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Abstract: Pathogenic variants in RPE65 lead to retinal diseases, causing a vision impairment. In
this work, we investigated the pathomechanism behind the frequent RPE65 variant, c.11+5G>A.
Previous in silico predictions classified this change as a splice variant. Our prediction using novel
software’s suggested a 124-nt exon elongation containing a premature stop codon. This elongation
was validated using midigenes-based approaches. Similar results were observed in patient-derived
induced pluripotent stem cells (iPSC) and photoreceptor precursor cells. However, the splicing defect
in all cases was detected at low levels and thereby does not fully explain the recessive condition
of the resulting disease. Long-read sequencing discarded other rearrangements or variants that
could explain the diseases. Subsequently, a more relevant model was employed: iPSC-derived
retinal pigment epithelium (RPE) cells. In patient-derived iPSC-RPE cells, the expression of RPE65
was strongly reduced even after inhibiting a nonsense-mediated decay, contradicting the predicted
splicing defect. Additional experiments demonstrated a cell-specific gene expression reduction due
to the presence of the c.11+5G>A variant. This decrease also leads to the lack of the RPE65 protein,
and differences in size and pigmentation between the patient and control iPSC-RPE. Altogether, our
data suggest that the c.11+5G>A variant causes a cell-specific defect in the expression of RPE65 rather
than the anticipated splicing defect which was predicted in silico.

Keywords: inherited retinal diseases; Leber congenital amaurosis; RPE65 gene; retinal pigment
epithelium (RPE); induced pluripotent stem cells (iPSCs); cell-specific defects; iPSC-derived models

1. Introduction

Inherited retinal diseases (IRDs) are a highly heterogenous group of neurodegen-
erative disorders leading to a visual impairment as a result of the progressive loss of
photoreceptor and/or retinal pigment epithelium (RPE) cells [1]. IRDs affect 1 in 3000 peo-
ple worldwide [2], and causative variants in more than 270 genes have been reported
(https://sph.uth.edu/retnet/ accessed on 30 August 2022).

Cells 2022, 11, 3640. https://doi.org/10.3390/cells11223640 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells11223640
https://doi.org/10.3390/cells11223640
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0001-9753-521X
https://orcid.org/0000-0003-1658-0671
https://orcid.org/0000-0003-1693-9699
https://orcid.org/0000-0003-4347-6503
https://orcid.org/0000-0001-9038-0067
https://orcid.org/0000-0001-5721-1560
https://sph.uth.edu/retnet/
https://doi.org/10.3390/cells11223640
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11223640?type=check_update&version=2


Cells 2022, 11, 3640 2 of 19

The RPE is composed of a monolayer of pigmented cells, which together with Bruch’s
membrane, form the blood–retinal barrier [3]. With the exception of RPE microvilli, there
are no intercellular junctions between the RPE and photoreceptor layers. In fact, the
interphotoreceptor matrix (IPM) occupies the space between them and is responsible for
the photoreceptor–RPE cell interactions and for the exchange of metabolites [4,5]. RPE cells
are the most active phagocytic cells in the human body [6], and are also responsible for
the nourishment of photoreceptors, amongst the nourishment of others too [3]. Therefore,
a RPE loss results in a disruption of the photoreceptor’s feeding and consequently also
photoreceptor death, leading to progressive vision loss and, ultimately, blindness.

The RPE65 (HGNC: 10294; NM_000329.2) gene was one of the first RPE-expressed
genes discovered to be associated with retinal disease [7]. The RPE65 protein is involved in
the visual cycle, by converting all-trans-retinol produced by the photoreceptors into 11-cis-
retinal, which is the active ligand for opsins in the outer segment of the photoreceptors [8].
The presence of pathogenic variants impairs the function of the RPE65 protein, causing an
accumulation of retinyl esters in RPE cells. This, at the same time, leads to a reduction in
the 11-cis-retinal levels, resulting in the photoreceptor cell death [8]. Currently, more than
138 pathogenic variants in the RPE65 gene have been associated with different subtypes of
IRDs such as retinitis pigmentosa, severe early childhood onset retinal dystrophy and Leber
congenital amaurosis (LCA) [9,10]. LCA is one of the most frequent IRDs in childhood char-
acterized by retinal dystrophy that appears commonly before the first year of life [11]. Its
prevalence is in around 1:80,000 people worldwide [12]. It is estimated that between 4 and
16% of all LCA cases are caused by variants of RPE65, which frequency is more prevalent
in Indian and Caucasian populations than in others like the Chinese population [13–16].

Around 15% of all IRD-causing variants affect the pre-mRNA splicing process, leading
to exon elongation, exon skipping, intron retention or pseudoexon insertion [17,18]. Un-
derstanding the splicing defect is particularly relevant since the splicing modulation using
antisense oligonucleotides is a potential therapeutic strategy for these types of variants and
therefore a possible treatment for IRDs [1]. In the case of RPE65, there is already a gene
augmentation approach using adeno-associated viruses on the market (Luxturna® [19]).

Here, we investigated the pathomechanism of the c.11+5G>A variant in RPE65. Us-
ing several models, including patient-derived cells, we were able to conclude that the
c.11+5G>A variant does not cause a splicing defect as was previously thought. Instead, it
reduces the gene expression of RPE65 in a cell-specific manner, highlighting the importance
of using different cellular models to assess the effect of pathogenic variants.

2. Materials and Methods
2.1. Ethical Statement

This study followed the Declaration of Helsinki. Protocol 2018-4516 was approved
from the local ethics committee of Arnhem-Nijmegen, the Netherlands. The patient material
was obtained upon their signed informed consent.

2.2. Cell Lines

The human RPE cell line (ARPE19; ATTC #CRL-2302) and the human telomerase-
immortalized RPE cell line (hTERT-RPE1; ATTC #CRL-4000) were cultured in Dulbecco’s
Modified Eagle medium (DMEM)/Ham’s F12 medium (1:1 v/v) (Sigma-Aldrich, Saint
Louis, MO, USA). Before mixing both mediums, Ham’s F12 was supplemented with
1% of Alanine-Glutamine (Sigma-Aldrich). Human embryonic kidney 293T (HEK293T;
ATTC #CRL-3216) cells were cultured in DMEM. Both DMEM/F12 and DMEMs were
supplemented with 10% fetal calf serum (Sigma-Aldrich), 1% sodium pyruvate (Sigma-
Aldrich) and 1% penicillin-streptomycin (Sigma-Aldrich). The human retinoblastoma
cell line (Weri-Rb1; ATTC #HTB-169) was cultured in Roswell Park Memorial Institute
(RPMI) 1640 Medium (Sigma-Aldrich) supplemented with 15% FCS, 2% HEPES (Sigma-
Aldrich) and 1% penicillin-streptomycin (Sigma-Aldrich). The cells were grown at 37 ◦C
and 5.0% CO2.
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2.3. In Silico Studies

The effect of the c.11+5G>A variant in the Leiden Open Variation Database (LOVD)
was predicted as pathogenic or likely pathogenic. Furthermore, the effect on splicing,
the presence of a non-canonical splice site and near exon aberrant RNA (NEAR) vari-
ants were predicted using the algorithms of SpliceSiteFinder-like (SSFL), MaxEntScan
(MES), NNSPLICE (NSS) and GeneSplicer (SC) software, all of them embedded in the
Alamut Visual software version 2.13 (Interactive Biosoftware, Rouen, France; http://www.
interactive-biosoftware.com (accessed on 28 September 2022)). The SpliceAI prediction
was also conducted indicating “raw” as a score type, and “500 nt” as a maximum distance
(Illumina, San Diego, CA, USA; https://spliceailookup.broadinstitute.org accessed on
28 September 2022).

2.4. Generation of Vectors

All constructs employed in this work were generated using the Gateway cloning
system (Thermo Fisher Scientific, Waltham, MA, USA) [20,21]. To generate the splicing
vectors, the patients’ DNA was used as a template to amplify the RPE65 gene from 5′

UTR to intron 3 using attB-tail primers (Table S1) and cloned inside the entry clone attP-
pDONR™201 plasmid (Invitrogen, MA, USA) following the manufacturer’s instructions.
The PCR reaction was conducted using the Accuprime High Fidelity reaction kit (Thermo
Fisher Scientific) supplemented with 0.3% of DMSO. The PCR conditions were set as
follows: an initial denaturation at 98 ◦C for 30 s, followed by 35 cycles of melting (98 ◦C for
30 s), annealing (58 ◦C for 30 s) and extension (72 ◦C (1 kb/min)), with a final extension
at 72 ◦C for 10 min. To generate the wild-type entry clone, a site-directed mutagenesis
was conducted using the Phusion high-fidelity polymerase kit (Thermo Scientific, MA,
USA) and the mutagenesis primers indicated in Table S1. The site-directed mutagenesis
was conducted according to the manufacturer’s instructions. The parental plasmid was
digested with DpnI (New England Biolabs, Ipswich, MA, USA). The resulting product was
transformed in DH5α competent bacteria. All clones were verified by Sanger sequencing.
Finally, the RPE65 region of interest was introduced in the destination vector pcDNA3 by
an LR-reaction.

To generate the luciferase-reporter assay vectors, both wild-type and mutant entry
vectors were employed to clone the RPE65 sequence into the pGL3-enhancer destination
vector, resulting in the XL luciferase constructs by an LR reaction. All the shorter constructs
(XS, S, M and L) were generated by a site-directed mutagenesis PCR, employing primers
that deleted part of the RPE65 sequence without affecting the rest of the entry vector
sequence (Table S1). To do that, a forward primer presented a tail which is complementary
to the 10 first 5′-end nucleotides of the reverse primer and vice versa. For the XS, construct
primers were designed to keep the transcription start codon in the final plasmid, but the
c.11+5 position was removed. This construct was employed as the control. The PCR
conditions were settled as indicated above for the site-directed mutagenesis. The absence
of undesired mutations was confirmed by Sanger sequencing.

