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The phenotypes of RP1-related inherited retinal dystrophies (RP1-IRD), causing autosomal dominant 
(AD) and autosomal recessive (AR) diseases, vary depending on specific RP1 variants. A common 
nonsense mutation near the C-terminus, c.5797 C > T (p.Arg1933*), is associated with RP1-IRD, but 
the exact role of this mutation in genotype-phenotype correlation remains unclear. In this study, 
we retrospectively analyzed patients with RP1-IRD (N = 42) from a single center in Japan. AR RP1-
IRD patients with the c.5797 C > T mutation (N = 14) mostly displayed macular dystrophy but rarely 
retinitis pigmentosa or cone-rod dystrophy. Conversely, AR RP1-IRD patients without the c.5797 C > T 
mutation, including those with other pathogenic RP1 variants, were mostly diagnosed with severe 
retinitis pigmentosa. Full-field electroretinograms were significantly better in patients homozygous 
or compound heterozygous for the c.5797 C > T mutation than in those without this mutation, 
corresponding to their milder phenotypes. Clinical tests also revealed a slower onset of age and a 
better mean deviation value with the static visual field in AR RP1-IRD patients with the c.5797 C > T 
mutation compared to those without. Therefore, the presence of c.5797 C > T may partly account for 
the phenotypic variety of RP1-IRD and may yield milder phenotypes. These findings may be useful for 
predicting the prognosis of RP1-IRD patients.
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Retinitis pigmentosa (RP) is a major inherited retinal dystrophy (IRD), affecting approximately 1 in 4000 
individuals worldwide1,2. In patients with RP, initial symptoms include night blindness and peripheral visual 
field loss, caused by the degeneration of rod photoreceptors followed by a subsequent loss of visual acuity and 
central vision due to the degeneration of cone photoreceptors3.

RP has been reported to be associated with over 80 genes, leading to a variety of genotypes and phenotypes 
that partly depend on pathogenic mutations. Among the RP-associated genes, RP1, BEST1, NR2E3, NRL, RHO, 
and SAG are known to be associated with autosomal dominant (AD) RP and autosomal recessive (AR) RP2,4. 
RP1 consists of four exons that encode a protein of 2,156 amino acids located in the connecting cilia of rod and 
cone photoreceptors5,6. Initially, RP1 was found to cause AD RP5,7, and later was reported to be associated with 
AR RP8–11. Subsequently, RP1 was also associated with cone-rod dystrophy and macular dystrophy (MD)12,13.

To date, two important and frequent disease-associated variants have been identified. Whole-genome 
sequencing of Japanese patients with RP revealed a mobile Alu element insertion in exon 4 (c.4052_4053ins328 
(p.Tyr1352Alafs*9), hereinafter referred to as the Alu mutation) as the cause of the disease14 and was later found 
to be prevalent among Japanese patients with RP15. Many previous studies that screened the RP1 gene in Japanese 
RP patients did not report the Alu mutation, partly due to the necessity of an optimized screening method to 
detect this mutation of an extra 328 base pairs16–18.

Department of Ophthalmology, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, 
Nagoya 466-8560, Japan. email: taro.kominami@gmail.com

OPEN

Scientific Reports |        (2024) 14:25669 1| https://doi.org/10.1038/s41598-024-77441-3

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf


Another frequent pathogenic mutation, c.5797 C > T (p.Arg1933*) (hereinafter referred to as the Arg1933* 
mutation), with a minor allele frequency of 0.6% in the Japanese population, was found to be associated with 
autosomal recessive macular dystrophy (ARMD)12 although this may represent a hypomorphic variant, adding 
complexity to the genotype-phenotype correlation19. The high prevalence of specific RP1 variants, such as the 
Arg1933* mutation, in the Japanese population may result from a founder effect. This phenomenon, where a 
small population with limited genetic diversity expands, has been recently reported in other IRD-associated 
genes and warrants further investigation in this cohort. However, little is known about the phenotype of 
Arg1933* homozygotes.

Despite previous reports indicating that the Arg1933* mutation drives phenotypic variability in RP1-IRD in 
Japan, the exact role of this mutation in genotype-phenotype correlation remains uncertain. This necessitates 
a sufficient number of RP1 patients, with and without the Arg1933* mutation, preferably tested in the same 
ocular examination setting. Therefore, this study determined the association between genotype and phenotype 
in patients with RP1-IRD from a single center.

