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Abstract: Background: Little is known about genotype–phenotype correlations of RP1-associated
retinal dystrophies in the Japanese population. We aimed to investigate the genetic spectrum of RP1
variants and provide a detailed description of the clinical findings in Japanese patients. Methods: In
total, 607 patients with inherited retinal diseases were examined using whole-exome/whole-genome
sequencing (WES/WGS). PCR-based screening for an Alu element insertion (c.4052_4053ins328/
p.Tyr1352AlafsTer9) was performed in 18 patients with autosomal-recessive (AR)-retinitis pigmentosa
(RP) or AR-cone dystrophy (COD)/cone-rod dystrophy (CORD), including seven patients with
heterozygous RP1 variants identified by WES/WGS analysis, and 11 early onset AR-RP patients, in
whom no pathogenic variant was identified. We clinically examined 25 patients (23 families) with
pathogenic RP1 variants, including five patients (five families) with autosomal-dominant (AD)-RP,
13 patients (11 families) with AR-RP, and seven patients (seven families) with AR-COD/CORD.
Results: We identified 18 pathogenic RP1 variants, including seven novel variants. Interestingly,
the Alu element insertion was the most frequent variant (32.0%, 16/50 alleles). The clinical findings
revealed that the age at onset and disease progression occurred significantly earlier and faster in
AR-RP patients compared to AD-RP or AR-COD/CORD patients. Conclusions: Our results suggest
a genotype–phenotype correlation between variant types/locations and phenotypes (AD-RP, AR-RP,
and AR-COD/CORD), and the Alu element insertion was the most major variant in Japanese patients
with RP1-associated retinal dystrophies.

Keywords: RP1 gene; next generation sequencing; retinitis pigmentosa; cone-rod dystrophy;
inherited retinal disease
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1. Introduction

Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal disease charac-
terized by night blindness, progressive visual field loss, and eventually loss of visual acuity.
RP can be classified into non-syndromic and syndromic RP [1]. The inheritance pattern of
non-syndromic RP shows autosomal dominant (AD), autosomal recessive (AR), X-linked,
sporadic/isolated, mitochondrial, and digenic inheritance [2–4]. To date, over 80 genes has
been reported as cause of non-syndromic RP. The genes associated with RP play various
important roles including phototransduction cascade, vitamin A metabolism, structural or
cytoskeletal, signaling, cell–cell interaction/synaptic interaction, RNA intron-splicing fac-
tors, trafficking of intracellular proteins, maintenance of cilia/ciliated cells, pH regulation,
phagocytosis, and yet unknown function [5]. The retinitis pigmentosa 1 (RP1) gene consists
of 4 exons and encodes a 2156-amino-acid photoreceptor-specific microtubule-associated
protein containing two doublecortin (DCX) domains (amino acid residues 36 to 118 and
154 to 233) [6,7], via which the RP1 protein interacts with microtubules [8]. In addition, the
RP1 protein contains a region homologous with the Drosophila melanogaster bifocal (BIF)
protein (amino acid residues 486 to 635), which is required for normal photoreceptor mor-
phogenesis [6]. The RP1 protein is localized on the connecting cilium and axoneme of both
rod and cone photoreceptors [9,10], and is involved in the transport of proteins between the
inner and outer segments of photoreceptors, cilial structure maintenance, and stabilization
of disc membranes in the outer segment [9,11]. The RP1 gene is one of eight causative
genes, including BEST1, NR2E3, NRL, RDH12, RHO, RPE65, and SAG, all of which have
been associated with both AD-RP and AR-RP [12,13]. The prevalence of AD-RP and AR-RP
associated with RP1 is approximately 5.5% of all AD-RP and 4.5% of all AR-RP in European
populations [14,15]. In the AD-RP phenotype, all truncated RP1 variants are located within
a defined hotspot region in exon 4 between amino residues 500 and 1053 [16,17]. In contrast,
most biallelic variants, which are located around the N- or C-terminals of the RP1 gene,
are associated with the AR-RP phenotype [18]. Patients with AR-RP generally exhibit
much more severe phenotypes than patients with AD-RP [19]. A recent study revealed
that an Alu element insertion, leading to the c.4052_4053ins328 (p.Tyr1352AlafsTer9) vari-
ant, has been frequently found in Japanese patients with hereditary retinal degenerations,
demonstrating that 6 of the 331 patients (1.8%, 12/662 alleles) had the Alu element insertion
homozygously [20]. However, clinical phenotypes of the hereditary retinal degenerations
have not been determined in that study [20]. More recent studies have reported the clin-
ical and genetic features associated with the Alu element insertion in Japanese patients
with AR-RP [20–22]. In addition, the RP1 gene has been reported as a cause of the AR-
cone dystrophy (COD)/cone-rod dystrophy (CORD) phenotype [20,23–25]. Verbakel et al.
reported detailed clinical findings of 11 patients with AR-COD/CORD [25]. However,
little is known about the longitudinal findings of patients with AR-COD/CORD, and the
genotype–phenotype correlations in RP1-associated retinal dystrophies in the Japanese
population. Therefore, we aimed to clarify the genotype–phenotype correlations and
describe the detailed clinical findings of RP1-associated retinal dystrophies.

2. Materials and Methods
2.1. Ethics Statement

The study protocol was approved by the Institutional Review Boards of The Jikei
University School of Medicine (approval number, 24–231 6997), Nippon Medical School
Chiba Hokusoh Hospital (approval number, 27–02), Hamamatsu University School of
Medicine (approval number, 14–040), University of Occupational and Environmental
Health (approval number, H29–03), and the National Hospital Organization Tokyo Medical
Center (approval number, R18–029). The protocol adhered to the tenets of the Declaration
of Helsinki, and informed consent was obtained from the participants.
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2.2. Molecular Genetic Study
2.2.1. Next-Generation Sequencing

We studied a total of 607 patients with inherited retinal diseases (IRDs) from 440 fami-
lies, including 475 patients from 344 families at The Jikei University Hospital, 100 patients
from 67 families at Nippon Medical School Chiba Hokusoh Hospital, 23 patients from
22 families at University of Occupational and Environmental Health Hospital, and 9 pa-
tients from 7 families at Hamamatsu University Hospital, who underwent whole-exome
sequencing (WES) or whole-genome sequencing (WGS) analysis. Details of the WES and
WGS methodologies have been described previously [26–31]. We evaluated the pathogenic-
ity of the obtained RP1 variants according to the frequency using the Human Gene Mutation
Database Professional (HGMD, http://www.hgmd.cf.ac.uk/, accessed on January, 2020),
Genome Aggregation Database (gnomAD, https://gnomad.broadinstitute.org/, accessed
on 29 October 2020), inheritance pattern, phenotype, and American College of Medical
Genetics standards (ACMG) criteria.

2.2.2. Screening for Alu Element Insertion

The Alu element insertion could not be efficiently detected by the exon capture process
of WES. Therefore, after WES/WGS analysis, we performed polymerase chain reaction
(PCR)-based screening for the Alu element insertion in 18 patients from 18 families with AR-
RP or AR-COD/CORD who carried heterozygous RP1 variants identified by WES/WGS
analysis, and 11 patients with early onset AR-RP from 9 families, in whom no pathogenic
variant was identified by WES analysis. The following primer set was used for the detection
of Alu element insertion: exon 4 forward primer 5′-TGTGCTCAAAAGGA-GAACCATAC-
3′ and reverse primer 5′-TCCTGAAACTTCCTTAGTGAAC-3′. The Alu element insertion
was confirmed by size differences (expected sizes of the Alu element insertion and a wild
type are 675 bp and 347 bp, respectively) in PCR products on electrophoresis.

2.3. Clinical Examinations

We performed comprehensive ophthalmic examinations, including decimal best-
corrected visual acuity (BCVA) measurement, fundus photography, fluorescein angiog-
raphy (FA), fundus autofluorescence imaging (FAF) using a Spectralis HRA (Heidelberg
Engineering, Heidelberg, Germany) and/or Optos 200Tx/California Ultra-widefield Reti-
nal Imaging System (Optos, Dunfermline, UK), optical coherence tomography (OCT;
Carl Zeiss Meditec AG, Dublin, CA, USA), and Goldmann perimetry (GP; Haag Streit,
Bern, Switzerland). The visual field areas of I-4e and V-4e isopters were measured using
FIJI/ImageJ software (available at https://fiji.sc, accessed on 1 December 2019). Full-field
electroretinography (ERG) was recorded in accordance with the protocols of the Interna-
tional Society for Clinical Electrophysiology of Vision [32] by using a built-in light-emitting
diode electrode (LE-4000; Tomey, Nagoya, Japan) or a Ganzfeld dome with an EOG-ERG
Ganzfeld stimulator (Electrophysiology system; LACE Elettronica). The detailed procedure
and ERG conditions have been reported previously [33–36]. Macular function was evalu-
ated by multifocal ERG (LE-4100, Tomey, Nagoya, Japan), as previously described [37,38].
In the multifocal ERG system, the visual stimuli consist of 61 hexagonal elements with an
overall subtense of approximately 50◦.

2.4. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics version 27.0 (IBM Corp,
Armonk, NY, USA). The Bonferroni test was used to determine the significance of differ-
ences in the age at onset between phenotypes. Decimal BCVA was converted to logarithm
of the minimum angle of resolution (logMAR) units for statistical analysis. The BCVA
of counting fingers, hand motions, and light perception were converted to 2.0, 2.4, and
2.7 logMAR units, respectively [39]. Spearman’s rank correlation coefficient was used to
evaluate the relationships between logMAR BCVA and age, and between the visual field
areas of I-4e and V-4e isopters and age in patients with AR-RP. Kaplan–Meier survival

http://www.hgmd.cf.ac.uk/
https://gnomad.broadinstitute.org/
https://fiji.sc
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curves with the log-rank test were used to compare survival experiences (in terms of
logMAR BCVA and the visual field areas of I-4e and V-4e isopters) between patients with
AR-RP and AD-RP. p-values <0.05 were considered statistically significant.

