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Abstract

Eyes shut homolog (EYS) is an eye-specific gene that encodes a protein essential for maintaining
photoreceptor integrity. The aim of this study was to identify the parameters that characterize the
clinical features of EYS-associated retinitis pigmentosa (RP) in patients carrying the c.2528G>A
(p.Gly843Glu; G843E) variant. We retrospectively analyzed 127 Japanese patients carrying biallelic
pathogenic variants in the EYS gene. To delineate the phenotypic impact of the hypomorphic G843E
variant, the cohort was divided into the G843E group (n = 32) and the non-G843E group (n =52). To
account for age-related effects, clinical parameters—including best-corrected visual acuity (BCVA),
Humphrey Field Analyzer mean deviation (MD), and ellipsoid zone (EZ) width—were compared
between groups within the 40-60-year age range. The G843E group showed a significantly later age
of disease onset (p = 0.0085), while BCVA and MD did not differ significantly between groups.
Conversely, EZ width was significantly higher in the G843E group (p = 0.019), and multivariable
logistic regression identified EZ width as the only statistically significant predictor of G843E variant
presence (pseudo-R? = 0.52). These resuits suggest that the G843E variant is associated with a milder
clinical course, characterized by iater onset and better preservation of photoreceptor structure. EZ

width may serve as a key structural biomarker for genotype—phenotype correlations in EYS-RP.
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Introduction

Retinitis pigmentosa (RP) is one of the most common inherited retinal dystrophies, affecting
approximately one in 3,000 to 5,000 individuals worldwide®. RP is characterized by progressive retinal
degeneration, with rod photoreceptor loss predominating in the early stages of the disease, leading to
night blindness and peripheral vision impairment. As the disease progresses, cone photoreceptors also
degenerate, leading to central vision loss. RP arises from highly heterogeneous genetic mutations, with
over 80 different variants identified to date, encompassing autosomal dominant, autosomal recessive
(arRP), and X-linked (XLRP) forms2. This genetic diversity contributes to substantial variability in

age of onset, disease progression, and severity®.

Recent advances in comprehensive genetic analyses have facilitated rapid identification of genes
associated with RP, revealing that the spectrum of gene variants differs across populations. Notably,
variants in the eyes shut homolog (EYS) gene are amonq the inost prevalent causes of arRP, accounting
for 20%-40% or more of arRP cases in Japanese patients*®. Therefore, the EYS gene represents a
critical target for RP research in East Asian populations and for the development of new therapeutic

approaches.

The EYS gene is located on chromosome 6g12, spanning a genomic region of over 2 Mb and
comprising 44 exons. Its longest transcript isoform is 10,475 nucleotides in length and encodes a
protein of 3,165 amino acids, which includes a signal peptide, 28 epidermal growth factor-like domains,
and 5 laminin G-like domains® 1°, This protein represents the largest eye-specific structural protein

identified to date, and, as its name suggests, is the human homolog of the Drosophila EYS protein®?.

Studies using animal models have shown that EYS localizes to the connecting cilia of photoreceptor
cells and plays an essential role in maintaining the integrity of photoreceptor outer segmentst? 3,

Ablation of EYS in zebrafish leads to mislocalization of outer segment proteins and subsequent



photoreceptor degeneration, confirming its essential role in preserving retinal structural stability and
photoreceptor functioning®. In vertebrates, EYS is specifically expressed in photoreceptors.
Immunolocalization analyses have confirmed the presence of EYS in the outer segments of porcine rod
photoreceptors!® . Additionally, studies using macaque retinal cryosections have confirmed EYS
localization in the ciliary axoneme of both rod and cone photoreceptors, as well as in the cytoplasm of
ganglion cells. These findings suggest that EYS contributes to maintaining ciliary axoneme stability
within these anatomic structures’. In humans, pathogenic variants in the EYS gene also result in
structural disruption of photoreceptor cells and have been identified as the pathogenic gene responsible
for RP25%, Functional analyses in human retinal organoids have further clarified the pathogenic role
of EYS in retinal dystrophy. In patient-derived organoids, EYS deficiency impairs outer segment

protein localization and increases susceptibility to light-induced damaga?®.

RP exhibits substantial heterogeneity in both severity and clinical manifestations, depending on the
mode of inheritance®. Even variants within the same gene can produce differences in disease
progression and phenotype® 1-2°, Truncating variants, such as nonsense and frameshift mutations,
typically lead to loss of functionai protein and are associated with earlier disease onset and more rapid
progression® 7. Conversely, some missense mutations may retain residual function and are often
associated with slower progression and later onset?! 22, The missense variant G843E in the EYS gene
is among the most commonly detected variants in Japanese patients with EYS-associated with RP
(EYS-RP). In this population, EYS variants account for 46.6% of RP cases with phenotypic expression,
with G843E representing 13.2% of these cases®. Previous studies have demonstrated a discrepancy
between the relatively high allele frequency of G843E and its lower-than-expected observed
prevalence in the RP population, suggesting that G843E does not cause complete loss of function but
instead represents a hypomorphic allele? 24 however, no direct functional analyses or detailed clinical

evaluations have quantified the extent to which outer retinal structure or visual function is preserved

4



in patients with EYS-RP carrying pathogenic G843E variants.

