Hindawi

Journal of Ophthalmology

Volume 2021, Article ID 5067271, 15 pages
https://doi.org/10.1155/2021/5067271

Hindawi

Research Article

Genetic Profile and Associated Characteristics of 150 Korean
Patients with Retinitis Pigmentosa

You Na Kim ©,! Yoon Jeon Kim,' Chang Ahn Seol,” Eul-Ju Seo,’ Joo Yong Lee,!
and Young Hee Yoon

'Department of Ophthalmology, Asan Medical Center, University of Ulsan College of Medicine, Seoul 05505, Republic of Korea
2GC Genome, Gyeonggi-do 16924, Republic of Korea

*Department of Laboratory Medicine, Asan Medical Center, University of Ulsan College of Medicine,

Seoul 05505, Republic of Korea

Correspondence should be addressed to Young Hee Yoon; yhyoon@amc.seoul.kr
Received 29 June 2020; Revised 31 January 2021; Accepted 20 September 2021; Published 21 October 2021
Academic Editor: Alessandro Meduri

Copyright © 2021 You Na Kim et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Purpose. Retinitis pigmentosa (RP) shows great diversity between genotypes and phenotypes, and it is important to identify the
causative genes. This study aimed to analyze the molecular profiles, associated ocular characteristics, and progression of RP in
Korean patients. Methods. All the genetic variants in patients with RP, identified using targeted next-generation sequencing (NGS)
with a panel of 88 RP-related genes between November 2018 and November 2019, were retrospectively reviewed. All the patients
underwent comprehensive ophthalmological evaluations, and their clinical and family histories were recorded. The best-corrected
visual acuity (BCVA) deterioration and photoreceptor disruption progression rates were determined based on the major causative
mutational genes using nonlinear mixed models, and the differences among them were investigated using the interaction effect.
Results. Among the 144 probands, 82 variants in 24 causative genes were identified in 77 families (53.5%). Most of the RP cases
were associated with autosomal recessive variants (N = 64 (44.4%)), followed by autosomal dominant (N =10 (6.9%)) and X-linked
variants (N =3 (2.1%)). The four most frequently affected genes were EYS (N'=15 (10.4%)), USH2A (N =12 (8.3%)), PDE6B (N =9
(6.3%)), and RP1 (N=8 (5.6%)). Epiretinal membranes and cystoid macular edema were frequently noted in the patients with
USH2A (75.0%) and PDE6B (50.0%) variants, respectively. During the follow-up period, the BCVA and photoreceptor disruption
changes were significantly different among the patients carrying the four common causative genes (P = 0.014 and 0.034, resp.).
Patients with PDE6B variants showed faster BCVA changes (0.2 LogMAR/10 years), and those with USH2A variants showed the
fastest ellipsoid zone disruptions (—170.4 ym/year). Conclusion. In conclusion, our genetic analysis using targeted NGS provides
information about the prevalence of RP-associated mutations in Korean patients. Delineating clinical characteristics according to
genetic variations may help clinicians identify subtype features and predict the clinical course of RP.

1. Introduction

Retinitis pigmentosa (RP, MIM#268000), which is the most
common genetic retinopathy, is defined as a heterogeneous
group of diseases that have various causes and unique
mechanisms; however, each disease within this group ulti-
mately results in the deterioration of vision [1]. Most affected
patients present with isolated retinal disorders (i.e., non-
syndromic RP). However, approximately 20%-30% of pa-
tients present with multiorgan manifestations, such as
hearing loss, obesity, and musculoskeletal disorders

combined with retinal disorders (i.e., syndromic RP) [2].
Although RP is associated with a range of diverse, yet
overlapping symptoms, it primarily affects the rod and cone
photoreceptors and is characterized by progressive night
blindness, reduced electroretinographic responses, con-
striction, and gradual loss of the visual field, and a subse-
quent loss of visual acuity [3].

