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Inherited retinal diseases (IRDs) are characterized by progres-
sive vision loss. There are over 270 causative IRD genes, and
variants within the same gene can cause clinically distinct dis-
orders. One example is RLBP1, which encodes CRALBP.
CRALBP is an essential protein in the rod and cone visual cy-
cles that take place primarily in the retinal pigment epithelium
(RPE) but also in Müller cells of the neuroretina. RLBP1 vari-
ants lead to three clinical subtypes: Bothnia dystrophy, retinitis
punctata albescens, and Newfoundland rod-cone dystrophy.
We modeled RLBP1-IRD subtypes using patient-specific
induced pluripotent stem cell (iPSC)-derived RPE and identi-
fied pathophysiological markers that served as pertinent thera-
peutic read-outs. We developed an AAV2/5-mediated gene-
supplementation strategy and performed a proof-of-concept
study in the human models, which was validated in vivo in an
Rlbp1�/�murine model. Most importantly, we identified a pre-
viously unsuspected smaller CRALBP isoform that is naturally
and differentially expressed both in the human and murine
retina. This previously unidentified isoform is produced from
an alternative methionine initiation site. This work provides
further insights into CRALBP expression and RLBP1-associ-
ated pathophysiology and raises important considerations for
successful gene-supplementation therapy.

INTRODUCTION
Light absorption by the retina initiates a series of chemical and
electrical signals that are transmitted to the brain to create visual
perception.1 The light-sensitive retinal cells are the rod and cone pho-
toreceptors. In the human retina, rods are preferentially located
peripherally and are active in dim light, while cones are preferentially
located centrally and are active in bright light. Inherited retinal dis-
eases (IRDs) are a group of disorders characterized by photoreceptor
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degeneration and a progressive loss of vision.2 They are clinically het-
erogeneous, with peripheral (rod loss) or central (cone loss) vision
loss and have variable ages of onset and severity. IRDs are linked to
variants in over 270 genes, which are important for the photorecep-
tors and/or the underlying support tissue, the retinal pigment epithe-
lium (RPE). Furthermore, variants in the same gene can give rise to
clinically distinct disorders.

One such example is the RLBP1 gene. RLBP1 variants are associated
with the autosomal recessive IRD, retinitis punctata albescens (RPA;
OMIM: 136880).3–5 RPA is characterized by childhood-onset night
blindness, elevated dark-adaptation thresholds, and uniform white
dots across the fundus. The disease progresses to a generalized atrophy
of the retina and macula (cone-rich center), leading to severe visual
impairment from 40 years of age. RLBP1 variants are also associated
with two more severe clinical subtypes6: Bothnia dystrophy (BD;
OMIM: 607475), which is characterized by an early involvement of
the macula,7,8 and Newfoundland rod-cone dystrophy (NFRCD;
OMIM: 607476), characterized by night blindness from infancy and se-
vere vision loss from 20 years of age.9 In addition, RLBP1 variants have
been associated with a stationary form of night blindness, fundus albi-
punctatus (OMIM: 136880), which likely represents a mis-diagnosis of
slowly progressive RPA in young patients.10

RLBP1 encodes the cellular retinaldehyde-binding protein
(CRALBP).11 CRALBP is an essential protein in the classic visual
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cycle that occurs in the RPE to regenerate the visual chromophore 11-
cis-retinal following light absorption.12 In photoreceptor outer seg-
ments (POS), 11-cis-retinal is bound to rhodopsin and cone opsins.
Following photon absorption, the chromophore is photoisomerized
and transferred to the RPE to be recharged by a series of key steps:
esterification to all-trans-retinyl esters by lecithin retinol acyltransfer-
ase (LRAT), isomerization to 11-cis-retinol by RPE65, and oxidation
to light-sensitive 11-cis-retinal by the retinal dehydrogenases (RDHs).
The rate-limiting step of the visual cycle is the isomerization by
RPE65.13–15 CRALBP is thought to accelerate this step by binding
11-cis-retinol to prevent reisomerization and/or binding photoreac-
tive 11-cis-retinal for delivery to the POS via the interphotoreceptor
retinoid-binding protein (IRBP).16

The classic visual cycle supports the majority of chromophore regener-
ation in both rods and cones. A secondary visual cycle in the Müller
glial cells of the neuroretina, which also express CRALBP, was reported
to specifically enable cones to quickly recover from bright light expo-
sure.17,18 Furthermore, CRALBP was recently shown to cooperate
with the photoisomerase retinal G-protein-coupled receptor (RGR)
in both the RPE and Müller glia in a rapid photic visual cycle that
supplies both the central and peripheral retina.19 CRALBP acts to
selectively capture 11-cis-retinal produced by RGR, thus stimulating
its activity. Taken together, CRALBP is essential for visual cycle kinetics
in both rod- and cone-mediated vision.16,20

Currently no universal treatment exists for IRDs, but some patients
have benefited from gene-supplementation clinical trials.21 The treat-
ment of IRDs due to a visual cycle defect became a reality when Lux-
turna, an adenovirus-associated virus serotype 2 (AAV2/2) vector
carrying RPE65 under the control of the strong CAG promoter, was
market approved.22 RPE65 deficiency causes all-trans-retinyl ester
accumulation, leading to delayed or no 11-cis-retinal production.23

This is quite similar to the effect of CRALBP deficiency,16 but more
severe. Thus, considering the success of Luxturna, RPA represented
an excellent candidate for gene therapy. In this context, in 2015,
Choi et al. reported that a self-complementary AAV2/8 vector ex-
pressing RLBP1 under a short version of the endogenous human
promoter (hRLBP1) improved the rate of dark adaptation in the
Rlbp1�/� mouse model,24 leading to the initiation of a clinical
trial (NCT03374657) in 2018, the results of which are as yet
unpublished.