2.5. Midigene Splicing Assays

A total of 400,000 cells of HEK293T, hTERT-RPE1 and ARPE19 were transfected with
the expression vectors or with the entry clones using FuGENE®-HD (Promega, Madison,
WI, USA). For all the transfections, a 3:1 FuGENE®-HD Transfection Reagent:DNA ratio was
maintained and the FuGENE®-HD/DNA mixture was delivered via an Opti-MEM reduced
serum medium (Gibco, Waltham, MA, USA). Two million WERI-Rb1 cells were transfected
following the same FuGENE-HD®:DNA ratio, but the transfection mixture was incubated
for 2 h at 37 ◦C before plating them. In all cases, cells were harvested 48 h after transfection.
Then, cells were subjected to RNA isolation using the NucleoSpin RNA kit (Machery-
Nagel, Allentown, PA, USA). One microgram of the total RNA was retrotranscribed into
cDNA using the kit iSCRIPT (Bio-Rad, Hercules, CA, USA). Both processes were conducted
following the manufacturer’s protocol. Subsequently, the transcripts were amplified by
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a PCR with primers located in exons 1 and 3 of the respective constructs. As a loading
control, ACTB was amplified. All mixtures of the PCR reaction (total 25 µL volume)
contained 50 ng of cDNA plus 0.2 µM of each primer pair, 1 U Taq DNA Polymerase (Roche,
Switzerland), 1X PCR buffer with MgCl2, 1× Q-Solution, 1 mM MgCl2 and 0.2 mM dNTPs
(QIAGEN, Hilden, Germany). The PCR program included a denaturation step of 94 ◦C
for 3 min, followed by 35 cycles of melting (94 ◦C for 30 s), annealing (58 ◦C for 30 s) and
extension (72 ◦C for 1 min) steps, with a final elongation step of 72 ◦C for 10 min. The
primer information is included on Table S1. Finally, the semi-quantification of the different
transcripts was performed using Fiji software (developed by National Institute of Health,
Bethesda MD, USA and LOCI at University of Wisconsin, Madison, WI, USA) [22].

2.6. Luciferase Assays

The different pGL3-enhancer constructs were transfected into HEK293T and hTERT-
RPE1 using FuGENE-HD® Transfection Reagent as previously indicated. The pRL-CMV
Renilla luciferase reported plasmid (Promega) was co-transfected for the internal control of
cell transfection using the Dual-Luciferase reporter assay system kit (Promega), according to
the manufacturer’s instructions. Firefly and Renilla luminescence were measured 48 h after
the transfection using a luminometer (Berthold Sirius Single Tube Luminometer, Berthold
Technologies (Bad Wildbad, Germany)). The Luciferase measurement was performed in
duplicate using 5 µL of the cell lysate. The fold-change induction was estimated as the ratio
of the Firefly between the Renilla average values. The data were normalized against the
XS construct.

2.7. Induced Pluripotent Stem Cell (iPSC) Differentiation into Photoreceptor Precursor
Cells (PPCs)

The SCTCi016-A iPSC line, previously generated and characterized in our lab [23],
carries the c.11+5G>A variant in RPE65 in homozygosity. As a control, we used the iPSC
line generated and characterized at the Stem Cell Technology Center of the Radboudumc
(iPSC15-00001). Both iPSC lines were kept in a culture growth-factor-reduced Matrigel
(Corning) in an Essential 8 Flex medium (Thermo Fisher Scientific). The cells were passaged
as clumps (ratio of 1:5–1:10) every 5–6 days. To obtain photoreceptor precursor cells (PPCs),
the iPSC lines were seeded as single cells in 12-well plates, following the differentiation
protocol previously described [24–27]. On day 29, one of the wells was treated with
100 µg/mL of cycloheximide solution (CHX, Sigma-Aldrich) (+CHX), while the other well
was kept non-treated (-CHX). On day 30, the cells were rinsed with PBS, scraped and
harvested for the RNA analysis.

2.8. Induced Pluripotent Stem Cell (iPSC) Differentiation into RPE Cells

Differentiation from the patient/control iPSCs to the RPE cells (iPSC-RPE) was per-
formed following the protocol of Regent et al., 2019 [28]. The differentiated cells became
more pigmented and were selected and passed to obtain pure RPE cultures. During all
the differentiation processes, the medium was changed every 2–3 days. All experiments
were performed in P3 RPE cells and the experiments were performed in duplicate (inde-
pendent differentiations). One day before harvesting, the RPE cells were treated with either
100 µg/mL or 200 µg/mL of CHX (+CHX 1× or +CHX 2×, respectively), while the other
well was kept non-treated (-CHX).

2.9. Quantitative PCR (qPCR)

The RPE markers were analyzed by qPCR. In this case, the RNA isolation of the iPSCs
(day 0) and RPE cells was performed as described above. Then, one microgram of total
RNA was retrotranscribed employing a SuperScript VILO Master Mix (Thermo Fisher
Scientific) according to the manufacturer’s protocol. A qPCR reaction was conducted using
the GoTaq Real-Time qPCR Master kit (Promega) and the samples were processed in an
Applied Biosystem QuantStudio 5 Digital system. The expression levels of the RPE markers
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were normalized against the housekeeping gene (GUSB). The employed primers are listed
in Table S1. Each sample was normalized against the expression of the housekeeping gene
and compared to the iPSC (day 0) using the 2−(∆∆Ct) method [29].

2.10. Immunochemistry Assays

The P3 iPSC-RPE cells were grown on coverslips. The cells were rinsed with 1× PBS,
fixed in 4% paraformaldehyde for 10 min at 4 ◦C and then permeabilized in PBS sup-
plemented with 1% of Triton X for 5 min at RT. The cells were cleaned in 1× PBS and
subsequently blocked in PBS supplemented with 2% of bovine serum albumin for 30 min
at RT. For the immunostaining, the cells were incubated with the primary antibody diluted
in a 2% bovine serum albumin in 1× PBS for 2 h at RT. The cells were washed 4 times for
5 min in 1× PBS and incubated between 45 and 60 min with the corresponding secondary
antibodies. The cells were washed 3 times for 5 min in 1× PBS. Finally, the slides were
mounted in Vectashield without DAPI (Life Technologies, Carlsbad, CA, USA). The cells
were imaged on a Zeiss Axio Imager Z1 Fluorescent microscope (Zeiss, Aalen, Germany)
and analyzed using Fiji software. The employed antibodies and their combinations were
indicated in Table S2.

2.11. Cell-Size Measurement

Immunochemistry images were analyzed by Wimasis Image analysis (Onimagin
Technologies SCA, Córdoba, Spain). This on-line facility estimated the number of nuclei
and the cell area of three independent staining for the control and patient iPSC-RPE cells.
The data were subsequently employed for the calculating of the mean of each staining first,
and then the average of the control and patient iPSC-RPE.

2.12. Western Blot

The P3 iPSC-RPE cells were harvested and homogenized in 150 µL of RIPA buffer
(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% Sodium deoxycholate
and 1 mM EDTA) supplemented with proteinase inhibitors (cOmpleteTM ULTRA tablets;
Roche, Basel, Switzerland). The protein concentrations were quantified using the BCA
Protein Assay Kit (Thermo Scientific) according to manufacturer’s instructions. A total of
35 µg of protein from the control and patient-derived RPE cells was diluted in NuPage
loading buffer with 10% of DTT (Invitrogen, Waltham, MA, USA) and run in 4–15% MINI-
protean TGX Stain-free gel (#4568084, Bio-Rad) at 200 V for 37 min. The proteins were
transferred to a nitrocellulose membrane (trans-blot Turbo transfer pack, Bio-Rad) by using
the Trans-blot turbo transfer system (Bio-Rad), according to the manufacturer’s recommen-
dations. The membranes were blocked with a WestVisionTM diluent (Vector Laboratories,
Newark, CA, USA) for 1 h at room temperature (RT) and subsequently incubated with the
primary antibodies (Table S3) overnight at 4 ◦C. After that, the membranes were washed
3 times with PBS 0.1% Tween-20 for 5 min, incubated with a secondary antibody (Table S3)
for 1 h at RT and then washed 3 times in PBS with 0.1% Tween-20 for 5 min. The blots were
developed in the Odyssey Imaging System (Li-Cor Biosciences, Lincoln, NE, USA). The
detected bands were semi-quantified using Fiji Software [22]. The band’s quantification
was conducted twice in each replicate and the values were normalized against Histone H3.

2.13. Immunoprecipitation

The control iPSC-RPE cells were lysed in 200 µL of ice-cold RIPA lysis buffer sup-
plemented with proteinase inhibitors by cell scraping. Once the protein was isolated, its
concentration was measured by BCA as indicated previously. Thirty-five micrograms of
the total lysate were reserved for the Western blot analysis, performed as described in a
previous section. The remained lysate was incubated with the primary antibody against
RPE65 (Table S3) overnight on a rotating wheel at 4 ◦C. A total of 40 µL of Protein A/G
PLUS-Agarose beads (Santa Cruz technologies, TX, USA) were washed in a cold RIPA
buffer to conduct a pre-clearing of the lysate (1 h on a rotating wheel at 4 ◦C) and the
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subsequent incubation (2 h on a rotating wheel at 4 ◦C). After that, the input samples
were collected and the beads were cleaned 3 times for 5 min in a cold RIPA buffer to be
finally resuspended in 50 µL of loading buffer (1× loading dye, 100 mM DTT, diluted
RIPA buffer). From them, 45 µL of the sample were loaded in NuPAGE 4–12% BisTris gel
(Life Technologies). Then, the gel was rinsed with deionized water 3 times for 5 min at
room temperature to be subsequently stained with SimplyBlue SafeStaining (Invitrogen)
for 1 h at RT with gentle shaking. The bands of interest were cut and stored at −20 ◦C for
a subsequent proteomics analysis. The remained 5 µL of the sample obtained from the
immunoprecipitation protocol were analyzed by a standard Western blot.

