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Abstract
Background  Inherited retinal diseases (IRDs) are clinically and genetically heterogenous disorders leading to visual 
impairment and blindness. Because gene therapy for RPE65-associated IRDs was recently approved, it is necessary 
to predict the carrier frequency and prevalence for RPE65-associated IRDs. This study aimed to analyze the carrier 
frequency and expected incidence of RPE65-associated IRDs in East Asians and Koreans using exome data from the 
Genome Aggregation Database (gnomAD) and the Korean Reference Genome Database (KRGDB).

Methods  We analyzed 9,197 exomes for East Asian populations from gnomAD comprising 1,909 Korean and 1,722 
Korean genomes from KRGDB. All identified RPE65 variants were classified according to the 2015 American College of 
Medical Genetics and Genomics and the Association for Molecular Pathology guidelines.

Results  The total carrier frequencies of East Asians and Koreans from both gnomAD and KRGDB were 0.10% 
(11/10,919) and 0.06% (2/3,631), respectively. The estimated incidence of RPE65-associated IRDs was 1/3,941,308 in 
East Asians and 1/13,184,161 in Koreans.

Conclusion  This study identified carrier frequencies of RPE65-associated IRDs in East Asians and Koreans using 
gnomAD and KRGDB. We confirmed that the carrier frequency of RPE65-associated IRDs patients was low in Koreans 
among all East Asian populations, and the incidence was also predicted to be lower than in other East Asian 
populations. The variant spectrum of RPE65 gene in East Asian and Korean populations differed greatly from those of 
other ethnic groups.
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Background
Inherited retinal diseases (IRDs) are clinically and geneti-
cally heterogenous disorders leading to visual impair-
ment and blindness and affect approximately one in 2,000 
individuals worldwide [1]. IRDs include several phe-
notypes, of which retinitis pigmentosa (RP) is the most 
common form and Leber congenital amaurosis (LCA) is 
the most severe form. To date, 280 genes have been dis-
covered that are associated with IRDs [2].

RPE65 encodes retinoid isomerohydrolase, which 
is responsible for converting all-trans-retinyl ester to 
11-cis-retinol [3]. RPE65 is associated with three IRD 
phenotypes, autosomal recessive LCA 2 (MIM 204,100), 
autosomal recessive RP 20 (MIM 613,794), and autoso-
mal dominant RP 87 with choroidal involvement (MIM 
618,697) and accounts for 2–16% of LCA and 1.02–2.7% 
of autosomal recessive RP [4].

On December 19, 2017, Voretigene neparvovec-rzyl 
(VN, LUXTURNA, Spark Therapeutics, Philadelphia, PA, 
USA) was approved by the Food and Drug Administra-
tion (FDA) for the treatment of RPE65-associated IRDs, 
becoming the first FDA-approved gene therapy for a 
genetic disease [5]. In Korea, it was also approved by the 
Ministry of Food and Drug Safety of Korea in September 
2021. Therefore, it is important to know the carrier fre-
quency of RPE65 to predict the incidence of RPE65-asso-
ciated IRDs, which is useful information for evaluating 
the potential number of patients for VN therapy.

The Genome Aggregation Database (gnomAD) is a 
widely used genomic database worldwide, and gnomAD 
is consists of 125,748 exomes and 4,359 genomes [6]. 
The gnomAD contains exome data collected from 9,197 
East Asians, including 1,909 Koreans. It is suitable for 
East Asian studies as it has the largest amount of data 
from East Asians among the public genomic databases. 
The Korean Reference Genome Database (KRGDB) is a 
large-scale variant database of whole genome sequenc-
ing data of 1,722 Koreans and contains single nucleotide 
and short insertion/deletion variants [7]. The RPE65 gene 
variant was interpreted according to the 2015 American 
College of Medical Genetics and Genomics and Associa-
tion for Molecular Pathology guidelines (2015 ACMG/
AMP guidelines), which has been widely adopted in 
clinical practice [8]. In this study, we analyze the carrier 
frequency of RPE65 and expected incidence of RPE65-
associated IRDs in East Asian populations using the pop-
ulation database from the gnomAD and KRGDB through 
2015 ACMG/AMP guidelines.