Therefore, this study sought to clarify the differences in clinical manifestations between patients with
and without the G843E variant in EYS-RP and to evaluate parameters relevant to genotype—phenotype
correlations. By comparing age at onset, best-corrected visual acuity (BCVA), visual field sensitivity,
and preservation of retinal structure between RP patients with and without the G843E variant, we
quantitatively evaluated its phenotypic impact and improved the accuracy of genetic classification and
prognosis assessment. Furthermore, given recent advances in genome editing and gene therapy,
including CRISPR/Cas9 approaches?, understanding the functional impact of EYS variants is essential
for patient stratification and the identification of appropriate therapeutic targets. This study may
provide additional insights into the relationships between genotype and phenotype in EYS-RP and may

contribute to future discussion on medicine in this condition.



Results

Patient characteristics

The analysis included 127 patients with retinitis pigmentosa who harbored biallelic pathogenic or
likely pathogenic EYS variants, as determined according to the Japanese interpretation of the ACMG
guidelines®. Of these, 32 patients heterozygous for the ¢.2528 G>A (p.Gly843Glu) variant were
classified into the G843E group, and 52 patients without pathogenic missense variants were assigned
to the non-G843E group. The 52 patients without pathogenic missense variants carried other types of
pathogenic variants, including truncating (nonsense or frameshift) and splice-site variants. Among the
patients who underwent optical coherence tomography (OCT), the mean age was approximately 50

years; 15 were in the G843E group, and 25 were in the non-G843E group (Figure 1). The EYS variants

identified in the patients in both groups are listed in Table 1.
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Table 1. EYS variants detected in patients of the G843E group and non-G843E group
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In the G843E group, there were no homozygous c.2528 G>A (p.Gly843Glu) patients, whereas
homozygous ¢.4957dupA (p.Ser1653fs) patients were the most common in the non-G843E group. In
silico prediction scores for missense and splice-site variants are summarized in Supplemental Table

S1, and representative variants on the EYS domain structure are mapped (Supplemental Figure S1).

Table 2 presents the comparative clinical characteristics of patients in both groups. Sex distribution,
family history, consanguinity, and initial symptoms did not differ significantly between groups.
However, the age at symptom onset and the age at first clinical visit were significantly higher in the
G843E group than in the non-G843E group (p = 0.0085 and p = 0.0017, respectively). Within the
G843E group, the ages at first visit between the group carrying the ¢.4957dupA variant on the other
allele and the group without the ¢.4957dupA were compared. The mean ages at first visit of these
groups were 51.76 years and 44.63 years, respectively, and there was no significant difference between
those two groups (p = 0.21, Mann-Whitney U test).

Table 2. Demographic information of patients
G843E Non-G843E P-

group group value
Number of patients 25 41
Median age at onset (IQR) 36.0(26.5)  23.0(18.0)  0.0085
Median age at first visit (IQR) 48.0 (21.0)  40.0(17.0)  0.0017
Sex (male/female) 14 /11 23/18 0.80
Family history + 5 11 0.74
Consanguineous marriage+ 0 4 0.28
Symptom at onset Night blindness 12 30 0.072
Visual field loss 3 4 0.90
others 10 7 0.076

BCVA at approximately 50 years of
i 0.37(0.48)  0.46 (0.65)
age in RE (logMAR(SD)) 0.51
EZ width at approximately 50 years of 2650 1305 (891) 0.019



age in RE (um(SD)) (2205)
HFA MD value at approximately 50 —16.75
. —19.86 (8.92)
years of age in RE (dB (SD)) (9.86) 0.44
IQR, interquartile range; P, probability; BCVA, best-corrected visual acuity; MAR, minimum
angle of resolution; HFA, Humphrey field analyzer; MD, mean deviation; dB = decibel
Figure 2 shows the differences in clinical visual parameters between the two groups. BCVA at 50 years

of age was 0.37 + 0.48 (logMAR; mean * standard deviation (SD)) in the G843E group and 0.46 *
0.65 (logMAR; mean = SD) in the non-G843E group (Figure 2a). The mean deviation (MD) at 50
years of age was —16.75 + 9.86 (mean £ SD) in the G843E group and —19.86 + 8.92 (mean + SD) in
the non-G843E group (Figure 2b). Although BCVA and MD values appeared better in the G843E
group, these differences were not statistically significant. Conversely, the ellipsoid zone (EZ) width
was significantly greater in the G843E group (2,649.50 + 2,204.57 um; mean + SD) than in the non-

G843E group (1,304.50 + 890.66 um; mean = SD; p = 0.019) (Figure 2¢).
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Multiple regression analyses

The logistic regression model showed a good fit, with a pseudo-R? of 0.52 and a log-likelihood of
—9.70. Among the predictor variables, the EZ width was the only statistically significant predictor of
the presence of the G843E variant (p = 0.019; Table 3). The Akaike Information Criterion (AIC) value
was 35.40, indicating good model fit. Variance inflation factor (VIF) values for all predictors were

below 5, indicating a similar trend.
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Table 3. Results of logistic regression with stepwise feature selection (Lasso)