2.14. In-Gel Digestion and Proteomic Analysis

The digestion for the cut bands to isolate the protein for the mass spectrometry
analysis was based on a previous publication [30]. Briefly, the bands were excised in small
fractions to remove the excess of the gel. Then, the gel pieces were washed, and neat
acetonitrile was added to shrink the pieces. After discarding the supernatant, the samples
were reduced using 10 mM of DTT for 30 min and subsequently alkylated with 50 mM of
2-chloroacetamide for 30 min in the dark. The samples were washed again and digested
overnight using trypsin (Promega). The samples were diluted in miliQ with 0.1% FA before
the injection.

The samples were injected into a nano-HPLC (nanoElute, Bruker Daltonics, Billerica,
MA, USA) with a one-column separation coupled to a timsTOF Pro 2 (Bruker Daltonics).
The instrument was equipped with the CaptiveSpray source (Bruker Daltonics). The sam-
ples were separated by liquid chromatography using a C18 analytical column (nanoElute
FIFTEEN, Bruker Daltonics, 150 mm length, 75 µm I.D, 1.9 µm particle size) at 45 ◦C with
a flow rate of 500 nL/min. The liquid phase consisted of water (Buffer A) or acetonitrile
(Buffer B) supplemented with 0.1% formic acid (Biosolve, Valkenswaard, the Netherlands)
and 0.01% trifluoroacetic acid (Sigma Aldrich). A linear gradient was used from 5 to 43%
buffer B in 25 min. TimsTOF pro 2 was operated in positive (Parallel Accumulation-Serial
Fragmentation) PASEF mode. MS and MS/MS spectra were acquired with a mass range of
300–1800 m/z, with a mobility range of 0.6–1.8 K0 and with a ramp and accumulation time
of 100 ms. The data-dependent acquisition was performed using 10 PASEF MS/MS scans
per cycle with a 100% duty cycle, a prepulse storage time of 12.0 µs and a transfer time of
60 µs. An active exclusion time of 0.4 min was applied as well as precursors that reached
20,000 intensity units. The collision cell RF was set to 1500 Vpp and the collision energy
was ramped as a function of the ion mobility.

2.15. Analysis of Proteomic Data

The LC-MS/MS datasets were converted to mascot generic files (MGF) using an in-
house script in DataAnalysis (Bruker Daltonics v5.3). The analysis of the MGF files was done
by using MSFragger (v3.4, Nesvilab, Ann Arbor, MI, USA; https://msfragger.nesvilab.org/
accessed on 28 September 2022) coupled to the interface Fragpipe (v17.1, Nesvilab). For
all the searches, a database of the protein sequence of reviewed human protein was used
(Uniprot, 20,361 entries). A decoy database was generated and added to this database. The
precursor mass tolerance and fragment mass tolerance were set to 20 ppm. The tryptic
cleavage specificity was set with a maximum of 2 missed cleavages. The variable modifica-
tions were set for methionine oxidation, protein N-terminal acetylation, phosphorylation
and pyroglutamate. The fixed modifications were set for carbamidomethyl cysteine modi-
fications. The allowed peptide length is 4–50 residues and 500–5000 Da. PeptideProphet
in Philosopher (v4.1.1, Nesvilab) was set in closed search settings for peptide-spectrum
matches (PSM) filtering. A label free quantification was run with IonQuant (v1.7.17, Nesvi-
lab) with a false discovery rate (FDR) of 1% for both the peptides and proteins. The ion
mobility tolerance was set for 0.05 1/k0 and normalize was enabled. The processed data
were exported to Microsoft Excel for a visualization.

https://msfragger.nesvilab.org/
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2.16. PACBIO Long-Read Genome Sequencing and Analysis

Amplicon libraries were prepared based on PacBio’s protocol “Procedure & Check-
list—Preparing SMRTbell libraries using PacBio Barcoded Adapter for multiplex SMRT Se-
quencing” (PACBIO, Pacific Biosciences, Menlo Park, CA, USA). Then, the binding be-
tween the sequence primer and polymerase was based on the recommendations in SM-
RTlink v8.0 (PACBIO; https://www.pacb.com/support/software-downloads/ accessed
on 28 September 2022).

The data analysis was conducted as follows: small variant (SNV and indel) calling
was performed using Google DeepVariant v1.1 (https://github.com/google/deepvariant
accessed on 28 September 2022) [31] and WhatsHap v1.1 (https://github.com/whatshap/
whatshap accessed on 28 September 2022) [32]. The variant comparison between the
samples was performed using VCFTools v0.1.13 [33] across both the genome and exome
(including splice sites). The analysis of the structural variants was conducted by utilizing a
joint calling on PBSV v2.4.0 (Pacific Biosciences, Menlo Park, CA, USA; https://github.com/
PacificBiosciences/pbsv accessed on 28 September 2022) and retaining the ‘PASS’ calls.

2.17. Statistical Studies

GraphPad Prism 9.0 software (GraphPad, San Diego, CA, USA) was employed for the
statistical analysis. The Luciferase-reporter assays are represented as the mean ± standard
deviation (SD). The data were normalized against the XS construct. The differences between
the wild-type and mutant constructs were assessed by a one-way ANOVA test followed
by a Bonferroni correction. p-values equal to or smaller than 0.005 were considered to be
statistically significant. Differences in the size between the control iPSC-RPE and patient
iPSC-RPE were assessed by a two sample t-test after Welch’s correction; p-values equal to
or smaller than 0.005 were considered to be statistically significant.

3. Results
3.1. The c.11+5G>A Variant of RPE65 Results in Exon Elongation In Vitro

We selected the c.11+5G>A due to its high recurrence and prevalence (87 alleles
reported and third most prevalent variant according to the LOVD database, last access
24 August 2022). In LOVD, this variant is classified as pathogenic or likely pathogenic, espe-
cially with a recessive inheritance. This designation was based on the genetic classification
of the American college of medical genetics (AMCG) criteria. In our in silico analysis, two
of the algorithms (SSFL and GS) in Alamut visual predicted a loss of the canonical splice
donor site of exon 1, while the other two algorithms (MES and NNA) showed a dramatic
reduction in the score (Figure 1). A cryptic splice donor site located 124 nt downstream
was foreseen by one of the algorithms with similar scores as the mutated original splice
donor site. This prediction was validated by using SpliceAI, which delta score also showed
a reduction in the canonical splice donor site and an increment of the value of the cryptic
donor site located at 124 nt downstream from it (Figure 1). Altogether, these in silico studies
pointed towards a potential splicing defect in exon 1, namely with a 124 nt exon elongation.

To demonstrate whether this variant altered the splicing, we designed a midigene splic-
ing assay. Midigenes have been very useful to predict splicing defects in other genes [34,35].
However, these midigenes are flanked by reporter exons that contribute to facilitate the
detection. Since the variant of the study was in exon 1, we cloned the genomic region of
RPE65 from the 5′ UTR to intron 3 in a pcDNA3 vector under the control of a CMV promoter.
Thus, the insert will be transcribed and the splicing can be assessed by RT-PCR upon a
transfection in conventional cells. The splicing was assessed in four different human cell
lines: HEK293T, Weri-Rb1, ARPE-19 and hTERT-RPE1. In all cell lines, with the exception
of Weri-Rb1, the presence of the variant resulted in an exon elongation (Figure 2A) as
predicted in silico. Sequencing analysis revealed a 124 nt exon elongation, resulting in an
out-of-frame transcript, with a premature stop codon and therefore potentially degraded
by a nonsense-mediated decay (NMD).

https://www.pacb.com/support/software-downloads/
https://github.com/google/deepvariant
https://github.com/whatshap/whatshap
https://github.com/whatshap/whatshap
https://github.com/PacificBiosciences/pbsv
https://github.com/PacificBiosciences/pbsv
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Figure 1. In silico splice-site predictions for the c.11+5G>A variant of RPE65 by Alamut 2.13.
Schematic representation of the RPE65 gene and enlargement of the exon 1 and intron 1 for both the
wild-type sequence and for the c.11+5G>A variant. Four in silico predictions of different algorithms
are indicated below each sequence. The blue triangles indicated the position of splice donor sites,
which are separate 124 nt. In red, the nucleotide on position c.11+5 is indicated. In green, the
prediction by SpliceAI (delta score). SSFL, SpliceSiteFinder-like; MES, MaxEntScan; NNS, NNSPLICE
and GS, GeneSplicer.
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gel (n = 2) of the RT-PCR product after amplifying exon 1 to 3 of RPE65 comparing wild-type (WT)
and mutant (MUT) expression vectors. NT: non-transfected. (B) Representative gel of the RT-PCR
of control (CON) and patient-derived (PAT) iPSC and photoreceptor precursor cells (PPCs). Cells
were grown in absence (−CHX) or presence of cycloheximide (+CHX). (C) Representative gel of
the RT-PCR of control (CON) and patient-derived (PAT) RPE cells. The cells are untreated (NT),
treated with the normal amount of cycloheximide (+CHX 1×) or the double amount of cycloheximide
(+CHX 2×). ACTB amplification was used as loading control. MQ: milliQ water; EL: exon-elongation;
correct: wild-type transcript; bp: base-pairs.