In parallel, as we previously showed that AAV2/5 is the most effec-
tive serotype at transducing human RPE,25 we conducted a separate
proof-of-concept study with an AAV2/5 vector expressing RLBP1
under the control of the CAG promoter. To ensure clinical rele-
vance, we first modeled RLBP1-associated IRDs by generating
induced pluripotent stem cell (iPSC)-derived RPE from patients car-
rying RLBP1 variants associated with RPA, BD, and NFRCD. We
assessed the effect of these variants on CRALBP expression and
RPE function to identify pertinent read-outs for evaluating thera-
peutic rescue. We then performed proof-of-concept experiments
for AAV2/5-mediated RLBP1 supplementation ex vivo in the
4320 Molecular Therapy Vol. 32 No 12 December 2024
RLBP1 iPSC-derived RPE and in vivo in the Rlbp1�/� mouse model.
Interestingly and unexpectedly, this proof-of concept study has
brought to light findings regarding CRALBP. We show here that
the functionally validated AAV2/5-CAG-RLBP1 vector encodes
two CRALBP isoforms. Moreover, we show that these isoforms
are naturally and differentially expressed both in the human and
murine retina. Finally, we demonstrate that the smaller isoform is
produced from a second methionine codon. Taken together, this
work provides further insights into CRALBP expression and
RLBP1-associated pathophysiology and raises important consider-
ations for successful gene-supplementation therapy.

RESULTS
Functionality ofRLBP1 iPSC-derivedRPEcorrelateswith clinical

severity

To model RLBP1-associated IRDs, and to generate a pertinent human
model for proof-of-concept studies, we cultured skin fibroblasts
from RLBP1 patients presenting with different clinical subtypes6: a
32-year-old woman (referred to as RPA1) with BD (Figure 1A),
a 14-year-old boy (RPA2) with classic RPA (Figure 1B), and
a 31-year-old man (RPA3) with severe NFRCD (Figure 1C). We re-
programmed the fibroblasts into iPSCs, which were quality controlled
for Sendai vector clearance by RT-PCR (Figure S1A), pluripotency by
qPCR (Figure S1B), trilineage differentiation by teratoma assay (Fig-
ure S1C), and genetic integrity by karyotype analysis (Figure S1D).
Furthermore, we screened for the presence of the causative RLBP1 var-
iants by PCR amplification and Sanger sequencing. We detected
the c.333T>G (p.Tyr111*) variant in exon 5 and c.700C>T
(p.Arg234Trp) in exon 8 in RPA1 iPSCs (Figure 1D), and c.25C>T
(p.Arg9Cys) in exon 4 and c.333T>G in exon 5 in RPA2 iPSCs (Fig-
ure 1E). In addition, using long-range PCR analysis, we detected a
300-bp fragment corresponding to the homozygous exon 7–9 deletion3

in RPA3 iPSCs (Figure 1F), compared to an�8-kb fragment in control
iPSCs. The position of the variants on the RLBP1 gene are schematized
in Figure 1G.

We then differentiated control26 and RLBP1 iPSC lines into RPE.
Using immunofluorescence (IF) studies, we detected expression of
characteristic markers in all patient lines: the apical adherens
marker ZO-1 (Figure 2A); the basolateral chloride channel
Bestrophin-1 (Figure 2B); the perinuclear and cytosolic visual cycle
markers LRAT (Figure 2B) and RPE65 (Figure 2C), respectively;
and the apical microvilli marker MERTK (Figure 2C); representa-
tive data are shown for the severe RPA3 line. Trans-epithelial
resistance (TER) recordings increased weekly for the control and
patient iPSC-derived RPE, reaching values >150 U/cm2 (Fig-
ure 2D), indicative of a tight monolayer.27 We assayed the general
functionality of the iPSC-derived RPE by feeding with FITC-
labeled POS and quantifying the percentage of fluorescent cells
(Figure 2E) and their mean fluorescence intensity (Figure 2F) by
flow cytometry. Overall, this characteristic function was not signif-
icantly different between control, RPA1, and RPA2 RPE, whereas
RPA3 RPE showed significantly reduced phagocytosis compared to
the other lines.
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Figure 1. Clinical phenotype and genotype of RLBP1

patients

Color fundus imaging of individual: RPA1 at 28 years of

age presenting with BD showing multiple white dots (white

arrows), an irregular pale optic nerve head with papillary

drusen (blue arrow), and reduced retinal vessel caliber (A);

RPA2 at 23 years of age presenting with mild RPA showing

multiple white dots (white arrows) but preserved papillary

head and retinal vessels (B); and RPA3 presenting with

severe NFRCD at 45 years of age showing nummular

pigmentary changes (black arrows), a pale optic nerve

head (blue arrow), and an altered and atrophic macula

(red arrows) (C). Sanger sequencing of the RLBP1

variants c.333T>G and c.700C>T (D) and c.25C>T and

c.333T>G (E) in the iPSCs of individuals RPA1 and

RPA2, respectively. (F) Long-range PCR amplification of

the region flanking the homozygous exon 7–9 deletion

carried by RPA3. C-, water control; Ctrl, control DNA. (G)

Schematic representation of RLBP1 with the position of

the variants carried by RPA1, RPA2, and RPA3 indicated

in red; the positions of the start and stop codons are

indicated in blue.
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Taken together, iPSC-derived RPE from RLBP1 patients presents a
morphologically characteristic monolayer with altered functionality
for the most severe clinical phenotype.
CRALBP expression in iPSC-derived RPE depends on the

causative RLBP1 variant

We next assayed RLBP1 expression by qPCR using primers in exon
6 and detected expression in the control iPSC-derived RPE and not
in undifferentiated iPSCs (Figure 3A). We detected significantly
reduced RLBP1 levels in the iPSC-derived RPE lines RPA1 (0.2-
fold of control) and RPA2 (0.5-fold), which carried a combination
of missense and nonsense alleles, and RPA3 (0.13-fold), which car-
ried the large exon 7 to 9 deletion, compared to controls. This
expression profile was confirmed using a second set of primers in
different exons (Figure S2A). Consistent with varying mRNA levels
between patients, western blot analysis of 10 mg of iPSC-derived
RPE cell lysates detected CRALBP in RPA2 RPE, at 0.2-fold of con-
trol levels, but not in RPA3 RPE (Figure 3B). Surprisingly, CRALBP
expression was not detected in RPA1 RPE.