Parameters Coefficient SE z P-value  95% confidence interval
BCVA at 50 years of
2.35 1.41 1.67  0.095 [-0.41, 5.11]
age
EZ at 50 years of age 4.03 1.81 2.23  0.026 [0.48, 7.58]
MD at 50 years of age —0.50 1.04 -0.48 0.63 [-2.54, 1.55]
Male 3.39 2.03 1.67  0.095 [-0.60, 7.38]
Visual field defects —5.13 4.22 -122 0.22 [-13.41, 3.14]
2.1 % 0.001
Visual acuity loss 24.14 1.00 [—4.11 x 104 4.12 x 104
10 0
No symptoms 2.96 1.64 1.80 0.072 [-0.26, 6.18]

SE, standard error; BCVA, best-corrected visual acuity; EZ, ellipsoid zone; MD, mean deviation

Representative cases

Wide-field fundus photographs, fundus autofluorescence (FAF) images, and horizontal OCT scans of
representative cases are shown in Figure 3. In both the G843E and non-G843E groups, fundus
examinations revealed common features. Color fundus photographs showed retinal degenerative
changes and vascular attenuation, while FAF images confirmed the presence of abnormal

autofluorescence in all patients.

OCT scans also revealed shared characteristics, including outer retinal layer atrophy in both groups.
However, a notable difference was observed in the EZ width near the fovea, which was consistently

higher in the G843E group.
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For instance, in the G843E group, the right eye of a 54-year-old male patient (N1067), carrying
compound heterozygosity of p.(Gly843Glu) and p.(Ser1653fs), had an EZ width of 4,164 um (Figure
3a). Another patient in this group, a 50-year-old female patient (N427) with the same compound

heterozygous variants, had an EZ width of 1,796 um in her right eye (Figure 3Db).

Conversely, patients in the non-G843E group generally showed smaller EZ widths. The right eye of a
42-year-old female patient (N167) with a homozygous p.(Ser1653fs) variant had an EZ width of 1,166

um (Figure 3c). Similarly, the right eye of a 51-year-old female patient (N559), carrying compound

heterozygous variants p.(Tyr2555fs) and p.(Ser1653fs), had an EZ width of 1,345 pum (Figure 3d).
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Discussion

In this study, significant differences were observed in both age at onset and age at first clinical visit,
with the G843E group exhibiting median differences of 13.0 and 8.0 years, respectively, compared
with the non-G843E group (p = 0.0085 and 0.0017). Furthermore, after adjusting for age, the G843E
group exhibited approximately twice the mean EZ width compared with the non-G843E group, a
difference that was statistically significant (p = 0.019). These findings indicate that patients carrying
GB843E have a later disease onset and better preservation of the outer retinal structure, supporting the

conclusion that this variant may be associated with milder clinical manifestations in EYS-RP.

The pathogenic mechanism of the G843E variant is hypothesized to involve conformational changes
in the EYS protein resulting from its specific position and variant type. The G843E variant, a missense
mutation located within an EGF-like domain, results in a glycine-tc-glutamate substitution that may
alter protein folding and extracellular interactions without causing complete loss of function. It is
known that EYS is a central component of the complex responsible for maintaining the structural
integrity of the outer retinal layers'® 121° Previous reports suggest that the G843E variant represents a
hypomorphic allele?® 2* and may produce structural and functional phenotypes with relatively mild
clinical manifestations, as compared to truncating variants, which are typically associated with near-
complete loss of EYS protein function® 1822, The EZ width data obtained in this study are consistent
with these earlier reports, indicating the G843E variant likely preserves partial protein function,
maintains photoreceptor structure, and manifests as a relatively slow-progressing disease. A plausible
explanation for the milder structural phenotype observed in ¢.2528G>A carriers is that this missense
allele retains partial EYS function. In an autosomal-recessive setting, a hypomorphic allele paired with
a loss-of-function allele could still produce a small amount of functional protein, thereby slowing
photoreceptor degeneration and preserving EZ width. The age at first visit did not significantly differ

between patients carrying ¢.4597dupA on the other allele and those who did not, suggesting that the
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presence of one ¢.2528G>A allele may contribute to a relatively consistent clinical course across
different trans-allele classes. However, the sample size limits our ability to detect modest trans-allele
effects. Future studies integrating transcript-level assays and quantitative variant-effect prediction will
be needed to define how much residual EYS activity is required to preserve photoreceptor structure. In
larger cohorts with standardized OCT timepoints, these quantitative predictors could be examined in

relation to EZ width to explore whether clinically useful thresholds can be defined.