3.2. The c.11+5G>A Variant-Mediated Splicing Defect Is Less Noticeable in Patient-Derived iPSCs
and Photoreceptor Precursor Cells

To gain full insights into the molecular context, patient-derived cells were repro-
grammed to induced pluripotent stem cells (iPSCs). This line, which harbors the variant
c.11+5G>A in homozygosis, was fully characterized previously [23], and was used to
generate photoreceptor precursor cells (PPCs). These patient-derived models allowed the
study of the possible NMD effect by inhibiting this process by adding cycloheximide (CHX)
to the medium. In both, the 124 nt exon elongation transcript was also detected in the
patient-derived cells (Figure 2B). As expected, this out-of-frame transcript is degraded
by NMD as the detection increases upon a CHX exposure. Besides that, in iPSCs, the
correct amplicon was also not detected in the absence of CHX, which could be explained
by a limitation in the detection due to the very low expression of RPE65 in this cell type.
Remarkably, however, the levels of the exon elongation in these models were too low to
explain a pathogenic mechanism in a recessive disorder, as the wild-type product was
clearly more than 50%.

3.3. The Variant c.11+5G>A reduces mRNA Expression Resulting in RPE65 Absence in
RPE Cultures

To study this observation in more detail, we used the patient-derived iPSC line to
generate the RPE cells, in which RPE65 is highly expressed. In contrast to previous results,
the aberrant transcript with the 124 nt exon elongation was barely detected (Figure 2C).
Intriguingly, however, the expression levels of the wild-type RPE65 transcript were much
lower compared to the control RPE cell line, even after inhibiting NMD. These results
were consistent in several regions of RPE65 cDNA that were amplified (Figure 3). Con-
trarily, no differences were observed when BEST1, another RPE-specific transcript, was
amplified (Figure 3).

To further characterize these RPE cells, we assessed the expression of RPE markers
(RPE65, BEST1 and EZRIN) at the protein level by immunohistochemistry (ICC) in both
the control and patient-derived RPE (Figure 4). No differences between BEST1 and EZRIN
staining were detected between the control and patient-derived RPE cells. However, the
patient-derived RPE did not show staining for the RPE65 protein, while a clear signal
was observed in the control-derived RPE cells (Figure 4), which was in line with the RNA
analysis. Next, we assessed the protein levels by Western blot (Figure 5). The RPE65
protein was only detected in the control-derived RPE, but not in the patient-derived RPE
cells (Figure 5A,B), confirming the absence of detectable levels of the RPE65 protein in
the patient-derived RPE cells. No differences were observed for MERTK, which was used
as a RPE marker (Figure 5A,C). These results are also in line with the RNA analyses in
which the RPE markers did not show differences, and the RPE65 levels were dramatically
decreased (Figure 6A).

Surprisingly, a prominent protein of about 35 kDa was also detected by Western
blot (Figure 5A). This band was also detected in the RPE65 positive control (bovine RPE),
although its intensity in both the control and patient-derived RPE was significantly higher.
To elucidate the nature of this band, an immunoprecipitation assay using the RPE65
antibody was conducted in fresh control RPE cells, followed by a proteomic analysis.
After applying the filtering steps and removing the epidermal/keratin proteins or broadly
expressed proteins detected for both bands, the analysis showed 13 out of 91 proteins were
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left as suitable candidates for the ~35 kDa unknown protein. From these, only two proteins,
GTR1 and ALDOC, have a specific expression in the retina, but only ALDOC was detected
in the input of the ~35 unknown kDa protein band (Table S4), albeit at low levels. Another
possibility could be that this ~35 kDa protein corresponds with a previously non-identified
isoform of RPE65, or a processed RPE65 protein. When analyzing the peptides sequences,
this analysis suggests that this is not the case due to the broadly, but not continuous,
distribution of the peptide coverage along the RPE65 peptide sequence (Figure S1).

As mentioned before, the gene expression analysis of the RPE-specific markers by
RT-PCR (BEST1, Figure 3) or qPCR (BEST1, MERTK and DCT, Figure 6A), as well as
the detection of the RPE specific proteins by ICC (EZRIN, BEST1, Figure 4) or Western
blot (MERTK, Figure 5), did not show differences between the control and patient cells,
indicating comparable differentiation stages. Despite these molecular results, we observed
some consistent discrepancies between both RPE lines. First, the intensity of the cell
pigmentation of the patient-derived RPE was less than the control line at the same time
point (Figure 6B). Even when the cells were cultured for longer times, these cells never
became as pigmented as the control lines. In addition, the patient-derived RPE cells seemed
to be bigger in size than the control-derived RPE cells. This was visible in bright-field
microscopy and in ICC by staining with ZO-1, a tight junction marker (Figures 4 and 6B,C).
To confirm this observation in a quantitative manner, we measured the area of the cells
delimited by the ZO-1 staining (tight junctions). The results indicated that the patient-
derived RPE cells were 1.5 times bigger than the control-derived RPE cells.
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Figure 3. RT-PCR analysis in iPSC-derived RPE cells. Different regions of RPE65 were amplified in
non-treated RPE cells (NT) and RPE cells upon treating the cells with the normal dose (+CHX 1×) or
double dose (+CHX 2×) of cycloheximide for both the control (CON) and patient (PAT RPE cells. All
amplicons showed RPE65 reduction in PAT RPE. * indicates primer dimers. BEST1 was used as RPE
marker detection and ACTB was used as a loading control. MQ: milliQ water; EL: exon-elongation;
correct: wild-type transcript; bp: base-pairs.
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detection of RPE65, which expected size is 65 kDa. Bovine control (BOV-CON) was employed as a
positive control. The lower panel represent HISTONE H3, which was used as loading control. Of note,
MERTK and HISTONE H3 antibodies do not react with the bovine protein. (B) Quantification (n = 2) of
the two bands detected on the middle panel (RPE65). Patient RPE cells present a significant reduction
in RPE65 protein amount in comparison with the control RPE cells. There were no differences for
the levels of the ~35 kDa protein levels. (C) Quantification (n = 2) of the protein levels of the RPE
marker MERTK. Statistically differences by one-way ANOVA test are indicated as **** p < 0.00001 or
ns: not-significant.
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Figure 6. Characterization of the RPE differentiation. (A) Gene expression profile at the end of
the differentiation process. P3 RPE cells were compared to iPSCs (day 0 of differentiation). The
differentiation into RPE is observed by the expression levels of BEST1, MERTK, RPE65 and DCT.
(B) Bright-field image of the control (CON) and patient (PAT)-derived RPE at P3. Pigmentation is
clearly observed in the CON RPE line. Scale bar represents 2 µm. (C) On the left panels, representative
immunocytochemical images stained for ZO-1 (in green) which marks the tight junctions. Scale bar
indicates 20 µm. On the right panel, scatter plot of the cell area (µM2) of every quantified cell based
on the ZO-1 staining pictures using Wimasis Image analysis software. The average size for control
and patient RPE cells is represented by a black line. Statistically differences by two sample T-test are
indicated as **** p < 0.00001.
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3.4. Long-Read Genome Sequencing Does Not Point Other Causative Variant in The
Patient-Derived DNA

Given the low expression of RPE65 at the RNA level and the differences observed
also in the iPSCs and PPCs, we performed long-read PacBio sequencing to discard any
possible rearrangement that could explain the different results observed in the different
lines. We sequenced the patients’ DNA obtained from the blood and DNA obtained from
the iPSCs cells. The obtained results discarded any possible rearrangement due to the
reprogramming of the cells [23]. We also assessed the region of interest and we could not
detect any deletion, insertion or other type of rearrangement. We noticed that no SNPs
were present in heterozygosis in the entire region, however, the coverage of RPE65 was
comparable to other genes and other sequenced samples, discarding a potential deletion
(data not shown). Overall, we could not identify any other possible genetic cause that could
explain the reduction in the expression of RPE65.

3.5. The c.11+5G>A Variant-Mediated mRNA Expression Reduction Is Cell-Context Dependent

Lastly, to confirm the effect of the c.11+5G>A variant in the gene expression using an
alternative method, we generated different luciferase reporter constructs. These vectors
had different lengths and included the 339 nt upstream region of RPE65 prior to the
5′UTR region (Figure 7A). To assess the activation of the expression, these constructs were
transfected into HEK293T and hTERT-RPE1 cells. The studies in HEK293T cells revealed
no differences between the wild-type and mutant reporter vectors for all the constructs
tested (Figure 7B). However, in the hTERT-RPE1 cells, all the mutant constructs presented a
consistent and significant reduction in the luminescence in comparison with the wild-type
condition (Figure 7C), indicating that the variant has a detrimental effect on the regulation
of the expression of RPE65 in an RPE-specific context. The fact that this effect was observed
in all constructs supports the hypothesis that this downregulation is triggered by the
c.11+5G>A variant.
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upstream region from the exon 1. (B,C) are a comparison of the average fold-induction between the
wildtype transcripts (WT) and the ones harboring the mutation (MUT) in HEK-293T (B) and hTERT-
RPE1 (C) (n = 4). Each bar represents the mean value in percentage ± SD. Statistical differences with
respect the negative control (XS construct) by one-way ANOVA test are indicated as * p < 0.05 and
** p < 0.01 or ns: not-significant.