Methods
East asian population data
Three representative population databases were used to 
analyze the carrier frequency of the RPE65 gene in East 
Asians. The gnomAD data (v2.1.1) for the RPE65 gene 

was obtained from gnomAD (https://gnomad.broadin-
stitute.org/, accessed on 13 September 2021). We ana-
lyzed 9,197 East Asian exomes of which 1,909 were from 
Koreans, 76 were from Japanese, and 7,212 were from 
other East Asian populations. The filtered variants that 
were flagged in gnomAD as failing ‘InbreedingCoeff,’ 
‘AC0,’ or ‘RF’ QC filters were excluded from the analy-
sis. The KRGDB was used as the Korean database, and 
the database consists of 1,722 Koreans (http://coda.nih.
go.kr/coda/KRGDB/index.jsp, accessed on 25 September 
2021).

Variant classification and statistical analysis
All variants were interpreted using the 2015 ACMG/
AMP guidelines and Sequence Variant Interpretation 
(SVI) general recommendations for ACMG/AMP criteria 
by ClinGen (https://clinicalgenome.org/working-groups/
sequence-variant-interpretation/, accessed on 1 Novem-
ber 2021). The 2015 ACMG/AMP guidelines recommend 
the classification of variants into five categories: patho-
genic variants (PV), likely pathogenic variants (LPV), 
variants of uncertain significance, likely benign variants, 
and benign variants. REVEL [9] and SpliceAI [10] were 
used to predict variant pathogenicity. All variants iden-
tified in gnomAD were additionally classified according 
to the Human Gene Mutation Database (HGMD) and 
ClinVar. The HGMD professional database (http://www.
hgmd.org/, release 2021.04) is a comprehensive collec-
tion of germline variants categorized into six categories. 
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/, accessed 
on 5 February 2022) is a freely available archive that pro-
vides the classification of variants interpreted by clinical 
laboratories.

RPE65 carrier frequency and incidence estimation
East Asian and Korean carrier frequencies were calcu-
lated for RPE65 gene using gnomAD and KRGDB. We 
used those classified as PV and LPV according to the 
2015 ACMG/AMP guidelines, the disease-causing vari-
ant (DM) in HGMD and those classified as PV and LPV 
in ClinVar for carrier frequency analysis. Thereafter, we 
estimated the incidence of RPE65-associated IRDs based 
on frequency and the Hardy–Weinberg equilibrium prin-
ciple (1 = p2 + 2pq + q2). The Hardy-Weinberg equilibrium 
states that allele frequencies in a population remain con-
stant from generation to generation in the absence of 
disturbance including mutation, natural selection, non-
random mating, genetic drift, and gene flow [11]. The 
detailed prediction method was described in a previous 
study [12]. MedCalc ver. 11.5.1.0 (MedCalc Software, 
Maiakerke, Belgium) was used for statistical analysis, and 
95% confidence intervals (CIs) were calculated for each 
value.

https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://coda.nih.go.kr/coda/KRGDB/index.jsp
http://coda.nih.go.kr/coda/KRGDB/index.jsp
https://clinicalgenome.org/working-groups/sequence-variant-interpretation/
https://clinicalgenome.org/working-groups/sequence-variant-interpretation/
http://www.hgmd.org/
http://www.hgmd.org/
https://www.ncbi.nlm.nih.gov/clinvar/
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Results
In total, 9,197 East Asian exomes including 1,909 Korean 
exomes from gnomAD and 1,722 Korean genomes from 
KRGDB were analyzed for RPE65 gene variants. The 
classification of these variants according to the 2015 
ACMG/AMP guidelines, HGMD, ClinVar is summa-
rized in Table  1. A total of nine variants were classified 
as PV/LPV according to the 2015 ACMG/AMP guide-
lines. Total carrier frequencies in East Asians and Kore-
ans from gnomAD and KRGDB were 0.10% (11/10,919) 
and 0.06% (2/3,631), respectively. The estimated inci-
dence of RPE65-associated IRDs was 1/3,941,308 in East 
Asians and 1/13,184,161 in Koreans. According to the 
ClinVar, carrier frequency of East Asian and Korean was 
0.08% and 0.03%, respectively. The estimated incidence of 
RPE65-associated IRDs was 1/5,887,633 in East Asians 
and 1/52,736,644 in Koreans. According to the HGMD, 
carrier frequencies of East Asians and Koreans were 
1.24% and 0.19%, respectively. The estimated incidence of 
RPE65-associated IRDs was 1/26,167 in East Asians and 
1/1,076,258 in Koreans.

