate genes based on their
internal replication evidence, expression in human ret-
ina, relevance to ocular phenotypes and previous GWAS
evidence. Eighteen potential missense causal variants
were highlighted by wANNOVAR analysis. Variant
rs201527662 in USH2A was annotated as a ‘damaging’
variant by all prediction algorithms and had the highest
CADD score=36. This rare variant was associated with
high myopia and was distinct from the known USH2A
variants associated with retinitis pigmentosa. Musolf
et al. further performed a sensitivity analysis in which a
polygenic score was included as a covariate when testing
for rare variant associations, in order to control for po-
tential bias from common variants. The results were ro-
bust to the inclusion of the polygenic score, confirming
that common variants were not driving the association.

CREAM also carried out a large-scale single-variant
GWAS for refractive error using WES data from UK
Biobank participants, as reported by Guggenheim
et al. (2022). The GWAS focused on 28340 rare puta-
tive loss-of-function (pLOF) variants and 468011 rare
missense variants, which were expected to have major

[Acta Ophihaimologica M
functional impacts on the phenotype. Unexpectedly,
despite a sample size of 51 624 participants, none of the
rare pLOF variants were associated with refractive error.
However, two rare missense variants were significantly
associated with refractive error: rsl46737847, which re-
sults in a p.Glul29Lys substitution in the SI/X6 gene,
and rs61748438, which causes a p.Val66lle substitution
in the CRX gene. Although SI/X6 and CRX had been
previously implicated in myopia development, the rare
missense variants were found to exhibit much larger ef-
fects. Fine mapping suggested that an additional novel
missense variant rs33912345 in the S/X6 gene was also
independently associated with refractive error. Sixteen
common missense variants, located in 12 distinct regions,
were also revealed to have a significant association with
refractive error. Putative causal variants were identified
in PDEIIA, COL4A44, PRSS56, BMP3, RASGEFIB,
RGR, KAZALDI, ARMS2, ATM, GNB3, GSDMA,
GNGT2 and ZNF652. Of these genes, seven were novel
findings (Table 4). In independent validation analyses,
9 of the 19 putative causal variants found in the discov-
ery phase were successfully replicated after correction
for multiple testing, and a further five variants reached
nominal significance. In contrast to the CREAM rare
variant analysis of Musolf et al. (2023), the rare variant-
associated genes prioritized in the study of Guggenheim
et al. had a high overlap with genes identified through
common variant GWAS. Further work will be required
to reveal whether the overlap of regions harbouring rare
variants and common variants associated with refractive
error is the exception or the norm.

6 | NOVEL VARIANTS IN ncRNAs AND
ENHANCERS LINKED TO MYOPIA

Alongside protein-coding genes, non-coding RNAs
(ncRNAs) and non-coding genomic regions are emerging
as key elements in the genetic landscape of myopia
(Swierkowska et al., 2022). Recent GWAS have identified
numerous risk loci within non-coding regions, which
suggest a regulatory role in ocular development (Li
etal., 2022; Tedja et al., 2018; Wanget al., 2022). ncRNAs,
including microRNAs and long ncRNAs, are thought
to modulate gene expression involved in eye growth
and refractive error pathways. Although an increasing
number of genes associated with eye growth are being
identified, the specific contributions of non-coding
regions to myopia pathogenesis remain incompletely
understood.

Leveraging summary statistics of a CREAM consor-
tium GWAS analysis of 160420 participants, the first
large-scale study of ncRNAs and enhancers for refrac-
tive error and myopia was reported by Tedja et al. (2025).
The results indicated that two SNPs located within dis-
tinct microRNAs were associated with myopia, as were
54 SNPs located in the binding sites of 36 different mi-
croRNAs, 19 SNPs situated in 14 different enhancer re-
gions and 103 SNPs located in 81 IncRNA regions. The
target and host genes of these ncRNAs and enhancers
showed an over-representation in human retinal cells.
Interestingly, this study also reported overlaps of an
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TABLE 4 Summary of novel gene variants identified in CREAM studies since 2020.

