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Abstract: Numerous hereditary ophthalmic diseases display significant genetic diversity. Conse-
quently, the utilization of gene panel sequencing allows a greater number of patients to receive a
genetic diagnosis for their clinical manifestations. We investigated how to improve the yield of genetic
diagnosis through additional gene panel sequencing in hereditary ophthalmic diseases. A gene panel
sequencing consisting of a customized hereditary retinopathy panel or hereditary retinitis pigmentosa
(RP) panel was prescribed and referred to a CAP-accredited clinical laboratory. If no significant
mutations associated with hereditary retinopathy and RP were detected in either panel, additional
gene panel sequencing was requested for research use, utilizing the remaining panel. After addi-
tional gene panel sequencing, a total of 16 heterozygous or homozygous variants were identified in
15 different genes associated with hereditary ophthalmic diseases. Of 15 patients carrying any candi-
date variants, the clinical symptoms could be tentatively accounted for by genetic mutations in seven
patients. However, in the remaining eight patients, given the in silico mutation predictive analysis,
variant allele frequency in gnomAD, inheritance pattern, and genotype–phenotype correlation, fully
elucidating the clinical manifestations with the identified rare variant was challenging. Our study
highlights the utility of gene panel sequencing in achieving accurate diagnoses for hereditary oph-
thalmic diseases and enhancing the diagnostic yield through additional gene panel sequencing. Thus,
gene panel sequencing can serve as a primary tool for the genetic diagnosis of hereditary ophthalmic
diseases, even in cases where a single genetic cause is suspected. With a deeper comprehension of
the genetic mechanisms underlying these diseases, it becomes feasible.

Keywords: massively parallel sequencing; gene panel sequencing; genetic diagnosis; hereditary
ophthalmic diseases; precision medicine

1. Introduction

Hereditary ophthalmic diseases are genetically and clinically heterogeneous, affecting
approximately 1 in 1000 people worldwide. These conditions encompass non-syndromic,
syndromic, non-progressive, and progressive molecular pathologies, including hereditary
optic neuropathies, retinal and corneal dystrophies, and other progressive ophthalmic dis-
eases [1]. Progressive ophthalmic diseases leading to severe blindness or visual impairment
affect 4 in 10,000 children each year [2]. Congenital glaucoma affects 1 in 20,000 children,
and approximately 3 in 10,000 children under 15 years old are affected by congenital
cataracts [3]. Albinism has a global prevalence of 1 in 20,000 [4]. Coloboma, anophthalmia,
and microphthalmia occur in an estimated 1.19 per 10,000 children by age 16 [5]. Retinal

Curr. Issues Mol. Biol. 2024, 46, 5010–5022. https://doi.org/10.3390/cimb46050300 https://www.mdpi.com/journal/cimb

https://doi.org/10.3390/cimb46050300
https://doi.org/10.3390/cimb46050300
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cimb
https://www.mdpi.com
https://orcid.org/0000-0003-0932-9542
https://orcid.org/0000-0001-7354-4234
https://doi.org/10.3390/cimb46050300
https://www.mdpi.com/journal/cimb
https://www.mdpi.com/article/10.3390/cimb46050300?type=check_update&version=1


Curr. Issues Mol. Biol. 2024, 46 5011

dystrophies include rod-dominant diseases such as Leber congenital amaurosis, retini-
tis pigmentosa (RP), early-onset retinal dystrophy, and rod-cone dystrophy, as well as
cone-dominant diseases like Stargardt disease, macular dystrophies, and cone/cone-rod
dystrophy, with or without extraocular features [6]. Retinal dystrophies impact 2.2 in
10,000 children by age 16, with RP being the most common form [7]. In the Repub-
lic of Korea, the prevalence of visual impairment, myopia, hyperopia, and astigma-
tism in individuals over 5 years of age was 0.4 ± 0.1%, 53.7 ± 0.6%, 10.7 ± 0.4%, and
58.0 ± 0.6%, respectively. For participants over 3 years of age, the prevalence of strabismus
and blepharoptosis was 1.5 ± 0.1% and 11.0 ± 0.8%, respectively. Among those over
40 years of age, the prevalence of cataract, pterygium, early and late age-related macular
degeneration, diabetic retinopathy, and glaucoma was 40.2 ± 1.3%, 8.9 ± 0.5%, 5.1 ± 0.3%,
0.5 ± 0.1%, 13.4 ± 1.5%, and 2.1 ± 0.2%, respectively [8]. Although these progressive
ophthalmic diseases are individually rare, they collectively account for a significant portion
of global blindness. The proportion attributable to genetic causes remains unknown.

