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Mutations in the lebercilin-encoding gene LCA5 cause one of
the most severe forms of Leber congenital amaurosis, an
early-onset retinal disease that results in severe visual impair-
ment. Here, we report on the generation of a patient-specific
cellular model to study LCA5-associated retinal disease.
CRISPR-Cas9 technology was used to correct a homozygous
nonsense variant in LCA5 (c.835C>T; p.Q279*) in patient-
derived induced pluripotent stem cells (iPSCs). The absence
of off-target editing in gene-corrected (isogenic) control iPSCs
was demonstrated by whole-genome sequencing. We differen-
tiated the patient, gene-corrected, and unrelated control iPSCs
into three-dimensional retina-like cells, so-called retinal orga-
noids. We observed opsin and rhodopsin mislocalization to
the outer nuclear layer in patient-derived but not in the gene-
corrected or unrelated control organoids. We also confirmed
the rescue of lebercilin expression and localization along the
ciliary axoneme within the gene-corrected organoids. Here,
we show the potential of combining precise single-nucleotide
gene editing with the iPSC-derived retinal organoid system
for the generation of a cellular model of early-onset retinal dis-
ease.

INTRODUCTION
Leber congenital amaurosis (LCA) is a severe and early-onset in-
herited retinal disease (IRD) that impacts between 1:30,000 to
1:81,000 individuals worldwide, and it is presently largely incurable.1,2

Lack of access to retinal tissue from patients hinders LCA research.3

The development of induced pluripotent stem cell (iPSC) technology
allows reprogramming of somatic cells into pluripotent stem cell-like
state.4 Isogenic pairs of iPSC lines can be generated owing to advances
in genome editing with clustered regularly interspaced short palin-
dromic repeats-CRISPR-associated protein 9 (CRISPR-Cas9) homol-
ogy-directed repair (HDR) technology. These lines differ only at the
gene of interest and can model the phenotype-genotype correlation
of inherited diseases in the exact genetic background.5 In the context
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of IRD, an iPSC-derived isogenic pair can be differentiated into three-
dimensional retina-like structures called retinal organoids (ROs) that,
upon a high level of maturation, contain all the neuroretinal cell types,
including photoreceptors with inner and outer segment-like struc-
tures (OSs) joined by a connecting cilium (CC).6,7

One of the most severe forms of LCA is linked to a protein lebercilin,
encoded by the gene Leber Congenital Amaurosis 5 Protein (LCA5)
that is localized within the CC of photoreceptor cells.8,9 Lebercilin in-
teracts with the intraflagellar transport machinery, and in a murine
model, its knockout results in the mislocalization of photoreceptor
outer segment-specific proteins.10 A patient with a homozygous
nonsense variant (c.835C>T; p.Q279*) in LCA5 showed symptoms
of retinal dystrophy; such as visual loss, nystagmus, and high hyper-
opia.9 When iPSCs derived from patient’s peripheral blood were
differentiated to retinal pigment epithelium cells (RPEs), they had
fewer cilia and expressed lower levels of LCA5 compared with a
control.11 While RPE differentiation yields insights into ciliary
phenotype, it cannot recapitulate the cell-specific context of photore-
ceptors. To our knowledge, no gene-corrected RO model exists for
LCA5-linked retinal disease.

Here, we corrected a homozygous LCA5 nonsense variant in patient-
derived iPSCs using the CRISPR-Cas9 system and assessed the
genome quality in two clones of the generated isogenic control iPSCs
with whole-genome sequencing (WGS). Following a 190-day-long
differentiation of patient-derived, healthy unrelated, and gene-re-
paired isogenic control ROs, we were able to confirm the rescue of
023 ª 2023 The Author(s).
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Figure 1. Generation of an isogenic control by CRISPR-Cas9 correction using S.p. Cas9 Nuclease V3 of the homozygous variant LCA5 c.835C>T in patient-

derived iPSCs

(A) Schematic of isogenic pair generation and differentiation into retinal organoids. (B) Two guide RNAs and respective single-stranded oligodeoxynucleotide (ssODNs)

(gRNA1 in green, gRNA2 in magenta) targeting the region surrounding the nonsense LCA5 c.835C>T variant in the patient iPSCs genome to restore the wild-type sequence.