Gene

DDIT4

ANAPCI6
(hs1834)

SI1X6

CRX

COL4A44

RASGEFIB

ARMS?2

ATM

GSDMA

GNGT2

ZNF652

BMP4

USPI
FNDC3B/GHSR
SO0Xx2

LCORL
RPI11-125018.1
OFCCI

Ue6

NHSLI
RPII-91P17.1
LMXIB

FRATIIFRAT2/
ARHGAPI9

IGF2
ADAMTS20
SNORD36
INTS6
STON?2
FBNI
ADAMTS7
MAPRE2
BMP7
SLC25412

BMP3

LIETAL.

rsID

rs33912345

rs146737847
rs61748438

rs61748438
1rs2229814

rs1077803

rs10490924

15672655

rs7212938

rs35638197

rs2072153

rs534912805
rs17563
1rs945170
15485554
rs10663094
rs16896276
rs6831679
1rs67612840
rs961755
rs4620141
rs7004112
rs483714
510786330

157948458
rs11181913
159316971
187327381
154083463
159806595
rs4887113
rs184926585
136064518
rs57718990

rs1353386

Associated
trait

SER +myopia
SER +myopia

SER +AOSW

SER
SER +AOSW

SER
SER +AOSW

SER +AOSW

SER

SER

SER

SER + AOSW

SER +AOSW

SER +AOSW

CC
CcC
CC
ccC
CcC
cC
CC
CC
CC
cc
CC

cc
CC
cc
CcC
ccC
CC
cc
CC
ccC
AL

AL

Ancestry group

European+Asian

European+ Asian

European

European

European

European

European

European

European

European

European

European

European

European

European+ Asian
European+ Asian
European+Asian
European+Asian
European+ Asian
European+ Asian
European+Asian
European+Asian
European+ Asian
European+ Asian

European+Asian

European+ Asian
European+Asian
European+Asian
European+Asian
European+ Asian
European+Asian
European+Asian
European+Asian

European+Asian

Non-Hispanic white,
Hispanic/Latino, East-Asian,

African American

Non-Hispanic white,
Hispanic/Latino, East-Asian,

African American

Replication cohort

Generation R

Generation R

UK Biobank

CREAM+BDES
UK Biobank

CREAM +BDES
UK Biobank

UK Biobank

UK Biobank

UK Biobank

UK Biobank

UK Biobank
UK Biobank
UK Biobank
UK Biobank
UK Biobank
UK Biobank
UK Biobank
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Study

Tedja et al. (2025)
Tedja et al. (2025)
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et al. (2022)

Patasova et al. (2022)

Guggenheim
et al. (2022)
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Guggenheim
etal. (2022)

Guggenheim
et al. (2022)
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et al. (2022)

Guggenheim
et al. (2022)
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et al. (2022)

Guggenheim
et al. (2022)

Guggenheim
et al. (2022)

Guggenheim

et al. (2022)

Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)
Fan et al. (2020)

Fan et al. (2020)
Fan et al. (2020)
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Fan et al. (2020)
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TABLE 4 (Continued)

Acta Ophihaimolosica

Associated

Gene rsID trait Ancestry group Replication cohort Study

RGR 1rs140405296 AL Non-Hispanic white, CREAM subset Jiang et al. (2023)
Hispanic/Latino, East-Asian,
African American

RBFOXI rs58514548 AL Non-Hispanic white, CREAM subset Jiang et al. (2023)
Hispanic/Latino, East Asian,
African American

MYO5B rs55754534 AL Non-Hispanic white, CREAM subset Jiang et al. (2023)
Hispanic/Latino, East Asian,
African American

PRSS56 — AL Non-Hispanic white — Jiang et al. (2023)

Abbreviations: AL, axial length; AOSW, age-of-onset of spectacle wear; BDES, Beaver Dam Eye Study; CC, corneal curvature; SER, spherical equivalent.