On the other hand, massively parallel sequencing (MPS), with its ability to test a large
number of genes simultaneously in a cost-effective manner through massive parallelization,
has significantly expedited the identification of underlying disease-causing mutations in
patients with hereditary ophthalmic diseases. Several studies have established the diag-
nostic accuracy of MPS in hereditary ophthalmic diseases, yet their potential impact on
treatment has been less explored [9–12]. In a general sense, three MPS methodologies aim
to enhance diagnostics for heterogeneous diseases, such as targeted enrichment of specific
gene sets (gene panels), whole exome sequencing (WES), and whole genome sequenc-
ing (WGS) [13]. Gene panel sequencing demonstrates exceptional efficacy in diagnosing
genetically diverse hereditary ophthalmic diseases [14–18]. Targeted capture of known
“disease genes” (referred to as “disease panels”), with its strong optimization of coverage
on relevant targets, has demonstrated superiority over whole-exome sequencing in terms
of read depth and on-target efficiency. By concurrently sequencing hundreds of genes
potentially associated with diseases, gene panel sequencing offers a thorough examination
of genetic profiles associated with the observed phenotypes [13]. For instance, Patel and
colleagues developed the Oculome Panel Test, which comprises 429 known ophthalmic dis-
ease genes organized into five overlapping virtual subpanels. These subpanels cover genes
associated with various conditions, including anterior segment developmental anomalies
such as glaucoma (59 genes), microphthalmia–anophthalmia–coloboma (86 genes), con-
genital cataracts, and lens-associated conditions (70 genes), as well as retinal dystrophies
(235 genes) and albinism (15 genes). Additionally, the panel includes extra genes linked to
optic atrophy and complex strabismus (10 genes). Consequently, a wide spectrum of genetic
conditions impacting eye development were genetically diagnosed, potentially replacing
prolonged and expensive multidisciplinary assessments and enabling quicker targeted
management [19]. Furthermore, its enhanced coverage, cost-effectiveness, and compar-
atively straightforward data interpretation have rendered gene panel sequencing more
prevalent in standard clinical diagnostic practices compared to WES and WGS. Gene panel
sequencing remains the preferred method for molecular genetic diagnostics of Mendelian
disorders, primarily due to its capacity to accommodate more libraries per sequencing run
while providing higher read depths compared to WES [20–22]. Additionally, it has been
shown that panel-based genetic diagnostic testing for hereditary ophthalmic diseases is
more sensitive for variant detection than WES [14,15]. Obtaining genetic diagnoses for
patients with hereditary ophthalmic diseases is increasingly desirable for several reasons.
First of all, it allows for the definition or confirmation of a clinical diagnosis, which may
have prognostic value. Second, it facilitates precision in genetic counseling, aiding in
disease management and family planning by determining the mode of inheritance. Third,
it eliminates the need for costly, time-consuming, and potentially invasive diagnostic jour-
neys that burden both families and the healthcare system. Consequently, the utilization of
gene panel sequencing allows a greater number of patients to receive a genetic diagnosis
for their clinical manifestations. As a good example, consider the application of gene panel
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sequencing for achieving a clinical diagnosis and assessing whether it influenced treatment
decisions in Korean patients with hereditary ophthalmic diseases [18].

In this study, we investigated how to improve the yield of genetic diagnosis through
additional gene panel sequencing in hereditary ophthalmic diseases.

2. Materials and Methods
2.1. Patient and DNA Extraction

Between 1 June 2018 and 30 August 2020, a cohort of 38 consecutive unrelated patients
with hereditary ophthalmic diseases, with or without systemic conditions, who consented to
gene panel sequencing, were included in this study. All patients underwent ophthalmologic
examinations, which comprised slit-lamp examination, determination of the presence and
type of nystagmus, identification of other systemic symptoms, fundus examination, and
measurement of visual acuity. According to the manufacturer’s instructions, genomic DNA
was isolated from peripheral blood samples using the QIAamp DNA mini kit (Qiagen,
Hilden, Germany).

2.2. Library Preparation and Gene Panel Sequencing

A gene panel sequencing consisting of a customized hereditary retinopathy panel or
hereditary RP panel was prescribed and referred to a CAP-accredited clinical GC Genome
laboratory (Yongin, Republic of Korea). If no significant mutations associated with heredi-
tary retinopathy and RP were detected in either panel, additional gene panel sequencing
was requested for research use, utilizing the remaining panel (Figure 1). Briefly, target
enrichment was performed with custom-designed RNA oligonucleotide probes and a
target enrichment kit (Celemics, Seoul, Republic of Korea). Pooled libraries were massively
parallel sequenced using a MiSeqDX sequencer (Illumina, San Diego, CA, USA) and the
MiSeqDx Reagent Kit v3 (Illumina, San Diego, CA, USA), which provides 150 bp × 2
paired-end reads. The gene list included in the hereditary retinopathy and RP panels is
summarized in Supplementary Table S1.
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Figure 1. A flow diagram of genetic testing for the diagnosis of suspected hereditary ophthalmic
disease was applied in this study. Orange arrows indicate positive results, while green arrows indicate
negative results.