Protospacer adjacent motifs (PAM) for each gRNA are in gray. Nucleotide substitutions in ssODN templates are in color, with synonymous nucleotide substitutions signed

with arrows. (C) Total (NHEJ+HDR) and LCA5 c.835C>T correction (HDR) editing efficiencies of gRNA1 and gRNA2 separately or supplemented with 30 mM IDT small-

molecule HDR Enhancer (SD is standard deviation, n = 2 experiments, except for gRNA2+HDR Enhancer condition where n = 1). (D) Sanger sequencing of the patient and

gene-corrected control clones #1 and #2 that were generated using ssODN1. The c.835C>T substitution is in red, and the three designed PAM-blocking silent nucleotide

substitutions are in gray.
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lebercilin localization and function in CC of the developing photore-
ceptors in the gene-edited line.

RESULTS
Generation of an isogenic control for patient iPSC line carrying

LCA5 nonsense variant

We combined iPSC and CRISPR-Cas9 technologies to generate an
isogenic control for LCA5-associated IRD.We delivered Cas9 ribonu-
Molecul
cleoprotein (RNP) conjugated with a guide ribonucleic acid (gRNA)
targeting the LCA5 (c.835C>T; p.Q279*) nonsense variant alongside a
single-stranded oligodeoxynucleotide (ssODNs) donor template en-
coding the intended nucleotide correction into patient-derived iPSCs
(Figure 1A).We designed two gRNA sequences, followed by the NGG
canonical protospacer adjacent motif (PAM) recognized by the Cas9
(Figure 1B). For each gRNA, an ssODN was generated with uneven
homologous genomic flanking sequences of 36 and 91 nucleotides
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Figure 2. Off-target analysis using whole-genome sequencing

(A) Sequences of nine predicted off-targets of gRNA1 and those containing four or fewer mismatches were selected to be checked with whole-genome sequencing.

Protospacer adjacent motifs (PAM), number of mismatches, gene name (if applicable), and position of the off-target, as well as nucleotides differences, are shown. (B)

Representative Integrative Genomics Viewer (IGV) 2.4 browser screenshots of four off-target sites with the highest homology. (C) Total, exonic (excluding splice sites variants),

(legend continued on next page)
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centered at the predicted CRISPR-Cas9 cleavage site, antisense to the
target strand, and containing a desired single-nucleotide substitution
together with three silent substitutions in the sequence corresponding
to the 30 end of the gRNA. One substitution changed the canonical
PAM sequence (fromAGG to AAG).12We also introduced silent sub-
stitutions into the seed regions for both gRNAs. For gRNA1, the seed
region sequence directly next to the PAM site was modified in the
ssODN (TTAAA into CTTAA). Whereas, for gRNA2, modification
of the neighboring sequence of the seed region would have resulted
in amino acid change. Therefore, we modified the seed region
sequence eight nucleotides upstream of the PAM site (CTTC to
TTGC) in the ssODN. In addition to being silent, these changes
were predicted not to interfere with pre-mRNA splicing based on
in silico predictions and subsequent RNA analysis (data not shown).
Of the two designed gRNAs, in silico analysis showed that gRNA1 had
specificity scores (78/100 for gRNA1 vs. 31/100 for gRNA2) and on-
target cutting frequency (92/100 for gRNA1 vs. 31/100 for gRNA2),
according to the Zhang lab MIT CRISPR design software (https://
www.benchling.com/).13 We evaluated the efficacy using TIDER
analysis of the sequenced deoxyribonucleic acid (DNA) in pooled edi-
ted iPSCs to determine the frequency of total (non-homologous end-
joining [NHEJ] and HDR) and HDR-mediated editing.14