RPE65 PVs/LPVs found in East Asians and Koreans are 
summarized in Table  2. Of the nine variants classified 

as PV/LPV identified in East Asians, only two variants 
were identified in Koreans: c.858 + 1G > T and c.335G > A 
(p.Cys112Tyr). When comparing the PVs/LPVs found 
in East Asians and Koreans with other ethnicities, PVs/
LPVs identified in East Asians and Koreans were not 
found in Ashkenazi Jewish, European (Finnish), and 
other populations.

Discussion
In this study, the carrier frequency and estimated inci-
dence of RPE65-associated IRDs were analyzed for East 
Asians and Koreans using gnomAD and KRGDB. The 
carrier frequency of East Asians was 0.10% and of Kore-
ans was 0.06%. Based on disease classification databases, 
HGMD and ClinVar, carrier frequencies were 0.08–1.24% 
in East Asians and 0.03–0.19% in Koreans.

According to the previous study of Hanany et al., car-
rier frequency of IRDs in East Asians was about 40%, 
the second highest after Europeans, and the estimated 
genetic prevalence of IRDs was the highest in East Asians 
at 1:1,003 [13]. EYS and USH2A were the most preva-
lent genes in East Asians with carrier frequencies of 
2.52% and 2.48%, respectively. On the other hand, RPE65 

Table 1  Carrier frequency and estimated incidence of RPE65 gene in East Asians and Koreans in gnomAD and KRGDB
Variants 
(n)

Total 
individu-
als (n)

Carrier frequency 
(%), (95% CI)

Estimated incidence (1/n), (95% CI)

All East Asians (n = 10,919)

2015 ACMG/AMP (PV/LPV) 9 11 0.10 (0.05–0.18) 1/3,941,308 (1/1,230,463–1/15,809,714)

ClinVar (PV/LPV) 7 9 0.08 (0.04–0.16) 1/5,887,633 (1/1,633,796–1/28,158,383)

HGMD (DM) 13 135 1.24 (1.04–1.46) 1/26,167 (1/18,688–1/37,197)

  gnomAD East Asian exomes (n = 9,197)

  2015 ACMG/AMP (PV/LPV) 8 10 0.11 (0.05–0.20) 1/3,383,392 (1/1,000,000–1/14,736,167)

  ClinVar (PV/LPV) 6 8 0.09 (0.04–0.17) 1/5,286,551 (1/1,361,724–1/28,368,744)

  HGMD (DM) 12 131 1.42 (1.19–1.69) 1/19,716 (1/14,005 − 1/28,199)

All Koreans (n = 3,631)

2015 ACMG/AMP (PV/LPV) 2 2 0.06 (0.01–0.20) 1/13,184,161 
(1/1,010,380–1/899,100,675)

ClinVar (PV/LPV) 1 1 0.03 (0–0.15) 1/52,736,644 
(1/1,698,737–1/81,632,653,061)

HGMD (DM) 3 7 0.19 (0.08–0.40) 1/1,076,258 (1/253,537–1/6,659,729)

  gnomAD Korean exomes (n = 1,909)