To further validate these results, entry clones (which only include the endogenous
RPE65 promoter) were transfected into different cells lines (HEK293T, ARPE19, hTERT-
RPE1 and Weri-Rb1) to study the differences in the expression levels. In line with previous
observations, only the HEK293T cells present similar levels in the wild-type transcript
between wild-type and mutant entry clones, while the rest of the cell lines (which had a
retinal origin) showed reduced levels of the expression of the wild-type transcript after
transfecting the mutant entry vector. In addition to that, only the HEK293T cells trans-
fected with the mutant entry vector showed the out-of-frame 124 nt transcript, which is
indiscernible from the other cell lines transfected with the same plasmid (Figure S2).

4. Discussion

In recent years, the importance of variants affecting pre-mRNA splicing as the cause
of retinal disorders has been recognized [36–39]. These usually lead to aberrant transcripts
with detrimental effects on the protein levels and, therefore, the cell function [40]. However,
evidence is also emerging that splicing defects can occur in a tissue- or even cell-type
manner [41,42]. In addition, bioinformatic splicing predictions are not always accurate,
highlighting the importance of studying potential splicing-affecting variants in the relevant
model systems.

In the present work, we investigated an intronic variant classified as pathogenic or
likely pathogenic that, according to the in silico predictions, would have an effect on
the splicing. Unexpectedly, our results indicated that this effect is highly dependent on
the molecular and cellular context. Employing the midigene systems, iPSC or PPCs, we
observed an exon elongation of 124 nt as predicted in silico in part of the transcripts, while
in the RPE cells, in which RPE65 is endogenously expressed, this variant resulted in a
significant reduction in the gene’s expression. In all cases, the wild-type transcript was still
detectable by RT-PCR. These results suggest that both the splicing defect and the alteration
in expression do not have a fully penetrant effect, at least under the conditions tested in
this work. This has been already observed for several other variants, in which the splicing
defect was present in the majority but not in all of the transcripts [25,27].

A role of intron 1 of RPE65 in the regulation of the gene has been suggested, but only
poorly investigated [43,44]. According to Boulanger and colleagues, the c.11+5G>A variant
is placed in a regulatory region that, in mice, accounts for a tissue-specific expression in
the RPE [43]. In humans, the current knowledge about this region is even more limited.
Recently, the presence of cis-regulatory elements in the upstream region (from 5′UTR
to intron 4) of human RPE65 were described. Interestingly, these elements are found
only in the RPE/choroid tissue rather than the entire retina [45], supporting cell-specific
consequences when they are affected. Despite that, to our knowledge, there is not any other
study about how these elements regulate the expression of RPE65 in humans. Therefore,
either the disruption of an enhancer or the activation of a silencer by the c.11+5G>A variant
could explain the expression defect observed in our study, and further research is still
needed to elucidate the exact mechanism.

Previously, it has been reported that some RPE65 missense variants (c.200T>G and
c.430T>C), with no predicted effect in splicing, lead to a reduction in the expression of the
mRNA of RPE65 and barely detectable levels of the RPE65 protein in ICC [46]. However,
no differences in cell size nor in the pigmentation levels were reported. We did not detect
any RPE65 protein at all, and also observed clear differences in the pigmentation and
cell size, despite the fact that selected differentiation markers showed equal expression
levels at the RNA and/or protein level. These differences might be related to the severity
of the variant and the total lack of the RPE65 protein. According to the literature, the
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pigmentation of iPSC-RPE can correlate to the maturation of the RPE [47]. Taking this
assumption into account, we hypothesize that our patient iPSC-RPE cells could be less
mature, despite being equally differentiated, than the control iPSC-RPE cells. In fact, the
maturity of the RPE has been reported to affect not only the pigmentation [48] but also the
morphology [49]. However, the maturation molecular signature of the iPSC-derived RPE
has not been clearly established and there is still no consensus about the culture duration
to obtain maturity in vitro [47]. In addition, the qPCR analysis of the RPE markers did not
show statistical differences between our control and the patient line (Figure 6A), and this
was also confirmed by ICC (Figure 4) and Western blot (MERTK, Figure 5). Therefore, the
role of RPE65 in the maturation of the RPE and its effects at functional levels remain unclear
and need to be further investigated. Independently of this, the absence of RPE65 will
likely have a tremendous impact on the visual cycle. In this pathway, RPE65 is responsible
for the conversion of all-trans-retinyl esters into 11-cis-retinal and free fatty acids. The
disruption of this step would result in the toxic accumulation of all-trans-retinyl esters, as
was previously reported in animal models [50]. In vivo, Sheridan et al. showed that RPE65
not only enables the formation of 11-cis-retinal but also facilities the availability of esters to
be converted back to all-trans-retinol [50]. It is unclear yet whether it would be possible
to observe defects in this pathway in iPSC-derived RPE, as only part of the pathway is
represented in this cellular model.

In this study, we demonstrate the absence of RPE65 in our patient-derived RPE line
by ICC and Western blot. In the latter, a band of ~35 kDa was detected in a high intensity
both in the control and patient-derived RPE. This band did not match with any of the
protein products from the RPE65 cleavage, which results in two proteins of 45 kDa and
20 kDa [51]. In addition, the epitope of the employed antibody is unknown, but previous
reports studying known RPE65 epitopes suggested that some visual cycle proteins could be
also detected [52]. Thus, in order to identify the nature of this ~35 kDa band, we conducted
a proteomic analysis, which determined that this band was not related to RPE65. From the
13 suitable candidates, only ALDOC has been described in a retinal context. The expression
in the retina of this glycolytic enzyme shows a good correlation with oxidative stress,
reflecting the developmental and nutritional status of the tissue [53]. ALDOC is therefore a
good candidate to explain this band, however, as we lack the entire 3D tissue context and
corresponding interactions, we cannot discard other proteins which are not considered to
be top candidates. Indistinctly of these results, the ~35 kDa band was detected at equal
levels in both the control and patient-derived RPE cells, indicating that the pathogenic
variant or lack of the expression of RPE65 did not have a significant effect on it.

Identifying and understanding the pathomechanism of genetic variation is crucial to
develop therapeutic approaches. While for RPE65, a therapeutic approach (Luxturna®)
based on a viral delivery is available, this is not the case for almost all IRD subtypes. Alter-
native approaches, in which the gene size is not limiting, are being developed. In particular,
for defects caused by (deep-)intronic variants leading to splicing defects, antisense oligonu-
cleotides have shown promising results at preclinical and, in some cases, also at clinical
levels: CEP290 [54–60], ABCA4 [25,26,61,62], USH2A [63], OPA [64] or CHM [65]. Thus, it is
important to identify the contribution to diseases of (deep-)intronic variants to ensure that
proper treatments are developed. The use of different models along this study has allowed
for the understanding of the main effect of the variant and its possible consequences with
regard to the development of disease. We and others have shown how (deep-)intronic
variants can lead to multiple outcomes depending on the model used [25,27,66]. Therefore,
when possible, the closest cellular model to the real situation in vivo should be employed
to study the effect of (deep-)intronic variants.

In summary, this work provides evidence that the homozygous c.11+5G>A variant in
RPE65 leads to a significant decrease in the expression in an RPE-specific context. Directly
or indirectly, this seems to cause a delay in maturation, however, the mechanism remains
unclear. Furthermore, our study also highlights the importance of choosing the relevant
model systems to investigate potential splicing defects. The choice of the model, when
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possible, should be based on the most similar cell type to the one of where the gene of
interest is expressed, to have a reliable understanding to what may happen in vivo.
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//www.mdpi.com/article/10.3390/cells11223640/s1, Table S1: List of primers employed in this
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the 65 kDa band; Figure S2: RT-PCR from exon 1 to 3 of the RPE65 entry clones in different cell lines.

Author Contributions: Conceptualization, R.W.J.C., S.R. and A.G.; methodology, I.V.-D., L.D., Z.F.,
E.C.W.A., M.A.P., E.M.v.O., M.K., A.D.M.H. and A.G.; software, M.A.P., L.O., C.G. and S.R.; validation,
I.V.-D., L.D., M.A.P. and A.G.; formal analysis, I.V.-D. and M.A.P.; investigation, I.V.-D., L.D., Z.F.,
E.C.W.A., M.A.P., E.M.v.O., M.K., A.D.M.H. and A.G.; resources, M.A.P., L.O., L.K., H.Y.K., C.G.
R.W.J.C., S.R. and A.G.; data curation, I.V.-D., L.D., Z.F., E.C.W.A., M.A.P., L.O., C.G. and A.G.;
writing—original draft preparation, I.V.-D., R.W.J.C. and A.G.; writing—review and edit-ing, I.V.-D.,
L.D., Z.F., E.C.W.A., M.A.P., E.M.v.O. L.O., M.K., L.K., A.D.M.H., H.Y.K., C.G., F.P.M.C., R.W.J.C., S.R.
and A.G.; project administration: I.V.-D. and A.G.; supervision, C.G., F.P.M.C., R.W.J.C., S.R. and
A.G.; funding acquisition, F.P.M.C., R.W.J.C., S.R. and A.G. All au-thors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Foundation Fighting Blindness USA Project Program
Award, grant no. PPA-0517–0717-RAD (to F.P.M.C., R.W.J.C., S.R. and A.G.). Proteomic studies were
supported the NWO ZonMw medium investment grant no. 9118025. The funding organizations
provided unrestricted grants and had no role in the design or conduct of this research.

Institutional Review Board Statement: This study was conducted according to the Declaration of
Helsinki and it was approved by the CMO regio Arnhem-Nijmegen and local ethics committee of
Radboud University Medical Center in Nijmegen, the Netherlands (CMO-light) (identification code
of the approval document 2018-4516 on 15 August 2018).