As predicted, cells treated with Cas9:gRNA1 RNP and ssODN1 tem-
plate showed a higher total editing efficiency of 74.0% and 36.3%
HDR efficiency (standard deviation [SD] equals 5.9% and 5.0%
respectively, n = 2), against 65% and 29.7% HDR in gRNA2 (SD
equals 9.6% and 3.4% respectively). Moreover, we improved the
HDR efficiency for Cas9:gRNA1/ssODN1 treated cells to 58.7%
with the addition of the Alt-R HDR Enhancer molecule (SD equals
3.6%) but not for Cas9:gRNA2/ssODN2 condition (30.87%). We
were not able to assess the HDR efficiency of gRNA2 in duplicate
due to high cell death of the biological duplicate (Figure 1C). Based
on the higher efficiency, we proceeded with Cas9:gRNA1/ssOD-
N1/+Enhancer nucleofection, followed by limiting dilution and
clonal selection. Two iPSC clonal lines were isolated where
c.835C>T; p.Q279* was corrected to wild-type (T to C) on both
LCA5 alleles (Figure 1D).
Off-target analysis in genome-edited isogenic lines

We quantified gene-editing events in CRISPR-Cas9-corrected clonal
lines using next-generation WGS. Firstly, to compare WGS with
commonly performed Sanger sequencing off-target analysis, we pre-
dicted in silico the off-target editing sites with the highest homology to
the gRNA1 target sequence, restricted to four or fewer mismatches.13

Of nine predicted sites, one was located in a gene-coding region in
CFAP44 (Figure 2A). We assessed DNA sequences at the genomic co-
ordinates of the predicted sites in the LCA5 c.835C>T iPSC line,
ocular phenotype-linked, and post-manual evaluation de novo structural variants (SV

represented schematically. (D) IGV 2.4 browser screenshots of de novo substitution (G t

the 41-bp sequence around the site of interest, as well as the chromosome, sequence

LCA5 c.835C>T and isogenic control clone #1 and #2.

Molecul
which from here on will be referred to as patient or “parental,” and
two gene-corrected iPSC lines (clone #1 and clone #2) and detected
no off-targets (Figure 2B).

Next, we searched for genomic alterations that could have been intro-
duced by CRISPR-Cas9 editing, i.e., genome sequences that were
different between edited iPSCs lines and the parental line. Alterations
could include structural variants (SVs), such as insertions deletions,
or inversions, or they could include single-nucleotide variants
(SNVs), such as single-nucleotide insertions, deletions, and substitu-
tions.We employed an automated bioinformatic detection pipeline to
detect the genomic changes. These predicted changes were then as-
sessed manually using visualization with the Integrative Genomics
Viewer (IGV) software. The automatic analysis detected 121 and
119 SVs in clones #1 and #2, respectively. Upon manual examination,
all SVs were shown to be false positives, as they were also present in
the parental line prior to editing and were miscalled by the pipeline as
being different. Subsequently, the genomes of clones #1 and #2 were
checked for SNVs. In total, in clone #1, 94 de novo SNVs were pre-
dicted, whereas in clone #2, 107 were suggested to be present in the
edited lines, but not in the parental line. Of these, the SNVs, one
SNV in clone #1 and seven SNVs in clone #2 were detected in ocular
phenotype-associated genes (Figure 2C). However, manual examina-
tion of all the SNVs in IGV did not validate the vast majority of these
calls from the bioinformatic pipeline; only one de novo substitution
(G to A) in exon 17 was confirmed in the ocular phenotype-associated
gene VPS13 on chromosome 15 in clone #2. This was identified in
10% of the sequences (Figure 2D), suggesting this might be low-qual-
ity call or amixed clone. No SNVs were identified in clone #1, with the
correction of the LCA5 c.835C>T allele and gRNA1 substitutions as
the only identified changes from the parental line. In conclusion,
WGS analysis showed an SNV in clone# 2 and no off-target editing
in clone #1, which was used for the remainder of this study. In addi-
tion, all iPSC lines presented a normal karyotype and expression of
pluripotency markers (Figure S1).
Rescue of lebercilin expression and ciliary localization in LCA5