3. Results
3.1. Molecular Genetic Findings

We identified 24 rare RP1 variants in 38 patients from 36 families, including 18 pathogenic
variants, with 11 known variants [c.1498_1499delAT, (p.Met500ValfsTer7), c.2029C > T,
(p.Arg677Ter), c.2032C > T, (p.Gln678Ter), c.2116G > C, (p.Gly706Arg), c.2377delA,
(p.Arg793GlufsTer55), c.2599A > T, (p.Lys867Ter), c.2613dupA, (p.Arg872ThrfsTer2), c.3669C
> A, (p.Cys1223Ter), Alu element insertion, c.4196delG, (p.Cys1399LeufsTer5), and c.5797C
> T, (p.Arg1933Ter)] and seven novel variants [c.392G > A, (p.Arg131Gln), c.473T > G,
(p.Val158Gly), c.2020dupA, (p.Ser676IlefsTer22), c.2557A > T (p.Lys853Ter), c.3843dupT,
(p.Pro1282SerfsTer2), c.4400delC, (p.Ser1467PhefsTer5), and c.4591_4592delAG,
(p.Arg1531AlafsTer12)] from 23 families and six non-pathogenic variants [c.2400A > T,
(p.Lys800Asn), c.2894G > T, (p.Ser965Ile), c.2951A > G, (p.Asp984Gly), c.2960G > A,
(p.Cys987Tyr), c.3188A > G, (p.Gln1063Arg), c.5913C > A, (p.Asn1971Lys)] from 13 families
(Figure 1 and Table 1). The six variants were “likely benign” or “uncertain significance”
according to the ACMG and had inheritance inconsistencies.
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Figure 1. Pedigrees of the 23 Japanese families with RP1-associated retinal dystrophies. Five families (Families 1 to 5) with
autosomal dominant retinitis pigmentosa (RP), 11 families (Families 6 to 16) with autosomal recessive RP and 7 families
(Families 17 to 23) with autosomal recessive cone dystrophy/cone-rod dystrophy. Square boxes and circles indicate males
and females, respectively. Filled symbols represent affected members, whereas unfilled symbols represent unaffected
members. The plus sign denotes the wild-type allele, and the arrow indicates the proband of the family.
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Table 1. Genetic findings of 23 Japanese families with pathogenic RP1 variants and 13 families with non-pathogenic RP1 variants.

Family ID
Patient

ID/Affeceted
Number

Nucleotide Change
Protein Change Zygosity Classification Phenotype dP SNP ID

Frequency in Database (%) ACMG
Known
NovelHGVD ToMMo gnomAD Classification

Criteria

Family 1
JU0511/1

c.2029C > T
(p.Arg677Ter) Hetero Exon 4

Class II AD-RP rs104894082 NR NR NR

Likely
pathogenic

(PM, PM2, PM4,
PP3, PP4, PP5)

Known

Family 2
JU0726/1

c.2599A > T
(p.Lys867Ter) Hetero Exon 4

Class II AD-RP NR NR NR NR

Likely
pathogenic

(PM, PM2, PM4,
PP3, PP4, PP5)

Novel

Family 3
JU1826/1

c.2557A > T
(p.Lys853Ter) Hetero Exon 4

Class II AD-RP NR NR NR NR

Likely
pathogenic
(PM1, PM2,
PM4, PP4)

Known

Family 4
NC3401/1

c.2613dupA
(p.Arg872ThrfsTer2) Hetero Exon 4

Class II AD-RP rs1449723475 NR NR NR

Likely
pathogenic
(PM1, PM2,

PM4, PP3, PP4,
PP5)

Known

Family 5
JU1911/1

c.2032C > T
(p.Gln678Ter) Hetero Exon 4

Class II AD-RP rs878853328 NR NR 0.000

Likely
pathogenic
(PM1,PM2,

PM4, PP3, PP4,
PP5)

Novel

Family 6
JU0504/1

c.473T > G
(p.Val158Gly)

Compound
hetero

Exon 2
Class I

AR-RP

NR NR NR NR

Likely
pathogenic
(PM1, PM2,
PM3, PP3)

Known

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Exon 4
Class III rs775253277 NR NR NR

Pathogenic
(PVS1, PM2,
PM4, PP3)

Novel

Family
7-JU0547/1

c.2020dupA
(p.Ser676IlefsTer22)

Compound
hetero

Exon 4
Class II

AR-RP

NR NR NR NR
Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Exon 4
Class III rs775253277 NR NR NR

Pathogenic
(PVS1, PM2,
PM4, PP3)

Known

Family 8
JU0555/1

c.4052_4053ins328
(p.Tyr1352AlafsTer9) Homo Exon 4

Class III AR-RP rs775253277 NR NR NR
Pathogenic
(PVS1, PM2,
PM4, PP3)

Known

Family 9
JU0750/1

c.4052_4053ins328
(p.Tyr1352AlafsTer9) Homo Exon 4

Class III AR-RP rs775253277 NR NR NR
Pathogenic
(PVS1, PM2,
PM4, PP3)

Known

Family 10
JU1615,

JU1616/2

c.3669C > A
(p.Cys1223Ter)

Compound
hetero

Exon 4
Class II

AR-RP

rs765129639 NR 0.000 0.000

Pathogenic
(PVS1, PM2,

PM4, PP1, PP3,
PP5)

Novel

c.4400delC
(p.Ser1467PhefsTer5)

Exon 4
Class III NR NR NR NR

Pathogenic
(PVS1, PM2,

PM3, PM4, PP1)
Known

Family 11
JU1662/1

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Compound
hetero

Exon 4
Class III

AR-RP

rs775253277 NR NR NR
Pathogenic
(PVS1, PM2,
PM4, PP3)

Known

c.4196delG
(p.Cys1399LeufsTer5)

Exon 4
Class III rs762951570 NR 0.000 0.000

Pathogenic
(PVS1, PM2,

PM3, PM4, PP5)
Known

Family 12-
JU1763/1

c.4196delG
(p.Cys1399LeufsTer5) Homo Exon 4

Class III AR-RP rs762951570 NR 0.000 0.000
Pathogenic
(PVS1, PM2,
PM4, PP5)

Known

Family 13-
JU1497/1

c.4196delG
(p.Cys1399LeufsTer5)

Compound
hetero

Exon 4
Class III

AR-RP

rs762951570 NR 0.000 0.000
Pathogenic
(PVS1, PM2,
PM4, PP5)

Novel

c.4591_4592delAG
(p.Arg1531AlafsTer12)

Exon 4
Class III NR NR NR NR

Pathogenic
(PVS1, PM2,
PM3, PM4)

Known
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Table 1. Cont.

Family ID
Patient

ID/Affeceted
Number

Nucleotide Change
Protein Change Zygosity Classification Phenotype dP SNP ID

Frequency in Database (%) ACMG
Known
NovelHGVD ToMMo gnomAD Classification

Criteria

Family 14
HM_0198,

HM_0201/2

c.4052_4053ins328
(p.Tyr1352AlafsTer9) Homo Exon 4

Class III AR-RP rs775253277 NR NR NR
Pathogenic
(PVS1, PM2,
PM4, PP3)

Novel

Family 15
JU1000/1

c.3843dupT
(p.Pro1282SerfsTer2)

Compound
hetero

Exon 4
Class III

AR-RP

NR NR NR NR
Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Exon 4
Class III rs775253277 NR NR NR

Pathogenic
(PVS1, PM2,
PM4, PP3)

Known

Family 16
JU1464/1

c.1498_1499delAT
(p.Met500ValfsTer7)

Compound
hetero

Exon 4
Class II

AR-RP

rs765129639 NR 0.000 0.000

Pathogenic
(PVS1, PM2,

PM3, PM4, PP3,
PP5)

Known

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Exon 4
Class III rs775253277 NR NR NR

Pathogenic
(PVS1, PM2,
PM4, PP3)

Novel

Family 17
JU0514/1

c.392G>A
(p.Arg131Gln)

Compound
hetero

Exon 2
Class I

AR-COD/
CORD

rs752150870 0.002 0.003 0.000

Uncertain
Significance
(PM2, PM3,

PP3)

Known

c.2116G > C
(p.Gly706Arg)

Exon 4
Class II rs199879316 0.000 0.000 0.000

Uncertain
Significance
(PM2, PP5)

Known

Family 18
JU1701/1

c.1498_1499delAT
(p.Met500ValfsTer7)

Compound
hetero

Exon 4
Class II

AR-COD/
CORD

rs765129639 NR 0.000 0.000

Pathogenic
(PVS1, PM2,

PM3, PM4, PP3,
PP5)

Known

c.5797C > T
(p.Arg1933Ter)

Exon 4
Class IV rs118031911 0.003 0.003 0.000

Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 19
S275/1

c.1498_1499delAT
(p.Met500ValfsTer7)

Compound
hetero

Exon 4
Class II

AR-COD/
CORD

rs765129639 NR 0.000 0.000

Pathogenic
(PVS1, PM2,

PM3, PM4, PP3,
PP5)

Known

c.5797C > T
(p.Arg1933Ter)

Exon 4
Class IV rs118031911 0.003 0.003 0.000

Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 20
JU1591/1

c.2377delA
(p.Arg793GlufsTer55)

Compound
hetero

Exon 4
Class II

AR-COD/
CORD

NR NR NR NR
Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

c.5797C > T
(p.Arg1933Ter)

Exon 4
Class IV rs118031911 0.003 0.003 0.000

Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 21
JU1339/1

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Compound
hetero

Exon 4
Class III

AR-COD/
CORD

rs775253277 NR NR NR
Pathogenic
(PVS1, PM2,

PM3, PM4, PP3)
Known

c.5797C > T
(p.Arg1933Ter)

Exon 4
Class IV rs118031911 0.003 0.003 0.000

Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 22
JU1947/1

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Compound
hetero

Exon 4
Class III

AR-COD/
CORD

rs775253277 NR NR NR
Pathogenic
(PVS1, PM2,

PM3, PM4, PP3)
Known

c.5797C>T
(p.Arg1933Ter)

Exon 4
Class IV rs118031911 0.003 0.003 0.000

Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 23
JU1978/1

c.4052_4053ins328
(p.Tyr1352AlafsTer9)

Compound
hetero

Exon 4
Class III

AR-COD/
CORD

rs775253277 NR NR NR
Pathogenic
(PVS1, PM2,

PM3, PM4, PP3)
Known

c.5797C > T
(p.Arg1933Ter)

Exon 4
Class IV rs118031911 0.003 0.003 0.000

Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 24
JU1672/1

c.5913C > A
(p.Asn1971Lys) Hetero Exon 4

Class IV AD-RP rs754290174 0.005 0.005 0.000 Likely benign
(PM2, BP1, BP4) Novel
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Table 1. Cont.

