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a nationwide cohort. A systematic review of RP2-RD in the Japanese population was
also performed. All four patients were clinically diagnosed with retinitis pigmentosa
(RP). The mean age at examination was 36.5 (10-47) years, and the mean visual
acuity in the right/left eye was 1.40 (0.52-2.0)/1.10 (0.52-1.7) in the logarithm of
the minimum angle of resolution unit, respectively. Three patients showed extensive
retinal atrophy with macular involvement, and one had central retinal atrophy. Four
RP2 variants were identified, including two novel missense (p.Ser6Phe, p.Leu189Pro)
and two previously reported truncating variants (p.Arg120Ter, p.Glu269CysfsTer3).
The phenotypes of two patients with truncating variants were more severe than the
phenotypes of two patients with missense variants. A systematic review revealed
additional 11 variants, including three missense and eight deleterious (null) variants,
and a statistically significant association between phenotype severity and genotype
severity was revealed. The clinical and genetic spectrum of RP2-RD was illustrated in
the Japanese population, identifying the characteristic features of a severe form of

RP with early macular involvement.
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1 | INTRODUCTION

Inherited retinal disorder (IRD) is one of the major causes of blindness
in developed countries in both children and the working population
(Liew, Michaelides, & Bunce, 2014:; Sohocki et al., 2001; Solebo,
Teoh, & Rahi, 2017). Retinitis pigmentosa (RP) represents a hetero-
geneous group of RDs characterized by progressive bilateral degener-
ation of rod and cone photoreceptors, which affects approximately
1:3000 individuals (Boughman, Conneally, & Nance, 1980; Chizzolini
et al., 2011; Lyraki, Megaw, & Hurd, 2016; Prokisch, Hartig, Hellinger,
Meitinger, & Rosenberg, 2007). Various inheritance patterns have
been identified in RP and allied disorders, including autosomal
dominant, autosomal recessive (AR), X-linked recessive (XL), mito-
chondrial inheritance, and others (Wright, Chakarova, Abd El-Aziz, &
Bhattacharya, 2010).

XLRP is observed in approximately 10 to 20% of RP cases (Breuer
et al., 2002; Fishman, 1978; Haim, 1992; Prokisch et al., 2007; Wright
et al., 2010) and is associated with the most severe form of the dis-
ease (Fishman, 1978). Three causative genes for XLRP are the RP
GTPase regulator (RPGR; OMIM: 312610), the retinitis pigmentosa

inherited retinal disorder, retinitis pigmentosa, RP2 gene, X-linked recessive

2 (RP2; OMIM: 312600), and orofaciodigital syndrome 1 (OFD1;
OMIM: 300170) genes. RGPR and RP2 account for 70-90% and
7-18% of XLRP cases, respectively (Hardcastle et al., 1999; Neidhardt
et al, 2008; Pelletier et al., 2007; Sahel, Marazova, & Audo, 2014;
Vervoort et al., 2000).

RP2 was first identified by linkage analysis and encodes the RP2
protein, which consists of 350 residues (Schwahn et al., 1998).
The RP2 protein is localized to the plasma membrane of rod/cone
photoreceptors, the retinal pigment epithelium (RPE), and other
retinal cells in human (Grayson et al., 2002), as well as in the Golgi
complex, the primary cilia, and the basal body of the connecting cilium
in mice (Evans et al., 2010; T. Hurd et al., 2010; T. W. Hurd, Fan, &
Margolis, 2011; Lyraki et al., 2016).
acylation at the extreme N-terminus, and this modification is crucial

RP2 goes through dual

for plasma membrane localization and connecting cilium targeting
(Chapple et al., 2000; Chapple, Hardcastle, Grayson, Willison, &
Cheetham, 2002; Evans et al., 2010; T. Hurd et al., 2010; Lyraki
et al, 2016). Cone-dominated retinal degeneration was reported in
mouse models (Li et al., 2013; Li, Rao, & Khanna, 2019; H. Zhang
et al,, 2015).
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Since the discovery of RP2 as a causative gene for RP, 133 dis-
ease-associated variants have been identified, including 43 missense
variants, 14 nonsense variants, 15 splice site alterations, 50 small inser-
tions/deletions, nine gross deletions, one gross insertion, and others
(HGMD; https://portal.biobase-international.com; Supporting Informa-
tion), and patients with RP2-associated retinal disorder (RP2-RD) often