c.835C>T corrected isogenic iPSCs

We differentiated the patient, the isogenic gene-corrected, and unre-
lated control iPSCs for 120, 150, and 190 days (D120, D150, and
D190) into ROs (Figure 3A). At D190, we observed no visible devia-
tions in lamination or photoreceptor OSs between patient, gene-cor-
rected, and control lines by light microscopy (Figure S2A). Organoids
of all lines contained a photoreceptor-marker positive outer layer
(Figure S2B), where the average thickness was 25.8 mm (SD =
6.4 mm), 32.4 mm (SD = 7.9 mm), and 31.2 mm (SD = 8.4 mm), for un-
related control, patient, and gene-corrected control, respectively (Fig-
ure S2D). To confirm the lebercilin expression and ciliary localization,
s) and single-nucleotide variants (SNVs) in isogenic control clones #1 and #2 are

o A) in exon 17 of the VPS13C gene on chromosome 15 in clone 2. (B) and (D) show

, and name of the gene in which it is located, sequence reads, and coverage of the

ar Therapy: Methods & Clinical Development Vol. 29 June 2023 525

https://www.benchling.com/
https://www.benchling.com/
http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
we performed immunohistochemistry (IHC) with lebercilin and
ciliary marker-specific antibodies. In the unrelated control line, leber-
cilin was localized in the proximity of ciliary markers. We did not
detect any protein expression above the background in the patient-
derived ROs at any time point. At the same time point, protein
expression and ciliary localization of lebercilin were evident in
isogenic gene-corrected ROs (Figure 3B). Furthermore, in the
isogenic control, expression levels of LCA5 mRNA were restored to
those of the healthy control at D120 and D150 (Figure S2C). At
D120, in non-isogenic control, the gene expression of LCA5 was
22.9-fold higher than in the patient-derived organoids (SD = 4.6).
In the isogenic control, the gene expression was rescued to the level
of non-isogenic (24.2 fold change [FC], SD = 2.2). At D150, it
decreased in both non-isogenic and isogenic (13.6 FC, SD = 1.0 and
15.1 FC, SD = 0.3). At D190, it decreased for isogenic (4.9 FC,
SD = 0.2) and less dramatically for non-isogenic control (10.1 FC,
SD = 1.1).

In the mature ROs, photoreceptors possess the OSs harboring
rhodopsin and opsins.7 At D190, IHC showed rhodopsin-positive
OSs in all lines; however, in the patient-derived organoids, rhodopsin
was also detected in the outer nuclear layer (ONL) (Figure S2B). We
quantified rhodopsin intensity in the ONL of ROs of all three lines,
where the average area of rhodopsin staining against the area of re-
coverin staining in ONL was equal to 2.8% (SD = 3.5%), 22.5%
(SD = 3.7%), and 1.7% (SD = 1.9%), in unrelated control, patient,
and gene-corrected control, respectively (Figure S2E). Likewise, at
D190, long-wave sensitive cone opsin was present in the OSs of all
three lines (Figure 3C). Due to the lower frequency of cone-positive
cells in the ROs of all lines, we could not quantify the retention of
cone opsin in ONL.

DISCUSSION
Patient-derived iPSC ROs offer opportunities for a deeper under-
standing of the pathophysiological mechanisms involved in IRDs.
In this study, we corrected a nonsense variant in the LCA5 gene in
the genome of patient-derived iPSCs. We observed ciliary localization
of lebercilin in ROs differentiated from the unrelated control line and
the isogenic gene-corrected line but not the patient line. Moreover,
opsin and rhodopsin mislocalization into the ONL was rescued in
the gene-corrected organoids.