2.3. Bioinformatic Analysis

Sequencing and bioinformatics analyses were conducted following the Genome
Analysis Tool Kit best practice pipeline workflow (https://gatk.broadinstitute.org/hc/
en-us; accessed on 7 January 2021), which encompassed processes such as base-calling,
base alignment, variant calling, annotation, and quality control reporting. In short, se-
quences underwent alignment to the hg19 reference genome using BWA-aln. Single
nucleotide variants and small insertions or deletions were identified and verified us-
ing GATK version 3.8.0 with Haplotypecaller, as well as VarScan version 2.4.0. The
pathogenicity of missense variants was predicted using three in silico prediction algo-
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rithms, including SIFT (https://sift.bii.a-star.edu.sg/; accessed on 21 July 2021), PolyPhen2
(https://genetics.bwh.harvard.edu/pph2/; accessed on 21 July 2021), and MutationTester
(https://www.mutationtaster.org/; accessed on 21 July 2021). Variant frequencies in the
general population were assessed using the Genome Aggregation Database (gnomAD)
(https://gnomad.broadinstitute.org/; accessed on 21 July 2021). Variant interpretation
adhered to the five-tier classification system recommended by the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology [23]. Any
variant deemed potentially likely pathogenic (LPV), pathogenic (PV), or of uncertain
significance (VUS) was validated through visual examination of the BAM file using In-
tegrated Genomics Viewer 2.3 software. In addition, small nucleotide substitution and
insertion/deletion classified as LPV, PV, or VUS underwent further examination through
Sanger sequencing. This process utilized a 3730xl Genetic Analyzer with the BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). Subsequently,
sequencing data were aligned to appropriate reference sequences and analyzed using
Sequencher 5.3 software (Gene Codes Corp., Ann Arbor, MI, USA).

2.4. Segregation Analysis

The presence of the rare variant(s) in the proband was confirmed by bidirectional
Sanger sequencing on a 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA).
The origin of the rare variant(s) in the proband was determined by performing Sanger
sequencing on the patient’s parents.

3. Results

Out of 38 patients with hereditary ophthalmic diseases, 23 (61%) were male, and
7 (18%) had family histories of similar phenotypes (patients ad5, fk2, yx9, gs6, so7, nm1, and
mk4). All patients were of non-consanguineous parentage and Korean ethnicity. The cohort
displayed phenotypic heterogeneity, with five with RP, four patients diagnosed with corneal
dystrophy/cornea syndrome, three with macular dystrophy, two with congenital cataracts,
and one with glaucoma. After additional gene panel sequencing, candidate variants
consistent or inconsistent with clinical diagnosis were identified in 15 (39%) patients. A
total of 16 heterozygous or homozygous variants were identified in 15 different genes
associated with hereditary ophthalmic diseases (Table 1). Among these variants, the PDE6B
variant is homozygous, and the ZNF469 variant is compound heterozygous. The remaining
variants are heterozygous. For the study’s purposes, patients were categorized into two
groups: (1) presumptive genetic diagnosis, comprising cases with disease-associated PV
or LPV whose phenotypes exactly matched their genotypes; and (2) unresolved cases,
encompassing all other patients who did not have identified PV or LPV satisfying known
Mendelian inheritance described in Online Mendelian Inheritance in Man (OMIM) (https:
//www.omim.org/; accessed on 3 September 2021). As a result, of 15 patients carrying any
candidate variants, the clinical symptoms could be tentatively accounted for by genetic
mutations in seven patients. However, in the remaining eight patients, given the in silico
mutation predictive analysis, variant allele frequency in gnomAD, inheritance pattern,
and genotype–phenotype correlation, fully elucidating the clinical manifestations with the
identified rare variant was challenging.

https://sift.bii.a-star.edu.sg/
https://genetics.bwh.harvard.edu/pph2/
https://www.mutationtaster.org/
https://gnomad.broadinstitute.org/
https://www.omim.org/
https://www.omim.org/
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Table 1. List of mutated genes registered in Online Mendelian Inheritance in Man (OMIM) associated
with hereditary ophthalmic diseases.

Gene Gene MIM Clinical Phenotype Phenotype
MIM Inheritance

ABCA4 *601691 {Macular degeneration, age-related, 2} #153800 AD
Cone-rod dystrophy 3 #604116 AR

CDH23 *605516 Usher syndrome, type 1D/F digenic #601067 AR, DR
CLRN1 *606397 Retinitis pigmentosa 61 #614180 AR
CRYGD *123690 Cataract 4, multiple types #115700 AD

LSS *600909 Cataract 44 #616509 AR
MYOC *601652 Glaucoma 1A, primary open angle #137750 AD
OCRL *300535 Lowe syndrome #309000 XLR

OVOL2 *616441 Corneal dystrophy, posterior polymorphous, 1 #122000 AD
PDE6B *180072 Retinitis pigmentosa-40 #613801 AR