We then performed IF studies to further verify CRALBP expression.
In control iPSC-derived RPE, CRALBP staining was diffuse
throughout the cytosol but highly concentrated on the inner side of
the plasma membrane (Figure 3C), consistent with our previous
Molecula
reports.26,28 Unexpectedly, in RPA1 RPE,
CRALBP expression was faint and partially
mis-localized; the staining was mainly diffuse
in the cytosol and unevenly distributed near
the plasma membrane (Figure 3D). By contrast,
CRALBP expression in RPA2 RPE showed a
similar pattern to control RPE, though less intense (Figure 3E).
Consistent with the western blot data, CRALBP was not detected in
RPA3 RPE (Figure 3F). Due to the discrepancy in CRALBP detection
for RPA1 between the western blot analysis of RPE cultured in 24-well
plates and the IF data for RPE cultured on Transwell inserts, we per-
formed additional western blot analyses on iPSC-derived RPE
cultured on inserts and directly resuspended in Laemmli buffer. Un-
der these conditions, CRALBP was detectable at levels 0.3-fold of con-
trol (Figure 3G).

In conclusion, RPE from the BD and RPA patients shows reduced
RLBP1 expression but detectable CRALBP, whereas RPE from severe
NFRCD has no detectable CRALBP.

RLBP1 iPSC-derived RPE shows retinoid accumulation

CRALBP is an 11-cis-retinoid-binding protein that drives the isomer-
ization reaction carried out by RPE65.29 We hence assayed retinoid
accumulation in the RPE associated with the two most extreme clin-
ical phenotypes, mild RPA (RPA2) and severe NFRCD (RPA3). To
this end, we incubated iPSC-derived RPE with all-trans-retinol to
mimic the visual cycle and measured all-trans-retinyl ester levels by
high-performance liquid chromatography (HPLC). Both patient-
derived RPE lines showed significantly higher all-trans-retinyl ester
levels compared to control RPE (Figure 4A). Furthermore, in
native RPE, retinoids accumulate in a specialized lipid droplet termed
r Therapy Vol. 32 No 12 December 2024 4321
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Figure 2. Morphological and functional

characteristics of RLBP1 iPSC-derived RPE

Representative IF images of the iPSC-derived RPE

from patient RPA3 stained for the markers ZO-1 (A),

Bestrophin-1 and LRAT (B), and RPE65 and MERTK (C);

nuclei are stained in blue. Scale bars, 50 mm. (D) Weekly

TER measurements of control, RPA1, RPA2, and RPA3

iPSC-derived RPE expressed in ohms/cm2. Data are

represented as mean ± SEM of recordings from five

inserts (control and RPA1) or six inserts (RPA2 and

RPA3). Flow cytometry analysis of the percentage of

iPSC-derived RPE cells that phagocytosed FITC-labeled

POS (E) and the mean fluorescence intensity following

phagocytosis (F) expressed relative to control. Data are

represented as mean ± SEM; *p < 0.05; **p < 0.01; ns,

non-significant; n = 4 (control and RPA3) and 8 (RPA1

and RPA2); Mann-Whitney test.
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a retinosome,30 which can be visualized by transmission electron mi-
croscopy (TEM). We performed TEM analysis and observed a similar
polarized structure (apical microvilli, basal nuclei) in both control
and patient iPSC-derived RPE. By contrast, intracellular droplets
were readily visible in RPA2 and RPA3 RPE as opposed to control tis-
sue (Figure 4B). The number of droplets was significantly higher from
2 months post seeding (Figure 4C). Furthermore, with prolonged cul-
ture (up to 7 months post seeding), the number of droplets increased
2.3-fold and remained significantly more abundant than in con-
trol RPE.

Retinosomes can also be detected using multiphoton microscopy
from wavelengths 720–780 nm.31 Multiphoton microscopy of
iPSC-derived RPE readily detected fluorescent vesicles that appeared
larger in RPA2 and RPA3 RPE compared to control tissue (Fig-
ure 4D). We quantified the area of fluorescence and confirmed a sig-
nificant increase in the RLBP1 RPE (Figure 4E). To definitively
identify the lipid droplets as retinosomes, we tested for the expres-
sion of the specific marker perilipin-2 by western blot analysis and
detected significantly higher levels in RPA2 and RPA3 RPE
compared to control tissue (Figure 4F). As we had access to the
Rlbp1�/� mouse model (see below), we further validated these find-
ings by western blot analysis of murine RPE, where we detected
significantly higher perilipin-2 levels in Rlbp1�/� mice compared
to wild type (Figure 4G). We previously showed that retinosome
accumulation could be associated with defective polarized secretion
in iPSC-derived RPE from TBC1D32-associated IRD.28 To investi-
gate similar patterns in RLBP1 RPE, we assayed vascular endothelial
4322 Molecular Therapy Vol. 32 No 12 December 2024
growth factor (VEGF), which is primarily
secreted basally, and pigment epithelium-
derived factor (PEDF), which is primarily
secreted apically.32 We did not detect significant
differences in basal VEGF and apical PEDF
secretion between control, RPA2, and RPA3
RPE (Figure 4H). However, we detected signifi-
cantly elevated VEGF secretion apically in
RPA3 RPE and a significantly reduced PEDF secretion basally in
RPA2 and RPA3 RPE compared to controls.

Taken together, the RPE from RLBP1 patients exhibits clear retino-
some accumulation, which could serve as a potential therapeutic
readout.

AAV-RLBP1 encodes two CRALBP isoforms that are native to

the mammalian RPE

We previously showed that AAV2/5 is the most effective serotype at
transducing human RPE.25 Consequently, we designed an AAV2/5
vector carrying RLBP1 under the control of the CAG promoter
(AAV-RLBP1). To perform a proof-of-concept gene-supplementa-
tion study with clinical translatability, we subcloned the transgene
cassette into two essentially identical proviral plasmids, pDDO and
pKL. The difference between them is that pKL is more suitable for
clinical development due to the larger distance between the kana-
mycin resistance cassette and the 50 inverted terminal repeat (ITR).
After transfecting the plasmids into COS-7 cells, we confirmed
RLBP1 expression by qPCR analysis using a forward primer spanning
the exon 6 to 7 junction and a reverse primer in exon 7 (Figure 5A),
and CRALBP expression by IF studies (Figure 5B) and western blot
analysis (Figure 5C). Unexpectedly, we detected a specific signal
migrating at the expected size of 36 kDa but composed of two bands
(Figure 5C), regardless of the proviral plasmid and the intronless
RLBP1 cassette. To rule out technical issues, we repeated western
blot analysis using different lysis conditions (Figure S2B) but consis-
tently observed two CRALBP bands. We also tested denaturing versus
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Figure 3. RLBP1 and CRALBP expression in iPSC-derived RPE

