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Inherited retinal dystrophies (IRDs), such as retinitis pigmen-
tosa and Stargardt disease, are a group of rare diseases caused
by mutations in more than 300 genes that currently have no
treatment in most cases. They commonly trigger blindness and
other ocular affectations due to retinal cell degeneration. Gene
editing has emerged as a promising and powerful strategy for
the development of IRD therapies, allowing the permanent
correction of pathogenic variants. Using clustered regularly in-
terspaced short palindromic repeats (CRISPR)-Cas9 and tran-
scription activator-like effector nucleases (TALEN) gene-editing
tools, we precisely corrected seven hiPS cell lines derived from
IRD patients carrying mutations in ABCA4, BEST1, PDE6A,
PDE6C, RHO, orUSH2A. Homozygous mutations and point in-
sertions/deletions resulted in the highest homology-directed
repair efficiencies, with at least half of the clones repaired prop-
erly without off-target effects. Strikingly, correction of a hetero-
zygous pathogenic variant was achieved using the wild-type
allele of the patient as the template for DNA repair. These results
suggest the unexpected potential application of CRISPR as a
donor template-free strategy for single-nucleotide modifica-
tions. Additionally, the corrected clones exhibited a reversion
of the disease-associated phenotype in retinal cellular models.
These data strengthen the study and application of gene edit-
ing-based approaches for IRD treatment.

INTRODUCTION
Inherited retinal dystrophies (IRDs) are a group of heterogeneous eye
diseases that cause vision loss due to impaired function or degenera-
tion of photoreceptors or retinal pigment epithelium (RPE) cells.1

They are rare disorders, affecting 1 in 4,000 individuals with 5.5
million patients worldwide.2,3 IRDs follow autosomal dominant or
recessive, or X-linked inheritance patterns caused by mutations in
approximately 300 genes.1,4–6 Despite the development of novel ther-
apeutic strategies, still no treatment strategy currently exists to cure or
stop disease progression in the vast majority of IRDs, except for spe-
cific genes and mutations.4,7

Clinical manifestations in IRD are diverse depending on the gene and
cell type affected, and can be syndromic, generating a broad phenotypic
diversity.1,4 The most common one is retinitis pigmentosa, which is
characterized by the degeneration of photoreceptors triggering several
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visual complications and blindness.8 It is considered one of the most
genetically heterogeneous disorders in humans with reported muta-
tions in more than 100 genes.1,4 Conversely, Stargardt disease is caused
by pathogenic variants only in the ABCA4 gene, and is responsible for
12% of IRD-related blindness.9 Patients with achromatopsia also suffer
from photoreceptor degeneration, but in this case individuals are
deprived of color vision.10 Other forms include Best disease, Leber
congenital amaurosis (LCA), or Usher syndrome.1

The management of IRD is complex and relies on genetic diagnosis
and counseling, together with ophthalmologic follow-up, to improve
visual quality and reduce patient symptomatology. Many clinical tri-
als are ongoing. However, owing to the broad spectrum of IRD-
related genes and mutations, therapeutic approximations are diverse
and complex. Moreover, the different clinical stages of disease pro-
gression could help determine the most suitable treatment. In partic-
ular, gene therapy is the most explored approximation for therapeutic
use, for example Luxturna gene therapy for patients with autosomal
recessive RPE65 mutations in LCA.11,12 Gene augmentation repre-
sents one of the most desired treatment modalities for gene therapy,
such as in CNGA3 and CNGB3 trials in patients with achromatop-
sia.13,14 Nevertheless, this is not appropriate for gain-of-function mu-
tations or in cases of toxicity of the protein products. Additionally, the
limited cargo capacity of adeno-associated viruses used in gene ther-
apy could be challenging for large genes such as ABCA4.15,16

Other emerging approximation alternatives to viral-based technologies
are being studied, showing promising results, such as optogenetics,
antisense oligonucleotides,17 or nanoparticles.18,19 Moreover, cell ther-
apy is a key strategy for the replacement of damaged tissue.20 Note-
worthy, stem cell-based therapy from allogeneic or autologous donors
has demonstrated encouraging results in RPE cell transplants.21

Gene editing has emerged as an important tool for the modification of
the DNA, with a special interest in translational medicine for its
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ability to permanently correct pathogenic variants avoiding re-
administration.7,22–24 Nonetheless, some important issues with
respect to precision, efficiency, safety, loading, and in vivo delivery
still exist.16,25 However, efforts are being made to tackle all these con-
cerns for its application in personalized medicine.16,24–26 Recently,
the EDIT-101 clinical trial has been approved for the removal of an
aberrant splice donor in CEP290 (c.2991 + 1655A>G) through subre-
tinal delivery of the clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 system using an AAV5 vector in LCA pa-
tients.27,28 Also other genetic disorders, including cancer,29–31

Duchenne muscular dystrophy32 or viral infections,33–35 are taking
advantage of genome editing as a therapeutic strategy.

Zinc finger nucleases and transcription activator-like effector nucle-
ases (TALENs) were the first-generation nucleases used for gene edit-
ing; however, they appeared to be complex and expensive.36 Deci-
sively, the advent of CRISPR-associated nuclease Cas9 technology
marked an important improvement in gene-editing tools due to its
precision, ease, and potential.23,37 Currently, the most used technol-
ogy is, by far, CRISPR, despite TALENs are also appreciated because
of their high specificity.37,38 In both technologies, the genomic regions
of interest are targeted by either primer sequences in TALENs or by a
single guide RNA (sgRNA) in CRISPR-Cas9, which needs to be just
beside the protospacer-adjacent motif (PAM)—the tri-nucleotide
“NGG” in case of Cas9 from Streptococcus pyogenes.23

Both TALEN and CRISPR-Cas9 rely on cellular repair mechanisms to
restore DNA double-strand breaks (DSBs) generated by FokI or Cas9
nucleases, respectively.24,39–41 This repair is predominantly per-
formed by two major error-prone systems: the non-homologous
end-joining (NHEJ) and microhomology-mediated end-joining
(MMEJ) pathways.42 NHEJ joins the broken DNA ends, while
MMEJ uses short homologous sequences near the DSB for its repair.43

Moreover, DNA repair machinery has also a mechanism to precisely
repair DSB, named homology-directed repair (HDR), which needs a
homologous DNA template.40,44–46

Specifically, the HDRmechanism can follow homologous recombina-
tion (HR) or single-strand template repair (SSTR).43–48 The HR
mechanism uses a sister chromatid or a homologous chromosome
as the template,35,44,47 while SSTR needs a homologous single-
stranded DNA for gene correction, such as a single-stranded oligo-
deoxynucleotide (ssODN).40,45,47–49 Although HDR would be the
preferred mechanism for proper gene-editing assays, NHEJ is the
most active pathway in mammalian and non-dividing cells, which
commonly repair DNA by introducing small insertions and dele-
tions.42,45,47,50–53 Additionally, it has been extensively reported that
NHEJ is the favored mechanism to repair DNA lesions after Cas9-
induced DSBs.44,45,47 Thereby, drugs to enhance the HDR pathway
instead of NHEJ are largely used in gene correction assays.26,42,44