Night blindness, congenital stationary, autosomal dominant 2 #163500 AD
PRDM5 *614161 Brittle cornea syndrome 2 #614170 AR
RP1L1 *608581 Occult macular dystrophy #613587 AD

Retinitis pigmentosa 88 #618826 AR
TGFBI *601692 Corneal dystrophy, Avellino type #607541 AD
TUB *601197 Retinal dystrophy and obesity #616188 AR

TULP1 *602280 Retinitis pigmentosa 14 #600132 AR
Leber congenital amaurosis 15 #613843 AR

ZNF469 *612078 Brittle cornea syndrome 1 #229200 AR

Gene MIM and Phenotype MIM entries are denoted with the symbol * and #, respectively. MIM, Mende-
lian Inheritance in Man; AD, autosomal dominant; AR, autosomal recessive; DR, digenic recessive; XLR,
x-linked recessive.

3.1. Presumptively Genetically Diagnosed Hereditary Ophthalmic Diseases

Variations detected in the ABCA4, CRYGD, MYOC, OCRL, PDE6B, RP1L1, and TGFBI
genes were capable of elucidating each patient’s disease. Examining each patient individ-
ually, heterozygous c.4297G>A/p.Val1433Ile of the ABCA4 transmitted from the father
was identified in a patient diagnosed with macular degeneration (Case ad5). This ABCA4
variant was reported previously in a Stargardt patient carrying bialleic ABCA4 variants,
c.1302delA and c.4297G>A [24]. The heterozygous c.470G>A/p.Trp157Ter of the CRYGD
inherited from the mother was identified in a patient diagnosed with early-onset cataract
(Case fk2). This CRYGD variant was previously reported in congenital cataracts [25]. The
heterozygous c.1021T>C/p. Ser341Pro of the MYOC transmitted from the father was
identified in a patient diagnosed with primary open angle glaucoma (POAG) (Case yx9).
This MYOC variant was reported previously in a Korean family with POAG [26]. The
hemizygous c.2581G>A/p.Ala861Thr of the OCRL was identified in a patient suspected of
Lowe syndrome (Case gs6). The asymptomatic mother of the proband was identified as
an obligate heterozygote. Furthermore, his sister is an asymptomatic carrier. This OCRL
variant was previously reported in a rare X-linked multi-systemic disorder, typically char-
acterized by the triad of congenital cataract, cognitive and behavioral impairment, and
proximal tubulopathy [27]. The homozygous c.1488del/p.Thr497ProfsTer78 of the PDE6B
in a patient diagnosed with RP (Case so7). The asymptomatic parents of the proband were
identified as obligate heterozygotes. This PDE6B was reported previously in Korean pa-
tients with PDE6B-associated RP [28]. The de novo heterozygous c.3971A>G/p.Glu1324Gly
of the RP1L1 was identified in a patient diagnosed with macular dystrophy (Case rq2). This
RP1L1 variant was previously reported in a patient with RP sine pigmento masquerading as
moderate myopia [29]. The heterozygous c.371G>A/p.Arg124His of the TGFBI transmitted
from the father was identified in a patient diagnosed with a very early stage of lattice
dystrophy (Case nm1). This TGFBI variant is a hotspot mutation in the TGFBI gene, leading
to the development of granular corneal dystrophy [30]. Candidate variants consistent
with the clinical diagnosis in the presumptively genetically diagnosed seven patients with
hereditary ophthalmic diseases are outlined in Table 2.
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Table 2. Candidate variants consistent with clinical diagnosis in presumptively genetically diagnosed
seven patients with hereditary ophthalmic diseases.

Case S/A FHx Gene Nucleotide ID Base Change Codon Change dbSNP ID ClinVar S PP2 MT gnomAD

ad5 F/46 Pos ABCA4 NM_000350.2 c.4297G>A p.Val1433Ile rs56357060 VUS D P N 0.0017
fk2 F/33 Pos CRYGD NM_006891.3 c.470G>A p.Trp157Ter rs121909598 PV na na na 0.0000
yx9 M/51 Pos MYOC NM_000261.1 c.1021T>C p. Ser341Pro rs1572210748 LPV D D D 0.0000
gs6 M/19 Pos OCRL NM_000276.3 c.2581G>A p.Ala861Thr rs2124430527 PV D D D 0.0000
so7 M/38 Pos PDE6B NM_000283.3 c.1488del p.Thr497ProfsTer78 rs730880317 PV na na na 0.0000
rq2 M/52 Neg RP1L1 NM_178857.5 c.3971A>G p.Glu1324Gly rs4240659 VUS T B P 0.0000

nm1 M/44 Pos TGFBI NM_000358.2 c.371G>A p.Arg124His rs121909211 PV T D D 0.0000

S/A, sex/age; FHx, family history; Pos, positive; Neg, negative; S, SIFT_pred; PP2, Polyphen2_HDIV_pred;
MT, MutationTaster_pred; gnomAD, gnomAD_v2.1.1, VUS, variant of uncertain significance; na, not available;
PV, pathogenic variant; LPV, likely pathogenic variant; D, damaging; T, tolerant; P, pathogenic; B, benign;
N, neutral.