(A) qPCR analysis of RLBP1 expression in control iPSCs, and control and patient iPSC-derived RPE. Data are represented as mean ± SEM and expressed relative to control;

*p < 0.05; n = 3; Mann-Whitney test. (B) Western blot analysis of CRALBP expression (green) in control and patient iPSC-derived RPE cell lysates. The graphs represent the

quantification of CRALBP relative to the loading control, b-actin (red). Representative IF images of control (C), RPA1 (D), RPA2 (E), and RPA3 (F) iPSC-derived RPE stained for

CRALBP and ZO-1 and shown as individual channels; nuclei are labeled in blue. Scale bars, 20 mm. Insets, 2-fold magnification of the boxed areas for each panel shown as

merged images with the preceding channel (top row, red alone; middle row, red and green; bottom row, red, green, and blue). (G) Western blot analysis of CRALBP

expression in control and RPA1 iPSC-derived RPE cultured on Transwell inserts. The graph represents the quantification of CRALBP relative to the loading control, b-actin.

www.moleculartherapy.org
native conditions using a mouse monoclonal or polyclonal anti-
CRALBP antibody. Under denaturing conditions, both monoclonal
(Figure S2C) and polyclonal (not shown) antibodies detected two
bands, although the polyclonal antibody gave high background. Un-
der native conditions, the two CRALBP bands were highly resolved
and more or less detectable, depending on the lysis buffer, using the
polyclonal antibody (Figure S2D) but not the monoclonal antibody
(not shown).
Molecular Therapy Vol. 32 No 12 December 2024 4323
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Figure 4. Retinosome accumulation and polarized secretion in iPSC-derived RPE

(A) HPLC of all-trans-retinyl ester levels in control, RPA2, and RPA3 RPE expressed as fold increase over control. Data are represented as mean ± SEM; *p < 0.05; ns, non-

significant; n = 4 (control and RPA2) and 3 (RPA3); Mann-Whitney test. (B) Representative TEM images of control, RPA2, and RPA3 iPSC-derived RPE at 2.5 and 5.5 months

(mo) post seeding. Lipid droplets are indicated by red arrowheads. Scale bars, 2 mm. (C) Quantitative analysis of the number of droplets/cell following TEM analysis of control

and patient iPSC-derived RPE grouped according to age post seeding. Data are represented asmean ± SEM; **p < 0.01; ****p < 0.0001; ns, non-significant; n = 20 (control),

16 (RPA2), and 6 (RPA3) for <3 months and n = 28 (control), 25 (RPA2), and 14 (RPA3) for >4 months; Mann-Whitney test. (D) Representative images of multiphoton

microscopy of fluorescent retinosomes in control and patient iPSC-derived RPE at 7 months post seeding. Scale bars, 15 mm. (E) Quantitative analysis of the area of

fluorescence normalized to the area of the image. Data are represented as mean ± SEM; ****p < 0.0001; n = 20 (control) and 12 (RPA2 and RPA3); Student’s t test.

(legend continued on next page)

Molecular Therapy

4324 Molecular Therapy Vol. 32 No 12 December 2024



A B C

D E

F G

Figure 5. Unveiling of dual CRALBP isoforms

(A) qPCR analysis of RLBP1 expression in COS-7 non-

transfected (NT) or transfected (T) with pKL-RLBP1. Data

are represented as mean ± SEM. (B) IF studies of

CRALBP in NT and T COS-7 cells using a mouse

monoclonal anti-CRALBP antibody. Scale bars, 50 mm.

(C) Western blot analysis of CRALBP in NT and COS-7

cells transfected (T1 and T2) with pDDO-RLBP1; b-actin

represents the loading control. (D) Western blot analysis

of CRALBP in human iPSC-derived RPE at different

loading levels. Positive controls, COS-7 cells transfected

with pKL-RLBP1 and 200 ng of recombinant CRALBP

protein; b-actin represents the loading control. (E)

CRALBP and ARL13B in human iPSC-derived retinal

organoids at differentiation day 225; nuclei are labeled in

blue. ONL, outer nuclear layer; OLM, outer limiting

membrane (arrow). The right panel is a magnification of

the region boxed in the left panel without the blue

channel. Scale bars, 50 mm. (F) Western blot analysis of

CRALBP in human iPSC-derived RPE and retinal

organoids; b-actin represents the loading control. (G)

Western blot analysis of CRALBP in the neuroretina and

RPE of wild-type mice; HEK293 cells transfected with

pKL-RLBP1 were used as a positive control for the

double band profile; b-actin represents the loading control.

www.moleculartherapy.org
To determine if the two CRALBP isoforms observed were a conse-
quence of RLBP1 overexpression, we examined endogenous
CRALBP by western blot analysis of healthy iPSC-derived RPE on
a high-resolution (15%) polyacrylamide gel. We clearly detected
two bands of the same size as those observed in transfected cells,
with band intensity increasing proportionally to protein loading (Fig-
ure 5D). This confirmed that the two isoforms were native to human
RPE; the His-tagged recombinant CRALBP protein, used as a control,
migrated at a higher molecular weight (predicted 37.4 kDa). Next, we
investigated whether the two CRALBP isoforms were also present in
humanMüller cells of the neuroretina, which express RLBP1. We thus
analyzed healthy human iPSC-derived retinal organoids without RPE
by IF studies and detected CRALBP in the prolongations of theMüller
cells throughout the outer nuclear layer and in the Müller endfeet
forming the outer limiting membrane (Figure 5E). By western blot
analysis, we only detected the larger CRALBP isoform in the retinal
organoids, in contrast to the RPE (Figure 5F). To further validate
that CRALBP expression in the human iPSC-derived retinal tissues
reflects the in vivo situation, we tested Cralbp expression in wild-
type murine neuroretina and RPE separately. We clearly detected
two Cralbp isoforms in murine RPE and exclusively detected the
larger isoform in neuroretina (Figure 5G), thus confirming the results
obtained in the human iPSC-derived models.
(F) Representative western blot analysis of human perilipin-2 (PLIN2) expression in contro

represents the quantification of PLIN2 normalized to b-actin and relative to control. Data

test. (G) Representative western blot analysis of murine perilipin-2 (Plin2) expression in t

loading control. Graph represents the quantification of Plin2 normalized to b-actin and

Whitney test. (H) ELISA of VEGF and PEDF secreted apically and basally from iPSC-de

of control; *p < 0.05; **p < 0.01; ****p < 0.0001; ns, non-significant; n = 9; Student’s t
In conclusion, RLBP1 produces two CRALBP isoforms in the RPE but
only the larger canonical isoform in the neuroretina.