Results
Characteristics of the patients
We identified 60 patients with IRD from 55 families carrying pathogenic RP1 variants. Among these, 42 patients 
from 39 families had confirmed genetically diagnoses. Table 1 presents the demographic characteristics of these 
patients. The mean age at the initial visit was 34.8 ± 17.6 years, and 34 patients were followed up for a mean 
duration of 12.6 ± 8.7 years.

Table  2 shows the genotypes and clinical features of each patient. This study included 12 cases of AD 
inheritance and 30 cases of AR inheritance. Among the AR cases, 24 had Alu mutations, and 14 had Arg1933* 
mutations. Specifically, there were 8 cases of homozygous Alu mutation, 3 cases of homozygous Arg1933* 
mutation, 8 cases of compound heterozygotes with Alu and Arg1933* mutations, and 8 cases with Alu mutations 
combined with other mutations. Genetic analyses for unaffected family members showed that the Alu mutation 
was detected in a heterozygous state from the mother of NA1039 and NA0039, and from the mother of NA1201 
and NA201. Additionally, the c.4196delG/p.Cys1399Leufs*5 variant was detected in a heterozygous state from 
the mother of NA1209 and NA0209.

Then we categorized the patients into three groups based on inheritance pattern and the presence or absence 
of the Arg1933* mutation: the AD group, the AR group with the Arg1933* mutation, and the AR group without 
the Arg1933* mutation. Subsequently, we examined differences in clinical parameters among these three groups. 
As shown in Fig. 1, the clinical diagnosis was RP in all patients with AD and all AR patients without the Arg1933* 
mutation. Conversely, AR patients with the Arg1933* mutation showed mostly MD phenotypes with one case 
of COD and two cases of RP.

Figure  2 shows fundus photographs, fundus autofluorescence images, and horizontal optical coherence 
tomography (OCT) images of representative cases. The AD group shows peripheral retinal degeneration and 
abnormal fluorescence in fundus autofluorescence (FAF) images, along with disturbances in the outer retina on 
OCT. Notably, ellipsoid zone (EZ) lines around the fovea were preserved in both cases (Fig. 2a and b).

Conversely, the AR group without the Arg1933* mutation showed retinal degeneration, which seems to 
threaten the macula in fundus photographs and FAF images, and severe disturbance in the outer retina on OCT, 
including the fovea (Fig. 2c and d).

Figure 2e and f present the findings of the AR group with the Arg1933* mutation. Figure 2e depicts a case of 
ARMD with the Arg1933* mutation, showing retinal degeneration and hypo fluorescence limited to the macula, 
accompanied by severe outer retinal degeneration in the OCT image. Figure 2f shows a case of AR RP with the 
Arg1933* mutation, with retinal degeneration across a wide-field of the retina in fundus photographs and FAF 
images, with outer retinal degeneration while the fovea remains preserved in the OCT image.

Parameters Data of patients at initial visit (n = 42)

Male/female 23/19

Age at initial visit (y.o.) 34.8 ± 17.6 [6, 81]

BCVA at initial visit (logMAR) 0.34 ± 0.51 [−0.11, 2.8]

b-amplitude of ERG (µV) 1830 ± 2212 [0, 8112]

EZ length (µm) 162 ± 166 [5, 568]

HFA 10 − 2 MD value (dB) −21.4 ± 10.0 [−5.7, −2.2]

Data of follow-up patients (n = 34)

Male/female 19/15

Age at final visit (y.o.) 31.4 ± 15.7 [7, 71]

Follow-up terms (years) 12.6 ± 8.7 [3, 36]

BCVA at final visit (logMAR) 1.02 ± 0.95 [0.00, 2.80]

Table 1.  Demographic information of the patients. y.o.: years old, D: Diopter, BCVA: best corrected visual 
acuity, HFA 10-MD value: mean deviation value of the Humphrey visual field test 10-2 program, EZ: ellipsoid 
zone, ERG: electroretinogram Data are expressed as mean ± standard deviation [range].
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Significant differences were observed among the groups in terms of age at the initial visit, age at onset, best-
corrected visual acuity (BCVA) at the final visit, b-wave amplitude of electroretinogram (ERG), EZ length, and 
mean deviation value of the Humphrey visual field test 10 − 2 program (HFA 10-2). Figure 3 shows swarm plots 
for BCVA at the initial visit (Fig. 3a), BCVA at the final visit (Fig. 3b), age at onset (Fig. 3c), EZ length at the 
initial visit (Fig. 3d), mean deviation value of HFA 10-2 at the initial visit (Fig. 3e), and b-wave amplitudes of the 
ERG at the initial examination (Fig. 3f).