3.2. Hereditary Ophthalmic Diseases Left with an Undiagnosed Genetic Diagnosis

The identified variants alone in the CDH23, CLRN1, LSS, OVOL2, PRDM5, TUB,
TULP1, and ZNF469 genes were insufficient to genetically diagnose the symptoms of each
patient. Particularly, the heterozygous c.9343A>G/p.Met3115Val of the CDH23 was identi-
fied only in a patient diagnosed with RP (Case xf1). Segregation analysis was not available
to the proband’s parents. This CDH23 variant was previously reported in hearing loss using
a comprehensive deafness proteome [31]. Furthermore, the CDH23 gene is recognized as
the gene responsible for autosomal recessive (AR) or digenic recessive Usher syndrome,
specifically type 1D, in these individuals [32]. The heterozygous c.407G>A/p.Gly136Glu
of CLRN1 was identified only in a patient diagnosed with RP (Case as6). Segregation
analysis was not available to the proband’s parents. This CLRN1 variant was reported
as a heterozygous variant with only one hit for the AR RP gene [16]. The heterozygous
c.1120G>A/p.Asp374Asn of the LSS was identified only in a patient with a history of
cataracts (Case ju6). Segregation analysis was not available to the proband’s parents. Bial-
lelic mutations in LSS were first reported in families with congenital cataracts [33]. The
heterozygous c.701A>T/p.Asn234Ile of OVOL2 was identified in a patient diagnosed with
macular dystrophy (Case wy5). Segregation analysis was not available to the proband’s
parents. However, perturbed transcriptional regulation of OVOL2 has been implicated
as a major cause of dominant corneal endothelial dystrophies [34]. The heterozygous
c.26G>A/p.Arg9Lys of PRDM5 was identified only in a patient diagnosed with corneal
dystrophy (Case jh3). Segregation analysis was not available to the proband’s parents.
PRDM5 mutations have been identified in families with Brittle Cornea Syndrome (BCS),
an autosomal-recessive generalized connective tissue disorder [35]. The heterozygous
c.1255C>T/p.Arg419Cys of the TUB was identified only in a patient diagnosed with RP
(Case li1). Segregation analysis was not available to the proband’s parents. A recessive
mutation in the TUB gene leads to obesity, deafness, and retinal degeneration [36]. The
heterozygous c.349G>A/p.Glu117Lys of TULP1 was identified only in a patient diagnosed
with RP (Case pn3). Segregation analysis was not available to the proband’s parents. This
TULP1 variant was identified through WES in 168 Korean patients with hereditary retinal
degeneration [20]. TULP1 mutations could lead to a syndromic disorder, as evidenced by a
recessive mutation in the Tubby gene in mice, which was associated not only with retinal
degeneration but also with obesity, cochlear abnormalities, and diabetes [37]. The com-
pound heterozygous c.9812C>T/p.Ala3271Val and c.10811C>T/p.Pro3604Leu of ZNF469
was identified in a patient diagnosed with RP (Case mk4). The asymptomatic parents of
the proband were identified as obligate heterozygotes. On family genetic testing, the two
variants were found to be bi-allelic, but the clinical symptoms did not correspond to BCS.
Heterozygous candidate variants consistent or inconsistent with the clinical diagnosis in
eight patients with hereditary ophthalmic diseases, who remained undiagnosed genetically
are delineated in Table 3.
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Table 3. Candidate heterozygous variants consistent or inconsistent with clinical diagnosis in eight
patients with hereditary ophthalmic diseases left with an undiagnosed genetic diagnosis.

Case S/A FHx Gene Nucleotide ID Base Change Codon Change dbSNP ID ClinVar S PP2 MT gnomAD

xf1 F/49 Neg CDH23 NM_022124.5 c.9343A>G p.Met3115Val rs772298163 na D B D 0.0000
as6 F/51 Neg CLRN1 NM_174878.2 c.407G>A p.Gly136Glu rs779258184 VUS D D D 0.0001
ju6 M/34 Neg LSS NM_001001438.2 c.1120G>A p.Asp374Asn rs562778331 na D D D 0.0000

wy5 M/51 Neg OVOL2 NM_021220.3 c.701A>T p.Asn234Ile na na T B N 0.0000
jh3 M/47 Neg PRDM5 NM_018699.3 c.26G>A p.Arg9Lys rs1037882347 na D B D 0.0000
li1 M/44 Neg TUB NM_003320.4 c.1255C>T p.Arg419Cys rs1345174025 VUS D D D 0.0000

pn3 M/36 Neg TULP1 NM_003322.5 c.349G>A p.Glu117Lys rs527236117 LPV T B D 0.0000
mk4 F/56 Pos ZNF469 NM_001367624.2 c.9812C>T p.Ala3271Val rs547200758 VUS T B N 0.0000