In

present a severe and “atypical” form for RP, with early macular involve-
ment causing central visual loss (Andreasson et al, 2003; Carss
et al., 2017; Dandekar et al., 2004; Hosono et al., 2018; Jayasundera
et al, 2010; Ji et al, 2010; lJin, Liu, Hayakawa, Murakami, &
Nao-i, 2006; Maeda et al., 2018; Mashima et al., 2000; Mashima, Saga,
Akeo, & Oguchi, 2001; Mears et al., 1999; Miano et al., 2001; Prokisch
et al, 2007; Sharon et al., 2000; Sharon et al, 2003; Vorster
et al., 2004; Wada, Nakazawa, Abe, & Tamai, 2000; Wang et al., 2014;
Yang et al., 2014). A number of studies have been published about
RP2-RD, especially in the European population; however, only a limited
number of case reports/series have described the clinical and genetic
features of RP2-RD in the East Asian population (Dan, Huang, Xing, &
Shen, 2020; Hosono et al., 2018; Ji et al., 2010; Jiang et al., 2017; Jin
et al,, 2006; Kim et al., 2019; Koyanagi et al., 2019; Kurata et al., 2019;
Lim, Park, Lee, & Taek Lim, 2016; Maeda et al., 2018; Mashima
et al.,, 2001; Mashima et al., 2000; Pan et al., 2014; Wada et al., 2000;
Xu et al., 2019; J. Zhang et al., 2019).

Therefore, the purpose of this study was to characterize the clini-
cal and genetic features of patients with RP2-RD in a large nationwide
Japanese cohort. A systematic review of RP2-RD in the Japanese pop-
ulation was also performed to clarify the genetic background and

establish a genotype-phenotype association.

2 | METHODS

The protocol of this study adhered to the tenets of the Declaration of
Helsinki and was approved by the Ethics Committee of the participat-
ing institutions of the Japan Eye Genetics Consortium (JEGC; http://
www.jegc.org/). The principal institute is National Institute of Sensory
Organs (NISO), National Hospital Organization Tokyo Medical Center
(Reference: R18-029) (World Medical Association, 2013).

21 | Participants

Patients with a clinical diagnosis of IRD and available whole-exome
sequencing (WES) genetic data were studied between 2008 and
2018. A total of 1,294 subjects from 730 families for whom
genotype-phenotype association studies were completed, were
surveyed, including 47 families with XLRP and 141 families with
sporadic RP (Fujinami et al., 2016; Fujinami et al., 2019; Fujinami-
Yokokawa et al., 2019; Fujinami-Yokokawa et al., 2020; Kameya et al.,
2019; Katagiri et al., 2020; Kondo et al., 2019; Maeda-Katahira
et al, 2019; Mawatari et al., 2019; Mizobuchi et al., 2019; Nakamura
et al., 2019; Nakanishi et al., 2016; Pontikos et al., 2020; Xiao Liu et al.,
2020; Yang et al., 2020).
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2.2 | Clinical examinations

Clinical information is available in the NISO online database, including
ethnicity, medical and family history, chief complaints of visual symp-
toms, onset of disease (of when the visual loss was first noted by the
patient or when an abnormal retinal finding was first detected), mea-
surement of refractive errors, best-corrected decimal visual acuity
(BCVA) converted to the logarithm of the minimum angle of resolution
(LogMAR) unit, fundus photographs, fundus autofluorescence (FAF)
images, spectral-domain optical coherence tomographic (SD-OCT)
images, kinetic visual fields, and electrophysiological responses
recorded in accordance with the international standards of the Inter-
national Society for Clinical Electrophysiology of Vision (ISCEV)
(McCulloch et al., 2015a, 2015b).