  2015 ACMG/AMP (PV/LPV) 1 1 0.05 (0–0.29) 1/14,577,124 
(1/469,581–1/22,612,923,286)

  ClinVar (PV/LPV) 0 0 0 (0–0.19) NA (1/1,108,033 - NA)

  HGMD (DM) 2 3 0.16 (0.03–0.46) 1/1,619,680 (1/189,613–1/38,103,948)

  KRGDB (n = 1,722)

  2015 ACMG/AMP (PV/LPV) 1 1 0.06 (0–0.32) 1/11,861,136 
(1/382,077 − 1/18,510,805,683)

  ClinVar (PV/LPV) 1 1 0.06 (0–0.32) 1/11,861,136 
(1/382,077 − 1/18,510,805,683)

  HGMD (DM) 2 4 0.23 (0.06–0.59) 1/741,321 (1/113,100–1/9,982,805)
2015 ACMG/AMP 2015 American College of Medical Genetics and Genomics and the Association for Molecular Pathology guidelines, 95% CI 95% confidence intervals, 
DM disease-causing variant, KRGDB Korean Reference Genome Database, gnomAD Genome Aggregation Database, LPV likely pathogenic variant, NA not available, 
PV pathogenic variant
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is rare among East Asians with a carrier frequency of 
0.20% [13]. The carrier frequency of RPE65 was differ-
ent in each continental population, which was highest 
in Africans (0.55%), followed by non-Finnish Europeans 
(0.28%), Latinos (0.27%), South Asians (0.20%) and Finn-
ish (0.12%) [13]. In the present study, carrier frequency 
in East Asians was even lower at 0.10%. In addition, 
there might be difference in sub-continental population. 
In Koreans, the carrier frequency of RPE65 was 0.05% 
in gnomAD Korean and 0.06% in KRGDB, which were 
lower than those of East Asians.

The carrier frequency was different according to the 
variant interpretation methods. The carrier frequency of 
0.20% in the previous study by Hanany et al. was based 
on variant classification that used parameters includ-
ing allele frequency, segregation analysis, biochemical 
analyses, presence of the variant in patients vs. controls, 
and biallelically vs. monoallelically [13]. In the present 
study, the carrier frequency based on HGMD was high-
est, and the carrier frequency based on 2015 ACMG/
AMP guidelines and ClinVar was similar. According to 
the previous study of Park et al., the variants classified as 
DM in HGMD showed a 91.62% concordance rate com-
pared to PV/LPV by 2015 ACMG/AMP guidelines [14]. 
The accuracy of variant classification in ClinVar gradually 
improved gradually and has been influenced by review 
status, represented as the number of stars [15]. Because 
the higher number of stars indicates a higher the con-
cordance rate, the reliability of the classification in Clin-
Var can be evaluated as the number of stars. To prevent 
overestimation of carrier frequency, variant classifica-
tion in HGMD and ClinVar should be accepted with cau-
tion. Although the 2015 ACMG/AMP guidelines were 
not perfect, it is considered as the standard guideline. 
Therefore, the carrier frequency in the present study was 
considered accurate to estimate the incidence of RPE65-
associated IRDs.

According to data from the Korean Statistical Informa-
tion Service (http://kosis.kr/; accessed on 10 June 2022) 
in 2020, the total population of Korea was 51.8  mil-
lion with 272,337 births. Based on the Korean carrier 
frequency identified in this study, the number of car-
riers is estimated to be about 31,000 in total and 163 in 
newborns per year. The estimated incidence of RPE65-
associated IRDs in Korea based on the Hardy-Weinberg 
equilibrium is approximately 0.02 cases per year. There-
fore, the number of patients eligible for VN was expected 
to be very low in Korea.