In this study, we report the efficient and precise correction of point
mutations in seven induced pluripotent stem cell (hiPSCs) lines
derived from patients with IRD. The percentage of properly edited
2 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
clones ranges from 3% to more than 70% of the screened clones, de-
pending on the gene, pathogenic variant, and technology used. Specif-
ically, homozygous and small insertions/deletions exhibited the high-
est HDR efficiencies. Moreover, the distance between the DSB and the
pathogenic variant and sgRNA specificity decisively influenced gene-
editing outcomes. Surprisingly, in some gene-editing assays of hiPS
cell lines from heterozygous carriers, the pathogenic variant was cor-
rected using the wild-type allele of the patient as the template for
repair. Finally, the repaired clones exhibited reversion of the IRD-
associated phenotype in retinal cell models compared with mutant
hiPSCs, indicating a potential rescue of the diseased condition.

Most IRDs are caused by point mutations,54 like the ones studied in
this article. Hence, the precise correction of pathogenic variants in pa-
tient-derived iPSCs using gene-editing technologies is a promising
therapeutic approach for retinal dystrophies. The results presented
here support and broaden the application of gene editing as a future
prospect for IRD treatment.

RESULTS
Design and validation of the optimal sgRNA and TALEN guides

for targeting IRD-related pathogenic variants

IRDs are mainly caused by single point mutations or small insertions/
deletions55 that can be corrected by gene editing using an ssODN as a
repair template. For that purpose, we aimed to correct seven iPS cell
lines derived from patients with different retinal disorders. Specif-
ically, patients with Stargardt disease, Best disease, achromatopsia,
or retinitis pigmentosa. All hiPS cell lines carried previously described
heterozygous or compound-heterozygous point mutations inABCA4,
BEST1, PDE6A, RHO, or USH2A genes, except in the patient with
achromatopsia who harbored a homozygous missense change in
PDE6C (listed in Table 1). For compound-heterozygous carriers, we
selected only one pathogenic variant for correction because of its
recessive behavior (asterisks in Table 1).

We focused on CRISPR and TALEN technologies because of their ef-
ficacy and precision, as well as their low ratio of off-target effects,
respectively. We designed several sgRNAs for CRISPR-Cas9 and
one TALEN mRNA pair for each selected pathogenic variant in the
seven hiPS cell lines (schematized in Figures 1A and 1B; Table S1).
Moreover, we designed an ssODN specific for each mutation and
technology considering some important parameters to enhance
HDR-mediated repair, such as the length of the left and right homol-
ogous arms, the location of the DSB that should be centered, and the
incorporation of phosphorothioate modifications at the ends of the
template.53,66 Importantly, the ssODN also harbored a synonymous
nucleotide substitution in the PAM sequence to avoid Cas9 re-cutting
in the case of successful knockin in CRISPR experiments66,67 (nucle-
otides in blue in Table S2).

DNA cleavage analyses showed a higher efficacy of sgRNAs than
TALENs except when targeting the mutation in USH2A, in which
cleavage was similar for both technologies (Figures 1A and 1B;
Table S1). The Cas9-mediated DSB cleavage efficiency ranged from



Table 1. hiPS cell lines derived from patients affected with IRD

Patient ID hiPS cell line IRD Gene Zygosis Allele Varianta Protein change

ABCA4_A FRIMOi003-A Stargardt disease ABCA4 comp-het
1 c.4253 + 4C>Ta,56 Splicing

2 c.6089G>A57 p.Arg2030Gln

ABCA4_B FRIMOi004-A Stargardt disease ABCA4 comp-het

1 c.3211_3212insGTa,58 p.Ser1071CysfsTer14

2 c.514G>A59 p.Gly172Ser

2 c.2023G>A60 p.Val675Ile

2 c.6148G>C58 p.Val2050Leu

BEST1 FRIMOi006-A Best disease BEST1 het
1 c.229C>Ta,61 p.Pro77Ser

2 – –

PDE6C FRIMOi007-A Achromatopsia PDE6C homo
1 c.1670G>Aa,62 p.Arg557Gln

2 c.1670G>Aa,62 p.Arg557Gln

PDE6A FRIMOi001-A Retinitis pigmentosa PDE6A comp-het
1 c.305G>A63 p.Arg102His

2 c.1268delTa,63 p.Leu423Ter

RHO FRIMOi005-A Retinitis pigmentosa RHO het
1 c.644C>Ta,64 p.Pro215Leu

2 – –

USH2A FRIMOi002-A Retinitis pigmentosa USH2A comp-het
1 c.2209C>Ta,65 p.Arg737Ter

2 c.8693A>Ca,65 p.Tyr2898Ser

aSelected pathogenic variant for gene editing.
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0% to approximately 55% (Figure 1A). However, we obtained consid-
erable cleavage by TALENs only with guides targeting BEST1,
PDE6C, and USH2A mutations (Figure 1B). Notably, sgRNAs with
a GC content between 46% and 60% display the highest cleavage ef-
ficiencies, suggesting a correlation with their ability to induce DSB,
but not with TALEN mRNA pairs (Figure S1A). Noteworthy, we
did not study sgRNAs with GC content higher than 60%.

Consequently, sgRNAs or TALEN mRNAs that were unable to
induce DSB or exhibited low DNA cleavage were discarded for the
gene-editing assays. Finally, we selected one sgRNA harboring the
pathogenic variant to increase allele specificity, with the lowest dis-
tance between the DSB and the mutation for each mutation in the
seven hiPS cell lines (green guides in Table S1).

Efficient HDR correction of pathogenic variants in hiPSCs from

IRD patients without off-target effects

Single-nucleotide gene editing relies on the precise correction of sin-
gle or small nucleotide changes byHDRmechanisms.44,46,48,53 To that
end, we electroporated either sgRNA/Cas9 or TALEN mRNA pairs,
together with the corresponding ssODNs (summarized in Table S2)
in patient-derived iPSCs. Following electroporation, the cells were
cultured with L755507 activator, M3814 inhibitor, and Y-27635
ROCK inhibitor to improve HDR repair and cell survival. Finally, sin-
gle colonies were cultured and Sanger sequenced to assess gene-edit-
ing outcomes (Figure 1C).

Sequencing analysis revealed substantial differences in gene-editing
efficiency based on the type of technology, mutation, zygosity, and
genomic region, resulting in different percentages of properly cor-
rected clones without on-target abnormalities in each assay (Fig-
ure 1D; Table 2). After CRISPR-Cas9-mediated gene editing, we suc-
cessfully corrected the pathogenic variant in all iPS cell lines, except
for FRIMOi002-A (USH2A c.2209C>T), which was repaired using
TALENs (Figure 1D). Notably, both sgUSH2A_2 and talUSH2A_1
induced DNA DSB with moderate efficiency (<10%) (Table S1).
However, we could not obtain repaired clones of FRIMOi006-A
(BEST1 c.229C>T) or FRIMOi007-A (PDE6C c.1670G>A) using
TALENs (Figure 1D). Noteworthy, hiPSCs after TALEN electropora-
tion exhibited poorer overall cell survival compared with CRISPR-
Cas9-treated cells.

