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Eyes shut homolog (EYS) is the most common autosomal recessive causative gene of inherited retinal
dystrophy (IRD) in the Japanese population, yet genotype—-phenotype correlation data remain limited.
We analyzed 291 probands (141 males, 150 females) with IRD caused by EYS (EYS-RD) from eight
Japanese facilities. Clinical variables included age at onset, initial symptoms, best-corrected visual
acuity (BCVA), and its progression alongside genotype information. Mean onset was 25.8 + 14.9
years, most often night blindness (67.0%), and rod—cone dystrophy was observed in 95.9%. Initial
BCVA averaged 0.34 + 0.56 logMAR, declining 0.03 + 0.06 logMAR/year, with low vision and
blindness estimated at 48.4 and 73.6 years, respectively. Three major East Asian—specific pathogenic
variants (S1653fs, Y2935X, and G843E) accounted for 88.7% of all cases. S1653fs homozygotes
showed the earliest onset (mean, 18.4 years). These findings support the potential of genetic testing for
personalized medicine tailored to population characteristics.

Retinitis Pigmentosa (RP) is the most common form of hereditary retinal
degenerative disease, affecting approximately 1 in 3000-4000 people, with
an estimated 2.5 million people affected worldwide'™. This disorder is
characterized by the progressive degeneration from rod to cone cells,
eventually leading to blindness'™*. In Japan, RP is the second leading cause of
blindness'~. RP is the most common type of Inherited retinal dystrophy
(IRD) and belongs to a group of Mendelian disorders, typically inherited in
an autosomal dominant, autosomal recessive (AR), or X-linked patternsH.

In ophthalmology, estimating the time until a patient progresses to
visual impairment or blindness is a common concern. However, current
clinical guidance on this matter remains limited, particularly regarding IRD.
This is primarily due to the genetic diversity of IRD, which involves >300
causative genes (RP: >90 genes)’. Although several studies have identified
the clinical differences associated with specific causative genes®’, the genetic
background of IRD remained heterogeneous in many clinical studies,

including our previous studies*”’. While it is important to understand the
natural history of a population with a homogeneous genetic background, the
involvement of specific causative genes in the clinical characteristics of RP
has been limited to evaluation in only a small number of patients. This needs
to be validated in a large sample size.

Among the causative genes in RP, eyes shut homolog (EYS) has been
identified in several representative genetic analysis studies’’  and is the
most common AR causative gene associated with IRD in the Japanese
population””. EYS is the largest gene related to the eye; it was initially
reported as the causative gene of ARRP in 2008”. It spans approximately
2Mb of chr6ql2 and comprises 44 exons encoding the protein of 3146
amino acids, which is predominantly expressed in the retina®. The gene
contains 27 epidermal growth factor-like domains and five laminin G-like
domains that are highly conserved across species™. Although EYS may play
an essential role in photoreceptor morphogenesis™, its functional and

"Department of Ophthalmology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan. ?Department of Ophthalmology, Nagoya University
Graduate School of Medicine, Nagoya, Japan. ®Laboratory for Statistical and Translational Genetics, RIKEN Center for Integrative Medical Sciences,
Yokohama, Japan. ‘Department of Ophthalmology, Kobe City Eye Hospital, Kobe, Japan. °Department of Ophthalmology, The Jikei University School of Medicine,
Tokyo, Japan. ®Department of Ophthalmology, Faculty of Medicine, University of Miyazaki, Miyazaki, Japan. ‘Department of Ophthalmology, Hamamatsu
University School of Medicine, Shizuoka, Japan. ®Department of Ophthalmology, School of Medicine, Teikyo University, ltabashi, Tokyo, Japan. °Laboratory for
Genotyping Development, RIKEN Center for Integrative Medical Sciences, Yokohama, Japan. "®Miyata Eye Hospital, Miyazaki, Japan. "'Miyazaki Chuoh Eye
Hospital, Miyazaki, Japan. ?Department of Ocular Pathology and Imaging Science, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan.
®Clinical Research Center, Shizuoka General Hospital, Shizuoka, Japan. “Department of Applied Genetics, The School of Pharmaceutical Sciences, University of
Shizuoka, Shizuoka, Japan. e-mail: ymocl@med.miyazaki-u.ac.jp