2.3 | Variant detection
Genomic DNA was extracted from all affected subjects and unaf-
fected family members (where available) for co-segregation analysis.
WES with target sequence analysis of 301 retinal disease-associated
genes mainly listed in a public database (RetNet https://sph.uth.edu/
retnet/home.htm) was performed (Fujinami et al., 2016; Xiao Liu
et al.,, 2020). The called variants were filtered based on the allele fre-
quencies in the general Japanese population (less than 1%) of the
Human Genetic Variation Database (HGVD; http://www.hgvd.
genome.med.kyoto-u.ac.jp/). Hypomorphic variants with high allele
frequencies (>1%) were analyzed for three particular genes (EYS,
ABCA4, USH2A) (Yang et al., 2020). Depth and coverage for the target
areas were assessed using the integrative Genomics Viewer (http://
www.broadinstitute.org/igv/). Sanger bi-direct sequencing was
performed to confirm the detected RP2 variants and to conduct
co-segregation analysis. Primer sequences are provided in Table S1.
Together with the clinical features (phenotype categorization) and
the patterns of inheritance, disease-causing variants were determined
from the detected/filtered variants in the retinal disease-associated
genes (Fujinami-Yokokawa et al., 2020; Xiao Liu et al., 2020).

24 | Insilico molecular genetic analysis

The allele frequencies of all called variants for the Japanese, East Asian,
South Asian, European, and African populations were established based
on the HGVD (Japanese), Integrative Japanese Genome Variation (iJGVD
3.5k, 4.7k; https://jmorp.megabank.tohoku.ac.jp/ijgvd/; Japanese), 1,000
Genomes (http://www.internationalgenome.org/; total), and the Genome
Aggregation Database (gnomAD; http://gnomad.broadinstitute.org/; East
Asian, South Asian, European [non-Finish], and African).

All detected variants in the RP2 gene were analyzed with general
and functional prediction programs: MutationTaster (http://www.
mutationtaster.org), FATHMM (http://fathmm.biocompute.org.uk/9),
Combined Annotation Dependent Depletion (CADD; https://cadd.gs.
washington.edu/), SIFT (https://www.sift.co.uk/), PROVEAN (http://
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provean.jcvi.org/index.php), Polyphen 2 (http://genetics.bwh.harvard.
edu/pph2/), and Human Splicing Finder (http://www.umd.be/HSF3/).
The evolutionary conservation scores were evaluated with the UCSC
database (https://genome.ucsc.edu/index.html).

The location of the detected RP2 variants was analyzed with a
schematic genetic and protein structure of RP2 (ENST00000218340.3),
and multiple alignments of eight species of RP2 were performed
with the Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/
clustalo/). Molecular modeling of missense variants was performed with
YASARA software (http://www.yasara.org/) based on a Swiss model
(075695; XRP2_HUMAN; https://swissmodel.expasy.org/).

The variant classification was performed for all detected variants,
according to the guidelines of the American College of Medical
Genetics and Genomics (ACMG) (Richards et al., 2015).

2.5 | A systematic review of RP2-RD

A systemic review of peer-reviewed articles that describe Japanese
cases with RP2-RD was performed. A public search engine (PubMed,;
https://www.ncbi.nlm.nih.gov/pubmed/) was used to identify articles,
and clinical and genetic information was collected. For the previously
reported RP2 variants, in silico molecular genetic analyses were per-
formed in the same way as in the current study.

2.6 | Analysis of genotype-phenotype association
Patients in the current study and previously reported cases were classi-
fied into two genotype groups based on the presence of null RP2 variants
such as nonsense variants, frameshift variants, and splice site alterations:
genotype group A with null variants and genotype group B with missense
variants. For the purpose of this analysis, probands in the current cohort
and previous publications were classified into two phenotype groups
based on disease onset and BCVA: (a) a mild phenotype group showing
both late-onset (210 years) and moderate or better VA (between 0.22
and 1.0 LogMAR unit in the better eye) and (b) a severe phenotype group
with both early-onset (<10 years) and severe VA (1.0 LogMAR unit or
worse in the better eye). Patients who did not meet any of the two
criteria were classified into an intermediate phenotype group. Probands
with available data in families were selected for the further analyses and
patients with unavailable data of either onset or VA were excluded.