Remarkably, the highest HDR efficiencies with the absence or lowest
ratios of on-target effects were found in gene-editing assays target-
ing the di-nucleotide insertion, the single-nucleotide deletion, and
the homozygous mutation (ABCA4 c.3211_3212insGT, PDE6A
c.1268delT, and PDE6C c.1670G>A, respectively) (Figures 1E and
1F). In the majority of cases, the percentages of on-target aberra-
tions were <25%, and <40% in all assays (Figure 1F). Notably, we
did not obtain on-target anomalies when correcting for either of
the ABCA4mutations (c.4253 + 4C>T and c.3211_3212insGT) (Ta-
ble 2). Moreover, the best knockin results were found in assays with
sgRNAs that had the shortest distances between the DSB and the
targeted mutation (Figure S1B).

Corrected clones generated using CRISPR or TALEN showed hiPSC-
like cellular morphology and proliferation rates similar to those of the
parental clones (Figure 1G). In addition, we found no significant dif-
ferences in the expression of stemness-related genes between clones
(Figure S1C and reported previously68,69). Likewise, they shared the
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Figure 1. Efficient HDR correction of pathogenic variants in hiPSCs from IRD patients without off-target effects

(A) Top: Schematic representation of sgRNAs designed for each pathogenic variant for gene editing in each hiPS cell line. Bottom: Cleavage efficiencies of the sgRNAs (“ND”

means not detected). (B) As in (A) but for TALENs. (C) Gene-editing assay overview. The figure was partly generated using Servier Medical Art, provided by Servier, licensed

under a Creative Commons Attribution 3.0 Unported license. (D) Gene-editing results for each pathogenic variant. HDR percentages indicate corrected clones without

(legend continued on next page)
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same ability to differentiate into the three embryonic germ layers and
into retinal 3D models, named organoids, demonstrating the preser-
vation of pluripotency after gene editing (Figures 1H, S1D, and S1E).

Gene editing can cause undesired genomic alterations because of er-
ror-prone repair or binding of the guides to off-target regions.46,53,70

For off-target assessment, we analyzed all predicted regions with two
mismatches in sequence homology, and most of the predicted homol-
ogous loci presenting three mismatches corresponding to exonic or
intronic regions. In more than 250 off-target sequences analyzed by
Sanger sequencing, undesired genomic alterations were not detected
in the 68 repaired clones screened (Figure 1I; Table 3), suggesting that
two or more mismatches in sequence homology prevented the bind-
ing of the sgRNA to off-target regions. Additionally, we performed
whole genome sequencing (WGS) analysis of one corrected and
one parental FRIMOi004-A clone and found no genomic abnormal-
ities derived from the CRISPR-Cas9 gene editing, as previously re-
ported (Figure 1I).68

Altogether, these results indicate the precise HDR correction of IRD-
related point mutations using CRISPR-Cas9 and TALEN technolo-
gies for several types of mutations and different genes. The highest
knockin results were achieved when targeting homozygous or small
ins/dels by CRISPR-Cas9, between 50% and 70% of properly cor-
rected clones without on- and off-target defects, and were also asso-
ciated with the sgRNAs exhibiting the shortest distances between
the DSB and the mutation. Although TALEN-mediated gene editing
was less efficient, we achieved successful pathogenic variant repair in
FRIMOi002-A (c.2209C>T USH2A) but not by CRISPR-Cas9.

Precise HDR correction of pathogenic variants by using the

endogenous sister chromatid

Using CRISPR gene-editing assays for the repair of heterozygous mu-
tations, we obtained a few clones that exhibited pathogenic variant
correction but did not harbor the PAM mutation. Remarkably, we
also observed edited clones carrying the pathogenic variant in homo-
zygosis instead of heterozygosis or corrected (Figure S2A). This
observation indicates DNA cleavage of the wild-type allele and DSB
resolution by incorporating the mutation, which could not occur if
ssODNs were used as the template for repair. HDR mechanisms
can use exogenous (ssODN in the SSTR pathway) or endogenous ho-
mologous sequences, such as the sister chromatid (HR pathway)
(Figure 2A).44,45,71

This prompted us to study whether we had obtained the undesired cut
and HDR repair of the wild-type allele in some gene-editing assays.
Specifically, cutting of the wild-type allele would result in: (1) clones
carrying the pathogenic variant and PAM mutation in heterozygosis
on-target defects from the total clones analyzed. (E) HDR ratios depending on the type o

BEST1, RHO, and USH2A patients. (F) As in (E) but quantification of on-target aberra

or TALEN (FRIMOi002-A) gene editing. Scale bar represents 200 mm. (H) Lineage d

indicates 50 mm. (I) Table shows the total number of off-targets. Right panel: Scheme o

FRIMOi004-A).
(SSTR repair), or (2) clones with the pathogenic variant in homozy-
gosis (HR repair), as shown in Figure 2B. Significantly, we observed
these two genotypes only when using sgRNAs harboring one
mismatch in sequence homology with the wild-type allele, but not
when using sgRNAs with two or nine mismatches (Figure 2B, see
sgABCA4_7 and sgPDE6A_3). Additionally, the results related to
the correction of the pathogenic variant in the mutant allele showed
the best HDR efficiencies when sgRNAs with at least two mismatches
in sequence homology against the wild-type allele were used (Fig-
ure 2C). Altogether, these results suggest that better knockin effi-
ciencies are associated with lower recognition of the wild-type allele,
although it should be considered that the assays were performed in
different hiPS cell lines and with different ssODNs, which could affect
gene-editing efficiency.

Because heterozygous pathogenic variants are common in IRD,4 pre-
cise and efficient gene editing should ideally target only the mutant
allele to minimize undesired DNA modifications in the wild-type
allele. To further analyze these findings, we focused on the gene edit-
ing of BEST1 c.229C>T in FRIMOi006-A, which displayed similar ra-
tios of SSTR- and HR-mediated repair (Figure 2D). We designed
another sgRNA named sgBEST1_5, which harbors the same nucleo-
tide change corresponding to the pathogenic variant but moved one
position (nucleotides in blue in Figure 2E). This resulted in one
mismatch against the wild-type allele and two mismatches against
the mutant allele (dark blue asterisks in Figure 2E). Conversely, the
previously designed guide, sgBEST1_4, showed perfect homology
with the mutant allele and one mismatch with the wild-type allele
(light blue asterisks in Figure 2E). As expected, sgBEST1_4 induced
higher levels of DNA cleavage in FRIMOi006-A than sgBEST1_5,
which worked better in wild-type hiPSCs because of sequence homol-
ogy (Figures S2B and S2C).