npj Genomic Medicine| (2026)11:3 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41525-025-00541-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41525-025-00541-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41525-025-00541-0&domain=pdf
mailto:ymocl@med.miyazaki-u.ac.jp
www.nature.com/npjgenmed

https://doi.org/10.1038/s41525-025-00541-0

Article

structural properties remain incompletely characterized”. Additionally, its
large size has prevented the development of knockout models, resulting in
insufficient evaluation of genotype-phenotype correlations. Therefore,
studies involving human participants are crucial for a comprehensive
phenotypic analysis of IRD caused by EYS (EYS-RD).

This multicenter study aimed to investigate the clinical characteristics
of EYS-RD, which is currently the most common causative gene in the
Japanese population. Using data from the Japan Retinitis Pigmentosa
Registry Project at eight Japanese facilities, we included a large number of RP
patients with a homogeneous genetic background, 141 men and 150 women
with EYS-RD, with the aim of evaluating the natural history of EYS-RD and
establishing standard clinical data for Japanese patients with IRD.

Results

Demographic characteristics

The demographic characteristics of the 291 patients with EYS-RD are
presented in Table 1. The mean age at the initial visit was 45.6 + 14.9 years,
the mean duration of observation was 7.7 + 6.3 years, and the mean age at
disease onset was 25.8 +14.9 years. The initial symptoms of EYS-RD
included night blindness (67.0%), visual field impairment (8.2%), and loss of
visual acuity (VA) (6.5%). Family history and consanguineous marriages
were present in 28.5% and 9.3% of the patients, respectively. Rod-cone
dystrophy and cone-rod dystrophy accounted for 95.9% and 2.4% of
patients, respectively. Approximately 11.3%, 3.8%, and 0.3% of the patients
had a history of epiretinal membrane, macular edema, and rhegmatogenous
retinal detachment in the right eye, respectively.

Pathogenic variants causing EYS-RD in Japan

A schematic representation of the EYS protein domains and the distribution
of pathogenic variants is shown in Fig. 1A. The classifications of different
pathogenic variants detected in EYS-RD are presented in Fig. 1B. In total,
39.7% of the detected variants were missense, 39.7% were frameshift, 18.7%
were nonsense, 0.34% were large deletions, 0.17% were duplications, and
1.37% were splice-site variants in this study population.

Human lifespan and logMAR BCVA for EYS-RD at the initial and
last visit

In 66.0% of all patients without cataract surgery, the mean logMAR BCVA
at initial visit was 0.34 + 0.56, and the mean progression was 0.03 + 0.06 per
year (Fig. 2). Approximately 50% of the patients had low vision (3/10),
whereas 20% were blind (2/40). However, 25% of all patients aged >65 years
maintained a VA of >0.3 (decimal BCVA [WHO category 0]). Among 137
EYS-RD patients with two logMAR BCVA data points without intraocular
lenses, the estimated ages of low vision and blindness (WHO definitions)
(95% confidence intervals) were 48.4 (45.8—51.0) and 73.6 (68.2—78.9)
years, respectively.

Multivariate analysis of factors affecting BCVA

The multivariate analysis of the factors affecting BCVA at the initial visit
showed that age at the initial visit, age at onset, and the presence of con-
sanguinity of parents affected VA (Table 2). The multivariate evaluation of
the factors contributing to changes in corrected VA per year indicated that
macular hole significantly influenced the progression of VA loss (Supple-
mentary Table 1).

Variant-based analyses
The frequency of pathogenic AR variant combinations is shown in Fig. 3A.
In patients with EYS-RD, 88.7% harbored the three major pathogenic
variants (S1653fs, Y2935X, and G843E). The most common combination
was S1653fs and G843E, followed by the homozygous S1653fs. Fig. 3B
illustrates that these three major variants are specific to East Asian
populations.