An association between the genotype group classification and the
phenotype severity group classification was investigated with Cochran-

Armitage Test. A p value <.05 was considered statistically significant.

3 | RESULTS

3.1 | Demographics

Four affected males from four families who had a clinical diagnosis of

IRD and were harboring RP2 variants were identified. The detailed

demographics are described in Table 1. All four patients were clinically
diagnosed with RP by attending doctors. The pedigrees of the four
families are presented in Figure 1. All four families were originally
from Japan and any mixture with other ethnicity was not reported. XL
family history was clearly reported or possible in three families
(Families #2, #3, and #4), and no affected subjects except for the pro-
band were reported in one family (Family #1). One patient had a medi-
cal history of severe uveitis in the left eye (Patient 2), and retinal
imaging, visual field testing and electrophysiological assessment were
unavailable due to the dense corneal opacity. Cataracts were reported
in two patients (Patients 2 and 4), and one patient underwent cataract
surgery in the right eye (Patient 2). The mean age at the latest exami-
nation of four patients was 32.5 years (range, 10-47).

3.2 |
acuity

Onset, chief complaint, refraction, and visual

The mean age of onset was 11.3 (range, 3-28) years in the three
patients with available records. Two of these three patients had early-
onset of 3 years (Patients 1 and 2). Chief complaints at the initial visit
of four patients with available records were night blindness in two
patients (Patients 2 and 3), photophobia in one (Patient 1), and
reduced visual acuity in one (Patient 4).

The mean spherical equivalent of the refractive errors of three
phakic patients with available records was —2.17 diopter (—6.0 to 0.0)
in the right eye and —2.33 diopter in the left eye (—6.0 to —0.50). Two
patients had high myopia (Patients 2 and 4). One patient had an intra-
ocular lens in the right eye (Patient 2). The median values of BCVA in
the right and left eyes of the four patients with available records were
1.27 (0.52-2.00), and 1.12 (0.52-1.70) LogMAR units, respectively.
There were three patients with severe VA (1.0 or worse LogMAR
units in the better eye) (Patients 1, 2, and 4), and one with moderate
VA (between 0.22 and 1.0 LogMAR unit in the better eye) (Patient 3).

3.3 | Retinal images and morphological findings
Fundus photographs were obtained in all four patients, and FAF
images were available in one patient (Patient 1). The representative
images are presented in Figure 2, and the detailed findings are
described in Table 2. Extensive atrophic changes were observed in
two patients (Patients 1 and 2). There was one patient with peripheral
atrophy (Patient 3) and one with atrophic changes at the posterior
pole (Patient 4). Preserved foveal appearance was shown in two
patients (Patients 1 and 3), and preserved peripheral appearance was
found in one patient (Patient 4). Bone spicule pigmentation at the
periphery was identified in one patient (Patient 2), and macular
pigmentation was detected in two patients (Patients 2 and 4). Retinal
vessel attenuation was observed in three patients (Patients 1-3), and
optic disc pallor was shown in two patients (Patients 2 and 3).
SD-OCT was obtained in four patients (Patients 1-4). Represen-
tative images are presented in Figure 3. Loss of photoreceptor layers
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Pedigrees of four Japanese families with retinitis pigmentosa harboring hemizygous RP2 variants. The affected males are

represented by solid squares (men), and unaffected family members are represented by white icons. The slash symbol indicates deceased
individuals. The generation is numbered on the left. The probands and the clinically examined individuals are marked by an arrow and a cross,
respectively. Depth and coverage for the target areas by next-generation sequencing were assessed using the integrative Genomics Viewer
(http://www.broadinstitute.org/igv/). Sanger bi-direct sequencing was also performed to confirm each variant

These four RP2 variants were well-covered with WES, but no subjects
in the general population had these variants, which confirmed the rar-
ity of these detected variants (Table 3, Table S3).