We then compared the HDR efficiency for correction of the patho-
genic variant in FRIMOi006-A using both sgRNAs. We obtained
only one clone with the pathogenic variant corrected using
sgBEST1_5, in contrast to more than 45% of successfully knocked-
in clones obtained using sgBEST1_4 (Figure 2F). Significantly, we
observed that sgBEST1_5 guide acted almost exclusively on the
wild-type allele (Figure 2G), whereas the sgBEST1_4 guide mostly
recognized the mutant allele (Figure 2F). Remarkably, the gene-edit-
ing assay performed with sgBEST1_4 did not generate clones with the
pathogenic variant in homozygosis, whereas the assay performed with
sgBEST1_5 resulted in 23.81% of clones with this genomic event
(Figures 2H and S2D).

Notably, both BEST1 gene-editing assays were performed in the same
hiPS cell line and using the same ssODN, indicating that the specificity
f pathogenic variant. Single-nucleotide substitutions refer to mutations in ABCA4_A,

tions. (G) Bright field captures of hiPS clones after CRISPR-Cas9 (FRIMOi006-A)

ifferentiation analysis in FRIMOi002-A parental and corrected clones. Scale bar

f Sanger sequencing screening results (in all hiPS cell lines) and of WGS analysis (in
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Table 2. On-target gene-editing results

Patient ID Pathogenic variant Zygosity Guide ID Clones

HDR
Ins/del/indel/single-nt
substitution

Clones % Clones %

ABCA4_A ABCA4 c.4253 + 4C>T het sgABCA4_2 57 3 5.26 0 0

ABCA4_B ABCA4 c.3211_3212insGT het sgABCA4_7 42 30 71.43 0 0

BEST1 BEST1 c.229C>T het

sgBEST1_4 23 11 47.83 9 39.13

sgBEST1_5 42 1 2.38 11 26.19

talBEST1_1 36 0 0 0 0

PDE6C PDE6C c.1670G>A homo
sgPDE6C_4 45 25 55.56 11 24.44

talPDE6C_1 22 0 0 0 0

PDE6A PDE6A c.1268delT het sgPDE6A_3 52 26 50 3 5.77

RHO RHO c.644C>T het sgRHO_4 53 14 26.42 20 37.74

USH2A USH2A c.2209C>T het
sgUSH2A_2 30 0 0 0 0

talUSH2A_1 55 2 3.64 3 5.45
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of the sgRNA for the mutant allele could decisively determine HDR
gene-editing outcomes. In line with the previous results shown in Fig-
ure 2B, these data also suggest that the number of mismatches is crucial
to avoid the wild-type allele DSB and HR repair that could generate
clones carrying the pathogenic variant in homozygosis.

Pathogenic variant correction by using the wild-type allele as

repair template in ssODN-free CRISPR-Cas9 gene-editing assay

The results showing DNA repair using the homologous sister chro-
matid prompted us to wonder if sgRNA-induced DSB without using
an ssODN could be sufficient for correcting heterozygous pathogenic
variants. Before further evaluating these findings, we first aimed to
confirm the generation of homozygous pathogenic variants and
ensure that we did not misidentify a potential heterozygous gross
deletion as a result of NHEJ. Therefore, we analyzed the HR- and
SSTR-corrected clones using karyotyping and long-read sequencing.

Karyotyping revealed no differences between the parental and cor-
rected clones (Figure S3A). Notably, parental FRIMOi006-A hiPSCs
harbored a balanced translocation (t(4; 22) (p14; q12)), as previously
reported, which was also conserved in gene-edited clones.46 Long-
read sequencing resulted in 48 and 38 structural variants in SSTR-
and HR-repaired clones, respectively (Tables S3 and S4). From these,
approximately the 90% were in common with structural variants also
detected in parental cells, and only 5% in the HR-edited clone were
not found in the parental clone (Figure 3A). Furthermore, none of
the structural variants were located in BEST1 (Tables S3 and S4).

Taking advantage of the long-read sequencing results, we analyzed
whether these detected structural variants could have arisen after
gene editing as off-target effects. Each locus was amplified, run on a
gel, and sequenced using Sanger sequencing (chromosomal positions
are indicated in Table S4). To analyze the inversion, we designed two
forward primers, one of which was located in the potentially inverted
fragment, and one reverse primer (Table S7). PCR products of cor-
6 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
rected clones revealed no bands corresponding to the predicted dele-
tion and insertion and showed the same band pattern as the parental
ones, including the inversion (Figures S3B–S3D). Additionally, we
studied one deletion in chromosome 2 that was detected in the three
samples and in wild-type hiPSCs, which was not found, indicating a
false-positive result (Figure S3D). Importantly, these analyses re-
vealed the absence of large on- or off-target effects due to CRISPR-
Cas9 gene editing.

Subsequently, we performed the same gene-editing assay without
ssODNs in the patients ABCA4_A, BEST1, PDE6A, and RHO
(FRIMOi003-A, FRIMOi006-A, FRIMOi001-A, and FRIMOi005-A,
respectively) (Figure 3B). Consequently, cell clones exhibiting gene
editing of the pathogenic variant (either corrected or homozygous,
depending on the cut allele) would indicate effective DSB repair using
the endogenous sister chromatid.

We successfully corrected the c.229C>T BEST1 pathogenic variant in
more than 20% of the clones analyzed in the FRIMOi006-A cells
(Figures 3C and S3E). This percentage of clones was similar to that
achieved in the assay involving transfection with ssODNs (HR-medi-
ated repair) (Figure 3C; Table S5). The corrected clones were also
examined for other rare variants harbored by the patient, to ensure
cell purity (Figure S3F). In contrast, iPSCs from patients ABCA4_A,
PDE6A, and RHO failed to correct the mutations without ssODNs in
the screened clones (Figure 3C). Nevertheless, in iPSCs from patient
ABCA4_A we obtained a small number of clones with the pathogenic
variant in homozygosis, indicating a wild-type allele cut and HR
repair (Figure 3C). Notably, these three hiPS cell lines displayed lower
ratios of the HR pathway than the BEST1 hiPSCs (Figure 3D). In
addition, sgBEST1_4 had a shorter distance between the DSB and
the pathogenic variant than the sgABCA4_3, sgPDE6A_3, and
sgRHO_4 guides, which could also influence HR-mediated repair
(Figure 3E), although we should still consider that this comparison
is between assays performed in different cell lines.