Family ID
Patient

ID/Affeceted
Number

Nucleotide Change
Protein Change Zygosity Classification Phenotype dP SNP ID

Frequency in Database (%) ACMG
Known
NovelHGVD ToMMo gnomAD Classification

Criteria

Family 25
JU0518/1

c.5913C > A
(p.Asn1971Lys) Hetero Exon 4

Class IV AD-RP rs754290174 0.005 0.005 0.000 Likely benign
(PM2, BP1, BP4) Novel

Family 26
JU0616/1

c.3188A > G
(p.Gln1063Arg) Hetero Exon 4

Class III AD-RP rs199550930 NR NR 0.000 Likely benign
(PM2, BP1, BP4) Novel

Family 27
JU0523/1

c.5797C > T
(p.Arg1933Ter) Hetero Exon 4

Class IV AR-RP rs118031911 0.003 0.003 0.000
Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 28
JU0525/1

c.2400A > T
(p.Lys800Asn) Hetero Exon 4

Class II AR-RP NR NR NR NR
Uncertain

Significance
(PM2, BP1)

Novel

Family 29
JU0553/1

c.2951A > G
(p.Asp984Gly) Hetero Exon 4

Class II AR-RP rs200135800 0.003 0.005 0.000
Likely benign

(PM2, PP5, BP1,
BP4)

Known

Family 30
JU1791/1

c.2400A > T
(p.Lys800Asn) Hetero Exon 4

Class II AR-RP NR NR NR NR
Uncertain

Significance
(PM2, BP1)

Novel

Family 31
JU1942/1

c.5797C > T
(p.Arg1933Ter) Hetero Exon 4

Class IV AR-RP rs118031911 0.003 0.003 0.000
Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 32
JU0565/1

c.5797C > T
(p.Arg1933Ter) Hetero Exon 4

Class IV
AR-COD/

CORD rs118031911 0.003 0.003 0.000
Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 33
JU0632/1

c.5797C > T
(p.Arg1933Ter) Hetero Exon 4

Class IV
AR-COD/

CORD rs118031911 0.003 0.003 0.000
Pathogenic
(PVS1, PM2,
PM3, PM4)

Known

Family 34
JU0830/1

c.2960G > A
(p.Cys987Tyr) Hetero Exon 4

Class II
AR-COD/

CORD rs747536867 0.000 0.001 0.000 Likely benign
(PM2, BP1, BP4) Novel

Family 35
JU1191/1

c.2951A > G
(p.Asp984Gly) Hetero Exon 4

Class II
AR-COD/

CORD rs200135800 0.003 0.005 0.000
Likely benign

(PM2, PP5, BP1,
BP4)

Known

Family 36
JU1955/1

c.2894G > T
(p.Ser965Ile) Hetero Exon 4

Class II
AR-COD/

CORD rs201110322 0.042 0.040 0.005
Likely benign

(PM2, BP1, BP4,
BP6)

Novel

ACMG = the American College of Medical Genetics and Genomics, AD = autosomal dominant, AR = autosomal recessive, COD = cone
dystrophy, Compound hetero=Compound heterozygous, CORD = cone-rod dystrophy, Hetero = heterozygous, Homo = homozygous, NR
= not reported, db SNP, Single Nucleotide Polymorphism Database (https://www.ncbi.nlm.nih.gov/snp/, accessed on 1 June 2020); Gnom
AD, Genome Aggregation Database (http://gnomad.broadinstitute.org, accessed on 1 October 2020), HGVD, Human Genetic Variation
Database (http://www.hgvd.genome.med.kyoto-u.ac.jp/index.html, accessed 1 January 2020), ToMMo, The Tohoku Medical Megabank
Organization of Tohoku University (https://ijgvd.megabank.tohoku.ac.jp, accessed on 1 February 2021).

3.1.1. Autosomal-Dominant Retinitis Pigmentosa

In the five families with AD-RP (Families 1 to 5), five different heterozygous variants
were identified, including four known RP1 variants (p.Arg677Ter, p.Gln678Ter, p.Lys867Ter,
and p.Arg872ThrfsTer2) and one novel variant (p.Lys853Ter). The novel variant (p.Lys853Ter)
was determined as “likely pathogenic” according to the ACMG criteria. These five
pathogenic variants were located within the hotspot region for AD-RP.

3.1.2. Autosomal-Recessive Retinitis Pigmentosa

In the 11 families with AR-RP (Families 6 to 16), nine different variants were identified,
including four known RP1 variants (p.Met500ValfsTer7, p.Cys1223Ter, p.Cys1399LeufsTer5,
and Alu element insertion) and five novel variants (p.Val158Gly, p.Ser676IlefsTer22,
p.Pro1282SerfsTer2, p.Ser1467PhefsTer5, and p.Arg1531AlafsTer12). Of the five novel
variants, the missense variant (p.Val158Gly) was considered as “likely pathogenic” accord-
ing to the ACMG. Most pathogenic missense variants were located within the DCX domain
or BIF region. The p.Val158Gly variant, which was identified in combination with Alu
element insertion, was also located within the DCX domain. The remaining four novel
variants, which were also identified in combination with reportedly pathogenic variants,
were determined as “pathogenic” according to the ACMG criteria.

https://www.ncbi.nlm.nih.gov/snp/
http://gnomad.broadinstitute.org
http://www.hgvd.genome.med.kyoto-u.ac.jp/index.html
https://ijgvd.megabank.tohoku.ac.jp
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3.1.3. Autosomal-Recessive Cone Dystrophy/Cone-Rod Dystrophy

In the seven families with AR-COD/CORD (Families 17 to 23), four kinds of compound
heterozygous variants [(p.Arg131Gln/p.Gly706Arg), (p.Met500ValfsTer7/p.Arg1933Ter),
(p.Arg793GlufsTer55/p.Arg1933Ter), and (Alu element insertion/p.Arg1933Ter)] were
identified. Of these, the variant (p.Arg131Gln) was a novel missense variant; the other
five variants (p.Met500ValfsTer7, p.Gly706Arg, p.Arg793GlufsTer55, Alu element inser-
tion, and p.Arg1933Ter) have been reported as pathogenic variants [40–43]. The vari-
ant (p.Arg131Gln) was considered as “uncertain significance” according to the ACMG;
however, we concluded that the variant was pathogenic because of its identification in
combination with reportedly pathogenic variants, co-segregation analysis confirmation,
phenotype consistency, and the possibility of a hypomorphic variant due to its location
outside the DCX domain.

3.1.4. Alu Element Insertion Analysis

The Alu element insertion was not always found by WES analysis. Therefore, we
performed PCR-based screening for the Alu element insertion (Figure 2). The Alu element
insertion was detected heterozygously in eight patients from eight families, including five
families with AR-RP and three families with AR-COD/CORD, and homozygously in four
patients from three families with AR-RP (Table 1 and Figure 2). The results revealed that
the Alu element insertion was the most frequently observed pathogenic variant (32.0%,
16/50 alleles) in this study.
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Figure 2. Results of the polymerase chain reaction-length polymorphism analysis for Alu element insertion.

The 2% gel photograph shows the results for wild-type, heterozygous, and homozy-
gous states in patients with autosomal recessive (AR)-retinitis pigmentosa (RP), patients
with AR-cone dystrophy (COD)/cone-rod dystrophy (CORD), and controls. Alu element in-
sertion is detected heterozygously in eight patients, including five patients (JU0504, JU0547,
JU1662, JU1000, and JU1464) in AR-RP and three patients (JU1339, JU1947, and JU1978)
in AR-COD/CORD, and homozygously in four patients (JU0555, JU0750, HM_0198, and
HM_0201) with AR-RP. Polymerase chain reaction products indicate lengths of 347 bp in
the wild-type allele and 675 bp in the Alu insertion allele.

3.2. Clinical Findings

We investigated 25 patients from 23 families with RP1-associated retinal dystrophies,
including five patients with AD-RP from five families, 13 patients with AR-RP from
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11 families, and seven patients with AR-COD/CORD from seven families (Figure 1).
Clinical characteristics of the 25 patients are summarized in Supplemental Table S1. All
25 patients did not exhibit other systemic findings such as, hearing loss, psychomotor
developmental delay, and polydactyly.

3.2.1. Visual Acuity Assessment

The age at onset and clinical course of visual acuity in the three phenotypes (AD-RP,
AR-RP, and AR-COD/CORD) are shown in Figure 3. The age at onset was significantly
earlier in patients with AR-RP (6.92 ± 0.82 years; range, 3–12 years) than in patients with
AD-RP (39.8 ± 7.37 years; range, 18–59 years) and AR-COD/CORD (45.7 ± 4.76 years;
range, 34–65 years) (p < 0.001); however, there was no difference in the age at onset
between patients with AD-RP and AR-COD/CORD (p = 0.508) (Figure 3A). Visual acuity
started to worsen in patients with AR-RP around their 20s and reached severe visual
dysfunction by their 40s; in contrast, good visual acuity was preserved in patients with
AD-RP until their 50–60s (Figure 3B). Furthermore, visual acuity showed a tendency toward
relative preservation in patients with AR-COD/CORD until their 50s, with subsequent
deterioration and progressive macular atrophy (Figure 3B).
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Figure 3. The age at onset and course of visual acuity findings are shown for the 3 phenotypes. (A) The graph shows the age
at onset in patients with autosomal dominant (AD)-retinitis pigmentosa (RP), autosomal recessive (AR)-RP, and AR-cone
dystrophy (COD)/cone-rod dystrophy (CORD). The age at onset significantly differed between patients with AR-RP and
AD-RP (p < 0.001, Bonferroni test) and between patients with AR-RP and AR-COD/CORD (p < 0.001), but not between
patients with AD-RP and AR-COD/CORD (p = 0.508). The asterisks indicate statistical significance (p-values < 0.05). (B)
The graph shows the course of visual acuity in patients with AR-RP (in blue), AD-RP (in orange), and AR-COD/CORD
(in green). Visual acuity starts to worsen in patients with AR-RP around their 20s and reaches severe visual dysfunction
by their 40s; in contrast, good visual acuity is preserved in patients with AD-RP until their 50–60s. Furthermore, visual
acuity shows a tendency toward relative preservation in patients with AR-COD/CORD until their 50s, with subsequent
deterioration and progressive macular atrophy.