Smaller CRALBP isoform arises from an internal methionine

codon

To determine the origin of the smaller CRALBP isoform, we initiated
mass spectrometry proteomic analysis of recombinant CRALBP and
COS-7 cells transfected with pKL-RLBP1. Analysis of three gel frac-
tions spanning the area of both isoforms identified various peptide
fragments corresponding to CRALBP (Figure S3A). Notably, N-ter-
minal peptides containing the first nine amino acids (aa) of
CRALBP were found only in the highest-molecular-weight (first)
gel fraction, whereas N-terminal peptides beginning at a second
methionine codon at aa position 10 were identified in the second
and third fractions. These results suggested that differential initiation
of translation from different methionine codons resulted in the two
CRALBP isoforms. To confirm this, we performed site-directed
mutagenesis to replace the methionine codons with alanine in pKL-
RLBP1. We thus generated pKL-RLBP1-Met1Ala, mutated in the res-
idue at position 1, and pKL-RLBP1-Met10Ala, mutated in the residue
at position 10. After transfecting the plasmids in COS-7 cells and
western blot analysis, we detected two CRALBP bands from the
maternal plasmid (Figure 6A) and exclusively detected the smaller
l, RPA2, and RPA3 iPSC-derived RPE; b-actin represents the loading control. Graph

are represented asmean ± SEM; *p < 0.05; ns, non-significant; n = 3; Mann-Whitney

he right (RE) and left (LE) eye of wild-type and Rlbp1�/� RPE; b-actin represents the

relative to control. Data are represented as mean ± SEM; *p < 0.05; n = 3; Mann-

rived RPE. Data are represented as mean ± SEM and expressed as a percentage

test.
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Figure 6. Origin and functional analysis of CRALBP

isoforms

(A) Western blot analysis of CRALBP in COS-7 cells NT or

transfected with the control or mutant (Met1Ala, Met10Ala)

pKL-RLBP1 plasmids; b-actin represents the loading

control. (B) IF studies of CRALBP expression in HEK293

cells transfected with the control or mutant pKL-RLBP1.

Scale bars, 20 mm. HPLC analysis of all-trans-retinyl

esters (C) and11-cis-retinol (D) levels (expressed in pmol

per mg protein) in HEK293 cells transfected with LRAT,

RPE65, and control or mutant CRALBP plasmids and

incubated with all-trans-retinol. Data are represented as

mean ± SEM. ***p < 0.001; ****p < 0.0001; n is indicated

by the symbols.
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band from pKL-RLBP1-Met1Ala and the larger band from pKL-
RLBP1-Met10Ala. In addition, IF studies of transfected HEK293 cells
detected CRALBP from each construct (Figure 6B).

In light of these findings, we repeated western blot analysis of the pa-
tient-specific iPSC-derived RPE to determine if both isoforms were
present. At higher loading levels (30 mg), we observed two CRALBP
bands in the RPE of RPA2 (Figure S3B); overexpression of the western
blot shown in Figure 4G also suggested a second band in RPA1 RPE
(not shown). To unequivocally determine whether the mutant alleles
c.25C>T and c.700C>T carried by RPA2 and RPA1, respectively, ex-
pressed both CRALBP isoforms, we introduced these variants into
pKL-RLBP1 by site-directed mutagenesis, transfected HEK293 cells,
and performed western blot analysis. This confirmed the production
of both isoforms (Figure S3C).

In the visual cycle, RPE65 activity is enhanced by CRALBP, likely by
limiting the back inhibition of 11-cis-retinol, the product of the isom-
erization reaction.12 To evaluate the impact of the two CRALBP iso-
forms on 11-cis-retinol production, we transfected a stable LRAT-ex-
pressing HEK293 cell line33 with a plasmid expressing RPE65 alone or
in combination with pKL-RLBP1, pKL-RLBP1-Met1Ala, or pKL-
RLBP1-Met10Ala. We then initiated an artificial visual cycle by add-
ing all-trans-retinol (vitamin A) to the transfected cells and assayed
all-trans-retinyl ester and 11-cis-retinol production by HPLC. We
confirmed that the LRAT-expressing cells produced significantly
higher all-trans-retinyl ester levels compared to control cells (Fig-
ure 6C) due to the esterification of the exogenous all-trans-retinol.
These levels were not significantly altered by the addition of the
RPE65 or CRALBP plasmids. By comparison, 11-cis-retinol levels
were only detected upon addition of RPE65 due to the isomerization
reaction (Figure 6D). These levels showed a tendency to increase,
which was not statistically significant, upon addition of both
4326 Molecular Therapy Vol. 32 No 12 December 2024
CRALBP isoforms. This may have been due to
variations between RPE65 and CRALBP plasmid
expression levels.15 If we compare the cells trans-
fected with the same plasmid expressing the
different CRALBP isoforms, we did not detect
significant differences in 11-cis-retinol levels
when both isoforms were present together or each isoform was pre-
sent individually.

Taken together, the smaller CRALBP isoform results from the differ-
ential use of a second methionine codon and may also be involved in
the visual cycle.

AAV-RLBP1 reduces retinosome accumulation in RLBP1 iPSC-

derived RPE

We next conducted a proof-of-concept study using AAV-RLBP1 in
functionally validated iPSC-derived RPE from patients RPA2 and
RPA3 and assessed its efficacy by measuring retinosome accumula-
tion. Western blot analysis performed 1 month post transduction
clearly revealed the presence of two CRALBP bands (Figure 7A).
Notably, CRALBP levels increased in RPA2 and RPA3 RPE post-
transduction compared to untreated tissue. Moreover, perilipin-2
levels decreased in RPA2 and RPA3 RPE post AAV-RLBP1 transduc-
tion compared to untreated tissues (Figure 7B). To consolidate these
results, we performed a quantitative TEM study of the number of
droplets in non-transduced and transduced RPA2 and RPA3 RPE.
We detected a significant decrease in the number of droplets in these
tissues following AAV-RLBP1 transduction (Figure 7C).