Table 3. Off-target analysis results

Patient ID Pathogenic variant sgRNAs ID
Total
off-targets

Exonic/intronic Intergenic

Off-targets
Clones
analyzed

Off-target
effects Off-targets

Clones
analyzed

Off-target
effects

ABCA4_A ABCA4 c.4253 + 4C>T sgABCA4_2 7

1 mm 0 – – 1 mm 0 – –

2 mm 0 – – 2 mm 0 – –

3 mm 2 2 0 3 mm 5 0 –

ABCA4_B ABCA4 c.3211_3212insGT sgABCA4_7 57

1 mm 0 – – 1 mm 0 – –

2 mm 0 – – 2 mm 1 33 0

3 mm 17a 33 0 3 mm 39a 1 0

BEST1 BEST1 c.229C>T sgBEST1_4 16

1 mm 0 – – 1 mm 0 – –

2 mm 1 6 0 2 mm 1 6 0

3 mm 9 0 – 3 mm 5 0 –

PDE6C PDE6C c.1670G>A sgPDE6C_4 10

1 mm 0 – – 1 mm 0 – –

2 mm 0 – – 2 mm 0 – –

3 mm 6 14 0 3 mm 4 0 –

PDE6A PDE6A c.1268delT sgPDE6A_3 15

1 mm 0 0 0 1 mm 0 – –

2 mm 1 13 0 2 mm 0 – –

3 mm 11 0 – 3 mm 3 0 –

RHO RHO c.644C>T sgRHO_4 32

1 mm 0 – – 1 mm 0

2 mm 0 – – 2 mm 2 0 –

3 mm 18 0 – 3 mm 12 0 –

aSome off-targets analyzed only by whole genome sequencing.
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Next, we analyzed whether the absence of ssODNs could activate the
NHEJ pathway. Although some clones displayed on-target genomic
abnormalities (Figure S3E), the on-target aberration percentages
were similar to those generated when providing ssODNs in the clones
screened (Figure 3F).

Altogether, the results derived from these studies showed that gene-
editing outcomes are highly influenced by the specificity of sgRNA
and could be conditioned by the HDR pathway used for DSB repair.
This study also demonstrated unexpected gene editing of the hetero-
zygous BEST1 c.229C>T mutation using CRISPR-Cas9 technology
without ssODN. Furthermore, heterozygous mutations could benefit
from the wild-type allele as a template for correction of the patho-
genic variant upon sgRNA/Cas9-induced DSB.

HDR-corrected clones exhibit reversion of the mutant-

associated phenotype in retinal cellular models

IRD-related mutations can trigger complex phenotypes depending on
the affected gene and mutation.1,4 To assess the phenotypic changes
after HDR repair, we differentiated several hiPS cell lines into retinal
cellular models. Notably, pathogenic variant correction and pluripo-
tency conservation were routinely checked during hiPS culture and
after differentiation (Figures S4A and S4B).

Bestrophin-1, encoded by BEST1, is an integral membrane protein that
functions as a calcium-activated anion channel, and is expressed only
in RPE cells.24,72 Thus, we differentiated BEST1 FRIMOi006-A
parental and knocked-in clones into this retinal cell type. Both geno-
types exhibited normal RPE differentiation and morphology as re-
vealed by ZO-1 staining, the expression of early differentiationmarkers
(PAX6 andMITF), and the RPE marker RPE65 (Figures 4A and S4C).
We also evaluated themRNA levels ofBEST1 and found similar expres-
sion in wild-type, parental, and corrected RPE cells (Figure 4B),
demonstrating that this pathogenic variant does not significantly affect
bestrophin-1 expression, as previously reported.73

Calcium-activated chloride channel activity was measured by quanti-
fying iodide distribution in RPE cells expressing a fluorescent sensor
(Figure S4D). Once the chloride channels are opened, iodide ions enter
the cell—quenching fluorescence of the transfected RPE cells, revealing
channel activation. We observed that the corrected FRIMOi006-A
clones displayed reduced opening of the chloride channel over time
compared with the parental clones and showed similar levels to those
found in wild-type RPE (Figure 4C), even in the presence of an iono-
phore (Figure 4D). The fluorescence signal was lower in BEST1mutant
cells at almost all time points analyzed compared with isogenic knockin
clones (Figures 4C and 4D). In contrast, no differences were observed
when the RPE cells were cultured without a stimulus buffer (Fig-
ure S4E). These results demonstrate restoration of the previously re-
ported BEST1 c.229C>T (p.Pro77Ser) phenotype, showing a reduction
in chloride channel opening in CRISPR-Cas9-corrected cells and resto-
ration of epithelial permeability.73
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 7
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Figure 2. Precise HDR correction of pathogenic variants by using the endogenous sister chromatid

(A) DNA repair pathways used after CRISPR-Cas9-induced DSB. (B) Percentage of SSTR- and HR-correction in wild-type allele in assays of heterozygous carriers of

Figure 1D. (C) Percentage of HDR-mediated correction of the pathogenic variant according to the number of mismatches in homology with the wild-type allele of the sgRNA

used. (D) HR and SSTR ratio obtained in the gene-editing assay in FRIMOi006-A. (E) Scheme of sgBEST1_4 and sgBEST1_5 homologies against wild-type andmutant alleles

in FRIMOi006-A. Asterisks indicate mismatch in the sequence homology. In red is shown the pathogenic variant and in blue the nucleotide change in the sgRNA. (F) Total

HDR efficiency in editing the mutant allele in the assays with sgBEST1_4 or sgBEST1_5 in FRIMOi006-A. (G) As in (F) but in the wild-type allele. (H) HDR-mediated correction

data obtained with sgBEST1_4 or sgBEST1_5 according to the pathogenic variant (in green corrected, in red not corrected) and PAMmutation (in blue) in FRIMOi006-A wild-

type and mutant alleles.
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Next, we investigated whether epithelial function was compromised
in BEST1mutant RPE. RPE cells are essential for photoreceptor func-
tion by phagocytosing photoreceptor outer segments (POSs).74,75

Notably, FRIMOi006-A parental cells displayed increased POS up-
take compared with the corrected clones, indicating enhanced
phagocytic activity of BEST1 mutant cells (Figures 4E and S4F).
Nevertheless, this increase in phagocytosis can hamper POS process-
ing and accumulation in RPE cells causing abnormal function,
which has been associated with visual affectations.76 We also
monitored trans-epithelial electrical resistance (TER) in RPE
monolayers. Surprisingly, BEST1 c.229C>T-repaired clones dis-
played increased TER compared with mutant cells (Figure 4F).
This result suggests a role for the epithelial barrier function with
bestrophin-1.