LCA5-associated LCA is recessively inherited, which makes it an
excellent candidate for genome editing. We designed two gRNAs in
a genomic region adjacent to a causative nonsense variant
c.835C>T; p.Q279* in exon 5 of LCA5. Of these, gRNA1 had a higher
predicted specificity score but also a disadvantage of a longer cut-to-
variant distance, with a CRISPR-Cas9 cleavage site at 19 nucleotides
downstream of the variant, compared with the nine nucleotides of the
gRNA2. A shorter cut-to-variant distance has been previously shown
to improve the probability of homozygous corrections.15 To estimate
the efficiency of editing, we analyzed pooled corrected iPSC clones
with the TIDER tool, which showed a high editing efficiency for
gRNA1. We did not observe a decrease in cell viability post editing,
526 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
as we used the RNP delivery that improves the efficiency and preci-
sion of HDR editing while decreasing cytotoxicity.16 The addition
of Alt-R Enhancer increased the HDR editing efficiency, but it also
increased cytotoxicity for the gRNA2.

Off-target editing can introduce a confounding phenotype that
complicates the interpretation of the phenotype of a cellular model
and is a concern in the clinical application of gene editing. WGS al-
lows the detection of off-targets throughout the complete genome.17

In two gene-edited iPSCs clones, we did not detect insertions, dele-
tions, or other SVs. In several cases, we detected false-positive SNVs
and SVs already present in the parental line using a bioinformatic
pipeline. The genomic variability of iPSCs could result from reprog-
ramming of the somatic cells or random genetic drift, common for
cells maintained in culture.18 One de novo SNV was confirmed in
clone #2, in gene VPS13C, which is linked to Parkinson’s disease
and an eye phenotype in mice.19 A small number of sequences
included the substitution indicating a potential heterozygous
change, the presence of a mixed clone, or low-quality call. This po-
tential off-target could be facilitated by nearby regions with high ho-
mology for gRNA1. Two nearby genomic regions, 145 nucleotides
downstream and 186 nucleotides upstream of the SNV, showed
seven-nucleotide-long homologies with the gRNA1 target sequence,
which suggest toward a higher chance of NHEJ editing. NHEJ, how-
ever, tends to cause insertions, deletions, and inversions that are
larger than one nucleotide. Instead, a single-nucleotide substitution
could be a spontaneous mutation in a clone or a part of a clone. This
finding underlines the importance of assessing the quality of the
complete genome.

ROs recapitulate early stages of development and are suitable to
model early-onset LCA. We differentiated LCA5 c.835C>T, isogenic
gene-corrected, and unrelated control iPSCs into ROs.20–22 It is
worth highlighting that the unrelated control stem cells were male
with X and Y chromosomes, while the isogenic pair were female,
with two X chromosomes. A limited number of control iPSC lines
have been generated from peripheral blood cells using Sendai virus
reprogramming, which makes it challenging to match the lines. It
further underlines the importance of the generation of isogenic con-
trol lines that carry the same genotype as the patient. In this case,
however, no previous differences in expression and localization of
lebercilin were reported between different sexes. We investigated
the expression and localization of lebercilin in the photoreceptor
CC. Gene expression analysis showed low background levels of
LCA5 expression in patient-derived RO, which was rescued in the
isogenic control RO to the level of a healthy control at D120 and
D150. At the D190, LCA5 expression decreased for both healthy
and isogenic controls, with the latter showing several folds lower
expression. The general decrease of LCA5 transcript in mature RO
has been previously reported to occur around day 168.23 Lebercilin
was expressed in the cilia at D120 when photoreceptor maturation
begins and in the CC of photoreceptors at D150 and D190 in
gene-edited ROs, as well as in those derived from the unrelated con-
trol. At all observed time points, the LCA5 c.835C>T ROs showed no
023



Figure 3. Expression and localization of lebercilin in LCA5 c.835C>T, gene-corrected, and unrelated control human ROs

(A) Adapted schematic representation of retinal organoids (ROs) differentiation protocol used for this study15–17. BMP4 is bone morphogenetic protein 4, NRV is a neural

retinal vesicle, NIM is neural induction media, RDM is retinal differentiation media, RMM is retinal maturation media, RA is retinoic acid, RPE is retinal pigment epithelium, N2

designates N2 supplement, and B27 designates B27 supplement. (B) Representative images of lebercilin localization in days D120, D150, and D190 ROs. Lebercilin is in

green, ciliary markers ARL13B and GT335 in magenta, and nuclear stain DAPI in blue. (C) Immunohistochemical analysis demonstrating rod and cone marker localization in

D190 ROs. Top panel: rod marker RHO is in green and nuclear stain DAPI in blue. Bottom panel: cone marker OPN1MW/OPN1LW is in green and nuclear stain DAPI in blue.