In conclusion, we provide proof of concept for the efficacy of AAV-
RLBP1 in a human context and demonstrate the value of using
RLBP1 iPSC-derived RPE as a model for evaluating therapeutic
strategies.

AAV-RLBP1 improves visual cycle kinetics and retinal function in

Rlbp1–/– mice

Lastly, we validated our ex vivo human AAV-RLBP1 proof-
of-concept study using the in vivo Rlbp1�/� murine model, which
was reported to show delayed visual cycle recovery following
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Figure 7. Rescue of retinosome accumulation in

iPSC-derived RPE

(A) Representative western blot analysis of CRALBP in

control RPE and non-transduced and AAV-RLBP1-

transduced RPA2 and RPA3 RPE; b-actin represents the

loading control. Graph represents the quantification of

CRALBP normalized to b-actin and expressed relative to

control in two independent experiments. Data are

represented as mean ± SEM. (B) Representative western

blot analysis of PLIN2 in control RPE and non-

transduced and AAV-RLBP1-transduced RPA2 and

RPA3 RPE; b-actin represents the loading control. Graph

represents the quantification of PLIN2 normalized to

b-actin and relative to control in two independent

experiments. Data are represented as mean ± SEM. (C)

Quantitative analysis of the number of droplets per cell

following TEM analysis of control RPE and non-

transduced and transduced RPA2 and RPA3 RPE. Data

are represented as mean ± SEM; **p < 0.01;

****p < 0.0001; n = 81 (control), 45 (RPA2), 33 (RPA2

AAV-RLBP1), 60 (RPA3), and 24 (RPA3 AAV-RLBP1);

Mann-Whitney test.
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photobleaching accompanied by an accumulation of all-trans-retinyl
esters.16 To facilitate subretinal injections, we first crossed the albino
Rlbp1�/� mice onto a pigmented strain. We next administered AAV-
RLBP1 and, 4-weeks post transduction, we verified human RLBP1
expression by qPCR (Figure 8A) and CRALBP by western blot anal-
ysis using a low-resolution AnykD gel (Figure 8B). Under these
migration conditions, the two CRALBP isoforms were not separated.
We therefore confirmed production of both isoforms in vivo by addi-
tional western blot analysis following migration on a 15% polyacryl-
amide gel (Figure S4A). We then assayed the recovery of visual cycle
kinetics following AAV-RLBP1 treatment of Rlbp1�/�mice by HPLC
analysis of 11-cis-retinal (Figure 8C) and all-trans-retinyl ester (Fig-
ure 8D) levels. Rlbp1�/� mice were treated for up to 8 weeks with
5 � 108 vg, 1 � 109 vg, or 2 � 109 vg of AAV-RLBP1, or injected
with Dulbecco’s Phosphate-Buffered Saline (DPBS) or an AAV2/5-
CAG vector expressing GFP (referred to as AAV-GFP) as surgical
and vector controls, respectively. At the end of the treatment period,
the experimental groups were photobleached, dark adapted, and the
eyes were assayed for retinoid content.

Consistent with findings in the albino strain,16 11-cis-retinal pro-
duction was significantly lower in pigmented non-injected,
DPBS-, and AAV-GFP-injected Rlbp1�/� mice compared to
wild-type mice (Figure 8C). No significant differences were de-
tected between the three control Rlbp1�/� groups; therefore, com-
Molecula
parisons post treatment with AAV-RLBP1 are
shown relative to the AAV-GFP-injected
group. After treatment with the low 5 � 108-
vg dose of AAV-RLBP1, 11-cis-retinal levels
in Rlbp1�/� mice remained significantly lower
than those in wild-type mice and were not
significantly different from the AAV-GFP-injected littermates. By
contrast, treatment with the intermediate 1 � 109-vg and high
2 � 109-vg doses of AAV-RLBP1 resulted in significantly increased
11-cis-retinal levels compared to AAV-GFP-injected controls (Fig-
ure 8C), demonstrating a dose-dependent effect. Importantly, the
levels post treatment were not significantly different from those
in wild-type mice.

Regarding all-trans-retinyl esters, production was significantly
higher in non-injected, DPBS-, and AAV-GFP-injected Rlbp1�/�

mice compared to wild-type mice (Figure 8D). Treatment with
1 � 109 vg or 2 � 109 vg of AAV-RLBP1 resulted in significantly
decreased all-trans-retinyl ester levels in Rlbp1�/� mice compared
to AAV-GFP-injected littermates. Again, treatment with the lowest
dose of 5 � 108 vg AAV-RLBP1 did not significantly alter all-
trans-retinyl ester levels compared to AAV-GFP-injected controls.
However, a trend toward reduced ester levels in the low-dose
group was suggested by the lack of significant differences between
the three doses. Importantly, all-trans-retinyl ester levels in
Rlbp1�/� mice treated with all three doses of AAV-RLBP1 were
not significantly different from wild-type levels (Figure 8D). Given
that the intermediate 1 � 109-vg and highest 2 � 109-vg doses of
AAV-RLBP1 showed the most consistent effects, and that no sig-
nificant differences were found between those doses in terms of
11-cis-retinal (Figure 8C) or all-trans-retinyl ester (Figure 8D)
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http://www.moleculartherapy.org


A B

C D

E F

Figure 8. Rescue of visual cycle kinetics and retinal

function in Rlbp1–/– mice

(A) qPCR analysis of human RLBP1 in the eyes of wild-

type (WT) and Rlbp1�/� mice non-injected (NI) or injected

with 1 � 109 vg of the AAV-RLBP1 vector. Data are

represented as mean ± SEM. (B) Representative western

blot analysis of CRALBP in the eyes of WT and Rlbp1�/�

mice NI or injected with AAV-RLBP1; b-actin represents

the loading control. The mouse monoclonal anti-CRALBP

antibody cross-reacted with murine CRALBP in the WT

mouse. HPLC analysis of 11-cis-retinal (C) and all-trans-

retinyl ester (D) levels in 4- to 6-month-old WT and

Rlbp1�/� mice that were NI or injected with DPBS, AAV-

GFP, or a low (5 � 108 vg), medium (1 � 109 vg), or high

(2 � 109 vg) dose of AAV-RLBP1 up to 8 weeks post

treatment. All data are represented as mean ± SEM

and expressed relative to NI Rlbp1�/� mice; *p < 0.05;