In this study, the EZ width at approximately 50 years of age was significantly lower in the non-G843E
group. On OCT, EZ width serves as a reliable marker of photoreceptor outer segment preservation and
is commonly employed to quantify residual photoreceptors in retinal diseases with progressive
course?” %, A reduction in EZ width is strongly associated with the progression of retinal
degeneration®" 32 and serves as a valuable indicator for assessing disease severity. Although one
previous study reported a dissociation between structural and functional parameters in RP, several
studies have shown a strong correlation between EZ width and functional parameters, such as
electroretinogram (ERG) responses and Goldmann visual field measurements®t, confirming its
potential as a structural biomarkei. Moreover, the area of preserved EZ on OCT closely correlates with
visual field sensitivity® 3¢ suggesting its potential utility for predicting visual field progression.
Furthermore, subtle disease progression that may not be detectable by visual acuity or visual field tests
can be captured through monitoring EZ disappearance on OCT imaging®’—°. This underscores the high
sensitivity of EZ assessment for detecting subtle changes in visual function that may not be apparent

with conventional clinical evaluations, such as BCVA and Humphrey Field Analyzer (HFA) perimetry.

The results of the logistic regression analysis further support the potential of EZ width as a structural
biomarker for identifying carriers of the G843E variant. In this analysis, multiple clinical parameters
were evaluated as candidate predictors for G843E carrier status, and among them, only EZ width at

approximately 50 years of age was identified as a statistically significant predictor (p = 0.019). The
14



model showed a good fit, with a pseudo-R? value of 0.52, a log-likelihood of —9.70, and an AIC of

35.40. VIF values for all predictors were below 5, indicating negligible multicollinearity.

These findings suggest that EZ width may reflect genotype-associated differences with higher
sensitivity than other clinical measures, such as visual acuity or visual field sensitivity, highlighting
its relevance not only as an indicator of disease progression but also as a possible marker associated
with specific genetic variants. Consistently, previous reports have shown that the rate of EZ width
reduction differs significantly between ciliopathy-related and non-ciliopathy gene groups in arRP.
This suggests that EZ width serves as a structural parameter reflecting both disease progression and
genotype-specific differences. These characteristics underscore its clinical utility for pathological

classification and contribute to the foundation of personalized medicine approach.

One possible explanation for the lack of difference in visual acuity between groups, despite differences
in EZ width, is that visual acuity primarily depends on macular integrity, whereas EZ width reflects
photoreceptor preservation across a broader retinal region. Therefore, visual acuity may be reduced
even when the EZ is relatively preserved if the fovea is compromised. Visual acuity depends not only
on the overall length of the EZ but also on the degree of fovea preservation. In patients with RP
carrying the G843E variant, it can be inferred that even when the EZ is relatively well-defined, visual

function may not correspondingly reflect this structural preservation.

Patients in whom photoreceptor structure is relatively preserved despite impaired visual function may
represent promising candidates for gene therapy. The EYS gene exceeds the 4.7 kb packaging capacity
of conventional adeno-associated virus (AAV) vectors*> “3, rendering EYS-RP unsuitable for
conventional AAV-mediated gene therapy. Alternatively, CRISPR-Cas9-based gene-editing

technologies, such as base editing and prime editing, provide a feasible strategy for treating EYS-RP**

45
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Preservation of photoreceptor structure is essential for effective treatment*®, and interventions at stages
when the retinal structure remains intact are expected to yield more favorable outcomes. It is
anticipated that some patients with RP carrying the G843E variant meet these structural criteria,

representing a relevant population for timely therapeutic interventions.

In this study, patients carrying the G843E variant appeared to have slower disease progression than
those lacking it. This finding suggests that the type of genetic mutation can influence the clinical course
of EYS-RP and may inform future prognostic assessments and treatment selection based on mutational
profiles*’. Considering that this patient subgroup tends to exhibit delayed symptom onset and better
preservation of photoreceptor structure, genetic screening can provide valuable prognostic information,
supporting patient counseling, informed consent, and therapeutic decision-making. If personalized
therapies, such as gene therapy or genome editing, become cliniicaliy available, the timing of
intervention may differ depending on the genotype. Notably, some individuals carrying the G843E
variant retained a relatively wide EZ and preservea visual acuity and visual field sensitivity even
beyond 60 years of age. These observations suggest that the therapeutic time window may extend into
later decades for some G843E carriers, whereas patients without G843E may require intervention at
younger ages. Nevertheless, age alone is an imperfect surrogate, and structural preservation on OCT

(e.g., EZ width) may represent a more practical criterion for defining treatable stages.

Another possible explanation for the absence of statistically significant differences in functional
measures, such as visual acuity and MD values, is the limited sample size of the present study. These
functional measures are subject to substantial variability and are highly influenced by individual
differences, making it challenging to detect statistically significant differences in small cohorts.
Therefore, the lack of statistically significant differences observed in this study does not preclude a
potential trend toward relatively preserved visual function in patients carrying the G843E variant.

Future large-scale, multicenter cohort studies with long-term follow-up will be necessary to clarify the
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impact of the G843E variant on visual function.

In this study, patients heterozygous for the G843E variant were compared to patients lacking
pathogenic missense variants to evaluate its hypomorphic effect, excluding the possibility that other
pathogenic missense variants may also retain variable residual function and produce heterogeneous
phenotypes. Although ¢.8805C>A (p.Tyr2935%) introduces a premature stop codon, it may not cause
complete loss of function because it is located near the C terminus, leading to underestimation of the
hypomorphic effect of the G843E variant. In the sub-analysis, patients heterozygous for the G843E
variant were compared with patients carrying truncating variants other than ¢.8805C>A (p.Tyr2935%*),
and the overall results were consistent with those of our previous analysis. Deletions and other
structural variants in EYS have been reported. In this study, long-read sequencing was not performed,

and there is a possibility of missing the effect of any deletion variants.