NM_001367624.2 c.10811C>T p.Pro3604Leu rs957402222 VUS T P N 0.0000

S/A, sex/age; FHx, family history; Neg, negative; Pos, positive; S, SIFT_pred; PP2, Polyphen2_HDIV_pred; MT,
MutationTaster_pred; gnomAD, gnomAD_v2.1.1, VUS, variant of uncertain significance; na, not available; LPV,
likely pathogenic variant; D, damaging; T, tolerant; P, pathogenic; B, benign; N, neutral.

4. Discussion

Nowadays, genetic diagnosis using MPS is widely employed, yet precision medicine
remains largely inaccessible for most hereditary ophthalmic diseases. Gene panel se-
quencing involves isolating and analyzing targeted gene sets, offering a cost-effective
alternative with reduced sequencing expenses. However, its success relies on the inclusion
of disease-causing genes within the panel. A notable advantage is the minimized potential
for incidental findings, coupled with the ability to achieve higher coverage at a lower cost
compared to genome-wide approaches. While WES/WGS may be preferred, it hinges
on ensuring that the lower coverage, in contrast to a gene panel, does not significantly
diminish the diagnostic yield [13]. Our investigation revealed that the variant detection rate
of targeted gene panel sequencing in hereditary ophthalmic diseases was approximately
39% (15 out of 38 cases). Among the 38 patients who underwent genetic testing, around
18% (7 out of 38) harbored candidate variants consistent with their clinical diagnosis, while
21% (8 out of 38) remained genetically undiagnosed. Fully elucidating the clinical manifes-
tations with the identified rare variant proved challenging due to factors such as in silico
mutation predictive analysis, variant allele frequency in gnomAD, inheritance pattern, and
genotype–phenotype correlation.

In detail, five autosomal dominant (AD) ophthalmic diseases caused by variants in
ABCA4, CRYGD, MYOC, RPL1L1, and TGFBI, one AR disease caused by the PDE6B variant,
and one X-linked recessive disease caused by the OCRL variant were determined as genetic
causes. In case ad5 with AD macular degeneration caused by ABCA4, reports indicate that
ABCA4 dominant heterozygous mutations may lead to age-related macular degeneration
(AMD, MIM #153800) [38]. However, current hypotheses suggest that this condition could
actually be a manifestation of very late-onset Stargardt disease, with mild and common
hypomorphic alleles playing a role in pathogenicity [39]. ABCA4 is responsible for causing
over 95% of Stargardt disease 1 (STGD1, MIM #248200). Patients with variants in this
gene may also exhibit different phenotypes, such as cone-rod dystrophy 3 (CRD3, MIM
#604116), and RP 19 (MIM #601718). In case fk2 with AD early-onset cataract caused by
CRYGD, crystallins represent the primary structural proteins within the human lens and
are categorized into two families with distinct characteristics: the α-crystallins, which serve
as chaperones, and the βγ-crystallins, which share the common structural unit Among
these, γ-crystallins, the smallest and simplest members, are primarily localized in the
nuclear region of the lens and possess two-domain structures. The solubility and stability
of γD-crystallin are essential for maintaining lens transparency. Mutations in the CRYGD
gene may compromise the solubility and stability of crystallin proteins, thereby reducing
lens transparency and leading to congenital cataracts [40]. In case yx9 with AD POAG
caused by MYOC, the findings from numerous empirical studies corroborate the assertion
that a gain-of-function mechanism plays a role in the pathogenesis of myocilin-associated
glaucoma [41]. Disease-causing myocilin variants have a propensity to aggregate and
accumulate within the endoplasmic reticulum [42]. In cases where both wild-type (WT)
and mutant myocilin coexist heterozygously within trabecular meshwork cells, the prote-
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olytic processing and secretion of WT myocilin molecules are hindered. This impairment
arises from interactions leading to the formation of hetero-oligomers between WT and
mutant protein molecules [43]. In case rq2 with AD macular dystrophy caused by RP1L1,
patients presenting with clinical symptoms of occult macular dystrophy (OCMD) caused
by mutations in the RP1L1 gene belong to the subgroup of occult macular dysfunction
syndromes, also known as Miyake disease [44]. According to this classification, occult
macular dysfunction syndrome can be subdivided into three categories: RP1L1-associated
OCMD (Miyake disease), other hereditary OCMD caused by abnormalities in other genes,
and non-hereditary occult macular dystrophy-like syndrome (progressive occult macu-
lopathy). Characteristic clinical findings, including classical microstructural changes in
spectral-domain optical coherence tomography images and an AD family history with
reduced penetrance and variable expressivity, are important hallmarks of occult macular
dysfunction syndromes associated with RP1L1 [45]. In case nm1 with AD lattice dystrophy
caused by TGFBI, the accumulation of transforming growth factor beta-induced protein
(TGFBIp) is involved in the pathogenesis of TGFBI corneal dystrophies. The characteristic
amyloid deposits observed in p.Arg124Cys and the non-amyloid (granular) deposits seen
in p.Arg124His and p.Arg124Leu were linked to abnormal turnover and degradation of
mutant TGFBIp [46]. According to published studies [47–49], the p.Arg124His mutation
is the most frequently observed mutation in the Asian population. Previous Japanese
studies have indicated that the p.Arg124His mutation is the most prevalent, constituting
up to 72% of patients with corneal dystrophies [47]. In case so7 with AR RP caused by
PDE6B, Korean RP patients caused by PDE6B variants exhibited symptoms earlier and
were diagnosed earlier than patients with RP caused by other variants [28]. In the Korean
RP cohort caused by PDE6B mutations, optical coherence tomography parameters revealed
relatively frequent observations of epiretinal membranes and cystoid macular edema. This
observation could be pertinent to PDE6B mutations because non-functional PDE6β sub-
units lead to an elevated intracellular level of cGMP, consequently resulting in increased
Ca2+ influx due to decreased channel closure [28]. In case gs6 with X-linked recessive
Lowe syndrome caused by OCRL, Lowe syndrome, a severe disorder, is characterized by
congenital cataracts, mental disabilities, and hypotonia. In the common OCRL mutation,
the c.2581G>A/p.Ala861Thr and c.2581G>C/p.Ala861Pro mutations result in the abolition
of a 5′ splice site, leading to the skipping of exon 23 [50]. Understanding the consequences
of exonic splicing mutations may hold potential therapeutic implications for patients with
Lowe syndrome. Exon-skipping approaches, aimed at correcting mutations that disrupt
normal pre-mRNA splicing, have been effectively evaluated in various rare diseases [51]. A
successful exon-skipping strategy has been developed to restore significant levels of OCRL
mRNA and protein in a Lowe syndrome patient with an intronic mutation. This mutation
induces the incorporation of intronic sequences in the mRNA, ultimately leading to the
loss of OCRL1 [52].