Table 3 presents a comparison of the clinical characteristics of the
homozygotes for the three major pathogenic variants (S1653fs, Y2935X, and
G843E). The patients with homozygous S1653fs (N=26) exhibited an

Table 1 | Demographic characteristics of 291 patients with
EYS-associated retinal dystrophy

All (N =291)
Mean age + SD (years) at initial visit 45.6+14.9
Missing 2 (0.7%)

Gender, N (%)

Men/Women 141 (48.5%)/ 150 (51.5%)

7.7 £6.3 (0-27.4)

Mean follow-up period (range) (years)

Missing 19 (6.5%)
Mean age + SD (years) at onset 25.8+14.9
Missing 46 (15.8%)
Symptom at onset

Night blindness 195 (67.0%)
Visual field defects 24 (8.2%)
Visual acuity decrease 19 (6.5%)
Others 10 (3.4%)
Missing 43 (14.8%)
Family History 83 (28.5%)
Missing 2 (0.7%)
Consanguinity of parents 27 (9.3%)
Missing 4 (1.4%)
Disease type, N (%)

Rod-cone dystrophy 279 (95.9%)
Cone-rod dystrophy 7(2.4%)
Others 5(1.7%)
Ocular characteristics

Lens status: pseudophakia, N (%) 99 (34.0%)
Missing 7 (2.4%)
Previous vitrectomy, N (%) 4 (1.4%)

Macula complication

Epiretinal membrane 33 (11.3%)

Macular edema 11 (3.8%)
Rhegmatogenous retinal detachment 1(0.3%)
Visual acuity

Mean logMAR BCVA + SD at initial visit 0.34 +0.56
Missing 16 (56.5%)
Mean logMAR BCVA decrease + SD/yr 0.03 +0.06

The row labeled “Missing” indicates, for variables with missing data, the number and proportion of
missing data. The mean annual decrease in logMAR BCVA (+SD) was analyzed (N = 136), including
only patients with two logMAR BCVA measurements and no intraocular lens implantation. SD
standard deviation, yr year(s), LogMAR BCVA best-corrected visual acuity in logarithm of the
minimum angle of resolution.

earlier onset of EYS-RD compared with those with G843E (N =22) and
Y2935X (N=13) (G843E vs. S1653fs: P=0.014; Y2935X vs. S1653fs:
P =0.013), which were significant after Bonferroni correction (Fig. 4). The
mean annual rates of VA progression were 0.05+ 0.08, 0.02 + 0.02, and
0.04 + 0.05 in S1653fs, G843E, and Y2935X, respectively. Analysis using the
linear mixed-effects model revealed that G843E and Y2935X had a non-
significant difference in the effect on BCVA decline with a coefficient of
—0.006 (95% CI: —0.024 to 0.013) (P = 0.54) and 0.006 (95% CI: —0.015 to
0.028) (P = 0.56), compared with the homozygote S1653fs, respectively. The
estimated ages of blindness onset in homozygotes of S1653fs (n=15),
G843E (n=11), and Y2935X (n=9) were 73.8 (95% CI: 59.1—88.5), 90.4
(95% CI: 61.3—119.4), and 70.1 (95% CI: 52.2—88.0) years, respectively,
although no statistical difference was observed among the groups (P > 0.05)
(Table 3).
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Fig. 1 | Characteristics of the pathogenic variants causing EYS-associated retinal
dystrophy in Japanese patients. (A) Schematic representation of the EYS protein
domains and the distribution of pathogenic variants; (B) Classifications of the
detected pathogenic variant types in EYS-RD. A Schematic representation of the
EYS protein structure, highlighting domain organization and the location of
representative pathogenic variants identified in Japanese patients with EYS-asso-
ciated retinal dystrophy. The protein includes epidermal growth factor (EGF)
domains, EGF-like domains, calcium-binding EGF-like (EGF-CA) domains, low
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complexity regions, and multiple laminin G (LamG) domains in the C-terminal
region. Variant positions are indicated above the schematic, with frameshift, non-
sense, missense, and deletion variants annotated accordingly. This figure was created
using Microsoft Office software. B Pie chart illustrating the classification of the types
of pathogenic variants detected in the EYS gene. In total, 39.7% of the detected
variants were missense, 39.7% were frameshift, 18.7% were nonsense, 0.34% were
large deletions, 0.17% were duplications, and 1.37% were splice-site variants in this
study population. This figure was created using Microsoft Office software.