Collectively, these functional data reveal a potential rescue of the
retinal phenotype associated with IRD-related mutations after
gene editing. The disease-associated phenotype in Best disease was
reversed by restoring the epithelial monolayer function and
permeability.
8 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
DISCUSSION
Pathogenic variants associated with IRDs have been identified in
more than 300 genes, and lead to diverse outcomes and cellular ef-
fects. This underscores the need for various therapeutic approaches
to address these issues effectively. Most IRDs are caused by point mu-
tations, such as those corrected by gene editing in this study, making
technologies promising tools for future personalized medicine. In
addition, genome editing has improved significantly in recent years
with the advent of prime and base editors, and the enhancement of
Cas enzymes and other engineered proteins, has considerably
enhanced their potential.24,77,78

The data obtained in this study show the precise correction of IRD-
related pathogenic variants using CRISPR-Cas9 and TALEN technolo-
gies. Gene-editing results showed that targeting homozygous muta-
tions, point insertions, or deletions yielded the best HDR efficiencies,
coinciding with the absence or lowest ratios of on-target defects
(Figures 1E and 1F). In our study, CRISPR-Cas9 was found to be signif-
icantly more powerful than TALENs, demonstrating higher sgRNA-
induced DSB and HDR efficiency in hiPSCs. In the majority of assays,
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Figure 3. Pathogenic variant correction by using the wild-type allele as repair template in ssODN-free CRISPR-Cas9 gene-editing assay

(A) Venn diagram showing structural variants results found in long-read sequencing in FRIMOi006-A clones. (B) Schematic of the gene-editing assay performed without

transfecting the ssODN. (C) Percentage of HR-corrected clones obtained in the assays performedwith or without ssODN. (D) Gene-editing ratios based on SSTR or HR repair

mechanisms in each hiPS cell line. (E) Representation of percentage of clones with the pathogenic variant corrected in the assays performed without the ssODN depending

on the distance between the DSB and the pathogenic variant. (F) Quantification of on-target defects in each assay.

www.moleculartherapy.org
we successfully corrected more than 45% of the screened clones. How-
ever, although less effective, TALENs could be useful and suitable in
cases where CRISPR-Cas9 is not, due to genomic loci concerns. Simi-
larly, engineered Cas enzymes—like, Cas12a, Cas13, and Cas14—have
been shown promoting CRISPR-Cas applications.53,77–79

The efficiency of inducing DNA cleavage by sgRNA is a key factor in
the design of CRISPR assays.53,80,81 Nevertheless, the optimization of
other aspects could also significantly improve gene-editing outcomes.
For instance, the number of mismatches in sequence homology deter-
mines allele discrimination by sgRNA, which results in an advantage
in point mutations affecting two or more nucleotides because the
wild-type allele is virtually unrecognized. The results reported here
show that sgRNA specificity is of utmost importance for preventing
undesired genomic events in the wild-type allele. In addition, the dis-
tance between the DSB and the pathogenic variant is decisive for
proper gene editing, as previously reported.66,68

DNA lesions are preferably resolved by the NHEJ pathway in somatic
mammalian cells.40,71 Therefore, in gene-editing assays, the HDR
mechanism is commonly favored through the use of HDR activators
and NHEJ inhibitors.82 Recent studies correlate the importance of
the chromatin status in the regulation of the DSB repair mechanism
used and also in the sgRNA-mediated ability to cleave DNA.83,84 Sur-
prisingly, in the assays for correcting heterozygous pathogenic variants
we observed a significant amount of corrected clones that had not
incorporated the Cas9-blocking mutation—present in the ssODN—
and a small percentage of edited clones carrying the pathogenic variant
in homozygosis. These results suggest DNA repair methods other than
ssODN-mediated correction. Recombinases like RAD51/RAD52 have
been reported to be key mediators of Cas9-induced DSB with a depen-
dence on the type of repair template.45,85 For instance, RAD52 pro-
motes single-stranded DNA increasing SSTR pathway.86 Notably, pre-
liminary data in this study showed a potential association in RAD52
expression levels and SSTR-mediated repair (data not shown).

Noteworthy, the DNA DSB could be resolved using the ssODN but
failing to incorporate the Cas9-blockingmutation because of template
unbinding or instability. Additionally, a large DNA deletion in the
wild-type allele may explain the fictitious detection of the pathogenic
variants in homozygosis. However, karyotyping analysis and long-
read sequencing revealed the absence of structural variants or gross
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 9

http://www.moleculartherapy.org


A

D E F

B C

Figure 4. HDR-corrected clones exhibit reversion of the mutant-associated phenotype in retinal cellular models

(A) Immunofluorescence staining of ZO-1 or F-actin and RPE65 markers in differentiated RPE FRIMOi006-A clones. Scale bar represents 25 mm. (B) Relative mRNA

expression ofBEST1 in RPE cells of wild-type and FRIMOi006-A clones. (C) Relative fluorescence quantification of the YFP-labeled PremoHalide Sensor recorded every 30 s

for 2 min with the stimulus buffer in RPE cells derived from wild-type, parental, and corrected (SSTR and HR) FRIMOi006-A clones. Data are the average of four independent

experiments with different clones of each genotype and represented asmean ±SEM. (D) As in (C) but in the presence of the ionophore A23187. (E) Relative fluorescence units

in RPE cultures of parental and corrected FRIMOi006-A clones in the presence of FITC-labeled POS. Data are the average of four independent experiments. (F) Trans-

epithelial electrical resistance recordings in wild-type and FRIMOi006-A RPE during cell culture in transwells. Data represent mean ± SEM. p % 0.001 (***), p % 0.01

(**), p % 0.05 (*) levels, or non-significant (ns) for p > 0.05.
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deletions, which could lead to misidentification of clones. Moreover,
these genomic events are often associated with the plasmidic delivery
of sgRNA/Cas9 rather than with ribonucleoprotein (RNP) com-
plexes.87–89 Noteworthy, despite being potentially deleterious, these
undesired homozygous clones can still be edited in subsequent
rounds of gene editing.

Notably, DSB repair using endogenous homologous DNAwas further
supported by performing a CRISPR-Cas9 assay by transfecting only
sgRNA and Cas9 but not ssODN. This assay successfully corrected
the heterozygous pathogenic variant of BEST1. However, this was
not achieved in ABCA4_A, PDE6A, and RHO hiPSCs, suggesting
that successful DSB repair by the HR pathway could be intimately
ligated to the gene, mutation, and hiPS cell line per se. Accordingly,
the HR and SSTR pathways are regulated by several proteins that
can be influenced by these factors.34,49

Remarkably, several studies have reported successful template-free
repair of DSB through the NHEJ/MMEJ pathways, which are suffi-
10 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
cient to recover protein function.90–92 Nevertheless, this approxima-
tion is not suitable for the precise correction of single-nucleotide
pathogenic variants. Similarly, the MMEJ pathway has been reported
to be useful for correcting small indel variants via stochastic repair.93

Altogether, these findings suggest the possibility of using CRISPR-
Cas9 gene editing without transfecting a synthetic oligonucleotide
for the precise correction of pathogenic variants. Consequently, the
transfection cargo is reduced, and the potential on- and off-target ef-
fects associated with the ssODN.53,66 Noteworthy, this approximation
lacks the modification in the PAM sequence, which could result in an
increase in NHEJ events due to DNA re-cut.