The molecular etiology of RP is quite complicated, as
genetic heterogeneity is found among RP cases. Autosomal
recessive, autosomal dominant, and X-linked recessive
forms of RP exist [4]. Moreover, approximately 50% of RP
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cases are sporadic. It has been postulated that mutations in at
least 80 genes are responsible for causing RP [5]. Because RP
is known to show great diversity between genotypes and
phenotypes, the identification of causative genes is critical.
The recent introduction of gene panel-based sequencing
offers more effective methods for the molecular analysis of
disease-causing genes [6]. Several studies have evaluated the
nationwide incidence of RP in Korea using population data
from the Korean National Health Insurance System or from
tertiary clinics. However, these studies were limited to
reporting on the incidence, demographic characteristics, and
ophthalmic characteristics of patients with RP [7, 8]. Pre-
viously, a genetic study was performed to determine the
distribution of causative genes; however, the number of
subjects in the study was relatively small, and therefore, the
ability of the findings to represent the general genetic dis-
tribution in Korean patients with RP is limited [9]. In the
current study, we identified genetic profiles and associated
clinical characteristics for several Korean patients with RP.

2. Materials and Methods

2.1. Patients. This retrospective study included patients who
were clinically diagnosed with RP at a single tertiary clinic
(Asan Medical Center in Seoul, Korea). This clinic is one of the
largest centers in South Korea and has a nationwide referral
area. Patients included in this study underwent molecular
analyses using targeted next-generation sequencing (NGS)
between November 2018 and December 2019, and only those
who continued undergoing regular ophthalmic examinations
for at least one year from the first visit were included in the final
analysis. Genomic DNA was extracted from the peripheral
blood of the patients and targeted NGS was performed using
the Ion Torrent S5XL™ platform (Thermo Fisher, Waltham,
MA, USA) with a panel of 88 genes that were previously shown
to be associated with RP (Supplementary eTable 1). The mean
coverage depth of the targeted NGS was approximately 500-
fold, with 99.2% of the coverage >20-fold. Variant calling,
annotation, and prioritization were performed as previously
described [7]. Verification of the identified variants was waived
when the read depth was >100 reads and the allele frequency
was 40%-60% [8]. All the detected variants were classified
according to the American College of Medical Genetics and
Genomics guidelines [9]. This study was conducted according
to the tenets of the Declaration of Helsinki, and all the study-
related data acquisitions were approved by the Institutional
Review Board (IRB) of the Asan Medical Center (IRB No.
2020-0859). The requirement for written informed consent was
waived by the review board owing to the retrospective nature of
the study. The results of each individual’s molecular analyses
and ophthalmic examinations were recorded on an anony-
mized case report form that was verified by the IRB. The data
recorded on these report forms were then used in the final
analyses.

2.2. Ocular Examinations. To confirm the clinical diagnosis
of RP, each patient was subjected to a detailed ophthal-
mological examination. A comprehensive clinical history,
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which included a family history of disease, first ocular
disease symptoms, and the presence of associated systemic
symptoms, was collected for each patient. Additionally, the
mode of inheritance was determined for each patient
through a pedigree analysis based on the patient’s clinical
history. The ophthalmological examinations, which were
performed according to the standards of the International
Society for Clinical Electrophysiology of Vision, included
best-corrected visual acuity (BCVA) measurements using
Snellen charts (which were converted to logarithm of the
minimum angle of resolution (LogMAR) units for the sta-
tistical analyses), manifest refraction, slit-lamp biomicro-
scopy, dilated fundoscopy, widefield fundus photography,
fundus autofluorescence (FAF) imaging (Optos, Dunferm-
line, UK), spectral-domain optical coherence tomography
(SD-OCT; Spectralis; Heidelberg Engineering, Heidelberg,
Germany), and full-field electroretinograms (ERG) (Roland-
Consult, Brandenburg Germany). In addition, a static
Humphrey visual field test (HFA 7501, Carl Zeiss Meditec,
Dublin, CA, USA) and kinetic Goldmann perimetry test
(Haag-Streit AG, Koniz, Switzerland) were completed for
each patient.