In conclusion, our study reveals that patients carrying the G843k variant in EYS exhibit milder clinical
manifestations, including later symptom onset and relatively better preservation of photoreceptor
structure, compared with patients lacking missense EYS variants. Notably, EZ width at approximately
50 years of age was significantly greater in patients with the G843E variant, supporting its possible
utility as a sensitive structural biomarker that reflects genotype-associated differences in disease
progression. These findings may highlight the importance of genetic characterization in EYS-RP,
providing prognostic additional information that can inform patient counseling and guide
individualized therapeutic planning. Furthermore, incorporating EZ width as a structural endpoint in
clinical trials, especially for patients with early- to mid-stage disease, may enhance sensitivity for

detecting treatment effects.
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Methods

We retrospectively analyzed the medical records of patients who attended the Ophthalmology
Department at Nagoya University Hospital and were diagnosed with EYS-RP between March 2013
and March 2024. Written informed consent was obtained from all participants. The study protocol
adhered to the Declaration of Helsinki and was approved by the Institutional Review Board and Ethics
Committee of Nagoya University Hospital (study number 2020-0598). Data were accessed on
February 16, 2025. Identifiable patient information was available during data collection; however, the
dataset was anonymized prior to the conduct of this study.

Clinical evaluations

RP was diagnosed by physicians specializing in hereditary retinal dystrophies, based on clinical
symptoms including night blindness, photophobia, tunnel vision, and visual acuity loss, as well as
fundus findings such as bone spicule pigmentation, vessel aitenuation, and abnormal fundus
autofluorescence. Degeneration of the outer retinai iayers was assessed using OCT, and severely
reduced responses on full-field ERGs were included in the diagnostic criteria. Enrolled patients were
stratified into two groups: those 'ieterozygous for the ¢.2528 G>A (p.Gly843Glu) variant (G843E
group) and those without pathogenic missense variants (non-G843E group). Because other pathogenic
missense variants may also retain variable residual function and produce heterogeneous phenotypes,
patients heterozygous for the ¢.2528 G>A (p.Gly843Glu) variant were compared with patients lacking
pathogenic missense variants to evaluate its hypomorphic effect. Differences between groups were
evaluated for age at symptom onset and at first clinical visit, BCVA, EZ width, and HFA 10-2 MD.
To validate the disease progression depending on the patients in the G843E group, the ages at first visit
between the group carrying the ¢.4957dupA variant on the other allele and the group without the
.4957dupA were compared. To adjust for age-related effects, analyses of BCVA, EZ width, and MD

were performed in patients aged closest to 50 years (between 40 and 60 years) and included only
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patients with OCT measurements within the range of age. OCT images were obtained using Spectralis
OCT (Heidelberg Engineering, Heidelberg, Germany). EZ width was measured as previously
described®, defined as a straight-line distance between the two points where the top of the EZ and the
RPE intersect. An average of horizontal and vertical fovea-centered B-scan values was analyzed.
Ultrawide-field color fundus photographs and fundus autofluorescence images were obtained using an
Optos system (Optos P200Tx; Optos, Dunfermline, UK). Functional assessment was performed using
standard automated perimetry with the Humphrey Field Analyzer (Carl Zeiss Meditec, Dublin, CA,
USA).

Genetic analyses

Genomic DNA was extracted from blood or saliva samples obtained from patients and analyzed using
targeted resequencing of 86 genes with a next-generation sequencing platform, following
methodologies described in previous reports* “¢. The RefSeq transcript used for variant annotation was
NM_001142800. Pathogenicity of detected variants was classified according to the J-IRD-VI
guidelines?®. Patients harboring EYS gene variants classified as pathogenic or likely pathogenic were
included in the study. Cases with homozygous or compound heterozygous pathogenic variants were
considered genetically rescived. For visualization, a schematic map of the EYS protein domains was
generated, and the positions of representative variants detected in this cohort were annotated
(Supplemental Figure S1). In silico prediction scores (REVEL, CADD PHRED, and SpliceAl
DS_max) were obtained using the Ensembl Variant Effect Predictor and are presented in Supplemental
Table S1. Protein-level consequences were described using HGVS nomenclature, including the
predicted termination position for frameshift variants (fs*X).

Statistical analysis

Differences in the proportions of patients with a family history, consanguinity, and symptoms at onset

were assessed using the chi-square test. Continuous variables, including age at onset and at first clinical
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visit, BCVA, EZ width, and MD, were compared between groups using the Mann—Whitney U test.
Multivariable logistic regression analysis was performed to examine the association between clinical
parameters and the presence of the G843E variant. Predictor variables included BCVA at 50 years of
age, EZ width at 50 years of age, gender, family history of disease, and symptom manifestations. These
variables were selected using stepwise feature selection through Lasso regression with cross-validation.
Before regression analysis, categorical variables were one-hot encoded, and continuous variables were
standardized. VIF analysis was conducted to assess multicollinearity among predictors, and AIC was
calculated to evaluate model fit. Statistical significance was defined as p < 0.05. Statistical analyses

were conducted using Python SciPy and Statsmodels libraries®.