Furthermore, we performed a comparative analysis of phenotypic
features, including additional clinical parameters, among the three major
variant groups (Supplementary Table 2). In this analysis, significant dif-
ferences among the three groups were detected with respect to visual field
defects and epiretinal membrane.

Discussion

This multicenter retrospective study described the clinical characteristics of
IRD caused by EYS (EYS-RD), which is currently the most common cau-
sative gene in the Japanese population. Data from 291 patients with EYS-RD
showed a mean progression rate of VA (logMAR BCVA)/year of 0.03
(equivalent to a decimal VA decrease from 1.0 to 0.9). This finding indicates
that EYS-RD may represent a mild phenotype of cone dysfunction. We
further identified three major genetic variants (S1653fs, Y2935X, and
G843E) in approximately 90% of Japanese EYS-RD, all of which are specific
to the East Asian population. Comparisons of the clinical characteristics of
the homozygotes of these three variants demonstrated that S1653fs was
significantly associated with earlier onset, and that truncating variants
(S1653fs and Y2935X) tended to show an earlier estimated age of blindness
and the hypomorphic G843E a later age, though these latter differences were
not significant.

A notable strength of this study is its scale, as it represents the largest
EYS-RD clinical study. Given the retrospective design of this study and the
rarity of the disease, we included all available and eligible cases from eight
participating Japanese facilities to maximize statistical power and patient
numbers. Although the registry does not include the general healthy

population, the underlying source population can be estimated at
approximately 15 million based on disease prevalence. This estimate illus-
trates the rarity of the condition and emphasizes the importance of registry-
based studies in rare diseases.

Importantly, the majority of patients (96%) with EYS-RD showed rod-
cone dystrophy, confirming the role of EYS as a causative gene of RP. These
findings align with the reports of previous studies on European (Portuguese)
patients with EYS-RD (N = 58), which observed similar ages of onset and
disease-type rates’. The mean annual AlogMAR BCV A of 0.03 is consistent
with the European cohort’s reported progression of 1.45-1.51 letters per
year (0.028)”. Given that typical RP, which is primarily a rod-cone dys-
trophy, progresses by 2.3 letters (0.045) per year ™, EYS-RD may represent a
mild phenotype of cone dysfunction. In the present study, the decline in VA
generally began after the age of 40 years. This decline may occur earlier than
in the natural history of other IRDs (e.g., Bietti’s crystalline dystrophy™ or
RP caused by S-antigen visual arrestin variants™). The pre-decline period in
VA for EYS-RD may be an optimal window for gene therapy and neuro-
protective treatments.

Although the clinical characteristics of EYS-RD are similar to those
reported in the previous study in European patients™, notable differences in
the genetic background exist among populations. Specifically, although
EYS-RD follows an autosomal recessive inheritance pattern, the present
study revealed a low incidence of family history and consanguinity. Instead,
high-frequency variants specific to East Asia were identified. These findings
suggest that the three major pathogenic variants prevalent in the Japanese
population may contribute to the sporadic occurrence of EYS-RD in a
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Fig. 2 | Human lifespan and the scatterplot with paired points of the logMAR
visual acuity at the initial and last visit in patients with EYS-associated retinal
dystrophy. This scatterplot illustrates the longitudinal changes in logMAR best-
corrected visual acuity (BCVA) in patients with EYS-associated retinal dystrophy.
White circles represent visual acuity measurements at initial visits, while black
circles indicate measurements at the last follow-up visits, with paired data points
connected by gray lines. The mean age at disease onset was 25.8 + 14.9 years, while

the mean age at initial clinical visit was 45.6 + 14.9 years. The mean logMAR BCVA
at initial visit was 0.34 + 0.56, corresponding to a decimal visual acuity of 0.4-0.5.
The background displays silhouettes representing different life stages, with the
working-age period (15-65 years) marked along the horizontal axis. Horizontal
dashed lines indicate visual impairment thresholds, with the WHO Category 2 to 3
boundary (logMAR 1.3) highlighted. This figure was created using RStudio, with
background silhouettes designed by LAIMAN, Inc.