White arrows point at the rhodopsin signal in ONL. Scale bars: 5 mm (B); 50 mm (F).
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lebercilin expression, consistent with observations in RPE cells.11

For D190 ROs, we used the ciliary marker GT335, due to ARL13B
localization into the outer segments.24 In photoreceptor cells of
D190 ROs, the absence of lebercilin caused rhodopsin and opsin
retention in the ONL in line with the phenotype of the Lca5�/�

mouse model.10 We observed a lower level of rhodopsin and opsin
intensity in the ONL of the gene-edited ROs, which points toward
the potential rescue of lebercilin function. Interestingly, ONL nuclei
were observed trapped in the OS layer of the patient’s ROs, which
can signify a cell death phenotype25; however, this could also be a
cryosectioning artifact. A follow-up study is required to elucidate
the full effect of gene editing on the lebercilin function.

This study demonstrates the value of generating gene-corrected
isogenic controls to model IRDs by reporting the correction of a caus-
ative variant in patient-derived iPSCs and the rescue of LCA5 gene
expression, protein localization, and function. The described cellular
model provides a foundation for understanding the molecular mech-
anisms underlying LCA5-associated IRD and evaluating potential
therapeutic approaches.

MATERIALS AND METHODS
Maintenance of iPSCs lines

Patient-derived iPSCs with a homozygous nonsense variant
(c.835C>T; p.Q279*) in exon 5 were a kind gift from Prof. Jean Ben-
nett (University of Philadelphia, USA) and were characterized previ-
ously.11 The control iPSC line was a kind gift of Prof. Oliver Brüstle.
Both iPSC lines were derived from peripheral blood and transduced
with Sendai viral vectors expressing Oct3/4, SOX2, KLF4, and
cMYC (MOIs according to manufacturer’s instructions, Thermo
Fisher). iPSCs were defrosted on laminin-coated rh-Laminin-521
(Gibco, USA) six-well plates (CC7682-7506, CytoOne) in StemFlex-
supplementedmedium (Gibco, USA) and split using enzymatic disso-
ciation with Cell Dissociation Buffer, enzyme-free, PBS (Gibco, USA).
After one passage, iPSCs were maintained and expanded on GelTrex-
coat in Essential 8 Flex supplemented basal culture medium (all
Gibco, USA).