Informed Consent Statement: Informed consent was obtained prior to collecting the patient material
employed in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Saskia van der Velde-Visser for DNA sample
preparation, and the Radboudumc Stem Cell Technology Center and the Radboud Technology Center
of Microscopy for technical support. We also thank Giuliana Gagliardi and Hans Wessels for fruitful
discussions and advice, and Zelia Corradi for her help with SpliceAI analysis. The Graphical abstract
was made using BioRender.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vazquez-Dominguez, I.; Garanto, A.; Collin, R.W.J. Molecular Therapies for Inherited Retinal Diseases-Current Standing,

Opportunities and Challenges. Genes 2019, 10, 654. [CrossRef] [PubMed]
2. Sohocki, M.M.; Daiger, S.P.; Bowne, S.J.; Rodriquez, J.A.; Northrup, H.; Heckenlively, J.R.; Birch, D.G.; Mintz-Hittner, H.; Ruiz,

R.S.; Lewis, R.A.; et al. Prevalence of mutations causing retinitis pigmentosa and other inherited retinopathies. Hum. Mutat.
2001, 17, 42–51. [CrossRef]

3. Strauss, O. The retinal pigment epithelium in visual function. Physiol. Rev. 2005, 85, 845–881. [CrossRef] [PubMed]
4. Tombran-Tink, J.; Shivaram, S.M.; Chader, G.J.; Johnson, L.V.; Bok, D. Expression, secretion, and age-related downregulation of

pigment epithelium-derived factor, a serpin with neurotrophic activity. J. Neurosci. 1995, 15, 4992–5003. [CrossRef]
5. Hollyfield, J.G.; Varner, H.H.; Rayborn, M.E. Regional variation within the interphotoreceptor matrix from fovea to the retinal

periphery. Eye 1990, 4 Pt 2, 333–339. [CrossRef] [PubMed]
6. Mazzoni, F.; Safa, H.; Finnemann, S.C. Understanding photoreceptor outer segment phagocytosis: Use and utility of RPE cells in

culture. Exp. Eye Res. 2014, 126, 51–60. [CrossRef] [PubMed]
7. Marlhens, F.; Bareil, C.; Griffoin, J.M.; Zrenner, E.; Amalric, P.; Eliaou, C.; Liu, S.Y.; Harris, E.; Redmond, T.M.; Arnaud, B.; et al.

Mutations in RPE65 cause Leber’s congenital amaurosis. Nat. Genet. 1997, 17, 139–141. [CrossRef]
8. Cai, X.; Conley, S.M.; Naash, M.I. RPE65: Role in the visual cycle, human retinal disease, and gene therapy. Ophthalmic Genet.

2009, 30, 57–62. [CrossRef]

https://www.mdpi.com/article/10.3390/cells11223640/s1
https://www.mdpi.com/article/10.3390/cells11223640/s1
http://doi.org/10.3390/genes10090654
http://www.ncbi.nlm.nih.gov/pubmed/31466352
http://doi.org/10.1002/1098-1004(2001)17:1&lt;42::AID-HUMU5&gt;3.0.CO;2-K
http://doi.org/10.1152/physrev.00021.2004
http://www.ncbi.nlm.nih.gov/pubmed/15987797
http://doi.org/10.1523/JNEUROSCI.15-07-04992.1995
http://doi.org/10.1038/eye.1990.45
http://www.ncbi.nlm.nih.gov/pubmed/2199241
http://doi.org/10.1016/j.exer.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/24780752
http://doi.org/10.1038/ng1097-139
http://doi.org/10.1080/13816810802626399


Cells 2022, 11, 3640 17 of 19

9. Miraldi Utz, V.; Coussa, R.G.; Antaki, F.; Traboulsi, E.I. Gene therapy for RPE65-related retinal disease. Ophthalmic Genet. 2018, 39,
671–677. [CrossRef]

10. Stenson, P.D.; Mort, M.; Ball, E.V.; Evans, K.; Hayden, M.; Heywood, S.; Hussain, M.; Phillips, A.D.; Cooper, D.N. The Human
Gene Mutation Database: Towards a comprehensive repository of inherited mutation data for medical research, genetic diagnosis
and next-generation sequencing studies. Hum. Genet. 2017, 136, 665–677. [CrossRef]

11. Cremers, F.P.; van den Hurk, J.A.; den Hollander, A.I. Molecular genetics of Leber congenital amaurosis. Hum. Mol. Genet.
2002, 11, 1169–1176. [CrossRef] [PubMed]

12. Tsang, S.H.; Sharma, T. Leber Congenital Amaurosis. In Advances in Experimental Medicine and Biology; Springer: Cham,
Switzerland, 2018; Volume 1085, pp. 131–137. [CrossRef]

13. Huang, C.H.; Yang, C.M.; Yang, C.H.; Hou, Y.C.; Chen, T.C. Leber’s Congenital Amaurosis: Current Concepts of Genotype-
Phenotype Correlations. Genes 2021, 12, 1261. [CrossRef] [PubMed]

14. Morimura, H.; Fishman, G.A.; Grover, S.A.; Fulton, A.B.; Berson, E.L.; Dryja, T.P. Mutations in the RPE65 gene in patients
with autosomal recessive retinitis pigmentosa or leber congenital amaurosis. Proc. Natl. Acad. Sci. USA 1998, 95, 3088–3093.
[CrossRef] [PubMed]

15. Janecke, A.R.; Verma, A.; Perumalsamy, V.; Shetty, S.; Kulm, M.; Sundaresan, P. Mutational Screening of LCA Genes Emphasizing
RPE65 in South Indian Cohort of Patients. PLoS ONE 2013, 8, e73172. [CrossRef]

16. Chen, Y.; Zhang, Q.; Shen, T.; Xiao, X.; Li, S.; Guan, L.; Zhang, J.; Zhu, Z.; Yin, Y.; Wang, P.; et al. Comprehensive mutation analysis
by whole-exome sequencing in 41 Chinese families with Leber congenital amaurosis. Investig. Ophthalmol. Vis. Sci. 2013, 54,
4351–4357. [CrossRef] [PubMed]

17. Liu, M.M.; Zack, D.J. Alternative splicing and retinal degeneration. Clin. Genet. 2013, 84, 142–149. [CrossRef]
18. Aisa-Marin, I.; Garcia-Arroyo, R.; Mirra, S.; Marfany, G. The Alter Retina: Alternative Splicing of Retinal Genes in Health and

Disease. Int. J. Mol. Sci. 2021, 22, 1855. [CrossRef]
19. Ciulla, T.A.; Hussain, R.M.; Berrocal, A.M.; Nagiel, A. Voretigene neparvovec-rzyl for treatment of RPE65-mediated inherited

retinal diseases: A model for ocular gene therapy development. Expert Opin. Biol. Ther. 2020, 20, 565–578. [CrossRef]
20. Katzen, F. Gateway® recombinational cloning: A biological operating system. Expert Opin. Drug Discov. 2007, 2, 571–589.

[CrossRef]
21. Reece-Hoyes, J.S.; Walhout, A.J.M. Gateway Recombinational Cloning. Cold Spring Harb. Protoc. 2018, 2018, pdb.top094912.

[CrossRef]
22. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next

generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef] [PubMed]
23. Vazquez-Dominguez, I.; Kwint, M.; Kroes, H.Y.; Albert, S.; O’Gorman, L.; Gilissen, C.; Cremers, F.P.M.; Collin, R.W.J.; Roosing, S.;

Garanto, A. Generation of a patient-derived induced pluripotent cell line (SCTCi016-A) carrying a homozygous variant in RPE65.
Stem Cell Res. 2022, 60, 102689. [CrossRef] [PubMed]

24. Flamier, A.; Barabino, A.; Bernier, G. Differentiation of Human Embryonic Stem Cells into Cone Photoreceptors. Bio-Protocol
2016, 6, e1870. [CrossRef]

25. Albert, S.; Garanto, A.; Sangermano, R.; Khan, M.; Bax, N.M.; Hoyng, C.B.; Zernant, J.; Lee, W.; Allikmets, R.; Collin, R.W.J.; et al.
Identification and Rescue of Splice Defects Caused by Two Neighboring Deep-Intronic ABCA4 Mutations Underlying Stargardt
Disease. Am. J. Hum. Genet. 2018, 102, 517–527. [CrossRef]

26. Garanto, A.; Duijkers, L.; Tomkiewicz, T.Z.; Collin, R.W.J. Antisense Oligonucleotide Screening to Optimize the Rescue of the
Splicing Defect Caused by the Recurrent Deep-Intronic ABCA4 Variant c.4539+2001G>A in Stargardt Disease. Genes 2019, 10, 452.
[CrossRef]

27. Khan, M.; Arno, G.; Fakin, A.; Parfitt, D.A.; Dhooge, P.P.A.; Albert, S.; Bax, N.M.; Duijkers, L.; Niblock, M.; Hau, K.L.; et al.
Detailed Phenotyping and Therapeutic Strategies for Intronic ABCA4 Variants in Stargardt Disease. Mol. Ther. Nucleic Acids
2020, 21, 412–427. [CrossRef]

28. Regent, F.; Morizur, L.; Lesueur, L.; Habeler, W.; Plancheron, A.; Ben M’Barek, K.; Monville, C. Automation of human pluripotent
stem cell differentiation toward retinal pigment epithelial cells for large-scale productions. Sci. Rep. 2019, 9, 10646. [CrossRef]

29. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

30. Shevchenko, A.; Tomas, H.; Havlis, J.; Olsen, J.V.; Mann, M. In-gel digestion for mass spectrometric characterization of proteins
and proteomes. Nat. Protoc. 2006, 1, 2856–2860. [CrossRef]

31. Poplin, R.; Chang, P.C.; Alexander, D.; Schwartz, S.; Colthurst, T.; Ku, A.; Newburger, D.; Dijamco, J.; Nguyen, N.; Afshar, P.T.; et al.
A universal SNP and small-indel variant caller using deep neural networks. Nat. Biotechnol. 2018, 36, 983–987. [CrossRef]