Table 2 | Multivariate analysis of factors affecting best
corrected visual acuity at initial visit

Estimate Std. Error Pvalue 95% CI
Age atinitial visit (years)  0.021 0.0028 <0.001*  0.016 to 0.027
Age at onset (years) —0.012 0.002 <0.001* -0.017 to -0.008
Gender —0.027 0.063 0.676 -0.151 to 0.098
Lens status: 0.041 0.084 0.629 -0.126 to 0.207
pseudophakia
Macula complication
Epiretinal membrane 0.050 0.104 0.634 —0.156 to 0.256
Macular edema —0.063 0.180 0.725 -0.419 t0 0.292
Vitreomacular traction 0.154 0.397 0.969 -0.768 to 0.799
syndrome
Macular pseudohole -0.215 0.414 0.603 —-1.031 to 0.600
Macular hole 0.050 0.239 0.835 -0.421 to 0.521
Family History 0.039 0.070 0.835 -0.099 t0 0.176
Consanguinity of 0.247 0.105 0.020* 0.040 to 0.454

parents

Std. Error standard error, Cl confidence interval.

context of random mating, shaping the unique characteristics of Japa-
nese EYS-RD.

Variations of clinical characteristics among three major pathogenic
variants highlight the potential value of genetic testing in genetic counseling
for patients with IRD, including life planning. Notably, patients with
S1653fs-RD exhibited an earlier onset compared with those with the other
two high-frequency pathogenic variants (Y2935X and G843E). This fra-
meshift insertion variant, located in the middle of the protein structure, may
contribute to the earlier onset of EYS-RD. In addition, patients with

truncating variants (S1653fs and Y2935X) tended to have an earlier esti-
mated age of blindness, whereas those with the hypomorphic G843E
appeared to show a later estimated age of blindness. Although these
observed differences did not reach statistical significance, the general trend
aligns with the biological plausibility that hypomorphic variants, such as
G843E, may retain partial protein function and consequently result in a
milder phenotypic effect, whereas truncating variants confer a more dele-
terious impact. This observation is also consistent with the expected impact
on the phenotype among the three variants based on their allele frequency in
the general population (Fig. 3B)™.

This study had some limitations. First, the presence of missing values
within the dataset due to interrupted outpatient visits and follow-ups, or
failure to collect information despite contact. Specifically, the number of
patients aged >70 years was limited, and therefore, the progress of this age
group could not be adequately assessed. Second, we performed the largest
EYS-RD study to date using data from the Japan Retinitis Pigmentosa
Registry Project, but the sample size was still limited, particularly after
stratification by homozygous variants, and this precludes definitive con-
clusions. In addition, although a Bonferroni correction was applied to
pairwise comparisons among the three major variants, multiple clinical
parameters were analyzed. Therefore, our findings, including statistical
results based on P values, should be interpreted with caution. Larger pro-
spective studies conducted in other institutions or East Asian populations
(e.g., in China and Korea) are necessary to validate our findings. Third, the
VA assessment relied on evaluations conducted at two time points, the
initial and last visits, with the analysis assuming linearity in changes across
all ages. Fourth, this study primarily focused on the changes in BCVA,
reflecting cone dysfunction. Hence, the analysis of rod function, including
visual field loss, is warranted. Fifth, the limited availability and variability of
multimodal imaging and functional testing data, along with the lack of a
standardized protocol across centers at the time of collection, made uniform
analysis of these parameters difficult in the present study. To address this,
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Fig. 3 | The frequent combinations of the two autosomal recessive pathogenic
variants (A) and world distribution of the top 3 frequent pathogenic variants (B).
A The upper left panel displays individual allele counts of the pathogenic variants. The
lower panel illustrates the frequency of variant combinations in patients, with con-
nected dots in the left matrix indicating specific combinations of variants present in
individual patients. The horizontal bars represent the number of patients (N) carrying
each combination pattern, with the most frequent combination being the compound
heterozygous combination of S1653fs and G843E, followed by the homozygous
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S1653fs. This figure was created using RStudio. B World distribution maps of the top
three pathogenic variants (S1653fs, G843E, and Y2935X) with their corresponding
allele frequencies in different population databases. For each variant, frequencies are
shown from four genomic databases: gnomADv4 (global), gnomADv4 East Asian
population (EAS), 14KJPN (Japanese population database), and KGP (Korean Gen-
ome Project). The maps highlight regions where these variants show higher prevalence,
with darker shading in East Asia reflecting the increased frequency of these variants in
Asian populations. This figure was created using Microsoft Office software.