3.2.2. Visual Acuity and Visual Fields in Patients with Autosomal Recessive Retinitis
Pigmentosa

Data from the left eyes (n = 13) of the 13 AR-RP patients were used for statistical
analysis because of the significant correlations between visual acuity of the right and left
eyes (r = 0.943, p < 0.001) and the visual-field areas of I-4e (r = 1.000, p < 0.001) and V-4e
(r = 0.952, p < 0.001). Figure 4A showed the relationships between logMAR BCVA and the
visual field areas of I-4e and V-4e isopters and age at the last examination. The logMAR
BCVA significantly deteriorated with age (r = 0.844, p = 0.002), and started to worsen in
the 20s, reaching to light perception around the 50s. The visual field areas of I-4e and
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V-4e isopters also significantly deteriorated with age (r = −0.789, p = 0.002 and r = −0.811,
p = 0.001), disappearing around the 50s.
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Figure 4. Visual acuity and visual field areas in patients with autosomal recessive retinitis pigmentosa. (A) In the left eyes
(n = 13) of the 13 patients with autosomal recessive retinitis pigmentosa, the graphs show scatter plots of the logarithm
of the minimum angle of resolution (logMAR) best-corrected visual acuity (BCVA) and visual field areas of I-4e and
V-4e isopters as a function of the age at last examination. There was significant correlation between the BCVA and age
(r = 0.844, p = 0.002, Spearman’s rank-order correlation), and between the visual field areas of I-4e and V-4e and age
(r = −0.789, p = 0.002; r = −0.811, p = 0.001, respectively). Each graph indicates age-dependent deterioration, reaching to
severe impairment around the 50s. (B) The graph shows the Kaplan–Meier survival curves, with log-rank tests, for visual
acuity and visual field areas of I-4e and V-4e isopters in patients with autosomal recessive (AR)-retinitis pigmentosa (RP)
and autosomal dominant (AD)-RP. The following cutoff points were used: BCVA ≤ 0.4 logMAR units (0.4 decimal units),
I-4e isopter area ≤ 500 mm2 (10◦), and V-4e isopter area ≤ 8000 mm2 (40◦). Patients with AR-RP show significantly faster
progression in the loss of visual acuity (p = 0.020) and visual field areas of I-4e (p = 0.011) and V-4e isopters (p = 0.024) in
comparison to patients with AD-RP. The survival curves indicate that visual acuity and visual field areas are relatively
preserved in most patients with AD-RP until their 40s but are severely impaired in most patients with AR-RP.

Next, to compare the disease course of logMAR BCVA and visual field areas in patients
with AR-RP and AD-RP, Kaplan–Meier survival curves were plotted with the following
cut-offs: BCVA ≤ 0.4 logMAR (0.4 decimal units), I-4e isopter area ≤ 500 mm2 (10◦), and
V-4e isopter area ≤ 8000 mm2 (40◦) (Figure 4B). Kaplan–Meier survival curve analysis with
the log-rank test revealed that the progression in decreased visual acuity (p = 0.020) and
loss of visual field areas of I-4e and V-4e isopters (p = 0.011; p = 0.024, respectively) were
significantly faster in patients with AR-RP than in patients with AD-RP. The survival curves
indicated that visual acuity and visual field areas were relatively preserved in most patients
with AD-RP until their 40s but were severely impaired in most patients with AR-RP.

3.2.3. Multimodal Retinal Imaging in Each Phenotype

Multimodal retinal imaging and ERG findings of representative cases are shown in
Figure 5 and Supplemental Figures S1 and S2.
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Figure 5. Representative multimodal retinal images are shown for the 3 phenotypes. (A,B) Multimodal retinal imaging of
the left eye in 2 patients with autosomal dominant retinitis pigmentosa (RP) is shown. Fundus photography reveals retinal
degeneration with/without pigmentation around arcade vessels (A,B). Fundus autofluorescence (FAF) reveals a normal
appearance at the macular and hypo-autofluorescence (AF) corresponding to retinal degeneration and pigmentation (A),
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and ring-shaped hyper-AF at the macular and hypo-AF at the nasal retina (B). Optical coherence tomography (OCT)
reveals no abnormalities of the outer retinal layers, including the fovea, with the exception of the nasal and temporal retina
(A,B). (C–E) Multimodal retinal imaging of the left eye of 3 patients with autosomal recessive (AR)-RP is shown. Fundus
photography reveals retinal degeneration not only at peripheral retina, but also at the macular, even in a younger patient
(C–E). FAF reveals diffuse hypo-AF, including the fovea, in an older patient (C,E) and hyper-AF at the macular with hypo-AF
at the peripheral retina in a younger patient (D). OCT reveals a blurred ellipsoid zone (EZ) at the fovea and disruption
of almost all outer retinal layers, including the EZ, at other areas in a younger patient (D) and disruption of almost all
outer retinal layers, including the EZ at the macular in older patients (C,E). (F–H) Multimodal retinal imaging of the left
eye of 3 patients with AR cone dystrophy/cone-rod dystrophy is shown. Fundus photography reveals macular atrophy
with foveal sparing (F–H). Ultra-widefield FAF reveals normal-AF at the preserved area (white arrow), with hypo-AF in
the surrounding area (F); hyper-AF at the preserved area (white arrow) with hypo-AF in the surrounding area (G); and
normal-AF at the preserved area (white arrow) with hyper-AF in the surrounding area (H). OCT reveals relatively preserved
outer retinal layers including EZ at preserved area (black arrowheads) and disruption of almost all outer retinal layers,
corresponding with macular atrophy (F,G) and no abnormalities of the outer retinal layers (black arrowheads), including
the fovea, and disruption of almost all outer retinal layers, corresponding with macular atrophy (H).

In the five patients with AD-RP, fundus photography revealed milder retinal degen-
eration, represented by slight retinal degeneration around arcade vessels with/without
pigmentation and normal appearance, than that in patients with AR-RP. FAF/FA also
revealed that retinal degeneration, especially macular, was milder than that in patients
with AR-RP. OCT also revealed that the outer retinal layers, including the ellipsoid zone
(EZ), was preserved at fovea, and the length of the preserved EZ tended to be longer than
that in patients with AR-RP.

In the 13 patients with AR-RP, fundus photography revealed retinal degeneration not
only at the (mid) peripheral retina, but also at the macular, even in younger patients. These
characteristics were also observed on FAF, which showed diffusely hypo-AF or hyper-
fluorescence at the posterior pole, including the fovea, in older patients, and hyper-AF at
the macular, with/without hypo-AF at the peripheral retina, in younger patients. OCT
revealed disruptive/blurred outer retinal layers, including the EZ at the fovea, even in
younger patients. Patients with AR-RP were characterized by retinal degeneration in the
peripheral retina, as well as in the macular, even in young patients, leading to severe retinal
degeneration, including macular, in their 20′s.

In the seven patients with AR-COD/CORD, the common characteristic findings were
macular atrophy with foveal sparing, normal/hyper-AF at the fovea with hyper/hypo-AF
in the surrounding area, relatively preserved outer retinal layers, including the EZ and reti-
nal pigment epithelium (RPE), corresponding to the area of foveal sparing, and disruption
of almost all outer retinal layers with RPE thinning, corresponding to macular atrophy on
OCT. Multifocal ERG findings in one patient (Family 20-II:3 JU1591) showed preserved
responses in the central areas of both eyes (Supplemental Figure S2), and indicated findings
of macular atrophy with foveal sparing. In older patients, macular atrophy was enlarged,
and the area of foveal sparing became smaller on multimodal retinal imaging. ERG was
performed in six patients and revealed that cone and rod functions tended to deteriorate
with age (Supplemental Figure S1).

One patient (Family 17-II:3 JU0514) showed progressive cone and rod dysfunction
during the 22-year follow-up period. Fundus photography showed macular atrophy with
foveal sparing at 46 years of age (Figure 6A), and gradual enlargement toward not only
the mid-peripheral retina, but also the fovea, resulting in an increasingly smaller area of
foveal sparing (Figure 6B–D). At 67 years of age, retinal atrophy presented at the posterior
pole and peripheral retina, and the area of foveal sparing disappeared (Figure 6E). Ultra-
widefield FAF and FA revealed hypo-AF within arcade vessels and hypo-fluorescence at the
macular, with hyper-fluorescence in the surrounding area, indicating severe retinal atrophy
(Figure 6D,E). OCT also revealed progressive thinning of the outer retinal layers and RPE,
including the fovea (Figure 6D,E). Furthermore, ERG at 53 years of age showed within
normal range in the b-waves of DA 0.01, approximately 40% and 70% of our controls [35]
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in the a- and b-waves of DA 3.0, approximately 50% of the controls in the a- and b- waves
of LA 3.0, and approximately 70% of the controls in the b-waves of LA 3.0 flicker. 14 years
later, ERG revealed reduced to 10–15% of our controls [36] in the b-waves of DA 0.01 and
the a- and b-waves of DA 3.0, 20% of the controls in the a- and b-waves of LA 3.0 and the
b-waves of LA3.0 flicker (Figure 6F).
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retinal imaging findings of the left eye are shown at ages of 46, 51, 53, 57, and 67 years. Fundus photography shows
macular atrophy with foveal sparing (arrowheads) at 46 years of age (A), and gradual enlargement toward not only the
mid-peripheral retina, but also the fovea, resulting in an increasingly smaller area of foveal sparing (arrowheads) (B–D).
At 67 years of age, retinal atrophy presented at the posterior pole and peripheral retina and the area of foveal sparing
disappeared (E). Fundus autofluorescence and hypo-autofluorescence (AF) reveal hypo-AF within arcade vessels and
hypo-fluorescence at the macular, with hyper-fluorescence surrounding the area, indicating severe retinal atrophy (D,E).
OCT reveals progressive thinning of the outer retinal layers and retinal pigment epithelium, including the fovea (D,E).
Full-field electroretinography (ERG) was performed at the ages of 53 and 67 years. ERG initially shows preserved rod
responses and severely decreased cone responses (F). Fourteen years later, ERG reveals more progressive deterioration of
rod responses than cone responses (F).