Gene editing as a therapeutic strategy needs to ultimately reverse the
disease condition of the patient to stop the mutant phenotype. Impor-
tantly, we observed rescue of anionic intracellular transport in BEST1
c.229C>T corrected clones, which was reported to be increased in
mutant BEST1 RPE cells compared with wild-type cells (Figures 4C
and 4D).94 We also found increased permeability of the BEST1



www.moleculartherapy.org
mutant RPE monolayer compared with that in repaired cells in TER
measurements (Figure 4F). The electrical resistance of the epithelial
layer is directly associated with monolayer permeability. Thus, the
higher ion flux across mutant RPE cells and their increased phago-
cytic activity suggest a reduced tightness of the epithelial barrier in be-
strophin-1-mutant cells, which could lead to RPE dysfunction.

In summary, we report the efficient correction of different iPS cell
lines derived from patients with several IRDs (Stargardt disease,
Best disease, achromatopsia, and retinitis pigmentosa). We achieved
a highly efficient CRISPR-Cas9-mediated correction of a homozygous
mutation in PDE6C and of small ins/del in ABCA4 and PDE6A,
respectively. Additionally, we report the successful TALEN-mediated
correction of the FRIMOi002-A USH2A mutant cell line. Further-
more, gene-editing results suggest the potential use of CRISPR-
Cas9 without the use of ssODNs as exogenous repair templates and
DSB resolution using endogenous DNA, which could be suitable
for personalized medicine. Finally, the HDR-repaired clones ex-
hibited the restoration of several mutant-associated conditions.

Considerable efforts are being made to find therapeutic approxima-
tions to cure the majority of IRDs, especially in gene therapy, anti-
sense oligonucleotides, optogenetics, and stem cell-based thera-
pies.95–98 Gene therapy is one of the most explored modalities for
treating these retinal disorders. Nevertheless, in some cases, it could
be challenging because of several issues such as transgene size, inflam-
mation, dosage, and use of appropriate vectors.99–101 Although gene
editing also shares some of the concerns that need to be addressed
by gene replacement, this editing therapy allows permanent correc-
tion of the patient’s own DNA, stopping disease progression.

Notably, patient-derived hiPSCs in combination with gene editing
represent a significant stem cell-based strategy for IRD management,
considering that knocked-in clones display the rescue of the potential
disease-associated phenotype triggered by the pathogenic variant.
Moreover, recent studies have shown encouraging short-term results
on the safety and survival of transplanted hiPSC-derived RPE cells in
animal and human models.21,102,103

One of the remaining steps should be to enhance gene-editing studies
in retinal tissues, taking into consideration several key factors such as
delivery, safety, and transfectionmethodologies. The eye is a relatively
accessible organ, which confers an advantage for therapy develop-
ment. Research on gene and cell therapy is critical for the regenerative
and personalized medicine. Altogether these data contribute to
improving the study and development of potential therapeutic ap-
proaches to stop disease progression and encourage the advancement
of gene-editing strategies for the future cure of IRD.

MATERIALS AND METHODS
Human iPSC culture and lineage differentiation

Human iPS cell lines FRIMOi001-A, 002-A, 003-A, 004-A, 005-A,
006-A, and 007-A, described in Table 1, were obtained as previously
described.61,62,64,65,104,105 For some experiments, wild-type hiPSCs
were used from a patient without any ophthalmologic disease and
no genetic variants related to retinal dystrophies. hiPSC colonies
were maintained in StemFlex medium (Thermo Fisher Scientific,
Waltham, MA, USA) and cultured onMatrigel-coated dishes (Merck,
Bedford, MA, USA). To obtain hiPS single-cell suspensions, hiPS col-
onies were detached using TrypLE (Thermo Fisher Scientific), centri-
fuged, and counted before Neon-mediated transfection (Thermo
Fisher Scientific). For hiPSC lineage specification, gene-edited clones
were subjected to ectodermal, mesodermal, and endodermal differen-
tiation using the Human Pluripotent Stem Cell Functional Identifica-
tion Kit (R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions. The study was conducted in accordance
with the Declaration of Helsinki and was approved by the Ethics
Committee of the Institut de Microcirurgia Ocular (Protocol code:
170505_117. Date of approval: June 2, 2017).

sgRNAs, TALENs, and ssODNs design

sgRNAs and TALENs were designed using the Invitrogen TrueDesign
Genome Editor (Thermo Fisher Scientific) and are listed in Table S1.
ssODNs were designed of 70–86 nucleotides total length and synthe-
sized using PAGE purification method. The pathogenic variant was
located at the center of the template, with the left and right arms at
30–35 nucleotides perfectly homologous to the target sequence. Phos-
phorothioate nucleotide modifications were added to the ends of
ssODNs to increase their stability. The ssODN for the CRISPR assays
also harbored a Cas9-blocking mutation to modify the PAM
sequence, which was analyzed using ALAMUT software (version
1.4, Sophia Genetics), PhyloP, and the UCSC Genome Browser for
the conservation of the reading frame, amino acid change, and SNP
prevalence.

Genomic cleavage detection assay

The efficiency of DNA cleavage induced by sgRNAs and TALENs was
determined using GeneArt Genomic Cleavage Detection kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Briefly, hiPSCs were transfected with sgRNA or TALEN and 4 days
later, PCR amplification of the desired locus was performed. A single
band was confirmed by agarose gel electrophoresis. Next, the PCR
product was subjected to several rounds of denaturation and re-an-
nealing to generate mismatches that were detected and cleaved by
the Detection Enzyme. The resulting bands were visualized by agarose
gel electrophoresis using iBrightCL1000 (Thermo Fisher Scientific).
Quantification of band intensity for correlation with Cas9 activity
was performed using iBright Analysis Software (Thermo Fisher
Scientific).

Gene-editing assay

For gene editing, 1� 105 hiPSCs were electroporated (Neon, Thermo
Fisher Scientific) with two pulses of 20 ms at 1,200 V for transfection
with 10 pmol sgRNA, 15 pmol ssODN, and 10 pmol High Fidelity
(HiFi) SpCas9 protein (Thermo Fisher Scientific). Simultaneously,
hiPSCs without sgRNA and ssODN were transfected as parental con-
trols. Immediately after electroporation, hiPSCs were seeded ontoMa-
trigel-coated dishes and cultured in StemFlex medium supplemented
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with 10 mM ROCK inhibitor (Merck, Bedford, MA, USA), 10 mM of
the HDR activator L755507 (Merck), and 0.5 mM of NHEJ inhibitor
M3814 (Selleckchem, Houston, TX, USA) for 24 h. Then, cell culture
medium was replaced with fresh StemFlex medium, and cells were
cultured until formation of single colonies. When colonies grew but
were still small enough to ensure the formation of individual clones,
they were picked and cultured individually in 96-multiwell plates. Af-
ter approximately 1 week, the clones were expanded, and a fraction of
the cells from each clone was collected for genotyping analysis by
Sanger sequencing (Macrogen, Madrid, Spain). The parental and
properly edited clones were expanded and sequenced to confirm their
genotypes. Notably, the edited clones in each assay were analyzed for
other rare variants or patient-specific SNPs to ensure cell line purity.