The macular retinal thickness was measured using SD-
OCT with a custom 20° x 20° volume acquisition protocol to
obtain high-speed scans. The built-in software (version 3.0)
allowed for the automated segmentation of the retinal
thickness at the fovea (central retinal thickness). The
presence of an epiretinal membrane (ERM) or cystoid
macular edema (CME) in consecutive scanned images was
also reviewed. An ERM was defined as the area showing
hyperreflectivity above the internal limiting membrane
surface, with or without foveal distortion. CME was defined
as a region with hyporeflective cystic spaces crossing the
fovea on one or more consecutive scans; severe CME was
defined as hyporeflective cystic spaces contiguously spread
over more than three consecutive scans on OCT. To de-
termine the degree of photoreceptor degeneration, a hori-
zontal scan through the fovea was used to evaluate the
horizontal width of the residual ellipsoid zone (EZ) line,
which was manually measured using calipers built into the
OCT software. To investigate the visual deterioration pro-
gression, BCVA measurements were collected during the
follow-up periods. All the clinical data and the propriety of
the diagnosis were collected/confirmed by two retina spe-
cialists (Y. N. Kim; Y. J. Kim).

2.3. Statistical Analysis. The categorical and continuous data
are expressed as numbers (percentages) and the mean-
+ standard deviation, respectively. The progression patterns
of VA deterioration and photoreceptor disruption were
determined using nonlinear mixed models in which both
fixed and random effects were entered nonlinearly. Linear
and exponential growth models were tested, and the best fit
model was selected using the model fit information, that is,
the Akaike information criterion. Differences in the caus-
ative mutation genes were investigated using the group-time
interaction effect. All the tests were two-tailed, and P val-
ues <0.05 were considered significant. The statistical analyses
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were performed using SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA) and SPSS version 21.0 (SPSS, Inc., Chicago.
IL, USA).

3. Results

3.1. Clinical Characteristics of 150 Korean Patients with RP.
Of the 150 total patients from 144 probands with RP in-
cluded in the study, 74 were male (49.3%) and 76 were
female (50.7%). Their baseline characteristics are described
in Table 1 and Supplementary eTable 2. All the patients were
of Korean ethnicity, and the median age at the ocular
symptom onset was 20.0 years (range 4-67), whereas the
median age at diagnosis was 43.0 years (range, 4-70). The
most frequently reported first ocular symptom was night
blindness (N=118 (78.7%)), followed by decreased vision
(N=14 (9.3%)), constricted visual field (N=11 (7.3%)), and
dyschromatopsia (N=4 (2.7%)).

The median age at which each patient was genetically
tested was 49.0 years (range, 13-81). The median BCVA was
0.3 LogMAR in the right eye (range, 0.0-3.0) and 0.3
LogMAR in the left eye (range, 0.0-3.0) at the time of the
genetic examination. All the patients showed a reduced
response amplitude on the ERG. A generalized reduction of
scotopic responses was noted among all the ERG responses,
even for the patients with early-stage RP, and reduced cone,
oscillatory, and flicker amplitudes (reflecting photoreceptor
disruption) were observed for the patients who exhibited an
advanced disease stage. The implicit response times were
prolonged for most of the patients, except for a few with
early-stage RP. During the fundus examinations, retinal
degeneration, including pigmentary retinopathy, bone
spicule pigments, and, rarely, clumps of pigment, and retinal
vessel attenuation were found in all the patients. Hypo-
autofluorescence propagation corresponding to RPE atro-
phy was present around the vascular arcade and peripheral
retina in the FAF images for all the patients. Additionally,
the FAF images often revealed paracentral hyper-
autofluorescence rings or arcs (102/150 (68.0%)). It exhibits
an abnormal accumulation of lipofuscin in the RPE due to
apoptosis of external segmental dysplasia [10, 11], reflecting
the transition line between abnormal and normal retinal
architectures. These autofluorescence patterns were seen in
the patients with VF loss. The patients for whom paracentral
hyperautofluorescence rings or arcs appeared in the FAF
images exhibited paracentral scotoma with a VF central
island, which gradually contracted and eventually dis-
appeared with the propagation of peripheral scotoma. ERM
and CME were found in the OCT images for 54.7% and
30.0% of the patients with RP, respectively, and 46.7% (21/
45) of the patients with CME showed severe CME.