4. Discussion

Detailed genotype-phenotype correlations in RP1-associated retinal dystrophies had
not been investigated in the Japanese population. In the present study, we described
the clinical and genetic characteristics of 25 patients from 23 Japanese families with three
different phenotypes (AD-RP, AR-RP, AR-COD/CORD), and 11 known and 7 novel variants
were identified.

Genotype–phenotype correlations have been investigated in patients with RP1 vari-
ants [14,18,44,45], and over 170 RP1 variants, including our 18 pathogenic variants, have
been reported as causes of AR-RP, AD-RP, and AR-COD/CORD. In the AD-RP phenotype,
all RP1 truncated variants located within the hotspot region express truncated proteins,
suggesting a dominant-negative effect mechanism [16,17]. Five variants identified in our
study were also located within the hotspot region (Table 1). Unlike AD-RP, the genetic
characteristics of AR-RP are not simple. Generally, AR-RP is mostly caused by biallelic
truncated variants outside the hotspot region, leading to a loss of RP1 function [18]. A
recent study on Alu element insertion reported that 5 of 26 (19%) patients with AR-RP with
heterozygous RP1 variants located outside the hotspot region had Alu element insertion
in the other alleles, suggesting that Alu element insertion might be found in the other
alleles in patients with AR-RP showing only heterozygous RP1 variants [21]. However,
17 truncated variants have also been located within the hotspot region in patients with
AR-RP [14,15,25,41,43,46–48]. These truncated variants might underlie the loss of function
responsible for AR-RP [44,49]. In the current study, one of five patients with AR-RP carried
the heterozygous Alu element insertion, with the p.Met500ValfsTer7 variant, located within
the hotspot region, in the other allele (Family 16-II:2 JU1464) (Figure 1). However, the
patient’s mother (Family 16-I:2 JU1475) was unaffected, consistent with AR inheritance.
Furthermore, 10 missense variants, with 7 located within the DCX domain or BIF region,
have also been associated with AR-RP [24,41,43,50–57]. Surprisingly, even some missense
variants (p.Leu172Arg, p.Asp202Glu, p.Gly203Arg, and p.Phe227Val) located within the
DCX domain in homozygous states have been reported as causes of AR-RP [50,52,54,58].
In the current study, we also identified compound heterozygous variants, consisting of Alu
element insertion and the p.Val158Gly variant, located within DCX domain, in a patient
with AR-RP (Family 6-II:1 JU0504). Collectively, these findings suggest that any type of
rare variant in the RP1 gene could have pathogenicity in patients with AR-RP.

The genetic characteristics of AR-COD/CORD are more complex than those of AD-
RP and AR-RP. Previous studies have reported that functional hypomorphic variants
(p.Phe180Cys, p.Val190Gly, and p.Arg1933Ter) in combination with pathogenic missense
or truncated variants are associated with AR-COD/CORD [20,25]. Based on the cur-
rent and previous studies, two genetic characteristics of the AR-COD/CORD phenotype
are as follows: (1) homozygotes with the hypomorphic variant (p.Arg1933Ter) exhibit a
normal phenotype, even at 80 years of age; [20] and (2) homozygous missense or trun-
cated variants have never been identified in patients with AR-COD/CORD. To date,
nine types of compound heterozygous variants, including our compound heterozygous
variants (p.Arg131Gln/ p.Gly706Arg, p.Met500ValfsTer7/p.Arg1933Ter, Alu element in-
sertion/p.Arg1933Ter, and p.Arg793GlufsTer55/p.Arg1933Ter), have been identified in



J. Clin. Med. 2021, 10, 2265 15 of 19

18 patients with AR-COD/CORD, including a hypomorphic variant combined with a
reportedly pathogenic variant found in patients with AR-RP [14,25,43,58]. However, a few
cases contradict these genetic characteristics of the AR-COD/CORD phenotype [20,48]. For
example, AR-RP phenotypes have been reported even in the presence of a hypomorphic
variant in one allele [48,50,59]. This phenotypic variability could be explained by the
presence of additional genetic modifier variants other than the RP1 gene, or the presence
of a variant within the non-coding regions in RP1. Furthermore, as in Bardet–Biedl syn-
drome [60], the pathomechanism could show oligogenicity, in which two or more recessive
genes variants may lead to IRD phenotypes when the variants act together [61]. Consistent
with this, a previous study on RP1-associated retinal dystrophies indicated oligogenicity in
28 patients with the RP1 variant (p.Arg1933Ter) in one allele, in whom two identified EYS
variants were significantly enriched [20]. This result suggests that the co-localization of
EYS and RP1 proteins plays a role in cilial structure maintenance and the stabilization of
disc membranes in the outer segment [62].

AD-RP has been reported to show a milder phenotype than AR-RP [19]. Consistent
with this, we found a younger age at onset and faster disease progression in patients with
AR-RP than in patients with AD-RP (Figures 3 and 4). Furthermore, we focused on the
time-to-central visual function loss in patients with AR-RP, revealing relatively preserved
visual acuity and visual field areas in their 10s that started to worsen in their 20s, with a
complete loss of visual function around their 50s (Figure 4). These results are supported
by a recent study using adaptive optics that showed progressive macular involvement in
patients with AR-RP, as well as age-dependent deterioration in preserved photoreceptor
areas [22]. Thus, our study demonstrated that RP1-associated AR-RP exhibited early
onset, severe and progressive visual impairment and seems to be one of the most severe
forms of RP, indicating that promising early intervention will be needed to prevent the
progression of vision loss in future. Regarding the AR-COD/CORD phenotype, it can be
characterized as follows: late onset, initial bull’s eye maculopathy with foveal sparing, and
progression to macular atrophy with foveal involvement [25]. In the current study, the seven
patients with AR-COD/CORD had clinical findings similar to these reported characteristics.
Furthermore, these characteristics were observed in a patient who underwent longitudinal
observation (Family 17-III:3 JU0514), which revealed an initial presence of macular atrophy
with foveal sparing, with over 20 years required for the disappearance of the preserved
area, and progressive degeneration not only at retina, but also at the RPE (Figure 5).
Considering the results of previous studies and our study, changes in the retinal structure
in patients with AR-COD/CORD are likely to be similar to those in central areolar choroidal
dystrophy, in terms of macular atrophy with foveal sparing, even partially in older patients,
and the presence of degeneration in the RPE and outer retinal layers. Regarding retinal
function, we found varying degrees of cone and rod dysfunction, represented by macular
dystrophy, COD, and CORD, and a tendency toward age-dependent deterioration in cone
and rod function (Supplemental Figure S1). Interestingly, longitudinal observations in one
patient (Family 17-III:3 JU0514) reveled a COD phenotype at 53 years of age, followed by a
predominant progression in rod function, resulting in CORD (Figure 6). The ERG finding
of little progression in cone function over a 20-year period might be consistent with the
genetic characteristics of AR-COD/CORD with a hypomorphic variant in one allele.

The present study has a few limitations; namely, the small number of patients and
the fact that they were recruited from only four institutions. Further studies with a large
number of patients would provide more strength for the evidence obtained in our clinical
and genetic findings.

5. Conclusions

We described the clinical and genetic characteristics of 25 Japanese patients with
RP1-associated retinal dystrophies, in whom seven novel variants were identified. Our
results suggest a genotype–phenotype correlation between variant types/locations and
phenotypes (AD-RP, AR-RP, and AR-COD/CORD). The Alu element insertion was the
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most frequently observed pathogenic variant (32.0%, 16/50 alleles) in our Japanese patients
with RP1-associated retinal dystrophies. Our results have expanded the genetic spectrum
and clinical profiles of RP1-associated retinal dystrophies.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/jcm10112265/s1, Supplemental Figure S1: Representative full-field electroretinog-
raphy findings of patients with pathogenic RP1 variants, Supplemental Figure S2: Multifocal elec-
troretinographic findings in a patient (Family 20-II:3 JU1591) with autosomal recessive cone-rod
dystrophy, and Supplemental Table S1: Clinical findings of patients with pathogenic RP1. Supple-
mental Table S1: Clinical findings of patients with pathogenic RP1 variants.

Author Contributions: Conceptualization, K.M. and T.H.; methodology, T.H., S.K., K.H. (Koichiro
Higasa), H.K., K.H. (Katsuhiro Hosono), Y.H., K.Y., and T.M.; validation, N.O., D.K., T.F., and K.K.;
formal analysis, K.M.; investigation, T.H., S.K., H.K., K.H. (Koichiro Higasa)., and Y.H.; data curation,
N.O., D.K., T.F., K.H., and K.K.; writing—original draft preparation, K.M.; writing—review and
editing, T.H.; supervision, T.N.; project administration, K.M.; funding acquisition, T.H., Y.H., and T.I.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by JSPS KAKENHI Grant Numbers 20K09825 to Y.H.,
21K09756 to T.H., grant for Practical Research Project for Rare/Intractable Diseases from the Japan
Agency for Medical Research and Development (AMED) to T.I. and The Jikei University Research
Fund 2020 to T.H.