several prospective, protocol-driven studies have been initiated within our
study group, for example, the RP-PRIMARY study”, in which these data are
being collected in a standardized manner for future evaluation. Sixth,
regional sampling bias cannot be excluded, although cases were collected
from a wide range of facilities across Japan. However, our previous study
demonstrated that the major variants (S1653fs and Y2935X) observed in the
Japanese population are distributed nationwide without significant regional
differences™, thereby minimizing the potential impact of such bias on our
findings. Seventh, differences in instrumentation, examination protocols, or
examiner technique across centers may have introduced additional varia-
bility, despite the use of standardized procedures. Therefore, possible centre-
to-centre measurement variability might have affected data consistency.
Furthermore, patients with structural variants, such as copy number var-
iations, large deletions, and Alu insertions, were underrepresented. Future
studies should address the clinical phenotypes of Japanese EYS-RD caused
by these variants™*".

In conclusion, the present study described the clinical characteristics of
Japanese patients with EYS-RD caused by pathogenic variants mainly spe-
cific to East Asia. The clinical differences among major East Asian-specific
pathogenic variants of Japanese EYS-RD highlight the potential of genetic
testing for personalized medicine tailored to population characteristics.

Methods

Study design and participants

The Japan Retinitis Pigmentosa Registry Project is a multicenter registry for
patients with inherited retinal dystrophy, including RP, encompassing

~3000 registered patients. This multicenter retrospective study included 141
men and 150 women who were clinically and genetically diagnosed with
EYS-RD registered at eight Japanese facilities, namely, Jikei University,
Teikyo University, Hamamatsu University School of Medicine, Nagoya
University, Kobe City Eye Hospital, Kyushu University, Miyata Eye Hos-
pital, and University of Miyazaki from July 2018 to July 2023. From each
family, only one proband with available data was consecutively recruited
from the participating facilities in this registry. Exclusion criteria included
incomplete genetic confirmation or inadequate clinical documentation.

Clinical Examination
We retrospectively collected patients’ clinical information from medical
records. The clinical diagnosis of EYS-RD was made by trained oph-
thalmologists at each facility based on the history of night blindness, visual
field constriction, and/or ring scotoma and the results of comprehensive
ophthalmological examinations, including slit-lamp biomicroscopy,
fundus photography, electroretinography, and optical coherence tomo-
graphy. Genetic testing was performed on all patients, confirming biallelic
pathogenic or likely pathogenic variants in EYS as the causative gene.
The clinical characteristics [age at the initial visit, duration of obser-
vation, age of onset, initial symptoms, family history, history of con-
sanguineous marriage, disease type, macular complications, history of
cataract surgery, logarithm of the minimum angle of resolution best-
corrected visual acuity (logMAR BCVA), and its progression] of natural
disease progression were evaluated. The mean + standard deviation or
proportion of each parameter was calculated. For patients homozygous for
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Table 3 | Comparison of the characteristics of EYS-RD among the three major homozygous pathogenic variants

Variant Types N Mean age at Mean age at the Mean logMAR BCVA at Mean The estimated age atthe decimal BCVA
of disease onset initial visit initial visit OD progression/  of 0.05 (95% Cls)
cases yr
S1653fs  Frameshift 32 18.4 42.3 0.37 0.05 +0.08 73.8(59.1, 88.5)
insertion
G843E  Missense 25 27.0 49.8 0.36 0.02 £0.02 90.4 (61.3,119.4)
Y2935X  Stop gain 15 28.2 45.6 0.33 0.04 £0.05 70.1 (52.2, 88.0)