Regarding BCVA at the initial visit, no significant difference was observed among the three groups (Fig. 3a). 
However, the BCVA at the final visit for the AR group without the Arg1933* mutation was significantly worse 
than that for the AD group (p < 0.05) (Fig. 3b). The age at onset of the AR group without the Arg1933* mutation 
was significantly younger than those of the AD and AR with the Arg1933* groups (p < 0.01, respectively) (Fig. 3c). 
Additionally, the EZ length of the AR group without the Arg1933* mutation was significantly shorter than that of 
the AD group (p < 0.01) (Fig. 3d). Furthermore, the mean deviation value of HFA 10 -2 for the AR group without 
the Arg1933* mutation was significantly worse compared to the AD and AR with the Arg1933* groups (p < 0.05, 
respectively) (Fig. 3e). Lastly, the ERG b-wave amplitudes of the AR group with the Arg1933* mutation were 
significantly larger than those of the AD and AR without the Arg1933* groups (p < 0.01, respectively) (Fig. 3f).

Longitudinal analyses of visual parameters between three groups
Figure 4a shows longitudinal plots of BCVA, and Fig. 4b illustrates the EZ length. The AD group is represented 
by black plots, the AR group without the Arg1933* mutation by red plots, and the AR group with the Arg1933* 
mutation by blue plots.

Regarding both BCVA and EZ length, the AR group without the Arg1933* mutation was monitored from the 
teenage years to the 40s due to its relatively early onset, the AR group with the Arg1933* mutation from around 
the 20–40 s to the 60s, and the AD group from around the 50s to the 80s due to its relatively late onset. Across 
all three groups, some cases had acute periods of BCVA loss. However, in most cases within all three groups, the 
EZ lengths tended to remain relatively stable over a long period. The coefficients obtained from linear regression 
analyses showed no significant differences between the three groups in terms of BCVA and EZ length.

Multiple regression analysis
Generalized linear mixed-effects regression models with backward stepwise model selection using Akaike 
information criterion (AIC) showed that the explanatory variables of b-wave amplitudes of ERG (p < 0.001), 

Fig. 1.  Clinical diagnosis for each of the three groups. Clinical diagnosis was retinitis pigmentosa (RP) in all 
autosomal dominant patients (AD) and all autosomal recessive (AR) patients without the Arg1933* mutation 
(AR (p.Arg1933*−)). Conversely, in AR patients with the Arg1933* mutation (AR (p.Arg1933*+)), clinical 
diagnosis were mostly macular dystrophy (MD) followed by RP and cone-rod dystrophy (COD).
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Fig. 2.  Fundus color photographs, fundus autofluorescence images, and horizontal optical coherence 
tomography images of representative cases.  Each panel shows fundus color photographs (left), fundus 
autofluorescence images (middle), and horizontal optical coherence tomography images (right) obtained from 
the same patient. Multimodal retinal imaging of the left eye of a 50-year-old male patient (N358) with AD-RP 
carrying a heterozygous p.(Leu866fs) mutation (a); the right eye of an 83-year-old female patient (N1137) with 
AD-RP carrying a heterozygous p. (Leu774*) mutation (b); the left eye of a 40-year-old female patient (N1201) 
with AR RP carrying compound heterozygous mutations of p. Tyr1352Alafs*9/p. (Cys1399fs) (c); the right eye 
of a 37-year-old male patient with AR RP carrying compound heterozygous mutations of p. Tyr1352Alafs*9/p. 
(Cys1399fs) (d); the left eye of a 64-year-old male patient with AR RP carrying compound heterozygous 
mutations of p. Tyr1352Alafs*9/ (p. Arg1933* -) (e); and the left eye of a 47-year-old female patient with AR RP 
carrying compound heterozygous mutations of p. Tyr1352Alafs*9 (p. Arg1933*-) (f).
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Fig. 3.  Comparison of visual parameters and patient information between three groups. These figures show 
swarm plots of best-corrected visual acuity (BCVA) at the initial visit (a), BCVA at the final visit (b), age at 
onset (c), ellipsoid zone (EZ) length at the initial visit (d), mean deviation (MD) value of the Humphrey visual 
field test 10-2 program at the initial visit (e), and electroretinogram (ERG) b-wave amplitudes at the first 
examination (f) of the autosomal dominant (AD) group, autosomal recessive cases without the Arg1933* (AR 
p.Arg1933*−) group, and autosomal recessive cases without the Arg1933* (AR p.Arg1933*+) group.
 * P < 0.05, ** P < 0.01 using the Steel-Dwass test.
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age at the initial visit (p < 0.01), and EZ length at the initial visit (p = 0.017) were the most effective variables 
to distinguish between the AD group, the AR group without the Arg1933* mutation, and the AR group with 
Arg1933* mutation (Table 3).