According to the Leiden open variation database 
(LOVD), the most common PVs/LPVs in RPE65 were 
c.271  C > T, c.1102T > C, and c.11 + 5G > A, which 
accounts for 26.7% of PVs/LPVs identified in RPE65 
[16]. Among them, only c.271  C > T was present in the 
East Asian populations. c.1102T > C is known as founder 

mutation in the Dutch populations but is absent in the 
East Asian populations [16, 17]. c.271 C > T was the most 
common PVs/LPVs in gnomAD East Asian, which was 
consistent with the findings of LOVD, but it was absent in 
gnomAD Korean and KRGDB. c.271 C > T was frequently 
identified in Saudi Arabia and Tunisia [16] and was iden-
tified in one Korean patient with LCA [18]. Only one PV/
LPV was present in gnomAD Korean and in KRGDB: 
c.335G > A in gnomAD Korean and c.858 + 1G > T in 
KRGDB. c.335G > A was identified as homozygous in 
a Chinese patient with autosomal recessive RP [19]. 
c.858 + 1G > T was identified as homozygous in two 
Indian families with LCA [20, 21] and in one Korean 
LCA patient as compound heterozygous with c.271 C > T 
[18]. Based on these findings, it was found that the vari-
ant spectrum of RPE65 varies in different ethnicities, and 
Koreans showed a variant spectrum similar to that of the 
overall Asian populations.

Genotype-phenotype correlation analysis identified 
that truncating variants were associated with severe phe-
notype and early disease onset [22, 23]. Most of the PVs/
LPVs identified in the East Asian database consisted of 
missense variant, and splicing variants accounted for only 
a small portion. In addition, the most common variants 
were missense variants: c.271  C > T and c.1399  C > G. 
Therefore, the variant spectrum in the patients of 
RPE65-associated IRDs was expected to consist mostly 
of missense variants. This was consistent with LOVD, in 
which the most common variant is the missense variant, 
c.271  C > T. Indeed, previous studies showed that mis-
sense variants were most frequent in patients of RPE65-
associated IRDs regardless of ethnicity [22, 23].

Since a treatment has been approved for RPE65-
associated IRDs, identification of RPE65 patients has 
become important. Recently, the RPE65 gene was added 
in ACMG secondary findings v3.0 because gene therapy 
treatment that may be more efficacious earlier in dis-
ease progression of patients is helpful in early diagnosis 
[24]. Therefore, it is meaningful to predict the carrier and 
prevalence of RPE65-associated IRDs in East Asians and 
Koreans through this study.

This study has some limitations. First, we did not ana-
lyze structural variations such as large deletion/inser-
tion of the RPE65 gene. Currently, only two cases of large 
deletion of RPE65 have been reported [25, 26]. Second, 
we analyzed two separate population databases, gnomAD 
and KRGDB, of which the strategies for variants calling 
and filtering can differ. It might affect the carrier fre-
quency calculated using each database. Third, although 
rare, RPE65 was associated with autosomal dominant RP 
87 with choroidal involvement (RP87), which was charac-
terized with incomplete penetrance and variable expres-
sivity [27, 28]. Therefore, the carrier frequency estimated 
in this study might include patients with RP87 as well as 
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carriers of RPE65-associated IRD. To date, only one caus-
ative variant, c.1430 A > G, was identified to cause RP87 
[27, 29], which was not identified in this study. Nonethe-
less, this study has several advantages. This is the largest 
study among those performed in East Asia that analyzed 
the entire REP65 gene. To the best of our knowledge, 
there are no large-scale population studies of carrier fre-
quency and estimated RPE65-associated IRDs incidence 
in Koreans. We believe that this study more accurately 
predicts the carrier frequency of RPE65-associated IRDs 
in East Asia and Korea.

Conclusion
This study identified the carrier frequencies in East 
Asians and Koreans using gnomAD and KRGDB. We 
confirmed that the carrier frequency of RPE65-associated 
IRDs patients was low in Koreans among East Asians, 
and the incidence was also predicted to be lower than in 
other East Asian populations. The variant spectrum of 
RPE65 genes in East Asian and Korean populations dif-
fered greatly from those of other ethnic groups. Our data 
are expected to serve as a reference for further investiga-
tions of RPE65-associated IRDs in East Asian and Korean 
populations.
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