enhancer region, a microRNA binding site and an In-
cRNA in the vicinity of DDIT4, linking this gene with
myopia for the first time. DDIT4 is an mTOR pathway
inhibitor that plays a role in neuronal differentiation,
migration and neuronal cell death. To evaluate the cu-
mulative effects of these regulatory variants, Tedja et al.
derived a genetic risk score of SNPs situated in miRNAs,
miRNA binding sites, IncRNAs and enhancer regions.
The genetic risk score was significantly associated with
refractive error and axial length progression in a sample
of Dutch children aged 9-13years. The highest-ranked
candidate variants in enhancer regions were linked to
plausible retina-to-sclera cascades, including BMP4
with eye development, DDIT4-NTM with neurogenesis,
DNAJBI2 with photoreceptor metabolism, VIPR2 with
neural signalling and ANAPCI16 with TGF-beta signal-
ling. In summary, the study of Tedja et al. (2025) sug-
gested that enhancer regions and IncRNAs are especially
important in myopia development. The authors recom-
mended future analyses to investigate elements such as
silencers and insulator regions.

7 | SHARED GENETIC
CONTRIBUTION TO DIFFERENT TYPES
OF REFRACTIVE ERROR AND TO
OCULAR COMPONENT DIMENSIONS

Refractive error spans the spectrum from high myopia,
through emmetropia, to high hyperopia. In view of their
different clinical presentations, a fundamental question
in myopia research is the extent to which genetic
susceptibility is shared between low myopia and high
myopia, and indeed between myopia and hyperopia.
Tideman et al. (2021) conducted separate GWAS analyses
for four different case—control samples: high myopia
versus emmetropia; low myopia versus emmetropia;
hyperopia versus emmetropia and low myopia versus
hyperopia. They found evidence that genetic risk was
shared across all four GWAS analyses and across
European and Asian participants. While acknowledging
that high myopia can be caused by inheriting a rare,
pathogenic variant or through environmental risk
factors, the authors suggested that genetic risk variants
predisposing to low myopia were over-represented in
patients with high myopia, implying that many patients

with high myopia carry a large burden of low-effect
variants.

Apart from refractive error, myopia-related traits,
including corneal curvature and axial length, have also
been investigated in CREAM studies. A shared genetic
background of refractive error and the corneal curvature
and axial length endophenotypes has been confirmed.
Corneal curvature determines two-thirds of the refrac-
tive power of the eye. Fan et al. (2020) conducted the
largest trans-ethnic GWAS of corneal curvature pub-
lished to date, examining a sample of 29 580 Europeans
and 14462 Asians. A total of 41 genome-wide significant
loci were found, 20 of which were novel discoveries. Of
the 41 loci, 90% were replicated in an independent sam-
ple of European participants from the UK Biobank.
Meta-analysis of the CREAM and UK Biobank results
revealed that the five loci most strongly associated with
corneal curvature were: 14074961 (RSPOI), rs12702376
(HUSI), 139506725 (FGF9), rs1800813 (PDGFRA) and
rs2630445 (HDACII-FBLN?2). The effect sizes and direc-
tions of the corneal curvature GWAS lead variants were
consistent across European and East Asian ancestries.
However, three loci (HDACII-FBLN2, ADAMTSI9-
CASY3 and FGF9) were uniquely associated in indi-
viduals of European ancestry, while two were uniquely
associated in individuals of East Asian ancestry (RBP3
and CMPKI-STIL). Variants rs2240776 in the vicinity of
EMX2-EMX20S and 157672919 in NCAPG were identi-
fied in single ancestry GWAS analysis of East Asians.
Notably, 8 of the 41 lead variants associated with cor-
neal curvature were also associated with axial length but
not refractive error: in other words, these eight variants
influenced corneal curvature and axial length in tan-
dem to regulate ‘eye size’. An additional 15 of the 41 lead
variants were associated with refractive error, while the
remaining 18 variants were not definitively associated
with either axial length or refractive error, likely due to
limited statistical power. Follow-up gene-based anal-
yses highlighted the genes ANKRD65, PEARI, ASBI,
GMDS, EMX20S and HM13-AS1, and implicated two
molecular pathways relating to the extracellular matrix,
as well as other pathways involved in eye development,
organism development and growth, connective tissue
cartilage and glycosylation protein activity.