PCR amplification, Sanger sequencing, and karyotyping

PCR amplification of the desired genomic region was performed and
run on a gel to ensure a single DNA band and a negative control. The
PCR products were purified using 96-well Acroprep Advance plates
(Pall Corporation, Ann Arbor, MI, USA) with a vacuum manifold
(Pall Corporation). The products were Sanger sequenced using for-
ward and reverse primers (Macrogen). All primer sequences used
in this study are listed in Tables S6 and S7. Sanger sequencing results
were downloaded from the manufacturer’s platform and the data
were aligned and analyzed. Gene-edited clones were also analyzed
for the presence of other uncommon variants to confirm hiPS cell
line purity. Parental and edited clones were subjected to karyotyping
(Reference Laboratory, Spain).

Off-target prediction and analysis

Off-target prediction was performed using the online tool Cas-OFF-
inder.106 Up to three mismatches were allowed for the algorithm to
perform the prediction. All exonic and intronic regions in close prox-
imity to the exons were covered by Sanger sequencing. In addition,
potential splicing effects in deep intronic off-targets were predicted
using the ALAMUT software (Sophia Genetics). Intergenic regions
were not analyzed in this study. PCR amplification and Sanger
sequencing of selected off-targets (Table S7) were performed on the
parental and corrected clones.

Nanopore sequencing

Long-read sequencing was performed using Oxford Nanopore
sequencing (LongSeq Applications, Spain). Briefly, DNA was ex-
tracted from cells using Gentra Puregene Cell Kit (Qiagen,
Netherlands) and analyzed for purity and quality. Data were aligned
via the Minimap2-specific algorithm for Oxford Nanopore Genomic
Reads and QualiMap. Structural variant calling was performed with
Sniffles and annotated with SnpEff and SnpSift, according to the
LongSeq report. Structural variants with at least 30 reads were used
for data interpretation.

hiPSCs differentiation into retinal cellular models

hiPSCs were differentiated into retinal organoids, RPEs, and photore-
ceptor-like cells as described by de Bruijn et al., Gonzalez-Cordero
et al.,107,108 Regent et al.,73 and Barnea-Cramer et al.,109 respectively.
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Briefly, for organoids differentiation, hiPSCs were cultured in pro-
neural induction media, and optic vesicles were excised and cultured
in low-binding 96-multiwell plates in several retinal differentiation
mediums until maturation. RPEs were obtained either by the same
retinal organoids protocol or by culturing hiPSCs in RPE differentia-
tion media subsequently supplemented with 10 mM Nicotinamide
(Sigma), 100 ng/mL Activin A (Stem Cell Technologies), or 3 mM
CHIR99021 (Sigma). RPE cell pigmentation was evaluated using Im-
ageJ software (NIH, Bethesda, MD, USA).

Immunofluorescence staining

For immunofluorescence analysis of RPE differentiation markers,
iPSC clones were seeded and differentiated at the desired time points
onto Matrigel-coated ibidi slides (ibidi GmbH, Gräfeling, Germany).
ibidi slides were fixed in 4% paraformaldehyde (Thermo Fisher Scien-
tific) for 15 min at room temperature. Next, the cells were permeabi-
lized with 0.25% Triton X-100 in phosphate-buffered saline (PBS)
and incubated for 1 h in blocking solution (5% fetal bovine serum,
4% bovine serum albumin, and 0.5% Tween in PBS) at room temper-
ature. Fixed parental and edited clones were incubated overnight at
4�C with ZO-1 (ZO1-1A12, Thermo Fisher Scientific), RPE65
(401.8B11.3D9, Thermo Fisher Scientific) or Alexa Fluor Plus 555
phalloidin (A30106, Thermo Fisher Scientific). The cells were visual-
ized using an anti-mouse Alexa Fluor 488 (A32723, Thermo Fisher
Scientific) secondary antibody and counterstained with 40,6-diami-
dino-2-phenylindole (DAPI) (62248, Thermo Fisher Scientific).
Immunofluorescence imaging was performed using Zeiss Axiovert
and Axiocam 503 mono (Carl Zeiss Inc., Jena, Germany), and images
were processed using ImageJ software (NIH). Representative images
are shown.

RNA extraction and quantitative real-time PCR

To assess the gene expression of pluripotency and RPE differentiation
markers, RNA was extracted using TRIzol reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions. cDNA was
obtained using Transcriptor First Strand cDNA Synthesis Kit (Roche
Diagnostics, Basel, Switzerland) and analyzed by real-time PCR using
QuantStudio and specific TaqMan probes (Thermo Fisher Scientific).

TER measurement

For electrical resistance assessment, 1 � 105 RPE cells were seeded
onto Matrigel-coated Transwell filters (0.4-mm pore size, 0.47-cm2

area, Thermo Fisher Scientific), and cultured in RPE media. Medium
was also added to the lower compartment. TER was recorded during
monolayer maturation and in Transwell filters without cells for back-
ground subtraction once per week for more than 1 month using a vol-
tohmmeter (Millicell ERS 3.0 digital, Merck). TER measurements
were obtained by multiplying the net TER values by the culture area.

POS isolation, labeling, and phagocytosis by RPE

POSs were isolated from porcine eyes according to the protocol
described by Parinot et al.110 Once purified, POSs were observed un-
der a microscope to assess their morphology. One portion was labeled
with fluorescein isothiocyanate (FITC), and then were aliquoted and
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frozen for storage. RPE cultures of parental and edited FRIMOi006-A
clones were seeded in 96-multiwell plates, and mature RPE cells were
incubated with 1� 106 FITC-labeled POSs for 8 h. The POS-contain-
ing medium was removed, and the RPE cells were washed five times
with PBS. Wells without cells were used as controls to ensure POS
removal, and cells without POS were used for background subtrac-
tion. FITC fluorescence was determined using Varioskan LUX
(Thermo Fisher Scientific).

Anion channel activity determination

The influx across chloride channels was quantified using the Premo
Halide Sensor kit (Thermo Fisher Scientific) following the manufac-
turer’s instructions. Briefly, RPE cells were seeded in 96-multiwell
plates and transduced with a YFP-labeled sensor for halide ions.
Anion channel activity was stimulated with a buffer containing NaI
supplemented or not with A23187 (10 mg/mL). The fluorescence
signal was quenched when the chloride channel was activated. Fluo-
rescence was detected every 30 s using Varioskan LUX (Thermo
Fisher Scientific) and background well values were subtracted from
the experimental wells.

Statistical analysis

Statistical analyses were performed using the Prism 9.3.1 (GraphPad
Software, La Jolla, CA, USA). Statistical significance was assessed
using the non-parametric Mann-Whitney U test and set at values
of p % 0.001 (***), p % 0.01 (**), p % 0.05 (*) levels, or non-signif-
icant (ns) for p > 0.05. Bar graphs represent mean ± SD, unless spec-
ified. In each experiment at least two clones of each genotype were
used for analysis. Both SSTR- and HR-corrected clones were used
for functional data production in Figure 4.
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