Discussion
This study assessed the association between the phenotype and RP1 variants in patients with IRD and showed 
that the phenotype of RP1-related AR-IRD has different characteristics depending on the presence of a common 
nonsense mutation close to the C-terminus, c.5797 C > T (p.Arg1933*).

Fig. 4.  Comparison of the long-term course of visual function between the three groups. Longitudinal plots of 
best-corrected visual acuity (BCVA) (a) and ellipsoid zone (EZ) length (b) are shown. The black plot represents 
autosomal dominant (AD), the red plot represents autosomal recessive cases without the Arg1933* (AR 
p.Arg1933*−) and blue plot shows autosomal recessive cases with the Arg1933* (AR p.Arg1933*+).
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Previous studies1,2 reported that variants in the RP1 gene are associated with a wide range of progressive 
retinal dystrophies, and that ARMD and AR COD often involve hypomorphic gene mutations, including the 
Arg1933* mutation. Consistent with these findings, our study also revealed a high proportion of macular and 
cone dystrophies among patients with the Arg1933* mutation.

A previous study has reported that individual homozygotes for the Arg1933* mutation maintain a normal 
phenotype even at 80 years of age19. However, in this study, three individuals with homozygosity for the Arg1933* 
mutation showed MD. This suggests that homozygosity for the Arg1933* mutation may also contribute to the 
onset of IRD.

The observed milder phenotype in patients with the Arg1933* mutation can be partly explained by the 
location of the mutation within the RP1 gene. This nonsense mutation occurs near the C-terminus of RP1, 
leaving two critical functional domains intact: the Drosophila melanogaster bifocal (BIF) domain (amino acids 
486–635)5, which is needed for normal photoreceptor morphogenesis, and the doublecortin (DCX) domain 
(amino acids residues 36 to 118 and 154 to 233)5,7, which involves with microtubules. The preservation of these 
domains may allow for partial retention of RP1 function, accounting for the milder phenotypes, such as macular 
dystrophy, observed in patients carrying this variant. Moreover, the Arg1933* mutation is downstream of the 
region associated with AD-RP. Studies have shown that truncating mutations located between p.500 and p.1053 
often exert a dominant-negative effect or result in a gain of function, contributing to the more severe phenotypes 
characteristic of AD-RP. In contrast, mutations located between p.1053 and p.1815 are typically associated with 
AR inheritance, likely due to loss-of-function effects. This suggests that truncating mutations, such as Arg1933*, 
in the last 340 nucleotides of RP1 might be less pathogenic or act as hypomorphic variants, leading to the milder 
phenotypes observed in patients with autosomal recessive RP1-IRD. This aligns with previous findings where 
non-pathogenic truncating mutations were identified in the C-terminal region of RP1.

The phenotype of patients without the Arg1933* mutation was predominantly RP in almost all cases. In 
contrast, patients with the Arg1933* mutation showed COD, MD, and RP. Therefore, the presence of the 
Arg1933* mutation may contribute to the phenotypic variability observed in RP1-IRD. This finding aligns with 
previous studies that have identified compound heterozygous variants, including hypomorphic variants, with a 
pathogenic variant reported in patients with AR-RP10,12,20,21.