Three general (MutationTaster, FATHMM, CADD) and three func-
tional (SIFT, PROVEAN, Polyphen2) prediction programs were applied
for two missense variants (p.Seré6Phe, p.Leu189Pro), and all programs
predicted disease-causing/damaging effects. The evolutionary conser-

vation scores obtained with the UCSC database indicated high

conservation of the two missense variants (Figure 5). Molecular model-
ing of these missense variants is shown in Figure S1. Pathogenicity clas-
sifications, according to the ACMG guidelines, were pathogenic for the
two truncating variants (p.Glu269CysfsTer3, p.Arg120Ter), likely patho-
genic for the one missense variant (p.Ser6Phe,) and uncertain signifi-
cance for the one missense variant (p.Leu189Pro).

Overall, given the inheritance and the phenotype, two disease-

causing variants (p.Glu269CysfsTer3, p.Arg120Ter) and two putative
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FIGURE 2 Fundus photographs and
fundus autofluorescence images of RP2-
associated retinal disorder (RP2-RD).
Patient 1: Extensive retinal atrophic
changes with relatively preserved foveal
appearance and vessel attenuation.
Patient 2: Extensive retinal atrophic
changes with bone spicule pigmentation
at the periphery and patchy pigmentation
at the macula, vessel attenuation, and disc
pallor. Patient 3: Atrophic changes at the
peripheral retina with relatively preserved
foveal appearance, vessel attenuation,
and disc pallor. Patient 4: Atrophic
changes at the posterior pole with
pigmentation at the macula

Seminars in Medical Genetics

Patient 1, 1-11:1 ¢.358C>T,p.Argl120X

£\

Patient 2, 2-11:3 ¢.801_804del, p.Glu269CysfsTer3

Patient3, 3-lll:1 ¢.17C>T, p.Ser6Phe

Patient 4, 4-11:1 c.566T>C, p.Leu189Pro

disease-causing variants (p.Seré6Phe, p.Leu189Pro) were determined
in four families with XLRP.

3.7 | Nineteen cases from 14 Japanese families
with RP2-RD in previous reports

There are eight previous reports of RP2-RD in the Japanese popula-
tion (Hosono et al.,, 2018; Jin et al, 2006; Koyanagi et al., 2019;

Kurata et al., 2019; Maeda et al., 2018; Mashima et al., 2000;
Mashima et al., 2001; Wada et al., 2000). The summarized data are
presented in Table 4. Nineteen affected males from 14 families were
reported in total. There were 17 patients with RP and two patients
with Leber congenital amaurosis (LCA).

The mean age at the latest examination among the 16 patients
with available data was 31.2 (16-61) years, and the mean age at onset
of the eight patients with available data was 5.75 (3-11) years. Other
descriptions about the age of onset were as follows: in the first
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Retinal, morphological, visual field, and electrophysiological findings of four Japanese patients with RP2-RD

TABLE 2

Patient

no Fundus/FAF findings SD-OCT findings

1 Extensive retinal atrophic Loss of photoreceptor layers at
changes with relatively the entire retina with
preserved foveal appearance relatively preserved other
and vessel attenuation. sensory retinal layers and RPE

layer.

2 Extensive retinal atrophic Loss of photoreceptor layers at
changes with bone spicule the entire retina with thinned
pigmentation at the periphery RPE.
and patchy pigmentation at
the macula, vessel attenuation,
and disc pallor.

3 Atrophic changes at the Loss of photoreceptor layers at
peripheral retina with the peripheral retina with
relatively preserved foveal relatively preserved foveal
appearance, vessel structure including slight
attenuation, and disc pallor. changes of fluid in the inner

layers.

4 Atrophic changes at the Loss of photoreceptor layers at

posterior pole with
pigmentation at the macula.

the entire retina with thinned
RPE.

Visual field

Peripheral visual field loss
with central scotoma.

Entire visual field loss.

Peripheral visual field loss
with central scotoma.

Large central scotoma with
preserved peripheral field.

Electrophysiological assessment

Extinguished responses in both
dark-adapted and light-
adapted conditions.