Generation of isogenic control lines

Genomic DNA was isolated with the Wizard SV Genomic DNA Pu-
rification kit (A2361, Promega). Presence of the LCA5 c.835C>T
variant in the iPSCs was validated by amplification with primers
50-CTCCTGCCTAGGCCTCTCAAAGC-30 (forward) and 50-TCAA
CCATGCAACACAGTGAAGCT-30 (reverse). PCR reactions were
carried out with 100 ng genomic DNA in GoTaq Green Master
Mix (M7122, Promega) according to the manufacturer’s instructions.
PCR thermocycling scheme was as follows: 5min 95�C (1�), followed
by 20 s at 95�C, 30 s at 62�C and 45 s at 72�C (35�) and 5min at 72�C
(1�). PCR products were purified using MultiScreen PCRm96 Filter
Plate (Merck, USA), and the mutation was confirmed by Sanger
sequencing. To target exon 5 of LCA5 gene (c.835C>T; p.Q279*),
gRNAs and ssODNs were designed, and potential off-target sites
were predicted using the Benchling tool (www.benchling.com 13,26).
Sequences of gRNAs and ssODNs are available in Table S1. iPSCs
528 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
were supplemented with RHO/ROCK pathway inhibitor (20 mM)
in StemFlex 2 h before nucleofection. CRISPR-Cas9 tracrRNA
(IDT, USA) and Alt-R CRISPR-Cas9 crRNA were resuspended in
Nuclease-Free Duplex Buffer IDT (IDT, USA) and annealed to pro-
duce 50 mM concentration gRNA. 150 pmol of gRNA and 125
pmol of Alt-R S.p. Cas9 Nuclease V3 (IDT, USA) per one nucleofec-
tion reaction were incubated at room temperature (RT) for 20 min to
form an RNP complex. Ultramer DNA Oligo ssODN donor strand
was reconstituted in RNAase-free water to a concentration of
100 mM. RNP complex, ssODN donor, and Alt-R Cas9 Electropora-
tion Enhancer (IDT, USA) were combined with the 0.2 x 106 cells per
nucleofection reaction in Primary P3 Solution of P3 Primary Cell 4D-
Nucleofector X Kit S and transfected according to the manufacturer’s
instructions (Lonza, Switzerland). Optionally, 30 mMHDR Enhancer
(IDT, USA) was added to the culture media. 4 days after transfection,
single-cell-derived clones were obtained by limiting dilution. Pooled
sequences were analyzed with TIDER web tool.14 Rstudio version
4.1.0 and GraphPad Prism 6 software were used for statistical anal-
ysis. Furthermore, a portion of single-cell derived colonies was manu-
ally detached, and DNA was isolated with QuickExtract DNA Extrac-
tion Solution (Lucigen, USA). Sanger sequencing was used to select
corrected clones that had been obtained by limiting dilution, and
the indicated clones were subjected to WGS.
Pluripotency analysis

Pluripotency analysis was performed by Radboudumc Stem Cell
Technology Center according to standard procedures. Karyotyping
was performed following standard protocols as applied in cytogenetic
laboratories. Briefly, cultured IPS cells were collected in 1.5-mL tubes.
Metaphase arrest was then induced using colcimid followed by a hy-
potonic treatment followed by fixation with an appropriate mixture of
ethanol and acetic acid. Metaphases were spread out on glass slides
under controlled temperature and humidity using a Hanabi PV auto-
mated system (ADS Biotec). Subsequently, chromosomes were GTG
stained before analyzing with, respectively, trypsin and heating-based
denaturation. Image capturing was automated using a karyotype
imaging system (Leica Cytovision System, Amsterdam, the
Netherlands). Chromosomal abnormalities were described according
to the International System for Human Cytogenetic Nomenclature
(ISCN, 2020).
Whole-genome sequencing

Genomic DNA of the patients’ and two CRISPR-corrected isogenic
controls were prepared using the Qiagen DNeasy Blood & Tissue
Kit (Qiagen, Germany), and genome sequencing was performed on
the BGIseq-500 sequencer at an average depth of 30-fold per sample.
Sequenced reads were aligned to the Human Reference Genome
(GRCh37.p5/hg19) using BWA-Mem27 SNVs, and small indels
were identified and quality-filtered using xAtlas,28 and SVs were de-
tected using CANVAS.29 The predicted SVs, SNVs, and off-target
areas were manually inspected using Integrative Genomics Viewer
2.4 software.
023
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Retinal organoid differentiation