**p < 0.01; ns, non-significant; n = 7 (WT), 7 (NI),

8 (DPBS), 7 (AAV-GFP), 5 (AAV-RLBP1 5 � 108 vg),

9 (AAV-RLBP1 1 � 109 vg), and 6 (AAV-RLBP1 2 � 109

vg); Student’s t test. Analysis of the recovery of a-wave

(E) and b-wave (F) ERG amplitudes (as a percentage of

baseline amplitudes) in 4- to 8-month-old WT and NI,

DPBS-injected, AAV-GFP-injected, and AAV-RLBP1

(1 � 109 vg)-injected Rlbp1�/� mice up to 10 weeks

post treatment. Data are represented as mean ± SEM;

*p < 0.05; ***p < 0.001; ns, non-significant; n = 9 (WT),

10 (NI), 9 (DPBS), 7 (AAV-GFP), and 8 (AAV-RLBP1);

Student’s t test.
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production, we selected the intermediate 1 � 109-vg dose for sub-
sequent experiments.

To assess retinal function improvement in AAV-RLBP1-treated
Rlbp1�/� mice, we conducted scotopic electroretinogram (ERG) re-
cordings following light stimulation. Baseline ERG function was first
evaluated in wild-type and non-, DPBS-, AAV-GFP-injected, and
AAV-RLBP1-injected Rlbp1�/�mice up to 8 weeks after subretinal in-
jection. All experimental groups exhibited similar a-wave (primarily
from photoreceptors; Figure S4B) and b-wave (primarily from bipolar
cells; Figure S4C) responses that decreased or increased, respectively,
with increasing light intensity. Two weeks later, ERG recordings of
the same animals were performed after photobleaching and dark
adaptation (Figures S4D and S4E). To assess the recovery of retinal
function, post-photobleaching values were expressed as a percentage
of baseline values for each mouse and averaged by experimental
group.Wild-typemice almost fully recovered their a-wave (Figure 8E)
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and b-wave (Figure 8F) amplitudes, whereas
non-injected Rlbp1�/� mice did not. Similarly,
there were no significant differences in recovery
in DPBS- or AAV-GFP-injected Rlbp1�/� mice
compared to non-injected mice. By contrast,
AAV-RLBP1-injected Rlbp1�/� mice showed
significant recovery of a-wave amplitudes
compared to non-, DPBS-, and AAV-GFP-in-
jected controls. Their b-wave amplitudes showed
a trend toward improvement that was only statis-
tically significant when compared to the DPBS-injected mice.
Together, these findings suggest enhanced photoreceptor function
in the AAV-RLBP1-treated group.

Taken together, treatment by AAV-RLBP1 improves visual cycle ki-
netics and outer retinal function in Rlbp1�/� mice, further validating
this therapeutic vector in an animal model.

DISCUSSION
The advances made toward clinical gene-supplementation therapy for
IRDs provided much optimism for both patient and scientific com-
munities. Following the success of RPE65 gene therapy, numerous
clinical trials targeting various IRD genes,34 including RLBP1 in
2018 (NCT03374657), have been initiated. In this study, we report
a proof of concept for RLBP1-supplementation therapy ex vivo in pa-
tient-specific iPSC-derived RPE models and in vivo in the murine
knockout model. Our findings not only demonstrate phenotypic
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and functional restoration in these models but also reveal that RLBP1
expresses two CRALBP isoforms. Importantly, we provide direct ev-
idence that these isoforms are differentially expressed both in human
and murine retina and suggest that the smaller CRALBP isoformmay
be required for optimal visual cycle activity.

Western blot analysis of CRALBP has been extensively documented
in various species (bovine,35 murine,36 human37) without report of
a second isoform. For example, western blot analysis of HEK293 cells
transfected with RLBP1-expressing plasmids clearly resulted in two
CRALBP bands, but this finding was not discussed by the authors.38

Similarly, analysis of human ARPE19 cells overexpressing MITF39

also revealed two CRALBP bands that were not highlighted. Notably,
a study on human donor RPE showed two CRALBP bands following
western blot analysis of fresh RPE culture.40 Although the authors did
not comment on this, it corroborates our observations on human
iPSC-derived RPE. Furthermore, Wenzel et al. analyzed CRALBP
alongside the other retinal proteins RGR, RPE65, and RDH5 in mu-
rine eye cups and the CRALBP bands were clearly thicker.41 This
observation was understandably not emphasized but clearly resem-
bles our findings on low-resolution gels where the two isoforms
migrated close together. Thus, our study is the first report of a second
CRALBP isoform.

Interestingly, a study of CRALBP in the visual cycle in zebrafish re-
ported two bands on western blot analysis, contrasting with the ex-
pected single band in bovine and mouse eye.42 It should be noted
that the observed thickness of the bovine band, coupled to the
conserved methionine codon at position 10 of bovine CRALBP, high-
ly suggest the presence of two bovine isoforms. By contrast, the two
zebrafish CRALBP bands were attributed to the identification of
two ohnologues: rlbp1a predominant in the RPE, and rlbp1b inMüller
glia. TheMüller rlbp1b isoform is slightly smaller than the RPE rlbp1a
isoform as it is missing the PDZ-domain target motif at the C termi-
nus, suggesting distinct functional roles. This is notably different from
our findings where both CRALBP isoforms contain the C-terminal
PDZ-domain target motif but vary in the N terminus. Along this
line, Crabb et al. described a doublet in recombinant human
CRALBP protein on SDS-PAGE analysis that was attributed to a mi-
nor truncation of the first eight aa residues.43 It was concluded that
the truncation might be due to lability of the N-terminal region to
proteolysis. We did perform an in silico study of the CRALBP protein
sequence using the N-terminal protein translational modification
prediction program Terminus (http://terminus.unige.ch/). The only
notable prediction was an N-alpha acetylation and cleavage of the first
five aa of CRALBP (MSEGV); however, no such truncated peptides
were detected by mass spectrometry proteomic analysis.