Our findings are consistent with previous research, suggesting that multiple genetic
diagnoses can be identified through MPS [53]. It seems that many ophthalmologists lack
awareness of which genetic profiles have actionable medical or surgical implications, and
some may erroneously believe that genetic testing does not alter treatment approaches. Our
study demonstrated that precise genetic diagnosis significantly impacts the understanding
of molecular mechanisms, facilitating genotype-driven, tailored investigations. This, in
turn, assists in averting secondary complications or associated medical conditions and
reducing unnecessary treatments. It has been noted that the genetic diagnostic rate varies
across different disease groups [54]. Typically, the detection rate of MPS is higher in
hereditary ophthalmic diseases compared to other genetic conditions. In our study, the
genetic diagnosis rate of hereditary ophthalmic diseases was not high, and various clinical
phenotypes were genetically diagnosed. This observation contrasts with the findings
of a previous study [19]. This difference may be attributed to the fact that clinicians
specializing in specific ophthalmic diseases are not exclusively involved; rather, clinicians
from various specialties treat patients with diverse ophthalmic disease conditions. Some
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individuals with rare hereditary ophthalmic diseases may receive an incorrect diagnosis
or endure many years before reaching a definitive diagnosis [55,56]. Young children, in
particular, are often not cooperative enough to undergo complete eye examinations or
other diagnostic tests. Moreover, children with hereditary ophthalmic diseases may have
underlying serious medical conditions that manifest with ocular symptoms. Consequently,
they may undergo unnecessary brain imaging or numerous other investigations before
arriving at a correct diagnosis [57]. For instance, Parekh and colleague [58] have established
a clinical and referral workflow wherein each patient undergoes a coordinated evaluation
by our multidisciplinary team, followed by discussions on diagnosis, prognosis, and genetic
testing. The most frequently encountered referral diagnoses were congenital cataracts, optic
neuropathy, and microphthalmia, with syndromic cases accounting for 52%. Within this
patient cohort, a 76% uptake for genetic testing, with 33% of them receiving a diagnostic
test result, was observed. These findings endorse the adoption of a personalized approach
to genetic testing tailored to specific conditions.