The patient-derived iPSC, gene-repaired isogenic, and non-
isogenic control lines were differentiated as previously
described.20–22 Briefly, Essential 6 Medium (Gibco, USA) was
added to the iPSCs at day 0 (D0) and refreshed after 24 h. On
D2, medium was changed to neural induction media (NIM), con-
sisting of Advanced DMEM and Ham’s F-12 Nutrient Mix (1:1)
supplemented with 1% N2 supplement and 1% GlutaMAX (all
Gibco, USA). At D6, 1.5 nM bone morphogenetic protein 4
(BMP4) per well was added and half media changed until D16, af-
ter which full media was changed three times per week. The ap-
peared neural retinal vesicles (NRVs) were dissected with a scalpel
and transferred using a 1-mL pipette with a cut tip into one well of
a 96-well low attachment plate (Corning, USA). The remaining
structures were detached using the checkerboard scraping
method.23 Once all the NRVs were transferred, the medium was
changed to retinal differentiation media (RDM), which consisted
of DMEM and Ham’s F-12 Nutrient Mix (3:1) supplemented
with 2% B27 (without Vitamin A) and 1% NEAA (all Gibco,
USA). 7 days after (D37), the medium was changed to retinal
maturation media (RMM), which consisted of DMEM and
Ham’s F-12 Nutrient Mix (3:1) supplemented with 10% FBS, 2%
B27 (without Vitamin A), 100 mM taurine (Sigma-Aldrich,
USA), and 2 mM Glutamax (all Gibco, USA, with exceptions).
At D50, the RMM was supplemented with 1 mM 9-cis-retinal or
RA (Sigma-Aldrich, USA). At D70, RMM was further supple-
mented with 1% N2, and 9-cis-retinal concentration was lowered
to 0.5 mM. At D100, 9-cis-retinal and B27 (without vitamin A)
supplements were removed. All media were supplemented with
1% Antibiotic Antimycotic (Gibco, USA).

RNA extraction and quantitative real-time PCR

ROs (n = 3 ROs per measurement, in duplicate) were subjected to
RNA extraction using RNeasy MicroKit (Qiagen, Netherlands), and
cDNA synthesis was performed using Invitrogen SuperScript VILO
cDNA Synthesis Kit (Invitrogen, USA) for reverse transcription.
Primers were designed to cross exon boundaries (Table S1). For quan-
titative real-time PCR (qPCR) analyses, the GoTaq qPCR master mix
(Promega, USA) was used according to manufacturer’s instructions,
and the analysis was carried out on an Applied Biosystems
QuantStudio 3 Real-Time PCR System using the SYBR Green
method. Ct values were evaluated in QuantStudio Design and Anal-
ysis Software 1.4.3. Data from the qPCR were normalized to expres-
sion ofGUSB gene and LCA5 expression of the patient line. Error bars
represent SD. Statistical tests were performed using GraphPad Prism
9.0.0 (121).

Immunohistochemistry

One differentiation was performed and two ROs were stained per
condition. The organoids were positioned in the cryomold so that
the OSs were parallel to the knife of the cryosectioning machine;
this is done during the cryomold preparation by orienting the
RPE patch toward the researcher, as this allows us to obtain longer
outer segment-inhabited patches that are assessed by eye under an
Molecul
EVOS microscope. The position of outer segments is further
confirmed during the cryosectioning on one of the slides using
bright-field microscopy. Immunohistochemistry was performed as
previously described.30 The staining for LCA5 and the ciliary marker
are performed simultaneously on the same organoid/slide. Briefly,
sections were first washed once in PBS and blocked with 10%
donkey serum and 0.05% Triton X-100 in PBS for 1 h at RT. Primary
antibodies were incubated in the blocking solution 50% diluted in
PBS for 1 h at RT. Sections were then washed in PBS and incubated
with Alexa Fluor secondary antibodies in the diluted blocking solu-
tion for 45 min at RT. Samples were washed in PBS and mounted
using Vectashield Antifade Mounting Media (Vector Laboratories,
USA). The list of antibodies used in this study is presented in Table 2.
All images were obtained using a Carl Zeiss LSM900 laser-scanning
confocal microscope. Images were exported from Zen 3.1 software
and combined using Adobe Illustrator 2022. For quantification of
ONL thickness, we quantified n = 30 measurements and N = 3 for
unrelated control, n = 30 measurements and N = 1 organoid for
the patient, and n = 29 measurements and N = 2 for isogenic control
organoids. For quantification of the percentage of rhodopsin-posi-
tive cells in ONL, we divided the area of rhodopsin-positive cells
to the area of recoverin-positive cells in ONL (n = 5 measurements
and N = 3 for unrelated control, n = 5 measurements and N = 1 or-
ganoid for patient, and n = 5 measurements and N = 2 for isogenic
control organoids). The analysis was performed in Fiji 1.47 and
GraphPad Prism 9.
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