32. Martin, M.; Patterson, M.; Garg, S.; O Fischer, S.; Pisanti, N.; Klau, G.W.; Schöenhuth, A.; Marschall, T. WhatsHap: Fast and
accurate read-based phasing. bioRxiv 2016. [CrossRef]

33. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.; Marth, G.T.;
Sherry, S.T.; et al. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156–2158. [CrossRef] [PubMed]

34. Sangermano, R.; Khan, M.; Cornelis, S.S.; Richelle, V.; Albert, S.; Garanto, A.; Elmelik, D.; Qamar, R.; Lugtenberg, D.; van den
Born, L.I.; et al. ABCA4 midigenes reveal the full splice spectrum of all reported noncanonical splice site variants in Stargardt
disease. Genome Res. 2018, 28, 100–110. [CrossRef] [PubMed]

http://doi.org/10.1080/13816810.2018.1533027
http://doi.org/10.1007/s00439-017-1779-6
http://doi.org/10.1093/hmg/11.10.1169
http://www.ncbi.nlm.nih.gov/pubmed/12015276
http://doi.org/10.1007/978-3-319-95046-4_26
http://doi.org/10.3390/genes12081261
http://www.ncbi.nlm.nih.gov/pubmed/34440435
http://doi.org/10.1073/pnas.95.6.3088
http://www.ncbi.nlm.nih.gov/pubmed/9501220
http://doi.org/10.1371/journal.pone.0073172
http://doi.org/10.1167/iovs.13-11606
http://www.ncbi.nlm.nih.gov/pubmed/23661368
http://doi.org/10.1111/cge.12181
http://doi.org/10.3390/ijms22041855
http://doi.org/10.1080/14712598.2020.1740676
http://doi.org/10.1517/17460441.2.4.571
http://doi.org/10.1101/pdb.top094912
http://doi.org/10.1186/s12859-017-1934-z
http://www.ncbi.nlm.nih.gov/pubmed/29187165
http://doi.org/10.1016/j.scr.2022.102689
http://www.ncbi.nlm.nih.gov/pubmed/35121194
http://doi.org/10.21769/BioProtoc.1870
http://doi.org/10.1016/j.ajhg.2018.02.008
http://doi.org/10.3390/genes10060452
http://doi.org/10.1016/j.omtn.2020.06.007
http://doi.org/10.1038/s41598-019-47123-6
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1038/nprot.2006.468
http://doi.org/10.1038/nbt.4235
http://doi.org/10.1101/085050
http://doi.org/10.1093/bioinformatics/btr330
http://www.ncbi.nlm.nih.gov/pubmed/21653522
http://doi.org/10.1101/gr.226621.117
http://www.ncbi.nlm.nih.gov/pubmed/29162642


Cells 2022, 11, 3640 18 of 19

35. Garanto, A.; Duijkers, L.; Collin, R.W. Species-dependent splice recognition of a cryptic exon resulting from a recurrent intronic
CEP290 mutation that causes congenital blindness. Int. J. Mol. Sci. 2015, 16, 5285–5298. [CrossRef] [PubMed]

36. Khan, M.; Cremers, F.P.M. ABCA4-Associated Stargardt Disease. Klin. Mon. Augenheilkd. 2020, 237, 267–274. [CrossRef] [PubMed]
37. Khan, M.; Cornelis, S.S.; Pozo-Valero, M.D.; Whelan, L.; Runhart, E.H.; Mishra, K.; Bults, F.; AlSwaiti, Y.; AlTalbishi, A.; De

Baere, E.; et al. Resolving the dark matter of ABCA4 for 1054 Stargardt disease probands through integrated genomics and
transcriptomics. Genet. Med. 2020, 22, 1235–1246. [CrossRef]

38. Zou, G.; Zhang, T.; Cheng, X.; Igelman, A.D.; Wang, J.; Qian, X.; Fu, S.; Wang, K.; Koenekoop, R.K.; Fishman, G.A.; et al.
Noncoding mutation in RPGRIP1 contributes to inherited retinal degenerations. Mol. Vis. 2021, 27, 95–106.

39. Bellingham, J.; Davidson, A.E.; Aboshiha, J.; Simonelli, F.; Bainbridge, J.W.; Michaelides, M.; van der Spuy, J. Investigation of
Aberrant Splicing Induced by AIPL1 Variations as a Cause of Leber Congenital Amaurosis. Investig. Ophthalmol. Vis. Sci. 2015, 56,
7784–7793. [CrossRef] [PubMed]

40. Bergsma, A.J.; van der Wal, E.; Broeders, M.; van der Ploeg, A.T.; Pim Pijnappel, W.W.M. Alternative Splicing in Genetic Diseases:
Improved Diagnosis and Novel Treatment Options. Int. Rev. Cell Mol. Biol. 2018, 335, 85–141. [CrossRef]

41. Lastella, P.; Surdo, N.C.; Resta, N.; Guanti, G.; Stella, A. In silico and in vivo splicing analysis of MLH1 and MSH2 missense
mutations shows exon- and tissue-specific effects. BMC Genom. 2006, 7, 243. [CrossRef]

42. Mondal, A.K.; Das, S.K.; Baldini, G.; Chu, W.S.; Sharma, N.K.; Hackney, O.G.; Zhao, J.; Grant, S.F.A.; Elbein, S.C. Genotype and
Tissue-Specific Effects on Alternative Splicing of the Transcription Factor 7-Like 2 Gene in Humans. J. Clin. Endocrinol. Metab.
2010, 95, 1450–1457. [CrossRef] [PubMed]

43. Boulanger, A.; Liu, S.; Henningsgaard, A.A.; Yu, S.; Redmond, T.M. The upstream region of the Rpe65 gene confers retinal
pigment epithelium-specific expression in vivo and in vitro and contains critical octamer and E-box binding sites. J. Biol. Chem.
2000, 275, 31274–31282. [CrossRef] [PubMed]

44. Boulanger, A.; Redmond, T.M. Expression and promoter activation of the Rpe65 gene in retinal pigment epithelium cell lines.
Curr. Eye Res. 2002, 24, 368–375. [CrossRef] [PubMed]

45. Cherry, T.J.; Yang, M.G.; Harmin, D.A.; Tao, P.; Timms, A.E.; Bauwens, M.; Allikmets, R.; Jones, E.M.; Chen, R.; De Baere, E.; et al.
Mapping the cis-regulatory architecture of the human retina reveals noncoding genetic variation in disease. Proc. Natl. Acad. Sci.
USA 2020, 117, 9001–9012. [CrossRef]

46. Li, G.; Gao, G.; Wang, P.; Song, X.; Xu, P.; Xie, B.; Zhou, T.; Pan, G.; Peng, F.; Zhang, Q.; et al. Generation and Characterization
of Induced Pluripotent Stem Cells and Retinal Organoids From a Leber’s Congenital Amaurosis Patient with Novel RPE65
Mutations. Front. Mol. Neurosci. 2019, 12, 212. [CrossRef]

47. Al-Ani, A.; Sunba, S.; Hafeez, B.; Toms, D.; Ungrin, M. In Vitro Maturation of Retinal Pigment Epithelium Is Essential for
Maintaining High Expression of Key Functional Genes. Int. J. Mol. Sci. 2020, 21, 6066. [CrossRef]

48. Bennis, A.; Jacobs, J.G.; Catsburg, L.A.E.; Ten Brink, J.B.; Koster, C.; Schlingemann, R.O.; van Meurs, J.; Gorgels, T.; Moerland,
P.D.; Heine, V.M.; et al. Stem Cell Derived Retinal Pigment Epithelium: The Role of Pigmentation as Maturation Marker and
Gene Expression Profile Comparison with Human Endogenous Retinal Pigment Epithelium. Stem Cell Rev. Rep. 2017, 13, 659–669.
[CrossRef] [PubMed]

49. German, O.L.; Buzzi, E.; Rotstein, N.P.; Rodriguez-Boulan, E.; Politi, L.E. Retinal pigment epithelial cells promote spatial
reorganization and differentiation of retina photoreceptors. J. Neurosci. Res. 2008, 86, 3503–3514. [CrossRef]

50. Sheridan, C.; Boyer, N.P.; Crouch, R.K.; Koutalos, Y. RPE65 and the Accumulation of Retinyl Esters in Mouse Retinal Pigment
Epithelium. Photochem. Photobiol. 2017, 93, 844–848. [CrossRef]

51. Lee, H.; Chung, H.; Arnouk, H.; Lamoke, F.; Hunt, R.C.; Hrushesky, W.J.; Wood, P.A.; Lee, S.H.; Jahng, W.J. Cleavage of the retinal
pigment epithelium-specific protein RPE65 under oxidative stress. Int. J. Biol. Macromol. 2010, 47, 104–108. [CrossRef]

52. Hemati, N.; Feathers, K.L.; Chrispell, J.D.; Reed, D.M.; Carlson, T.J.; Thompson, D.A. RPE65 surface epitopes, protein interactions,
and expression in rod- and cone-dominant species. Mol. Vis. 2005, 11, 1151–1165. [PubMed]

53. Caffe, A.R.; Von Schantz, M.; Szel, A.; Voogd, J.; Van Veen, T. Distribution of Purkinje cell-specific Zebrin-II/aldolase C
immunoreactivity in the mouse, rat, rabbit, and human retina. J. Comp. Neurol. 1994, 348, 291–297. [CrossRef] [PubMed]