However, there is also a possibility that phenotypic variability depends on other factors, such as interactions 
with additional genes, including EYS, which has been implicated in ciliary axonemes as well as RP122. This study 
did not detect other pathogenic RP1 mutations and mutations in other genes although further studies may 
explore the role of additional variants in modifying the RP1-related phenotypes.

We previously demonstrated that the founder Alu insertion in the RP1 gene is a significant cause of AR RP 
in a Japanese cohort15. Another multicenter study in Japan reported that the Alu mutation is the most common 
variant in Japanese patients with RP1-IRD23. The Alu mutation was detected in many cases of AR-IRD in this 
study. Therefore, the Alu mutation may also play an important role in determining the phenotype of RP1-IRD, 
similar to the Arg1933* mutation.

This study evaluated various visual parameters to compare the severity of RP1-related IRD in patients based 
on their inheritance pattern or genetic characteristics. In terms of comparing the inheritance patterns of RP1-
related RP between AD and AR, the visual acuity at the final visit of the AR group without the Arg1933* mutation 
was significantly worse than that of the AD group, although there was no significant difference in visual acuity 
at the initial visit between the AD group and the AR group without the Arg1933* mutation. Therefore, AD RP 
progresses more slowly than AR RP without the Arg1933* mutation. This finding is consistent with well-known 
reports that AR RP tends to be more severe than AD RP, as previously described23,24.

In this study, the age at onset of the AR group without the Arg1933* mutation was significantly younger 
than that of both the AR group with the Arg1933* mutation and the AD group. This finding suggests that 
the AR group without the Arg1933* mutation may be a more severe phenotype compared to the AR group 
with the Arg1933* mutation, despite having the same inheritance pattern. The HFA mean deviation value also 
demonstrated similar results to the age at onset. These findings indicate that the presence of the Arg1933* 
mutation influences the severity of RP1-IRD and its associated phenotype.

The AR group with the Arg1933* mutation showed a significantly reduced ERG response compared to both 
the AD group and the AR group without the Arg1933* mutation. This result does not necessarily indicate a 
severity difference between these groups but rather reflects a phenotype difference between RP (seen in the AD 
group and the AR group without the Arg1933* mutation) and MD (seen in the AR with the Arg1933* mutation).

The EZ lengths of the AR group without the Arg1933* mutation were significantly shorter than those of the 
AD group. This finding may support the hypothesis that the AR RP without the Arg1933* mutation is more 
severe than AD RP.

Standardized partial
 Regression coefficient (β)

95% CI
[0.025, 0.975] p-value VIF

b-wave amplitude of ERG (µV) 2.2 1.8, 2.7 6.23 × 10− 15 1.17

age at first visit (yrs) −0.88 −1.40, −0.36 0.0015 1.2

EZ length at first visit (µm) −0.59 −1.06, −0.12 0.017 1.21

Table 3.  Multivariate generalized linear mixed effects model between groups and explanatory variables. ERG: 
electroretinogram, EZ: ellipsoid zone, CI: confidence interval, VIF: variance inflation factor.
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In contrast, there were no statistically significant differences in EZ lengths between the AR group without 
the Arg1933* mutation and the AR group with the Arg1933* mutation. This finding reflects the fact that the 
phenotype of the AR group with the Arg1933* mutation mainly showed MD, which often involves impaired 
outer retinal structures in the macular region.

In this study, we performed subgroup analyses of the AD, AR without the Arg1933* and AR with the 
Arg1933* mutation groups based on phenotype and genomic information. This grouping approach is consistent 
with that used in a previous study23. We hypothesized that certain parameters determine the differences among 
these groups.

Multiple regression analysis revealed that the combination of b-wave amplitude of ERG, age at the initial visit, 
and EZ length was the most effective factor combination for explaining the grouping of these three groups. ERG 
amplitudes seem to be important for distinguishing the groups with or without the Arg1933* mutation, which 
mainly reflects the classification of RP or MD. Age at the initial visit and EZ length may contribute to differences 
in severity between the AD and AR groups without the Arg1933* mutations, both of which included patients 
with RP. These two parameters might be important for categorizing RP patients into AD RP or AR RP groups 
based on severity. Notably, it was not a single parameter but rather a combination of these factors that appeared 
to determine these groupings, which are correlated with severity and phenotype.