3.2. Mutational Spectrum and Variant Analyses of 150 Korean
Patients with RP. Among the 144 probands, 77 (53.5%)
possessed 82 variants in 24 genes that are responsible for
causing RP. Among these 77 probands, 26 family members
from 10 probands underwent segregation tests. Of the 82
detected variants, 28 (34.1%) were pathogenic, 23 (28.0%)

were likely pathogenic, and 31 (37.8%) were variants of
uncertain significance. The mutational spectrum of the RP-
causative genes and their variants is shown in Figure 1,
Table 2, and Supplementary eTable 3. Autosomal recessive
variants accounted for the majority (N =64 (44.4%)) of the
cases, followed by autosomal dominant (N =10 (6.9%)) and
X-linked recessive variants (N=3 (2.1%)). Four of the
patients (5.2%) presented with syndromic RP. One patient
had chronic kidney disease from nephron phthisis and
carried an NPHP4 variant. Three patients had hearing loss
and were diagnosed with Usher syndrome, and they in-
dependently carried CDH23, PCDHI15, and USH1G vari-
ants. Of note, the four most frequently affected genes were
EYS (N=15 (10.4%), NM_001142800.1), USH2A (N=12
(8.3%), NM_001142800.1), PDE6B (N=9 (6.3%),
NM_000283.3), and RP1 (N=8 (5.6%), NM_006269.1),
which accounted for 56.1% of the total pathogenic variants
identified. In addition, 26 novel variants were identified,
and they are listed in Table 2 and Supplementary eTable 3.
Among these novel variants, two (7.7%; PRPFS8-
¢.6902C>T and USH1G-c.164 +5G > A) were confirmed
using segregation analysis.

3.3. Clinical Characteristics among the Four Major RP-
Causative Genes. Phenotypic differences among the patients
carrying variants of any of the four major causative genes are
described in Figure 2 and Table 1. For the patients with
variants of EYS, coarse pigmentation that worsened with
aging was prominent around the major vascular arcades
(N=12 (80.0%)), and peripheral EZ constriction concom-
itant with peripheral visual field constriction was also ob-
served. For the patients with PDE6B variants, a bull’s eye
pattern of autofluorescence with central hypoauto-
fluorescence surrounded by macular hyperautofluorescence
was dominant (N=7 (70.0%)). This finding was consistent
with the pattern of paracentral scotoma and remaining
central vision observed in the VF tests. Pigmentary de-
generation occurred around the midperipheral retina and
progressed toward the perivascular area. In addition, CME
was more frequently observed in the patients with PDE6B
variants (N =5 (50.0%)) than in the other groups. Within the
group of patients with variants of RP1, peripheral demar-
cated hyperautofluorescence lines and progressive pigment
aggregation with age were the characteristic features of the
patients with an autosomal dominant mode of inheritance
(N=4 (44.4%)). A paracentral ring-shaped scotoma was
observed in the VF tests, which is in line with these fun-
duscopic findings. However, perivascular pigmentation with
macular atrophy was prominent in the patients carrying
autosomal recessive RP1 variants (N=5 (55.6%)). The ab-
sence or scarcity of typical RP-related hyperpigmentation at
adolescence or early adulthood was noted in some of the
patients with RP1 and USH2A variants. Finally, the patients
with USH2A variants had relatively fine pigmentation
around the vascular arcade combined with paracentral
scotoma. They also had an ERM (N=9 (75.0%)) and par-
afoveal EZ disruption more frequently than the patients in
the other groups.
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FIGURE 1: A mutational spectrum of the 150 Korean patients with retinitis pigmentosa. AD, autosomal dominant; AR, autosomal recessive;

XL, X-linked inheritance.

3.4. Disease Progression in Patients with RP Carrying Variants
of Four Major Causative Genes. To compare the disease
progression rates among the patients with RP carrying
various gene mutations, changes in the BCVA and EZ
bandwidths were analyzed during the follow-up periods for
the patients carrying variants of the four major causative
genes (Table 3 and Figure 3). Only the patients with the
peripheral degeneration form of RP1-associated RP with
pericentral degeneration were included in this analysis, as
autosomal recessive RP1-associated RP primarily damages
the macula [12]. During the follow-up duration (median 2.0
years, range: 1.0-20.0 years), the median BCVA reduction
was 0.0 LogMAR (range: —0.2 to 1.0 LogMAR). The BCVA
analysis trend based on age or symptom duration was an-
alyzed using linear growth curve models (Figure 3(a)).