Recent meta-analysis indicated that the diagnostic yield of MPS for hereditary retinopa-
thy ranged from 61.3% in mixed hereditary retinal disease phenotypes to 58.2% in rod-cone
dystrophies, 57.7% in macular and cone/cone-rod dystrophies, and 47.6% in familial exuda-
tive vitreoretinopathy [59]. Stone and his colleague [9] demonstrated that implementing a
tier-based approach in genetic testing could enhance the genetic diagnostic yield. While
we agree that a tier-based approach offers cost-effectiveness and higher diagnostic yields,
it necessitates a high level of clinical expertise [60]. Furthermore, approximately 5% of
patients with hereditary genetic diseases exhibited multi-locus genomic variations [53].
Even in cases where the clinical context suggests a single genetic etiology, targeted gene
panel sequencing remains a valuable first-tier option because patients may harbor other
ophthalmic conditions that are not evident during clinical examination. Panel-based genetic
diagnostic testing for hereditary ophthalmic diseases is known for its high accuracy and re-
producibility. Moreover, it is considered to be more sensitive for variant detection compared
to exome sequencing [61]. Additionally, initial analysis focusing on genes well-established
to be associated with a particular phenotype can enhance the positive predictive value and
decrease the likelihood of false ascertainment [62]. However, regular updates to the target
panel are necessary to incorporate new findings and advancements.

In several patients, we encountered challenges in determining the pathogenicity of
variants. For instance, we identified a heterozygous c.407G>A/p.Gly136Glu of the CLRN1
variant in a patient (as6) presenting with RP, a heterozygous c.1120G>A/p.Asp374Asn of
the LSS variant in a patient (ju6) with cataract, and a heterozygous c.1255C>T/p.Arg419Cys
of the TUB variant in a patient (li1) with RP. These missense variants were predicted to
be deleterious or damaging by all three in silico tools, including SIFT, Polyphen2, and
MutationTaster. However, bi-allelic variants in CLRN1, LSS, and TUB have been associated
with AR Usher syndrome type 3 [63], congenital cataract [64], or RP, respecitvely [65]. Al-
though these CLRN1, LSS, and TUB variants were rarely found in the population database,
conducting functional analysis is essential to confirming their pathogenicity. With efforts
to establish large population datasets like gnomAD, many variants previously consid-
ered pathogenic are now being reclassified as benign or likely benign [66]. On the other
hand, in a patient (mk4) diagnosed with RP, in terms of genetic features, the presence
of a compound heterozygous ZNF469 variant was initially suspected as the cause of the
clinical manifestation. However, the clinical features exhibited by the actual patient were
completely different from what would typically be associated with this ZNF469 gene.

Our study has several limitations. Firstly, the study design was retrospective, although
our cases were collected consecutively by a single institution. Secondly, the majority of our
patients belonged to a single Korean ethnicity, potentially limiting the generalizability of
our findings to other populations. In addition, due to the limited number of patients, it
was impossible to analyze whether the severity of clinical symptoms was influenced by
gender or age of onset. In this study, there were no patients with diseases attributable to
mutations in X chromosome-associated genes; however, for example, it was historically
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believed that female carriers of RPGR mutations had significantly milder, if any, symptoms
compared to affected males with similar mutations. However, several reports indicate
that female carriers can exhibit a spectrum of phenotypes, ranging from asymptomatic to
severe retinal disease, similar to affected males. The presence of “affected” or partially
manifesting female carriers without male-to-male transmission in a family lineage may lead
to misinterpretation [67,68]. Thirdly, despite two gene panels (the hereditary retinopathy
panel consisting of 193 genes and the hereditary RP panel consisting of 279 genes) applied
consecutively, there is a possibility that newly discovered genes were not included in this
panel-based sequencing approach. We evaluated medically or surgically actionable genes in
ophthalmology based on the literature searches and GeneReviews (https://www.ncbi.nlm.
nih.gov/books/NBK1116/; accessed on 13 April 2023). However, more comprehensive
investigations or reviews of systematically curated databases are warranted to address
these limitations. Comprehensive phenotyping, precise bioinformatics analysis, including
known deep intronic variants, CNV detection, and cautious interpretations are crucial
components of genetic diagnosis. Physicians should also be aware of the limitations of
MPS, as it may not reliably detect variants in high-GC-rich regions, segmental duplications,
or short tandem repeats. We concur that variants should be considered uncertain until
proven otherwise.

5. Conclusions

In conclusion, our study highlights the utility of gene panel sequencing in achieving
accurate diagnoses for hereditary ophthalmic diseases. Our approach enhances the diagnos-
tic yield through additional gene panel sequencing. Performing thorough eye examinations
can pose challenges, particularly for young patients, and some individuals may carry
multiple genetic variations across unrelated genes, known as locus heterogeneity. Thus,
gene panel sequencing can serve as a primary tool for the genetic diagnosis of hereditary
ophthalmic diseases, even in cases where a single genetic cause is suspected. With a deeper
comprehension of the genetic mechanisms underlying these diseases, it becomes feasible to
offer more tailored treatments. The emergence of new gene therapy or pharmacogenetics
studies holds promise for providing precision medicine to a broader patient population in
the future, contingent upon the efficacy of these interventions being validated.
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