54. Garanto, A.; Chung, D.C.; Duijkers, L.; Corral-Serrano, J.C.; Messchaert, M.; Xiao, R.; Bennett, J.; Vandenberghe, L.H.; Collin,
R.W. In vitro and in vivo rescue of aberrant splicing in CEP290-associated LCA by antisense oligonucleotide delivery. Hum. Mol.
Genet. 2016, 25, 2552–2563. [CrossRef] [PubMed]

55. Barny, I.; Perrault, I.; Michel, C.; Goudin, N.; Defoort-Dhellemmes, S.; Ghazi, I.; Kaplan, J.; Rozet, J.M.; Gerard, X. AON-Mediated
Exon Skipping to Bypass Protein Truncation in Retinal Dystrophies Due to the Recurrent CEP290 c.4723A > T Mutation. Fact or
Fiction? Genes 2019, 10, 368. [CrossRef] [PubMed]

56. Collin, R.W.; den Hollander, A.I.; van der Velde-Visser, S.D.; Bennicelli, J.; Bennett, J.; Cremers, F.P. Antisense Oligonucleotide
(AON)-based Therapy for Leber Congenital Amaurosis Caused by a Frequent Mutation in CEP290. Mol. Ther. Nucleic Acids
2012, 1, e14. [CrossRef]

57. Duijkers, L.; van den Born, L.I.; Neidhardt, J.; Bax, N.M.; Pierrache, L.H.M.; Klevering, B.J.; Collin, R.W.J.; Garanto, A. Antisense
Oligonucleotide-Based Splicing Correction in Individuals with Leber Congenital Amaurosis due to Compound Heterozygosity
for the c.2991+1655A>G Mutation in CEP290. Int. J. Mol. Sci. 2018, 19, 753. [CrossRef]

http://doi.org/10.3390/ijms16035285
http://www.ncbi.nlm.nih.gov/pubmed/25761237
http://doi.org/10.1055/a-1057-9939
http://www.ncbi.nlm.nih.gov/pubmed/32016942
http://doi.org/10.1038/s41436-020-0787-4
http://doi.org/10.1167/iovs.15-18092
http://www.ncbi.nlm.nih.gov/pubmed/26650897
http://doi.org/10.1016/bs.ircmb.2017.07.008
http://doi.org/10.1186/1471-2164-7-243
http://doi.org/10.1210/jc.2009-2064
http://www.ncbi.nlm.nih.gov/pubmed/20097709
http://doi.org/10.1074/jbc.M003441200
http://www.ncbi.nlm.nih.gov/pubmed/10896939
http://doi.org/10.1076/ceyr.24.5.368.8523
http://www.ncbi.nlm.nih.gov/pubmed/12434305
http://doi.org/10.1073/pnas.1922501117
http://doi.org/10.3389/fnmol.2019.00212
http://doi.org/10.3390/ijms21176066
http://doi.org/10.1007/s12015-017-9754-0
http://www.ncbi.nlm.nih.gov/pubmed/28730556
http://doi.org/10.1002/jnr.21813
http://doi.org/10.1111/php.12738
http://doi.org/10.1016/j.ijbiomac.2010.05.014
http://www.ncbi.nlm.nih.gov/pubmed/16379027
http://doi.org/10.1002/cne.903480210
http://www.ncbi.nlm.nih.gov/pubmed/7814693
http://doi.org/10.1093/hmg/ddw118
http://www.ncbi.nlm.nih.gov/pubmed/27106101
http://doi.org/10.3390/genes10050368
http://www.ncbi.nlm.nih.gov/pubmed/31091803
http://doi.org/10.1038/mtna.2012.3
http://doi.org/10.3390/ijms19030753


Cells 2022, 11, 3640 19 of 19

58. Dulla, K.; Aguila, M.; Lane, A.; Jovanovic, K.; Parfitt, D.A.; Schulkens, I.; Chan, H.L.; Schmidt, I.; Beumer, W.; Vorthoren, L.; et al.
Splice-Modulating Oligonucleotide QR-110 Restores CEP290 mRNA and Function in Human c.2991+1655A>G LCA10 Models.
Mol. Ther. Nucleic Acids 2018, 12, 730–740. [CrossRef]

59. Gerard, X.; Perrault, I.; Hanein, S.; Silva, E.; Bigot, K.; Defoort-Delhemmes, S.; Rio, M.; Munnich, A.; Scherman, D.; Kaplan, J.; et al.
AON-mediated Exon Skipping Restores Ciliation in Fibroblasts Harboring the Common Leber Congenital Amaurosis CEP290
Mutation. Mol. Ther. Nucleic Acids 2012, 1, e29. [CrossRef]

60. Parfitt, D.A.; Lane, A.; Ramsden, C.M.; Carr, A.J.; Munro, P.M.; Jovanovic, K.; Schwarz, N.; Kanuga, N.; Muthiah, M.N.; Hull, S.;
et al. Identification and Correction of Mechanisms Underlying Inherited Blindness in Human iPSC-Derived Optic Cups. Cell
Stem Cell 2016, 18, 769–781. [CrossRef]

61. Bauwens, M.; Garanto, A.; Sangermano, R.; Naessens, S.; Weisschuh, N.; De Zaeytijd, J.; Khan, M.; Sadler, F.; Balikova, I.; Van
Cauwenbergh, C.; et al. ABCA4-associated disease as a model for missing heritability in autosomal recessive disorders: Novel
noncoding splice, cis-regulatory, structural, and recurrent hypomorphic variants. Genet. Med. 2019, 21, 1761–1771. [CrossRef]

62. Sangermano, R.; Garanto, A.; Khan, M.; Runhart, E.H.; Bauwens, M.; Bax, N.M.; van den Born, L.I.; Khan, M.I.; Cornelis, S.S.;
Verheij, J.; et al. Deep-intronic ABCA4 variants explain missing heritability in Stargardt disease and allow correction of splice
defects by antisense oligonucleotides. Genet. Med. 2019, 21, 1751–1760. [CrossRef] [PubMed]

63. Slijkerman, R.W.; Vache, C.; Dona, M.; Garcia-Garcia, G.; Claustres, M.; Hetterschijt, L.; Peters, T.A.; Hartel, B.P.; Pennings, R.J.;
Millan, J.M.; et al. Antisense Oligonucleotide-based Splice Correction for USH2A-associated Retinal Degeneration Caused by a
Frequent Deep-intronic Mutation. Mol. Ther. Nucleic Acids 2016, 5, e381. [CrossRef] [PubMed]

64. Bonifert, T.; Gonzalez Menendez, I.; Battke, F.; Theurer, Y.; Synofzik, M.; Schols, L.; Wissinger, B. Antisense Oligonucleotide
Mediated Splice Correction of a Deep Intronic Mutation in OPA1. Mol. Ther. Nucleic Acids 2016, 5, e390. [CrossRef] [PubMed]

65. Garanto, A.; van der Velde-Visser, S.D.; Cremers, F.P.M.; Collin, R.W.J. Antisense Oligonucleotide-Based Splice Correction of a
Deep-Intronic Mutation in CHM Underlying Choroideremia. In Advances in Experimental Medicine and Biology; Springer: Cham,
Switzerland, 2018; Volume 1074, pp. 83–89. [CrossRef]

66. Vazquez-Dominguez, I.; Li, C.H.Z.; Fadaie, Z.; Haer-Wigman, L.; Cremers, F.P.M.; Garanto, A.; Hoyng, C.B.; Roosing, S.
Identification of a Complex Allele in IMPG2 as a Cause of Adult-Onset Vitelliform Macular Dystrophy. Investig. Ophthalmol. Vis.
Sci. 2022, 63, 27. [CrossRef] [PubMed]

http://doi.org/10.1016/j.omtn.2018.07.010
http://doi.org/10.1038/mtna.2012.21
http://doi.org/10.1016/j.stem.2016.03.021
http://doi.org/10.1038/s41436-018-0420-y
http://doi.org/10.1038/s41436-018-0414-9
http://www.ncbi.nlm.nih.gov/pubmed/30643219
http://doi.org/10.1038/mtna.2016.89
http://www.ncbi.nlm.nih.gov/pubmed/27802265
http://doi.org/10.1038/mtna.2016.93
http://www.ncbi.nlm.nih.gov/pubmed/27874857
http://doi.org/10.1007/978-3-319-75402-4_11
http://doi.org/10.1167/iovs.63.5.27
http://www.ncbi.nlm.nih.gov/pubmed/35608844

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Cell Lines 
	In Silico Studies 
	Generation of Vectors 
	Midigene Splicing Assays 
	Luciferase Assays 
	Induced Pluripotent Stem Cell (iPSC) Differentiation into Photoreceptor Precursor Cells (PPCs) 
	Induced Pluripotent Stem Cell (iPSC) Differentiation into RPE Cells 
	Quantitative PCR (qPCR) 
	Immunochemistry Assays 
	Cell-Size Measurement 
	Western Blot 
	Immunoprecipitation 
	In-Gel Digestion and Proteomic Analysis 
	Analysis of Proteomic Data 
	PACBIO Long-Read Genome Sequencing and Analysis 
	Statistical Studies 

	Results 
	The c.11+5G>A Variant of RPE65 Results in Exon Elongation In Vitro 
	The c.11+5G>A Variant-Mediated Splicing Defect Is Less Noticeable in Patient-Derived iPSCs and Photoreceptor Precursor Cells 
	The Variant c.11+5G>A reduces mRNA Expression Resulting in RPE65 Absence in RPE Cultures 
	Long-Read Genome Sequencing Does Not Point Other Causative Variant in The Patient-Derived DNA 
	The c.11+5G>A Variant-Mediated mRNA Expression Reduction Is Cell-Context Dependent 

	Discussion 
	References