Institutional Review Board Statement: The study protocol was approved by the Institutional Re-
view Boards of The Jikei University School of Medicine (approval number, 24–231 6997), Nippon
Medical School Chiba Hokusoh Hospital (approval number, 27–02), Hamamatsu University School
of Medicine (approval number, 14–040), University of Occupational and Environmental Health
(approval number, H29–03), and the National Hospital Organization Tokyo Medical Center (approval
number, R18–029). The protocol adhered to the tenets of the Declaration of Helsinki, and informed
consent was obtained from the participants.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The imaging data are not publicly available due to their information
that could compromise the patients’ privacy. The data in graphs and tables that support the findings
of this study are available from the corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank the patients and their families for participating
in this study.

Conflicts of Interest: The authors declare no conflict of interest regarding this study.

References
1. Bunker, C.H.; Berson, E.L.; Bromley, W.C.; Hayes, R.P.; Roderick, T.H. Prevalence of retinitis pigmentosa in Maine. Am. J.

Ophthalmol. 1984, 97, 357–365. [CrossRef]
2. Guillonneau, X.; Piriev, N.I.; Danciger, M.; Kozak, C.A.; Cideciyan, A.V.; Jacobson, S.G.; Farber, D.B. A nonsense mutation in

a novel gene is associated with retinitis pigmentosa in a family linked to the RP1 locus. Hum. Mol. Genet. 1999, 8, 1541–1546.
[CrossRef] [PubMed]

3. Mansergh, F.C.; Millington-Ward, S.; Kennan, A.; Kiang, A.S.; Humphries, M.; Farrar, G.J.; Humphries, P.; Kenna, P.F. Retinitis
pigmentosa and progressive sensorineural hearing loss caused by a C12258A mutation in the mitochondrial MTTS2 gene. Am. J.
Hum. Genet. 1999, 64, 971–985. [CrossRef] [PubMed]

4. Rivolta, C.; Sharon, D.; DeAngelis, M.M.; Dryja, T.P. Retinitis pigmentosa and allied diseases: Numerous diseases, genes, and
inheritance patterns. Hum. Mol. Genet. 2002, 11, 1219–1227. [CrossRef] [PubMed]

5. Hartong, D.T.; Berson, E.L.; Dryja, T.P. Retinitis pigmentosa. Lancet 2006, 368, 1795–1809. [CrossRef]
6. Pierce, E.A.; Quinn, T.; Meehan, T.; McGee, T.L.; Berson, E.L.; Dryja, T.P. Mutations in a gene encoding a new oxygen-regulated

photoreceptor protein cause dominant retinitis pigmentosa. Nat. Genet. 1999, 22, 248–254. [CrossRef] [PubMed]
7. Sullivan, L.S.; Heckenlively, J.R.; Bowne, S.J.; Zuo, J.; Hide, W.A.; Gal, A.; Denton, M.; Inglehearn, C.F.; Blanton, S.H.; Daiger,

S.P. Mutations in a novel retina-specific gene cause autosomal dominant retinitis pigmentosa. Nat. Genet. 1999, 22, 255–259.
[CrossRef]

8. Liu, Q.; Zuo, J.; Pierce, E.A. The retinitis pigmentosa 1 protein is a photoreceptor microtubule-associated protein. J. Neurosci. 2004,
24, 6427–6436. [CrossRef]

https://www.mdpi.com/article/10.3390/jcm10112265/s1
https://www.mdpi.com/article/10.3390/jcm10112265/s1
http://doi.org/10.1016/0002-9394(84)90636-6
http://doi.org/10.1093/hmg/8.8.1541
http://www.ncbi.nlm.nih.gov/pubmed/10401003
http://doi.org/10.1086/302344
http://www.ncbi.nlm.nih.gov/pubmed/10090882
http://doi.org/10.1093/hmg/11.10.1219
http://www.ncbi.nlm.nih.gov/pubmed/12015282
http://doi.org/10.1016/S0140-6736(06)69740-7
http://doi.org/10.1038/10305
http://www.ncbi.nlm.nih.gov/pubmed/10391211
http://doi.org/10.1038/10314
http://doi.org/10.1523/JNEUROSCI.1335-04.2004


J. Clin. Med. 2021, 10, 2265 17 of 19

9. Liu, Q.; Zhou, J.; Daiger, S.P.; Farber, D.B.; Heckenlively, J.R.; Smith, J.E.; Sullivan, L.S.; Zuo, J.; Milam, A.H.; Pierce, E.A.
Identification and subcellular localization of the RP1 protein in human and mouse photoreceptors. Invest. Ophthalmol. Vis. Sci.
2002, 43, 22–32. [PubMed]

10. Yamashita, T.; Liu, J.; Gao, J.; LeNoue, S.; Wang, C.; Kaminoh, J.; Bowne, S.J.; Sullivan, L.S.; Daiger, S.P.; Zhang, K.; et al. Essential
and synergistic roles of RP1 and RP1L1 in rod photoreceptor axoneme and retinitis pigmentosa. J. Neurosci. 2009, 29, 9748–9760.
[CrossRef]

11. Kaplan, M.W.; Iwata, R.T.; Sears, R.C. Lengths of immunolabeled ciliary microtubules in frog photoreceptor outer segments. Exp.
Eye Res. 1987, 44, 623–632. [CrossRef]

12. Ran, X.; Cai, W.J.; Huang, X.F.; Liu, Q.; Lu, F.; Qu, J.; Wu, J.; Jin, Z.B. ‘RetinoGenetics’: A comprehensive mutation database for
genes related to inherited retinal degeneration. Database 2014, 2014. [CrossRef]

13. Verbakel, S.K.; van Huet, R.A.C.; Boon, C.J.F.; den Hollander, A.I.; Collin, R.W.J.; Klaver, C.C.W.; Hoyng, C.B.; Roepman, R.;
Klevering, B.J. Non-syndromic retinitis pigmentosa. Prog. Retin. Eye Res. 2018, 66, 157–186. [CrossRef] [PubMed]

14. Avila-Fernandez, A.; Corton, M.; Nishiguchi, K.M.; Munoz-Sanz, N.; Benavides-Mori, B.; Blanco-Kelly, F.; Riveiro-Alvarez, R.;
Garcia-Sandoval, B.; Rivolta, C.; Ayuso, C. Identification of an RP1 prevalent founder mutation and related phenotype in Spanish
patients with early-onset autosomal recessive retinitis. Ophthalmology 2012, 119, 2616–2621. [CrossRef] [PubMed]

15. El Shamieh, S.; Boulanger-Scemama, E.; Lancelot, M.E.; Antonio, A.; Demontant, V.; Condroyer, C.; Letexier, M.; Saraiva, J.P.;
Mohand-Said, S.; Sahel, J.A.; et al. Targeted next generation sequencing identifies novel mutations in RP1 as a relatively common
cause of autosomal recessive rod-cone dystrophy. Biomed. Res. Int. 2015, 2015, 485624. [CrossRef] [PubMed]

16. Berson, E.L.; Grimsby, J.L.; Adams, S.M.; McGee, T.L.; Sweklo, E.; Pierce, E.A.; Sandberg, M.A.; Dryja, T.P. Clinical features and
mutations in patients with dominant retinitis pigmentosa-1 (RP1). Investig. Ophthalmol. Vis. Sci. 2001, 42, 2217–2224.

17. Liu, Q.; Collin, R.W.; Cremers, F.P.; den Hollander, A.I.; van den Born, L.I.; Pierce, E.A. Expression of wild-type Rp1 protein in
Rp1 knock-in mice rescues the retinal degeneration phenotype. PLoS ONE 2012, 7, e43251. [CrossRef]

18. Siemiatkowska, A.M.; Astuti, G.D.; Arimadyo, K.; den Hollander, A.I.; Faradz, S.M.; Cremers, F.P.; Collin, R.W. Identification of a
novel nonsense mutation in RP1 that causes autosomal recessive retinitis pigmentosa in an Indonesian family. Mol. Vis. 2012, 18,
2411–2419.

19. Lafont, E.L.; Manes, G.L.; Sénéchal, A.; Bocquet, B.A.; Coustès-Chazalette, D.; Baudoin, C.; Ksantini, M.; Bourien, J.R.M.; Devos,
A.; Dollfus, H.L.N.; et al. Patients with Retinitis Pigmentosa due to RP1 Mutations Show Greater Severity in Recessive than in
Dominant Cases. J. Clin. Exp. Ophthalmol. 2011. [CrossRef]

20. Nikopoulos, K.; Cisarova, K.; Quinodoz, M.; Koskiniemi-Kuendig, H.; Miyake, N.; Farinelli, P.; Rehman, A.U.; Khan, M.I.;
Prunotto, A.; Akiyama, M.; et al. A frequent variant in the Japanese population determines quasi-Mendelian inheritance of rare
retinal ciliopathy. Nat. Commun. 2019, 10, 2884. [CrossRef]

21. Nishiguchi, K.M.; Fujita, K.; Ikeda, Y.; Kunikata, H.; Koyanagi, Y.; Akiyama, M.; Abe, T.; Wada, Y.; Sonoda, K.H.; Nakazawa, T. A
founder Alu insertion in RP1 gene in Japanese patients with retinitis pigmentosa. Jpn. J. Ophthalmol. 2020, 64, 346–350. [CrossRef]
[PubMed]

22. Ueno, S.; Koyanagi, Y.; Kominami, T.; Ito, Y.; Kawano, K.; Nishiguchi, K.M.; Rivolta, C.; Nakazawa, T.; Sonoda, K.H.; Terasaki, H.
Clinical characteristics and high resolution retinal imaging of retinitis pigmentosa caused by RP1 gene variants. Jpn. J. Ophthalmol.
2020, 64, 485–496. [CrossRef]

23. Liu, X.; Xiao, J.; Huang, H.; Guan, L.; Zhao, K.; Xu, Q.; Zhang, X.; Pan, X.; Gu, S.; Chen, Y.; et al. Molecular genetic testing in
clinical diagnostic assessments that demonstrate correlations in patients with autosomal recessive inherited retinal dystrophy.
JAMA Ophthalmol. 2015, 133, 427–436. [CrossRef] [PubMed]

24. Ellingford, J.M.; Barton, S.; Bhaskar, S.; O’Sullivan, J.; Williams, S.G.; Lamb, J.A.; Panda, B.; Sergouniotis, P.I.; Gillespie, R.L.;
Daiger, S.P.; et al. Molecular findings from 537 individuals with inherited retinal disease. J. Med. Genet. 2016, 53, 761–767.
[CrossRef] [PubMed]

25. Verbakel, S.K.; van Huet, R.A.C.; den Hollander, A.I.; Geerlings, M.J.; Kersten, E.; Klevering, B.J.; Klaver, C.C.W.; Plomp, A.S.;
Wesseling, N.L.; Bergen, A.A.B.; et al. Macular Dystrophy and Cone-Rod Dystrophy Caused by Mutations in the RP1 Gene:
Extending the RP1 Disease Spectrum. Invest. Ophthalmol. Vis. Sci. 2019, 60, 1192–1203. [CrossRef] [PubMed]

26. Katagiri, S.; Yoshitake, K.; Akahori, M.; Hayashi, T.; Furuno, M.; Nishino, J.; Ikeo, K.; Tsuneoka, H.; Iwata, T. Whole-exome
sequencing identifies a novel ALMS1 mutation (p.Q2051X) in two Japanese brothers with Alstrom syndrome. Mol. Vis. 2013, 19,
2393–2406.