Extinguished responses in both
dark-adapted and light-
adapted conditions.

Extinguished responses in both
dark-adapted and light-
adapted conditions.

Relatively preserved responses
in both dark-adapted and
light-adapted conditions.

Note: Retinal imaging, visual field testing, and electrophysiological assessment were unavailable due to the dense corneal opacity after severe uveitis in the

left eye of Patient 2.

Abbreviations: FAF, fundus autofluorescence; LE, left eye; RE, right eye; RPE, retinal pigment epithelium; SD-OCT, spectral-domain optical coherence

tomography.

decade (two patients), early teens (one patient), within 1 year
(one patient), and childhood (one patient). Night blindness was
noticed as the chief complaint in 10 out of the 12 patients (10/12,
83%) with available data. The mean spherical equivalent of refractive
errors of 10 patients with available data was -6.6 diopter
(—12.0-0.75) in the right eye and —6.1 diopter in the left eye
(-10.0-0.50). The mean BCVA in the right and left eyes of
12 patients with available data was 1.14 (0.70-1.52) and 1.25
(0.52-1.70) LogMAR units, respectively. There were five eyes with
hand motion, three eyes with light perception, and one eye with
non-light perception. Electrophysiological responses were undetectable
in 12 patients with available data.

The detailed results of in silico molecular genetic analyses for the
12 RP2 variants in the previous Japanese reports are provided in
Table 3. There were four frameshift variants, three nonsense variants,
two splice site alterations, and three missense variants: c.87G>A
(p.Trp29Ter); c.102+1G>A; c.217delT (p.Tyr73llefsTerl8); c.353G>A
(p.Arg118His); ¢.358C>T (p.Arg120Ter); c.413A>G (p.Glu138Gly);
c.677delG (p.Gly226ValfsTer12); c.685C>T (p.GIn229Ter); c.758T>G
(p.Leu253Arg); c.769-2A>G; c.882delA (p.Gly295ValfsTer14); and
¢.831_832dupTC (p.GIn278LeufsTer16). Eight variants are unique in
the Japanese population. With regard to four variants, there are
reports populations: ¢.102+1G>A; p.Argl18His;
p.Arg120Ter; and p.Glu138Gly. One common variant (p.Arg120Ter)
was identified in three Japanese families in the previous reports
(Jin et al., 2006; Kurata et al., 2019; Mashima et al., 2001).

from other

3.8 | Genotype-phenotype association

For the analysis, a total of 10 probands with available onset age and
BCVA were studied: three from the current study and seven from pre-
viously reported cases. There were eight patients in genotype group A
(null variants) and two in genotype group B (non-null variants)
(Table S4). Seven patients had a severe phenotype with earlier onset
of the disease and severe VA loss, and three had a mild phenotype
with later onset and moderate VA loss. A statistically significant asso-
ciation between genotype group classification and phenotype severity

classification was revealed (p < .05).

4 | DISCUSSION
The clinical and genetic spectrum of RP2-RD was documented in a
nationwide cohort of the Japanese population, detecting four variants,
two of which have never been reported. A severe RP phenotype with
early macular involvement causing central visual loss was identified
and a genotype-phenotype association based on the presence of null
variants was illustrated.

In the present study, RP2-RD accounted for 6.4% of XLRP fami-
lies (3/47 families with XLRP) and 0.7% of sporadic RP cases (1/141
families with sporadic RP) in the JEGC cohort with IRD. Koyanagi
et al. reported genetic results of a large cohort of 1,209 patients with
RP and revealed that three of 18 patients (3/18, 16.7%) with a family
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FIGURE 3 Optical coherence
tomographic images of RP2-RD. Patient 1:
Loss of photoreceptor layers at the entire
retina with relatively preserved other
sensory retinal layers and retinal pigment
epithelial (RPE) layer. Patient 2: Loss of
photoreceptor layers at the entire retina
with thinned RPE. Patient 3: Loss of
photoreceptor layers at the peripheral
retina with relatively preserved foveal
structure, including slight changes of fluid
in the inner layers. Patient 4: Loss of
photoreceptor layers at the entire retina
with thinned RPE