20



Acknowledgments

KM was supported by the Nagoya University Doctoral Program for World-leading Innovative and
Smart Education and the Nagoya University Convolution of Informatics and Biomedical Sciences on
Glocal Alliances program, funded by the Ministry of Education, Culture, Sports, Science and
Technology, and from the Japan Science and Technology Support for Pioneering Research Initiated by
the Next Generation, Grant Number JPMJSP2125. KM gratefully acknowledges the “Tokai National
Higher Education and Research System Make New Standards Program for Next Generation

Researchers.”

KM also expresses sincere gratitude to Professor Chan of Adelaide University for their valuable
academic guidance and support as part of the joint degree program between Nagoya University and

Adelaide University.
The manuscript was reviewed by a professional English-lariguage editing service (Enago).
Funding

This study was supported by the Japan Society for the Promotion of Science KAKENHI (grant
numbers 23K15929 to TK and 23H03059 to KMN) and grants from the Japan Agency for Medical
Research and Development (23ym0126071h0002 and 23ek0109660h0001 to KMN and
25gm1510006s0105 to TK), Research on Rare and Intractable Diseases, Health and Labour Sciences
Research Grants from the Ministry of Health, Labour and Welfare of Japan (JPMH23FC1043), and

the Japan Retinitis Pigmentosa Registry Project.

Author contributions
KM analyzed the data and drafted the manuscript. TK acquired and analyzed the data, drafted the
manuscript, and secured funding for the study. AFS, KG, YK, JO, HA, and HU acquired and analyzed

the data. KMN conceptualized the study, drafted the manuscript, and obtained funding. All authors
21



contributed to the study concept and design, and approved the final version of the manuscript.

Declaration of generative Al and Al-assisted technologies in the writing process

During the preparation of this manuscript, ChatGPT (GPT-4 September 25 version) was used solely
to generate a preliminary draft. All subsequent drafting, data collection, citation management, and
interpretation were conducted by the human authors. The authors reviewed and edited all content

produced by the tool and take full responsibility for the final published work.

Competing interests

The authors declare that they have no competing interests.

Data availability

The datasets generated and/or analyzed during the current study are available in the ClinVar repository.
The specific variant reported in this study, EYS ¢.2528G>A (p.Gly843Glu), has been deposited under
the accession number SCV004707555. These data, along with other related variants from this cohort
(Submission ID: SUB14253519), can be accessed

at https://www.ncbi.nlm.nih.gov/clinvar/submitters/509444

22


https://www.ncbi.nlm.nih.gov/clinvar/submitters/509444

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chizzolini, M. et al. Good epidemiologic practice in retinitis pigmentosa: from phenotyping to
biobanking. Curr. Genomics 12, 260-266 (2011).

Hartong, D. T., Berson, E. L. & Dryja, T. P. Retinitis pigmentosa. Lancet 368, 1795-1809
(2006).

Jauregui, R. et al. Multimodal structural disease progression of retinitis pigmentosa according
to mode of inheritance. Sci. Rep. 9, 10712 (2019).

Goto, K. et al. Disease-specific variant interpretation highlighted the genetic findings in 2325
Japanese patients with retinitis pigmentosa and allied diseases. J. Med. Genet. 61, 613-620
(2024).

Arai, Y. et al. Retinitis pigmentosa with EYS mutations is the most prevalent inherited retinal
dystrophy in Japanese populations. J. Ophthalmol. 2015, 819760 (2015).

Iwanami, M., Oshikawa, M., Nishida, T., Nakadomari, S. & Kato, S. High prevalence of
mutations in the EYS gene in Japanese patients with autosomal recessive retinitis pigmentosa.
Invest. Ophthalmol. Vis. Sci. 53, 1033-1040 (2012).

Hosono, K. et al. Two novel mutations in the EYS gene are possible major causes of autosomal
recessive retinitis pigmentosa in the Japanese population. PLoS One 7, €31036 (2012).
Koyanagi, Y. et al. Clinical characteristics of EY S-associated retinal dystrophy in 291 Japanese
patients. NPJ Genom. Med. 10, 541 (2025).

Collin, R. W. et al. Identification of a 2 Mb human ortholog of Drosophila eyes
shut/spacemaker that is mutated in patients with retinitis pigmentosa. Am. J. Hum. Genet. 83,
594-603 (2008).

Abd El-Aziz, M. M. et al. EYS, encoding an ortholcg of Drosophila spacemaker, is mutated in
autosomal recessive retinitis pigmentosa. Nat. Genet. 40, 1285-1287 (2008).

Zelhof, A. C., Hardy, R. W., Becker, A. & Zuker, C. S. Transforming the architecture of
compound eyes. Nature 443, 696-699 (2006).

Yu, M. et al. Eyes shut homolog is required for maintaining the ciliary pocket and survival of
photoreceptors in zebrafish. Biol. Open 5, 1662-1673 (2016).