Patients with PDE6B variants showed a BCVA reduction
rate of 0.2 LogMAR/10 years during the follow-up periods.
This rate was slightly faster than that of the other patients
carrying other gene variants, which varied between 0.0 and
0.1 LogMAR/10 years, although the difference was not
statistically significant. Regarding the onset of ocular
symptoms, as recorded from the clinical histories, the pa-
tients with a PDE6B variant were also expected to experience
the most rapid BCVA exacerbations, with a rate of 0.4
LogMAR/10 years from the time the first ocular symptom
occurred. The functional deterioration rates, which were
based on age and symptom duration, varied across the
groups carrying variants of different causative genes; these
differences were shown to be significant using the group-
time interaction effect (Figure 3(a), P = 0.014 and <0.001,
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GVF
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FIGURE 2: Disease progression patterns in retinitis pigmentosa patients carrying variants of four major causative genes. Disease progression
patterns in (a) EYS-related RP: coarse pigmentation around the major vascular arcades and peripheral EZ disruption concomitant with
peripheral VF constriction; (b) PDE6B-related RP: a bull’s eye pattern of FAF consistent with paracentral scotoma. CME was frequently
observed. (c) RP1-related RP: peripheral demarcated hyperautofluorescence lines and aggregation of pigments concomitant with a
paracentral ring-shaped scotoma in the VF were characteristic features of AD RP1-RP. Perivascular pigmentation with macular atrophy was
prominent in AR RP1-RP. (d) USH2A-related RP: fine pigmentation around the vascular arcade combined with paracentral scotoma in the
VE. An ERM was found frequently. The images are presented in order of increasing patient age. RP, retinitis pigmentosa; EZ, ellipsoid zone;
VF, visual field; CME, cystoid macular edema; ERM, epiretinal membrane; AD, autosomal dominant; AR, autosomal recessive; Fd, fundus
photography; FAF, fundus autofluorescence; SD-OCT, spectral-domain optical coherence tomography, HVF, Humphrey visual field test,

GVF; Goldmann visual field test.

resp.). Retinal structural changes were also assessed, and
good interobserver reproducibility was obtained (intraclass
correlation coefficient = 0.990, p < 0.001). The median intact
EZ bandwidth shortening for the patients carrying variants
of the four major genes was —421.5um (range: —2295.0 to
158.0 ym) during the follow-up period. The comparison of
the EZ disruption rate was performed using linear growth
curve models (Figure 3(b)). Patients with USH2A variants
had the fastest shortening rate among all the patients car-
rying variants of the four major causative genes, that is,
—170.4 ym/year based on age and —182.8 ym/year based on
symptom duration.

4. Discussion

4.1. Mutational Spectrum and Variant Analyses of 150 Korean
Patients with RP. In this study, we identified 82 variants
from 24 causative genes in 77/144 probands using targeted
NGS. Autosomal recessive inheritance accounted for the
largest proportion of RP cases (44.4%), followed by au-
tosomal dominant (6.9%) and X-linked inheritance (2.1%);
this overall pattern was similar to that observed in previous
studies of individuals of Western and Eastern ethnicities
[13, 14]. Disease-causing variants of EYS (both pathogenic

and likely pathogenic) were the most frequent cause of RP
in this study (10.4%), followed by USH2A (8.3%), PDE6B
(6.3%), and RP1 (5.6%). These results are in contrast with
those from multiple studies of individuals of Western
ethnicities, where USH2A accounted for most of the cases
(up to 20-40% of the genetic composition) [13, 15, 16].
However, our results are consistent with those from other
studies conducted in the East Asian region, where EYS
variants are frequently found. EYS variants account for
20%-30% of Japanese RP cases, whereas <10% are caused
by USH2A variants [14, 17]. These distributions are also
similar to those reported in patients of Korean ethnicity
[18]. However, in Chinese and Taiwanese populations, the
genetic distributions are similar to those observed in in-
dividuals of Western or European ethnicities, where
USH2A accounts for the majority of RP cases (20%-40%),
and the proportion of EYS variants among patients with RP
is <10% [19, 20]. These genetic distribution patterns can be
explained by the migration history and genetic admixture
of the East Asian population. A previous study demon-
strated that the genetic differences among Han Chinese,
Japanese, and Korean populations were smaller than those
between Mongolian and European populations [21]. These
genetic differences are consistent with the geographic
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FiGure 3: Changes in the visual acuity and photoreceptor layers in the patients with retinitis pigmentosa carrying variants of four causative
genes during the follow-up periods. Changes in the (a) visual acuity and (b) width of the photoreceptor layers during the follow-up periods.
The trend lines were drawn based on the patients’ ages at the time of the examination and the symptom duration (defined as the period from
the first symptoms to the age of the patient at the time of the examination). VA, visual acuity; LogMAR, logarithm of the minimum angle of

resolution; IS/OS, photoreceptor inner segment/outer segment.