FIGURE 4 A schematic genetic and
protein structure of RP2 and the location
of the detected variants. The RP2 gene
(ENST00000218340.3) contains five
exons that encode a 350 amino acid
protein containing a myristoylation part, a
cofactor C (Arl3 binding) domain, and a
ferredoxin-like domain (Jayasundera

et al., 2010). Four variants detected in the
current study are underlined (c.17C>T
(p.Ser6Phe); c.358C>T (p.Arg120Ter);
c.566T>C (p.Leu189Pro); and
¢.801_804del (p.Glu269CysfsTer3d)), and
previously reported variants in the
Japanese populations are shown without
an underline. Two detected variants
(p.Seré6Phe, p.Leu189Pro), which have
never been reported, are shown in italic
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Patient 1, 1-11:1 c¢.358C>T,p.Arg120Ter

Vi
lw“g \‘;,_.yih

Patient 2, 2-11:3 ¢.801_804del, p.Glu269CysfsTer3

Patient 4, 4-11:1 c.566T>C, p.Leul89Pro
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the RP2 gene were analyzed with general and functional prediction programs; MutationTaster (http://www.mutationtaster.org), FATHMM (http://fathmm.biocompute.org.uk/9), Combined Annotation Depen-

dent Depletion (CADD; https://cadd.gs.washington.edu/), SIFT (https://www.sift.co.uk/), PROVEAN (http://provean.jcvi.org/index.php), Polyphen 2 (http://genetics.bwh.harvard.edu/pph2/), and Human splic-

ing finder (http://www.umd.be/HSF3/). Evolutional conservation score was evaluated with the UCSC database (https://genome.ucsc.edu/index.html). Classification of predictions by the American College of

Medical Genetics and Genomics (ACMG) was also applied for all detected variants; PVS1 (Null variant (nonsense, frameshift, canonical +1 or 2 splice sites, initiation codon, single or multiexon deletion) in a gene

where loss of function is a known mechanism of disease); PS3 (Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene product); PM2 (pathogenicity moderate

2; absent from controls in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium); PM5 (Novel missense change at an amino acid residue where a different missense change

determined to be pathogenic has been seen before); PP1 (Cosegregation with disease in multiple affected family members in a gene definitively known to cause the disease.); PP3(Multiple lines of computational

evidence support a deleterious effect on the gene or gene product (conservation, evolutionary, splicing impact, etc.); PP4 (Patient's phenotype or family history is highly specific for a disease with a single genetic

etiology); PP5 (pathogenicity supporting 5; reputable source recently reports variant as pathogenic, but the evidence is not available to the laboratory to perform an independent evaluation).

Seminars in Medical Genetics

history of XL harbored pathogenic RP2 variants (Koyanagi
et al., 2019). The prevalence of RP2-RD in Japan can be slightly lower
than that in Europe (21.6% in Denmark; 15.9% in France) (Pelletier
et al., 2007; Prokisch et al., 2007). In total, four out of 287 families
with RP with any inheritance (4/287, 1.4%) were diagnosed with RP2-
RD in the JEGC cohort, and this proportion was lower than that in the
United States (18/611, 2.9%) (Jayasundera et al., 2010).

In the current study, three patients presented extensive/periph-
eral retinal atrophy with macular involvement, and one had con-
stricted retinal atrophic changes at the posterior pole. Thus, the
characteristic clinical findings of an “atypical” form of early macular
involvement were identified, as reported previously (Dandekar
et al., 2004; Jayasundera et al., 2010). High myopia (<—6.0 diopters)
was identified in a half (50%) of our four Japanese patients and its
prevalence is similar to that of RP2-RD in a different cohort (12/25,
48.0%) (Jayasundera et al., 2010). This prevalence of high myopia in
RP2-RD was much higher than that of the general Japanese popula-
tion (5.8-11.8%) reported in previous reports (Ueda et al., 2019;
Yotsukura et al., 2019). Central visual loss was also found in all four
patients, which was likely caused by macular dysfunction in RP2-RD.
Although the onset of disease was variable, it is notable that the pres-
ence of macular involvement is crucial for the impairment of visual
acuity in RP2-RD.