27. Katagiri, S.; Akahori, M.; Sergeev, Y.; Yoshitake, K.; Ikeo, K.; Furuno, M.; Hayashi, T.; Kondo, M.; Ueno, S.; Tsunoda, K.; et al.
Whole exome analysis identifies frequent CNGA1 mutations in Japanese population with autosomal recessive retinitis pigmentosa.
PLoS ONE 2014, 9, e108721. [CrossRef] [PubMed]

28. Kubota, D.; Gocho, K.; Kikuchi, S.; Akeo, K.; Miura, M.; Yamaki, K.; Takahashi, H.; Kameya, S. CEP250 mutations associated with
mild cone-rod dystrophy and sensorineural hearing loss in a Japanese family. Ophthalmic Genet. 2018, 1–8. [CrossRef]

29. Katagiri, S.; Hayashi, T.; Nakamura, M.; Mizobuchi, K.; Gekka, T.; Komori, S.; Ueno, S.; Terasaki, H.; Sakuramoto, H.; Kuniyoshi,
K.; et al. RDH5-Related Fundus Albipunctatus in a Large Japanese Cohort. Investig. Ophthalmol. Vis. Sci. 2020, 61, 53. [CrossRef]

30. Mizobuchi, K.; Hayashi, T.; Yoshitake, K.; Fujinami, K.; Tachibana, T.; Tsunoda, K.; Iwata, T.; Nakano, T. Novel homozygous
CLN3 missense variant in isolated retinal dystrophy: A case report and electron microscopic findings. Mol. Genet. Genom. Med.
2020, e1308. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11773008
http://doi.org/10.1523/JNEUROSCI.5854-08.2009
http://doi.org/10.1016/S0014-4835(87)80134-3
http://doi.org/10.1093/database/bau071
http://doi.org/10.1016/j.preteyeres.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29597005
http://doi.org/10.1016/j.ophtha.2012.06.033
http://www.ncbi.nlm.nih.gov/pubmed/22917891
http://doi.org/10.1155/2015/485624
http://www.ncbi.nlm.nih.gov/pubmed/25692139
http://doi.org/10.1371/journal.pone.0043251
http://doi.org/10.4172/2155-9570.1000194
http://doi.org/10.1038/s41467-019-10746-4
http://doi.org/10.1007/s10384-020-00732-5
http://www.ncbi.nlm.nih.gov/pubmed/32193659
http://doi.org/10.1007/s10384-020-00752-1
http://doi.org/10.1001/jamaophthalmol.2014.5831
http://www.ncbi.nlm.nih.gov/pubmed/25611614
http://doi.org/10.1136/jmedgenet-2016-103837
http://www.ncbi.nlm.nih.gov/pubmed/27208204
http://doi.org/10.1167/iovs.18-26084
http://www.ncbi.nlm.nih.gov/pubmed/30913292
http://doi.org/10.1371/journal.pone.0108721
http://www.ncbi.nlm.nih.gov/pubmed/25268133
http://doi.org/10.1080/13816810.2018.1466338
http://doi.org/10.1167/iovs.61.3.53
http://doi.org/10.1002/mgg3.1308


J. Clin. Med. 2021, 10, 2265 18 of 19

31. Hayashi, T.; Kameya, S.; Mizobuchi, K.; Kubota, D.; Kikuchi, S.; Yoshitake, K.; Mizota, A.; Murakami, A.; Iwata, T.; Nakano,
T. Genetic defects of CHM and visual acuity outcome in 24 choroideremia patients from 16 Japanese families. Sci. Rep. 2020,
10, 15883. [CrossRef]

32. McCulloch, D.L.; Marmor, M.F.; Brigell, M.G.; Hamilton, R.; Holder, G.E.; Tzekov, R.; Bach, M. ISCEV Standard for full-field
clinical electroretinography (2015 update). Doc. Ophthalmol. Adv. Ophthalmol. 2015, 130, 1–12. [CrossRef] [PubMed]

33. Takeuchi, T.; Hayashi, T.; Bedell, M.; Zhang, K.; Yamada, H.; Tsuneoka, H. A novel haplotype with the R345W mutation in the
EFEMP1 gene associated with autosomal dominant drusen in a Japanese family. Investig. Ophthalmol. Vis. Sci. 2010, 51, 1643–1650.
[CrossRef] [PubMed]

34. Katagiri, S.; Hosono, K.; Hayashi, T.; Kurata, K.; Mizobuchi, K.; Matsuura, T.; Yoshitake, K.; Iwata, T.; Nakano, T.; Hotta, Y.
Early onset flecked retinal dystrophy associated with new compound heterozygous RPE65 variants. Mol. Vis. 2018, 24, 286–296.
[PubMed]

35. Kutsuma, T.; Katagiri, S.; Hayashi, T.; Yoshitake, K.; Iejima, D.; Gekka, T.; Kohzaki, K.; Mizobuchi, K.; Baba, Y.; Terauchi, R.;
et al. Novel biallelic loss-of-function KCNV2 variants in cone dystrophy with supernormal rod responses. Doc. Ophthalmol. 2019.
[CrossRef] [PubMed]

36. Ninomiya, W.; Mizobuchi, K.; Hayashi, T.; Okude, S.; Katagiri, S.; Kubo, A.; Masuhara, N.; Nakano, T. Electroretinographic
abnormalities associated with pregabalin: A case report. Doc. Ophthalmol. 2020. [CrossRef] [PubMed]

37. Kubota, D.; Matsumoto, K.; Hayashi, M.; Oishi, N.; Gocho, K.; Yamaki, K.; Kobayakawa, S.; Igarashi, T.; Takahashi, H.; Kameya, S.
High-resolution photoreceptor imaging analysis of patients with autosomal dominant retinitis pigmentosa (adRP) caused by
HK1 mutation. Ophthalmic. Genet. 2020, 41, 629–638. [CrossRef] [PubMed]

38. Kameya, S.; Fujinami, K.; Ueno, S.; Hayashi, T.; Kuniyoshi, K.; Ideta, R.; Kikuchi, S.; Kubota, D.; Yoshitake, K.; Katagiri, S.; et al.
Phenotypical Characteristics of POC1B-Associated Retinopathy in Japanese Cohort: Cone Dystrophy with Normal Funduscopic
Appearance. Invest. Ophthalmol. Vis. Sci. 2019, 60, 3432–3446. [CrossRef]

39. Grover, S.; Fishman, G.A.; Alexander, K.R.; Anderson, R.J.; Derlacki, D.J. Visual acuity impairment in patients with retinitis
pigmentosa. Ophthalmology 1996, 103, 1593–1600. [CrossRef]

40. Wang, J.; Zhang, V.W.; Feng, Y.; Tian, X.; Li, F.Y.; Truong, C.; Wang, G.; Chiang, P.W.; Lewis, R.A.; Wong, L.J. Dependable and
efficient clinical utility of target capture-based deep sequencing in molecular diagnosis of retinitis pigmentosa. Invest. Ophthalmol.
Vis. Sci. 2014, 55, 6213–6223. [CrossRef] [PubMed]

41. Carss, K.J.; Arno, G.; Erwood, M.; Stephens, J.; Sanchis-Juan, A.; Hull, S.; Megy, K.; Grozeva, D.; Dewhurst, E.; Malka, S.; et al.
Comprehensive Rare Variant Analysis via Whole-Genome Sequencing to Determine the Molecular Pathology of Inherited Retinal
Disease. Am. J. Hum. Genet. 2017, 100, 75–90. [CrossRef] [PubMed]

42. Kurata, K.; Hosono, K.; Hotta, Y. Clinical and genetic findings of a Japanese patient with RP1-related autosomal recessive retinitis
pigmentosa. Doc. Ophthalmol. 2018, 137, 47–56. [CrossRef] [PubMed]

43. Wang, P.; Li, S.; Sun, W.; Xiao, X.; Jia, X.; Liu, M.; Xu, L.; Long, Y.; Zhang, Q. An Ophthalmic Targeted Exome Sequencing Panel as
a Powerful Tool to Identify Causative Mutations in Patients Suspected of Hereditary Eye Diseases. Transl. Vis. Sci. Technol. 2019,
8, 21. [CrossRef] [PubMed]

44. Chen, L.J.; Lai, T.Y.; Tam, P.O.; Chiang, S.W.; Zhang, X.; Lam, S.; Lai, R.Y.; Lam, D.S.; Pang, C.P. Compound heterozygosity of
two novel truncation mutations in RP1 causing autosomal recessive retinitis pigmentosa. Investig. Ophthalmol. Vis. Sci. 2010, 51,
2236–2242. [CrossRef] [PubMed]

45. Audo, I.; Mohand-Saïd, S.; Dhaenens, C.M.; Germain, A.; Orhan, E.; Antonio, A.; Hamel, C.; Sahel, J.A.; Bhattacharya, S.S.; Zeitz,
C. RP1 and autosomal dominant rod-cone dystrophy: Novel mutations, a review of published variants, and genotype-phenotype
correlation. Hum. Mutat. 2012, 33, 73–80. [CrossRef]