distribution of the populations, which can also explain the
results of the current study.

In this study, syndromic RP cases only accounted for
5.2% of all the detected cases; this proportion is lower than
that previously reported in a population-based syndromic
RP study (approximately 20-30%) [2]. Among the genes
known to cause syndromic RP that were included in the gene
panel used in our analysis, ALMS1, ARL6, BBS2, CLRN1,
CNNM4, FLVCR1, HARS, MYO7A, NPHP4, OFDI,
PANK?2, PCDH15, TTC8, TTPA, USHI1G, and USH2A and
the genes causing Usher syndrome (CLRNI1, MYOT7A,
PCDHI15, and PDZD7; 1-9/100,000 globally [22-24]) and
nephron phthisis (NPHP4; approximately 1/50,000 globally
[25, 26]) are known to have a relatively higher prevalence
among patients with syndromic RP. However, genes related
to other syndromic disorders with a lower prevalence (<1/
1,000,000 worldwide), including Alstrom syndrome

(ALSM1; 1-9/1,000,000 [27]), Bardet-Biedl syndrome
(ARL6, BBS2, TTCS; only a few reported cases in East Asia
[28]), and Jalili syndrome (CNNM4; less than 1/1,000,000
[29]), were likely not present in this relatively small study
population.

4.2. Clinical Characteristics of 150 Korean Patients with RP.
In the present study, we investigated the mutational spec-
trum of Korean patients with RP and correlated the results
with their phenotypic characteristics. The patient clinical
histories revealed that the patients experienced their first
ocular symptom at a median age of 18.0 years (range:
4.0-61.0) and were diagnosed with RP at a median age of
41.0 years (range, 10.0-68.0). Considering that the age of RP
onset varies widely according to the different causative
genes, the overall age distributions of the disease onset and
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diagnosis in this study were generally consistent with those
reported previously [30]. Of the four major causative genes
studied here, the patients with PDE6B variants experienced
their first symptom at an earlier age (median age-12.0 years),
whereas patients carrying EYS, RP1, and USH2A variants
experienced their first ocular symptom in late adolescence or
adulthood (median ages 20.0, 30.0, and 37.5 years, resp.).
Compared to previous studies that grouped patients with RP
into early-onset and late-onset groups, the distributions of
the onset ages in our study showed similar trends [19, 31].

Interestingly, our results also showed that there was a
pattern of morphological progression of pigment aggre-
gation or EZ junctional defects in patients with specific
causative gene variants. RP symptom severity varies be-
cause of the variable effects of gene variants and envi-
ronmental factors [31], although the RP clinical triad
(bone spicule pigmentation, attenuated retinal vessels,
and optic nerve head pallor) has been noted in most
reported cases [31, 32]. Characteristic fundus presenta-
tions correlated with concomitant peripheral visual field
constriction for all the patients carrying one of the four
major causative genes. In contrast, the typical pigmentary
degeneration that occurs around the midperipheral retina
and round clumps of pigmentation were only found in the
patients with EYS or RP1 variants. Features of RP sine
pigmento were also noted in the patients with RP1 and
USHZ2A variants, which is consistent with previous reports
[33, 34]. These heterogeneous funduscopic features in-
dicate that an RP diagnosis cannot be ruled out simply
because of the absence of typical pigmentation, especially
in younger patients.