Messchaert, M. et al. Eyes shut homolog is important for the maintenance of photoreceptor
morphology and visual function in zebrafish. PLoS One 13, €0200789 (2018).

Lu, Z. et al. Ablation of EYS in zebrafish causes mislocalisation of outer segment proteins, F-
actin disruption and cone-rod dystrophy. Sci. Rep. 7, 46098 (2017).

Alfano, G. et al. EYS is a protein associated with the ciliary axoneme in rods and cones. PL0S
One 11, e0166397 (2016).

Otsuka, Y. et al. Phototoxicity avoidance is a potential therapeutic approach for retinal
dystrophy caused by EYS dysfunction. JCI Insight 9, 174179 (2024).

Lo, J. E. et al. Genotypes influence clinical progression in EY S-associated retinitis pigmentosa.
Transl. Vis. Sci. Technol. 11, 6 (2022).

McGuigan, D. B. et al. EYS mutations causing autosomal recessive retinitis pigmentosa:
changes of retinal structure and function with disease progression. Genes (Basel) 8, 178 (2017).
Sengillo, J. D. et al. A distinct phenotype of Eyes Shut Homolog (EYS)-retinitis pigmentosa is
associated with variants near the C-terminus. Am. J. Ophthalmol. 190, 99-112 (2018).

Soares, R. M. et al. Eyes shut homolog-associated retinal degeneration: natural history, genetic
landscape, and phenotypic spectrum. Ophthalmol. Retina 7, 628-638 (2023).

Hufnagel, R. B. et al. Tissue-specific genotype-phenotype correlations among USH2A-related
disorders in the RUSH2A study. Hum. Mutat. 43, 613-624 (2022).

23



22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Daiger, S. P., Sullivan, L. S. & Bowne, S. J. Genes and mutations causing retinitis pigmentosa.
Clin. Genet. 84, 132-141 (2013).

Nishiguchi, K. M. et al. A hypomorphic variant in EYS detected by genome-wide association
study contributes toward retinitis pigmentosa. Commun. Biol. 4, 140 (2021).

Numa, S. et al. EYS is a major gene involved in retinitis pigmentosa in Japan: genetic
landscapes revealed by stepwise genetic screening. Sci. Rep. 10, 20770 (2020).

Uddin, F., Rudin, C. M. & Sen, T. CRISPR gene therapy: applications, limitations, and
implications for the future. Front. Oncol. 10, 1387 (2020).

Fujinami, K., Nishiguchi, K. M., Oishi, A., Akiyama, M. & Ikeda, Y. Specification of variant
interpretation guidelines for inherited retinal dystrophy in Japan. Jpn. J. Ophthalmol. 68, 389-
399 (2024).

Hariri, A. H. et al. Quantification of ellipsoid zone changes in retinitis pigmentosa using en
face spectral domain-optical coherence tomography. JAMA Ophthalmol. 134, 628-635 (2016).
Cabral, T. et al. Retrospective analysis of structural disease progression in retinitis pigmentosa
utilizing multimodal imaging. Sci. Rep. 7, 10347 (2017).

Liu, G., Li, H., Liu, X., Xu, D. & Wang, F. Structural analysis of retinal photoreceptor ellipsoid
zone and postreceptor retinal layer associated with visual acuity in patients with retinitis
pigmentosa by ganglion cell analysis combined with OCT imaging. Medicine (Baltimore) 95,
e5785 (2016).

Ramachandran, R., Zhou, L., Locke, K. G., Birch, D. G. & Hood, D. C. A comparison of
methods for tracking progression in X-linked retinitis pigmentosa using frequency domain
OCT. Transl. Vis. Sci. Technol. 2, 5 (2013).

Kominami, T. et al. Associations between outer retinal structures and focal macular
electroretinograms in patients with retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 58, 5122-
5128 (2017).

Fischer, M. D., Fleischhauer, J. C., Gillies, M. C., Sutter, F. K., Helbig, H. & Barthelmes, D.
A new method to monitor visua! field defects caused by photoreceptor degeneration by
quantitative optical coherence tomography. Invest. Ophthalmol. Vis. Sci. 49, 3617-3621 (2008).
Huang, C. W. et al. The structure-function correlation analysed by OCT and full field ERG in
typical and pericentral subtypes of retinitis pigmentosa. Sci. Rep. 11, 16883 (2021).

Birch, D. G., Locke, K. G., Wen, Y., Locke, K. I., Hoffman, D. R. & Hood, D. C. Spectral-
domain optical coherence tomography measures of outer segment layer progression in patients
with X-linked retinitis pigmentosa. JAMA Ophthalmol. 131, 1143-1150 (2013).

Hara, A., Nakazawa, M., Saito, M. & Suzuki, Y. The qualitative assessment of optical
coherence tomography and the central retinal sensitivity in patients with retinitis pigmentosa.
PLoS One 15, e0232700 (2020).

lga, Y. et al. Progression of retinitis pigmentosa on static perimetry, optical coherence
tomography, and fundus autofluorescence. Sci. Rep. 13, 22040 (2023).