Moreover, this study performed a longitudinal analysis of BCVA and EZ length, observing the characteristic 
progression rate of AR cases in the Arg1933* mutation group. Unlike the previous reports23,25, we categorized 
the cases based on the presence or absence of the Arg1933* mutation. The rate of BCVA loss was most rapid 
in the AR group without the Arg1933* mutation, followed by the AR group with the Arg1933* mutation, and 
finally the AD group.

Since the AR group without the Arg1933* mutation has been considered the most severe based on previous 
analyses using visual function parameters, it is reasonable that visual acuity decline occurs earliest in this group. 
This finding aligns with a previous study that observed rapid progression in the AR group without the Arg1933* 
mutation23. The AR group with Arg1933* mutation progressed faster than the AD group. This may be attributed 
to the fact that many patients in this group presented with an MD phenotype, which likely caused central visual 
function loss.

We performed a linear regression analysis to assess the rate of exacerbation in these three groups after onset; 
however, we observed no significant difference among the progression rates of these groups. Although the onset 
differed among the three groups, they commonly had a rapid deterioration in BCVA, which may explain why 
there were no differences in the rate of progression. Once central retinal function, upon which BCVA depends, 
begins to deteriorate, it may rapidly decline within a few years across all three groups.

The AR group without the Arg1933* mutation tended to have shorter EZ lengths than the AD group. In the 
AR group with the Arg1933* mutation, where most phenotypes are characterized by MD, there was substantial 
variation from case to case, and EZ length did not change significantly over 20 years, even in cases where the EZ 
was relatively well preserved. Therefore, factors other than RP1 may be involved in this condition.

This study has several limitations. First, being a single-center study introduces the possibility of regional 
biases, although it has a strength in terms of comparing clinical findings. Second, this study has missing values 
due to its retrospective nature. Third, segregation studies have not been performed on all cases, therefore true 
compound heterozygosity or homozygosity has not been confirmed in all cases. More accurate prognostic 
information may be provided by future prospective studies. Furthermore, the phenotype of IRD may change 
over time; therefore, the phenotypes analyzed in this study may change in the future.

In conclusion, this study demonstrated an association between phenotype and pathogenic mutations in 
RP1-IRD patients. It appears that the presence of the c.5797 C > T mutation may contribute to the phenotypic 
variability of RP1-IRD and may lead to milder phenotypes in AR RP1-IRD. These findings could be valuable for 
predicting the prognosis of RP1-IRD patients and may also aid in the development of personalized medicine, 
such as gene therapy, in the future.

Methods
Participants
In this retrospective observational study, we reviewed the medical charts of patients who visited the 
ophthalmology department at Nagoya University Hospital and were diagnosed with inherited retinal dystrophy. 
Written informed consent was obtained from all patients. The protocol of this study followed the principles 
outlined in the Declaration of Helsinki and was approved by the Institutional Review Board/Ethics Committee 
of Nagoya University Hospital(approval number: 2020-0598).

All patients underwent ophthalmic examinations, including measurement of BCVA, assessment of refractive 
errors, biomicroscopy using a slit-lamp microscope, fundus examinations, OCT, FAF imaging, HFA 10-2 and 
ERG.

Clinical diagnosis
All patients were diagnosed with IRD by physicians specializing in IRD. The diagnosis of RP included symptoms 
such as night blindness, photophobia, tunnel vision, visual acuity loss, bone spicule pigmentation, characteristic 
findings on fundus examination (e.g., vessel attenuation, abnormal fluorescence on FAF), disruption of the retinal 
outer layers seen on OCT (e.g., blurred or shortened ellipsoid zone), and reduced responses on full-field ERGs. 
Atypical RP cases, such as segmental RP or nonpigmented RP, were included in this study if they had typical RP 
abnormalities, including vessel attenuation, disruption of retinal outer layers, and reduced ERG responses. COD 
was diagnosed based on symptoms such as visual acuity loss or photophobia, retinal degeneration observed 
on fundus examination, disruption of the retinal outer layers seen on OCT, or reduced cone responses on full-
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field ERGs with normal rod responses. MD was diagnosed in patients who had symptoms or abnormalities on 
fundus examination and OCT similar to COD but with normal full-field ERG responses or reduced cone and 
rod responses on focal macular ERGs or multifocal ERGs.