Building on the GWAS of axial length reported by
CREAM more than a decade ago (Cheng et al., 2013),

85U80 |7 SUOWWIOD @A1eR.D |eoljdde ayy Aq pausenob ae ssjole YO ‘8sn JO Sanl Joj A%Iq1T 8UIIUO AB]IA UO (SUORIPUOD-PUR-SLLBY W00 A3 | 1M ARe.q 1 Ul juO//:SANU) SUORIPUOD Pue swiie | 83 88S *[GZ02/TT/ET] uo A%eiqiauluo &M * AISBAIUN 4ipeD - wieyuebbng Aweser Aq 52002 'SOR/TTTT OT/I0P/W00" AB| 1M Afeiq | uljuo//:SARY WOl papeojumod ‘0 ‘89.ESGLT



LIETAL.

Bl A\cta Ophiaimologia
a recent CREAM study by Jiang et al. (2023) tested ge-
netic variants for an association with axial length in
a sample of 19420 adults of European, non-Hispanic/
Latino, Asian and African ancestry from the Genetic
Epidemiology Research on Adult Health and Aging
(GERA) cohort. Replication of the findings was car-
ried out in the original CREAM GWAS sample of East
Asian and European ancestry. Jiang et al. identified 16
loci associated with axial length at genome-wide signif-
icance, 5 of which were novel: rs57718990 (SLC25A412),
rs1353386 (BMP3), rs140405296 (RGR), 1rs58514548
(RBFOXI) and 1s55754534 (MYO5B) (Table 3).
Additionally, a SNP at the PRSS56 locus was asso-
ciated with axial length specifically in non-Hispanic
white participants. Only two of the five novel vari-
ants were available for testing in the CREAM cohort;
rs1353386 was convincingly replicated while rs55754534
was nominally significant. All 17 of the axial length-
associated variants identified in the GER A cohort were
also associated with refractive error, and there was a
high negative correlation (r=-—0.86) in their effect sizes
for the two traits. Indeed, the genome-wide genetic
correlation between axial length and refractive error
in the GERA sample was similarly high (rg:—0.83),
as was that for axial length versus myopia (rg:+0.80).
These results suggest a widespread shared genetic con-
tribution to these traits. Pathway analysis highlighted
roles relating to cranial skeletal development and the
formation of elastic fibres, consistent with findings
from previous work (Ouyang et al., 2019).

Emmetropic eyes are characterized by coordi-
nated scaling of the various ocular components, with
a match between corneal curvature and axial length.
A CREAM study by Plotnikov et al. (2021) found
that corneal curvature and axial length were lin-
early related in emmetropic children, despite these
children's eyes having a remarkably wide range of
axial lengths (21-25mm). The authors carried out
a GWAS for corneal curvature in a sample of 22180
emmetropic adults, using the corneal curvature phe-
notype as a proxy for eye size—based on the charac-
teristic scaling of axial length and corneal curvature
in emmetropes. A total of 32 genetic variants were
identified in the discovery stage. The most strongly
associated variants were located in the genes WNT7
(rs73175081), FGF9 (rs9506727), RSPOI (rs4074961)
and PDGFRA (rs12503971); these variants were in high
linkage disequilibrium (LD) with known refractive
error or eye size-associated GWAS variants at these
loci. However, 14 of the variants were situated in ge-
nomic regions not previously linked to eye size or re-
fractive error, nearby the genes: ARHGAP32, INTS11,
LOCI00506532, LOCI01928278, LOCI105369896,
LOCI105375907, LOCI105375911, LOXLI, NAV3, PII5,
PIEZO2, PKDILI, PPP2R3A and RBL2. These SNPs
were validated specifically for eye size rather than
refractive error by deriving a polygenic score for eye
size constructed using the 32 genome-wide significant
SNPs. The polygenic score for eye size explained 3.5%
of the variance in corneal curvature and 2.0% of the
variance in axial length in an independent sample of
emmetropic children, while the same polygenic score