The number of patients included in each analysis was as follows: mean age at disease onset (S1653fs, 26; G843E, 22; Y2935X, 13), mean age at the initial visit (31, 25, 15), mean logMAR BCVA at the initial
visit OD (29, 24, 15), mean progression per year (15, 11, 9), and estimated age at a decimal BCVA of 0.05 with 95% Cls (15, 11, 9), respectively. yr year(s), LogMAR BCVA best-corrected visual acuity in

logarithm of the minimum angle of resolution, Cls confidence intervals.
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Fig. 4 | Comparison of the age at disease onset among the homozygotes of the
three major pathogenic variants (S1653fs, G843E, and Y2935X). This box-and-
whisker plot illustrates the comparison of age at disease onset (years) among patients
homozygous for the three most frequent pathogenic variants in the EYS gene:
$1653fs (N = 26), G843E (N = 22), and Y2935X (N = 13). Individual data points are
overlaid on each box plot. The horizontal line within each box represents the median,
the box boundaries indicate the interquartile range (25th to 75th percentiles), and
the whiskers extend to the minimum and maximum values within 1.5 times the
interquartile range. Statistical comparison of mean onset ages was performed using
the Wilcoxon rank-sum test with Bonferroni correction for multiple comparisons
(a=0.05/3). Significant differences (p < 0.0167) between groups are shown, while
non-significant comparisons are labeled as N.S. This figure was created using
Microsoft Office software and RStudio.

one of the three major pathogenic variants (S1653fs and Y2935X***, and
GB843E™*), we evaluated the clinical findings of each variant.

BCVA was measured using the Landolt decimal VA chart at 5 m or
with single Landolt test cards. The values were converted to the logarithm of
the minimum angle of resolution (logMAR) for statistical evaluation. The
logMAR values for counted fingers, hand motion, light perception, and no
light perception were 2.3, 2.6, 2.9, and 3.2, respectively”’. The World Health
Organization (WHO) definitions of low vision (3/10) and blindness (2/40)
were used as the threshold values’. Some patient data have previously been
published in a case report or case series*****,

Detection of pathogenic variants in EYS

Peripheral blood samples and salivary specimens were collected from all
patients, and genomic DNA was extracted. Genetic variants were detected
by direct Sanger sequencing of the EYS gene, multiplex polymerase chain
reaction-based target sequencing’' or whole-exome sequencing with a target
analysis of retinal disease-associated genes™”. All variants detected in EYS
were classified according to the guidelines of the American College of
Medical Genetics and Genomics™. The included variants were annotated
using ANNOVAR software (version 3.4)** and SnpEff (version 4.3). The
minor allele frequency was obtained from gnomAD v4*, 14KJPN”, and the
Korean Genome Project™.

Statistical analysis

Comparisons of clinical data among the three groups were performed
using Fisher’s exact test and the Kruskal-Wallis test. For pairwise com-
parisons, the Wilcoxon rank-sum test was applied with Bonferroni cor-
rection to adjust for multiple testing. Multivariable linear regression
models were used to assess factors influencing best-corrected visual acuity
(BCVA) at the initial visit and the annual change in BCVA. The ages at
which visual acuity declined to low vision (logMAR BCVA = 0.523) and
blindness-equivalent (logMARBCVA = 1.3) were estimated using a linear
mixed-effects model for repeated measurements™**™'. Only patients with
two observations of logMAR BCVA and no intraocular lens implantation
were included. We fitted linear mixed-effects models with a random
intercept for each participant to account for within-subject correlation.
Random slopes were not modeled because only two time points per
participant were available, leading to poor identifiability. To compare
among the three major variant groups, age (years, continuous), variant
status, and their interaction were included as fixed effects. For each variant
group, the age at which BCVA reached the clinical thresholds (logMAR
0.523 and 1.3) was estimated from the fitted model coefficients, and dif-
ferences in threshold ages between groups were evaluated by comparing
these estimates. For variables with missing data, we performed complete-
case analyses, excluding observations with missing values for the variable
under consideration. As an exception, in the multivariable analyses, the
missing-indicator method was applied. All statistical tests were two-sided,
and significance was set at p < 0.05, except where Bonferroni adjustment
was applied. All statistical analyses were performed using R software
(version 3.4.4).
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