The presence of an ERM and CME also differs based on
the causative gene involved. In our patient cohort, an ERM
was most frequently observed in the patients carrying
USH2A variants (75.0%). This is higher than the previously
reported idiopathic ERM rate across different populations
(1-28.9%) [35] or studies of patients with RP (5-60%) [36].
Considering that the patients with USH2A variants in this
study were older, the ERM frequency could be explained by
the age of the patients, as increased age is a risk factor for
ERM development [35]. Meanwhile, CME was more com-
monly found in the patients with PDE6B variants (50.0%)
than in the patients with other gene variants; this prevalence
is relatively higher than that described in previous studies
(26.9-50.9%) [36-38]. Although the etiology of CME in
patients with PDE6B mutations is not fully understood,
several hypotheses have been proposed, including Miiller
cell dysfunction [39].

To quantify the functional and anatomical progression
of RP during the follow-up periods, we performed an
analysis using a linear growth curve model. According to
this analysis, the patients with PDE6B variants showed the
fastest BCVA change rate, whereas the patients with RP1
variants showed the slowest rate. However, the EZ dis-
ruption rate was higher for the patients with USH2A and
RP1 variants and lower for the patients with PDE6B and
EYS variants. Despite the presence of CME in the patients
with PDE6B variants, there was no direct correlation be-
tween CME and the residual EZ bandwidth or visual field,
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which is in line with previous studies showing that the
existence of CME itself is not necessarily associated with
decreased visual function [39-41]. We assumed that the
central visual function was rapidly impaired due to dis-
rupted macular photoreceptor integrity and subsequent
foveal atrophy as the CME regressed in the patients with
advanced RP, such as in those carrying PDE6B variants.
However, for the patients with RP1 variants showing pe-
riphery dominant deterioration, BCVA disruption was
relatively slow despite the fast overall EZ disruption. This
slow central vision deterioration for the patients with RP1
variants can be explained by the preservation of their foveal
photoreceptors as the demarcation line is formed around
the major vascular arcades. Additionally, the slower EZ
disruption rate acts as microperimetric biofeedback in the
fovea throughout the patients’ lifetime; consequently, this
improves the fixation stability of both eyes, as reported
previously [42].

4.3. Limitations of This Study. This single-center retro-
spective study has several limitations. First, the cohort was
relatively small and was followed up over a short period of
at least one year to evaluate the degenerative characteristics
associated with each causative gene. Nevertheless, we
attempted to minimize the effect of this limitation by using
long-term observational data to develop nonlinear mixed
models for assessing BCVA and EZ bandwidth changes to
track disease progression. Although the number of patients
was small, this did not result in any difficulty analyzing the
nonlinear mixed model-given average of 4.0 repeated
measurements per patient during the follow-up duration.
Second, there was a lack of segregation analyses for the
family data. Among the 80 patients with identified caus-
ative genes, only 26 members from 10 families were in-
cluded in this study. To compensate for this limitation, we
reviewed the population/frequency and in silico data to
show the pathogenicity of the causative genes. Neverthe-
less, a comprehensive study including asymptomatic family
members should be carried out to clarify the inheritance
patterns and penetrance of the variants. Third, there may be
causative genes that were not detected due to the limited
number of genes included in the gene panel used in this
study. We designed a preliminary panel of 88 RP-associated
genes; this panel did not contain some genes that have been
identified in previous studies to be associated with
inherited retinal diseases [30, 43]. Although our test panel
contained a relatively small number of causative genes, the
results of our genetic analysis confirmed that the panel was
not inferior to that used in other studies to detect fre-
quently found RP-causative genes described in the muta-
tional spectrums from the Discussion section in this report.
Further analyses using additive gene panels or whole exome
sequencing are planned to compensate for this limitation.
Despite these shortcomings, we were able to categorize the
clinical characteristics of major causative genes in Korean
patients with RP. In addition, we quantified the rate of
disease progression, BCVA, and OCT parameters, using
longitudinal clinical data.
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5. Conclusion

The results of this study have highlighted 24 RP-causative
genes that were identified in 77 probands using targeted
NGS, and the variants were correlated with the patient’s
clinical characteristics. By correlating the genetic analyses
results with the clinical data from functional and structural
assessments, we were able to describe RP disease progression
that is specific to four major causative genes. The subgroup
description of the four major RP-causative genes may
provide valuable information that can aid in the early di-
agnosis and clinical prediction of RP. These results also
highlight the need to conjugate targeted NGS data and
clinical symptoms in clinical practice.
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