had no association with corneal curvature or axial
length in an equivalent sample of ametropic children.
The genetic correlation between eye size and refrac-
tive error was close to zero (rg:0.0010.06), which led
Plotnikov et al. to conclude that distinct sets of genes
control ‘normal’, coordinated eye growth versus the
imbalanced axial elongation that occurs during refrac-
tive error development.

8 | PREDICTING WHICH
INDIVIDUALS ARE AT RISK OF
HIGH MYOPIA

Polygenic scores quantifying a person's genetic
susceptibility to myopia or hyperopia have been
proposed to identify children at elevated risk of high
myopia. A recent CREAM study by Clark et al. (2023)
reported a new polygenic score that had a level of
accuracy in the European population close to that
required for clinical use. The study used the multi-trait
analysis of GWAS (MTAG) method to meta-analyse
four European samples, which boosted precision when
estimating the effect sizes of genetic variants. Accuracy
assessments were conducted in an independent sample
of 6000 European participants as well as in smaller
East Asian, South Asian and African ancestry samples
from the UK Biobank. Children from the longitudinal
Generation R and ALSPAC cohorts were also used as
replication samples. The new polygenic score explained
19% of the variance in refractive error in the European
ancestry replication sample, but performance was far
worsein the three other ancestries, especially in those of
Africanancestry. Forindividuals of European ancestry,
the AUROC was 0.77 when predicting high myopia
<—6.00D and AUROC=0.78 for high myopia <—5.00D.
Persons with a polygenic score within the lowest 5%
of the population had a six- to sevenfold increased
risk of high myopia compared to the remaining 95%
of the population. High myopia prediction was equally
effective in 13-year-old children from the Generation
R cohort (AUROC=0.78). Notably, however, the
accuracy was below AUROC=0.70 in the other three
ancestries. As well as its potential for predicting the
risk of myopia in children, Clark et al. also tested
whether the new polygenic score could be used in older
adults to predict patients at elevated risk of myopic
macular degeneration (MMD). Despite a strong
association between the polygenic score and severe
grades of MMD when the relationship was examined
in isolation, the polygenic score was not predictive of
severe MMD risk once the patient's refractive error
was accounted for.

9 | CONCLUSION

Research carried out by the CREAM consortium over
the past Syears has continued to enhance knowledge
regarding the actiology of myopia. These advances
have been achieved by research strategies that include:
studying cohorts of more diverse ancestry; identifying
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novel genetic loci—especially rare variants and variants
located in non-coding regions of the genome; exploring
shared genetic effects across myopia endophenotypes;
dissection of specific genetic pathways implicated
in myopia development and emmetropization; and
improving methods for predicting high myopia risk. In
particular, recent efforts from the CREAM Consortium
have revealed several candidate genes that deserve
attention as potential therapeutic targets, such as S/X6,
CRX, PER3, PDCDG6IP, MAPT, CHST6, GRHL2,
USH2A, P4HTM, COL4A4A4, ATM and DDIT4. In
addition, a polygenic risk score with accuracy for
detecting children at risk of high myopia (AUC=0.78)
was reported, which approaches the level of accuracy
required for use in clinical screening. Nevertheless,
further work is needed to explain the remaining ‘missing
heritability’ of refractive error and to better clarify
the genetic architecture of myopia, such as the total
contribution of rare variants. There is still a major gap
between genetic discoveries in myopia research and their
translation into improved patient care. Discovering the
functional impact of genetic variants, understanding
how genes and lifestyle factors interact to cause either
early-onset or late-onset high myopia, and evaluating
whether genetic differences explain inter-individual
myopia control treatment efficacy are exciting areas for
future research.
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