Two novel and two previously reported variants were identified
in four Japanese families in the current study. Two truncating variants
(p.Arg120Ter, p.Glu269CysfsTer3) are located in exons 2 and 3, and
functional loss of the RP2 protein was predicted. One missense vari-
ant (p.Leu189Pro) was located in the ARL3 binding domain, and the
other missense variant (p.Seré6Phe) was located in the myristoylation
region of the RP2 protein (Figure 4) (Jayasundera et al., 2010; Pelletier
et al., 2007; Schwahn et al., 1998). Although functional analysis has
not been performed, the clinical findings and the suggested inheri-
tance highly support the disease causation with the XL recessive
inheritance.

Mashima et al. reported detailed clinical findings of a patient with
p.Arg120Ter: a 24-year-old Japanese male presented a severe form of
RP with early macular involvement (Mashima et al., 2001). Similar clin-
ical findings were observed in our patient with p.Arg120Ter (Patient
1). Likewise, Kurata et al. reported the severe phenotype of a patient
with this variant. Although there are four reports from other
populations, a founder effect should be considered for this allele in
the Japanese population, given the high prevalence of this allele (4/18
families; 22.2%) in patients with RP2-RD.

The current study and literature search of RP2-RD in the Japa-
nese population revealed a high proportion of null variants (11/15;
73.3%), which is in keeping with the findings among the European and
North American populations (9/13; 69.2% in France; 11/17; 64.8% in
the United States). This finding supports that the complete loss of
function is the main mechanism of RP2-RD shared between the Japa-
nese and European populations.

Ten unique RP2 variants in the Japanese population were ana-
lyzed: two variants detected in the current study and eight previously

reported variants. This high proportion (10/15, 66.7%) of unique
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FIGURE 5

Multiple alignments of eight species of RP2. The alignment was performed with the Clustal Omega program (https://www.ebi.ac.

uk/Tools/msa/clustalo/), and the amino acid sequence alignment is numbered in accordance with the Homo sapiens RP2 sequence
(ENST00000218340.3). An asterisk indicates complete conservation across the eight species. The positions of variant residues are highlighted
with a gray background; c.17C>T (p.Seré6Phe) and c.566T>C (p.Leu189Pro) detected in the current study and c.353G>A (p.Arg118His); c.566T.C

(p.Leu189Pro); and c.758T>G (p.Leu253Arg) from previous reports

variants suggests the distinct genetic background of the Japanese
population with regard to the RP2 gene.

A genotype-phenotype association based on the presence of null
variants was revealed in the current study. A more severe phenotype
with early-onset disease was associated with a severe genotype with
null variants, while a milder phenotype with relatively preserved visual
acuity was associated with a mild genotype with missense variants. This
genotype-phenotype association is in keeping with that reported in the
previous literature, and such information should be useful in predicting
disease prognosis (Jayasundera et al., 2010; Pelletier et al., 2007).

There are limitations in the current study. First, the clinical assess-
ments of mothers (carriers) of the probands were unavailable and co-
segregation analysis was not performed in two families. Additional
analysis of mothers of the proband both in regard to clinical and

genetic aspects could further validate the clinical and molecular

genetic diagnosis of RP2-RD. Second, the molecular disease-causing
mechanisms of the novel two variants are not yet known; therefore,
further functional analysis is needed to elucidate the nature of novel
variants. Third, the data obtained by the literature search were not
standardized, and it could be difficult to compare the data with each
other. Last, the sample size for genotype-phenotype association anal-
ysis in the current study was still small, so further studies in larger
cohorts could help to elucidate the disease mechanism.

In conclusion, phenotypic and genotypic characteristics of RP2-
RD were illustrated in the Japanese population. A distinct genetic
background in the Japanese population was identified; however, a sig-
nificant genotype-phenotype association was confirmed, as in other
populations. This information should be helpful to monitor and coun-
sel patients, as well as to in selecting patients for future therapeutic

trials.
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