46. Singh, H.P.; Jalali, S.; Narayanan, R.; Kannabiran, C. Genetic analysis of Indian families with autosomal recessive retinitis
pigmentosa by homozygosity screening. Investig. Ophthalmol. Vis. Sci. 2009, 50, 4065–4071. [CrossRef]

47. Perez-Carro, R.; Corton, M.; Sanchez-Navarro, I.; Zurita, O.; Sanchez-Bolivar, N.; Sanchez-Alcudia, R.; Lelieveld, S.H.; Aller, E.;
Lopez-Martinez, M.A.; Lopez-Molina, M.I.; et al. Panel-based NGS Reveals Novel Pathogenic Mutations in Autosomal Recessive
Retinitis Pigmentosa. Sci. Rep. 2016, 6, 19531. [CrossRef]

48. Li, S.; Yang, M.; Liu, W.; Liu, Y.; Zhang, L.; Yang, Y.; Sundaresan, P.; Yang, Z.; Zhu, X. Targeted Next-Generation Sequencing
Reveals Novel RP1 Mutations in Autosomal Recessive Retinitis Pigmentosa. Genet. Test. Mol. Biomark. 2018, 22, 109–114.
[CrossRef]

49. Riazuddin, S.A.; Zulfiqar, F.; Zhang, Q.; Sergeev, Y.V.; Qazi, Z.A.; Husnain, T.; Caruso, R.; Riazuddin, S.; Sieving, P.A.; Hejtmancik,
J.F. Autosomal recessive retinitis pigmentosa is associated with mutations in RP1 in three consanguineous Pakistani families.
Investig. Ophthalmol. Vis. Sci. 2005, 46, 2264–2270. [CrossRef]

50. Aldahmesh, M.A.; Safieh, L.A.; Alkuraya, H.; Al-Rajhi, A.; Shamseldin, H.; Hashem, M.; Alzahrani, F.; Khan, A.O.; Alqahtani, F.;
Rahbeeni, Z.; et al. Molecular characterization of retinitis pigmentosa in Saudi Arabia. Mol. Vis. 2009, 15, 2464–2469.

51. Zhang, X.; Chen, L.J.; Law, J.P.; Lai, T.Y.; Chiang, S.W.; Tam, P.O.; Chu, K.Y.; Wang, N.; Zhang, M.; Pang, C.P. Differential pattern
of RP1 mutations in retinitis pigmentosa. Mol. Vis. 2010, 16, 1353–1360.

52. Eisenberger, T.; Neuhaus, C.; Khan, A.O.; Decker, C.; Preising, M.N.; Friedburg, C.; Bieg, A.; Gliem, M.; Charbel Issa, P.; Holz,
F.G.; et al. Increasing the yield in targeted next-generation sequencing by implicating CNV analysis, non-coding exons and the
overall variant load: The example of retinal dystrophies. PLoS ONE 2013, 8, e78496. [CrossRef]

http://doi.org/10.1038/s41598-020-72623-1
http://doi.org/10.1007/s10633-014-9473-7
http://www.ncbi.nlm.nih.gov/pubmed/25502644
http://doi.org/10.1167/iovs.09-4497
http://www.ncbi.nlm.nih.gov/pubmed/19850834
http://www.ncbi.nlm.nih.gov/pubmed/29681726
http://doi.org/10.1007/s10633-019-09679-6
http://www.ncbi.nlm.nih.gov/pubmed/30877594
http://doi.org/10.1007/s10633-019-09743-1
http://www.ncbi.nlm.nih.gov/pubmed/31900741
http://doi.org/10.1080/13816810.2020.1810284
http://www.ncbi.nlm.nih.gov/pubmed/32814480
http://doi.org/10.1167/iovs.19-26650
http://doi.org/10.1016/S0161-6420(96)30458-2
http://doi.org/10.1167/iovs.14-14936
http://www.ncbi.nlm.nih.gov/pubmed/25097241
http://doi.org/10.1016/j.ajhg.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28041643
http://doi.org/10.1007/s10633-018-9649-7
http://www.ncbi.nlm.nih.gov/pubmed/30027431
http://doi.org/10.1167/tvst.8.2.21
http://www.ncbi.nlm.nih.gov/pubmed/31106028
http://doi.org/10.1167/iovs.09-4437
http://www.ncbi.nlm.nih.gov/pubmed/19933189
http://doi.org/10.1002/humu.21640
http://doi.org/10.1167/iovs.09-3479
http://doi.org/10.1038/srep19531
http://doi.org/10.1089/gtmb.2017.0223
http://doi.org/10.1167/iovs.04-1280
http://doi.org/10.1371/journal.pone.0078496


J. Clin. Med. 2021, 10, 2265 19 of 19

53. Xu, Y.; Guan, L.; Shen, T.; Zhang, J.; Xiao, X.; Jiang, H.; Li, S.; Yang, J.; Jia, X.; Yin, Y.; et al. Mutations of 60 known causative genes
in 157 families with retinitis pigmentosa based on exome sequencing. Hum. Genet. 2014, 133, 1255–1271. [CrossRef] [PubMed]

54. Beheshtian, M.; Saee Rad, S.; Babanejad, M.; Mohseni, M.; Hashemi, H.; Eshghabadi, A.; Hajizadeh, F.; Akbari, M.R.; Kahrizi,
K.; Riazi Esfahani, M.; et al. Impact of whole exome sequencing among Iranian patients with autosomal recessive retinitis
pigmentosa. Arch. Iran. Med. 2015, 18, 776–785. [PubMed]

55. Zhao, L.; Wang, F.; Wang, H.; Li, Y.; Alexander, S.; Wang, K.; Willoughby, C.E.; Zaneveld, J.E.; Jiang, L.; Soens, Z.T.; et al.
Next-generation sequencing-based molecular diagnosis of 82 retinitis pigmentosa probands from Northern Ireland. Hum. Genet.
2015, 134, 217–230. [CrossRef]

56. Huang, L.; Zhang, Q.; Huang, X.; Qu, C.; Ma, S.; Mao, Y.; Yang, J.; Li, Y.; Li, Y.; Tan, C.; et al. Mutation screening in genes known
to be responsible for Retinitis Pigmentosa in 98 Small Han Chinese Families. Sci. Rep. 2017, 7, 1948. [CrossRef] [PubMed]

57. Ezquerra-Inchausti, M.; Anasagasti, A.; Barandika, O.; Garay-Aramburu, G.; Galdós, M.; López de Munain, A.; Irigoyen, C.;
Ruiz-Ederra, J. A new approach based on targeted pooled DNA sequencing identifies novel mutations in patients with Inherited
Retinal Dystrophies. Sci. Rep. 2018, 8, 15457. [CrossRef]

58. Neveling, K.; Collin, R.W.; Gilissen, C.; van Huet, R.A.; Visser, L.; Kwint, M.P.; Gijsen, S.J.; Zonneveld, M.N.; Wieskamp, N.; de
Ligt, J.; et al. Next-generation genetic testing for retinitis pigmentosa. Hum. Mutat. 2012, 33, 963–972. [CrossRef]

59. Mendez-Vidal, C.; Bravo-Gil, N.; Gonzalez-Del Pozo, M.; Vela-Boza, A.; Dopazo, J.; Borrego, S.; Antinolo, G. Novel RP1 mutations
and a recurrent BBS1 variant explain the co-existence of two distinct retinal phenotypes in the same pedigree. BMC Genet. 2014,
15, 143. [CrossRef]

60. Leitch, C.C.; Zaghloul, N.A.; Davis, E.E.; Stoetzel, C.; Diaz-Font, A.; Rix, S.; Alfadhel, M.; Lewis, R.A.; Eyaid, W.; Banin, E.; et al.
Hypomorphic mutations in syndromic encephalocele genes are associated with Bardet-Biedl syndrome. Nat. Genet. 2008, 40,
443–448. [CrossRef]

61. Badano, J.L.; Katsanis, N. Beyond Mendel: An evolving view of human genetic disease transmission. Nat. Rev. Genet. 2002, 3,
779–789. [CrossRef] [PubMed]

62. Alfano, G.; Kruczek, P.M.; Shah, A.Z.; Kramarz, B.; Jeffery, G.; Zelhof, A.C.; Bhattacharya, S.S. EYS Is a Protein Associated with
the Ciliary Axoneme in Rods and Cones. PLoS ONE 2016, 11, e0166397. [CrossRef] [PubMed]

http://doi.org/10.1007/s00439-014-1460-2
http://www.ncbi.nlm.nih.gov/pubmed/24938718
http://www.ncbi.nlm.nih.gov/pubmed/26497376
http://doi.org/10.1007/s00439-014-1512-7
http://doi.org/10.1038/s41598-017-00963-6
http://www.ncbi.nlm.nih.gov/pubmed/28512305
http://doi.org/10.1038/s41598-018-33810-3
http://doi.org/10.1002/humu.22045
http://doi.org/10.1186/s12863-014-0143-2
http://doi.org/10.1038/ng.97
http://doi.org/10.1038/nrg910
http://www.ncbi.nlm.nih.gov/pubmed/12360236
http://doi.org/10.1371/journal.pone.0166397
http://www.ncbi.nlm.nih.gov/pubmed/27846257

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Molecular Genetic Study 
	Next-Generation Sequencing 
	Screening for Alu Element Insertion 

	Clinical Examinations 
	Statistical Analysis 

	Results 
	Molecular Genetic Findings 
	Autosomal-Dominant Retinitis Pigmentosa 
	Autosomal-Recessive Retinitis Pigmentosa 
	Autosomal-Recessive Cone Dystrophy/Cone-Rod Dystrophy 
	Alu Element Insertion Analysis 

	Clinical Findings 
	Visual Acuity Assessment 
	Visual Acuity and Visual Fields in Patients with Autosomal Recessive Retinitis Pigmentosa 
	Multimodal Retinal Imaging in Each Phenotype 


	Discussion 
	Conclusions 
	References