Genetic analyses
Genomic DNA was extracted from blood or saliva samples obtained from patients and some of the unaffected 
family members, and analyzed by targeted resequencing for 86 genes using a next-generation sequencer, 
following the methodology described in previous reports26. Pathogenic variants were determined according 
to the J-IRD-VI guidelines27. We selected patients who had RP1 gene variants classified as pathogenic or likely 
pathogenic. As described in previous studies15,28, we conducted a search for Alu sequences in FASTQ files 
generated by the next-generation sequencing using a grep search program29. After screening of this program, we 
performed polymerase chain reaction and electrophoresis to detect the Alu mutation which has been suggested 
to be associated with autosomal recessive RP, as previously reported15, as Alu mutations cannot be detected using 
next-generation sequencing alone. Patients with homozygous or compound heterozygous variants that were 
classified as pathogenic, or those with heterozygous variants affecting amino acid residue numbers 677 to 917, 
which have been previously reported as autosomal dominant30, were considered as resolved cases. Some cases 
were included in the previously reported analyses19 (NA0039, NA1039, NA0048, NA1048, NA0070, NA0201, 
NA1201, NA0209, and NA1209).

Clinical evaluations
We assessed clinical features such as sex, family history, age at onset, age at the initial visit, BCVA, length of 
EZ on OCT images, mean deviation value of HFA 10 -2 program, and ERG amplitudes. These parameters were 
compared among three groups: AD, AR without the Arg1933* mutation and AR with the Arg1933* mutation. 
Decimal BCVA was converted to logarithm of the minimum angle of resolution (logMAR) units for statistical 
analyses. LogMAR values for counting fingers, hand motion, light perception, and no light perception were 
assigned as 1.85, 2.30, 2.80, and 2.90, respectively, as reported previously31. OCT images were obtained using 
spectral domain OCT devices, such as Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany), RS-
3000 (NIDEK, Gamagori, Japan) or Cirrus (Carl Zeiss, Oberkochen, Germany). The length of the EZ extending 
from the fovea was manually measured on horizontal OCT images using the built-in calipers of OCT devices. 
We defined the border of the EZ as the location where the EZ band met the upper surface of the RPE for ease 
of identification, as reported previously32. Data from the right eye of each case were analyzed, except in cases 
of amblyopia (two cases), vitrectomized eye (one case), and macular hole (one case), where data from the left 
eye were analyzed, except for multivariable regression analysis. Visual acuity and EZ length were longitudinally 
evaluated using data from all past visits to Nagoya University Hospital. For longitudinal analyses, linear 
regression analyses were performed for each case, and the obtained coefficients were evaluated.

For further multivariable regression analyses with the three groups as categorical response variables and 
age at onset, age at the initial visit, BCVA, EZ length on OCT images, and b-wave amplitude as the explanatory 
variables, we conducted generalized linear mixed-effects regression analyses with a random intercept. This 
approach was chosen due to the high correlation of the response variables between right and left eyes. We 
constructed a multivariable model using backward stepwise selection with AIC to determine the best predictive 
model by selecting the most relevant explanatory variables. Standardized partial regression coefficients (β) were 
then calculated for the independent variables after standardizing all variables to a mean of 0 and variance of 1. 
We also calculated the variance inflation factor to assess the severity of multicollinearity.

We used Fisher’s exact test to compare categorical variables. Moreover, one-way ANOVA was performed to 
compare parametric continuous variables, whereas the Kruskal–Wallis test was used to compare nonparametric 
continuous variables. The Steel–Dwass tests were used to determine the significance of differences between 
various parameters obtained above for multiple comparison tests. A p-value less than 0.05 was considered 
statistically significant. These analyses were performed using scikit-learn version 0.24.0 based on Python version 
3.6.7 and R version 4.4.2.

Data availability
Data are available in a public, open access repository. We have uploaded the variants reported in this study to 
ClinVar, which can be accessed at the following link: https://www.ncbi.nlm.nih.gov/clinvar/submitters/509444.
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