Hasegawa, T. et al. Detection sensitivity of retinitis pigmentosa progression using static
perimetry and optical coherence tomography. Transl. Vis. Sci. Technol. 10, 31 (2021).

Gong, Y., Chen, L. J., Pang, C. P. & Chen, H. Ellipsoid zone optical intensity reduction as an
early biomarker for retinitis pigmentosa. Acta Ophthalmol. 99, e215-e221 (2021).

Gill, J. S. et al. Investigating biomarkers for USH2A retinopathy using multimodal retinal
imaging. Int. J. Mol. Sci. 23, 4268 (2022).

Takahashi, V. K. L. et al. Comparison of structural progression between ciliopathy and non-
ciliopathy associated with autosomal recessive retinitis pigmentosa. Orphanet J. Rare Dis. 14,
187 (2019).

24



41.

42.

43.

44,

45.

46.

47.

48.

49,

Cai, C. X,, Locke, K. G., Ramachandran, R., Birch, D. G. & Hood, D. C. A comparison of
progressive loss of the ellipsoid zone (EZ) band in autosomal dominant and x-linked retinitis
pigmentosa. Invest. Ophthalmol. Vis. Sci. 55, 7417-7422 (2014).

Bennett, A., Mietzsch, M. & Agbandje-McKenna, M. Understanding capsid assembly and
genome packaging for adeno-associated viruses. Future Virol. 12, 283-297 (2017).

Dong, J. Y., Fan, P. D. & Frizzell, R. A. Quantitative analysis of the packaging capacity of
recombinant adeno-associated virus. Hum. Gene Ther. 7, 2101-2112 (1996).

Kaukonen, M. et al. A novel EYS ¢.6192-1G>A variant presents ideal base editing therapeutic
opportunities. Ophthalmic Genet. (2026, online ahead of print).

Zhang, H. et al. Base and prime editing for inherited retinal diseases: delivery platforms, safety,
efficacy, and translational perspectives. Pharmaceutics 17, 1405 (2025).

Scalabrino, M. L. et al. Late gene therapy limits the restoration of retinal function in a mouse
model of retinitis pigmentosa. Nat. Commun. 14, 8256 (2023).

Petit, L. & Punzo, C. Gene therapy approaches for the treatment of retinal disorders. Discov.
Med. 22, 221-229 (2016).

Koyanagi, Y. et al. Genetic characteristics of retinitis pigmentosa in 1204 Japanese patients. J.
Med. Genet. 56, 662-670 (2019).

Seabold, S. & Perktold, J. Statsmodels: Econometric and statistical modeling with Python. In
Proc. 9th Python Sci. Conf.., 57-61 (2010).

25



Figure legends

127 patients with EYS variants were

assessed for eligibility

32 patients with G843E variants
assigned to G843E group

52 patients without pathogenic missense
variants assigned to non G843E group

7 patients without OCT

were excluded

v

10 patients without OCT
At 50 age were excluded

l_.
l_.

11 patients without OCT
were excluded

15 patients

v

16 patients without OCT
at 50 age were excluded

Figure 1. Flowchart of patient selection and assignment to EYS and non-EYS groups

A total of 127 patients with pathogenic EYS variants were enrolled in the analysis. Thirty-two patients
with the ¢.2528G>A (p.Gly843Glu) variant were assigned to the G843E group, and 52 patients without
pathogenic missense variants were assigned to the non-G843E group. In the G843E group, 7 patients
without optical coherence tomography (OCT) data and an additional 10 without OCT data at
approximately 50 years of age were excluded. In the non-G843E group, 11 patients without OCT data

and 16 without OCT in the same age range were excluded. Consequently, 15 patients were assigned

to the G843E group, and 25 were included in the non-G843E group.
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Figure 2. Comparison of visual parameters between the G843E and non-G843E groups
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These panels show swarm plots of best-corrected visual acuity (BCVA) (logMAR) (a), ellipsoid zone
(EZ) width (um) (b), and the mean deviation value from the Humphrey Visual Field 10-2 program
(dB) (c) at approximately 50 years of age for the G843E and non-G843E groups. The difference in EZ

width between the groups was statistically significant (Mann-Whitney U test, p = 0.019). MAR =

minimum angle of resolution; dB = decibel.

Figure 3. Fundus color photographs, fundus autofluorescence images, and horizontal OCT of

rep resentative cases

Each panel shows multimodal retinal imaging from the same patient, including fundus color
photographs (top), fundus autofluorescence images (middle), and horizontal OCT images (bottom).
Multimodal retinal imaging of (a) the right eye of a 54-year-old male patient (N1067) in the G843E
group carrying compound heterozygous variants p.(Gly843Glu) and p.(Ser1653fs); (b) the right eye of
a 50-year-old female patient (N427) in the G843E group with the same compound heterozygous
variants as in panel (a); (c) the right eye of a 42-year-old female patient (N167) in the non-G843E

group carrying a homozygous p.(Ser1653fs) variant; and (d) the right eye of a 51-year-old female
27



patient (N559) in the non-G843E group carrying compound heterozygous variants p.(Tyr2555fs) and

p.(Serl653fs).
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