The in vitro visual cycle assays conducted in this study did not provide
definitive evidence regarding a role of the shorter CRALBP isoform in
the visual cycle. Although this potential role needs to be examined by
more extensive studies, it is worth noting that CRALBP has been re-
ported to bind both 11-cis-retinol44 and 11-cis-retinal.45,46 If this is
the case, then the two isoformsmay bind these retinoids differentially.
Interestingly, the small CRALBP isoform does not appear to play a
role in Müller cells as it was not detected in human or murine neuro-
retina. Furthermore, the reported cooperation between RGR and
CRALBP in both RPE and Müller glia,19 and the fact that only 11-
cis-retinal is produced in both cell types, further supports the ratio-
nale for the presence of both isoforms in RPE where 11-cis-retinol
is also present.

Recent studies using conditional knockout models have provided
additional insights into the role of CRALBP in the visual cycle. Spe-
cifically, one study reported conditional knockout mouse models of
Rlbp1/CRALBP in the RPE (RPE-KO) or Müller glial cells (MG-
KO).47 The authors demonstrated that the RPE-KOmice recapitulate
the phenotype of Rlbp1�/�mice (i.e., delayed rod dark adaptation, de-
layed visual chromophore regeneration, and retinyl ester accumula-
tion). Furthermore, they showed that cone ERG responses were
also suppressed in RPE-KO mice, whereas they were only mildly
affected in MG-KO mice, and this was attributed to a disturbance
of the RGR-based visual cycle. These data are consistent with findings
in the conditional knockout models of the zebrafish ohnologues
rlbp1a and rlbp1b.48 Together, these studies reinforce the notion
that the classic visual cycle in the RPE supports both rod and cone
vision, whereas the Müller cycle plays a subsidiary role. Furthermore,
they align with our data suggesting a specific need for both CRALBP
isoforms in the RPE where CRALBP plays a dominant role. It is note-
worthy that a CRALBP sequence alignment from 34 primate species
showed that the second methionine codon, which produces the
smaller isoform, is conserved in 31 species. Interestingly, the three
primates that did not carry a methionine at position 10 are all
nocturnal.

The phenotypes of the conditional knockout animal models also sug-
gest that the RPE should be the major target when considering gene-
supplementation strategies for RLBP1-associated IRDs.47 Therefore,
for therapeutic efficiency, it is crucial that the transgene cassette is
capable of producing both CRALBP isoforms. Our AAV-RLBP1 vec-
tor successfully produced both isoforms, and their presence likely
contributed to the success of the proof-of-concept studies in both pa-
tient-specific iPSC-derived RPE and murine Rlbp1�/� RPE. By com-
parison, only a single CRALBP band was detected by western blot
analysis following subretinal delivery of the previously reported
scAAV2/8-hRLBP1-RLBP1 vector,24 which is currently being tested
clinically. To rule out variables in sample preparation, we tested the
same Cell Signalling buffer and protease inhibitors as those reported
in that study in western blot analysis of our proviral plasmids, but we
still detected two isoforms. It cannot be excluded that the single band
observed in the scAAV2/8-hRLBP1-RLBP1 study was due to western
blot migration conditions, as only a single CRALBP band was also de-
tected in wild-type eyes.

An alternative explanation could lie with the different promoters used
in the AAV2/5-CAG-RLBP1 and scAAV2/8-hRLBP1-RLBP1 vectors.
Choi et al. used a short endogenous RLBP1 promoter, which showed
reduced RLBP1 levels when compared to the long promoter in the
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single-strand vector genome conformation but reached similar levels
in the self-complementary conformation.24 It could be hypothesized
that the selected portion of the RLBP1 promoter did not express high
enough transcript levels, in contrast to the strong CAG promoter used
in our study, for subsequent production of both CRALBP isoforms.
Along this line, two parallel RPE65 clinical trials illustrated that
expression levels may be related to efficiency. A trial using an
AAV2/2 vector with RPE65 under control of the CAG promoter49

hadmore dramatic results than that using an RPE65 endogenous pro-
moter,50 suggesting that the lower response might be due to the use of
the weaker promoter.51 Perhaps more pertinent here, Kennedy et al.
suggested that alternate promoter/elements might be required for
CRALBP expression in Müller glia versus RPE, but these have not
been identified to date.52 It is thus conceivable that minimal regions
of endogenous promoters may lack specific elements that could
impact transcriptional regulation and the production of different pro-
tein isoforms. If our conclusions concerning the importance of the
second isoform are correct, its absence in the scAAV2/8 vector could
impact the efficiency of this vector relative to the newly reported
AAV2/5 vector, raising important considerations for gene-supple-
mentation therapy.

Another important aspect of our study is that, to our knowledge, we
describe the first human iPSC-derived RPE models of RLBP1-associ-
ated IRDs and demonstrate salient genotype-phenotype correlations.
We show that the iPSC-derived RPE from RLBP1 patients expresses
characteristic markers and remains tight in culture, similar to control
RPE. The visual cycle defect emblematic of CRALBP deficiency was
shown by increased all-trans-retinyl ester levels and retinosome accu-
mulation, which correlated with clinical severity. Consistently, all-
trans-retinyl ester accumulation has been reported in Rlbp1�/�

mice16,53 and lipid-droplet accumulation has been noted in the zebra-
fish knockout model of the RPE-specific ohnologue, rlbp1a.48

Furthermore, it was suggested that these lipid droplets were reminis-
cent of the subretinal white lesions characteristic of RLBP1 patients.

A comparative study demonstrated that RLBP1 patients show similar
ERG profiles and chronic impairment in 11-cis-retinal availability as
Rlbp1�/� mice.53 Furthermore, the 11-cis-retinal deficiency resulted
in measurably reduced autofluorescence, which was age-related in
mice and related to mutation severity in humans. The characteristic
white lesions in patients indicated RPE changes that progress to atro-
phy, with structural changes in the photoreceptor layer consistent
with photoreceptor degeneration observed in aged Rlbp1�/� mice.
Consistently, we identified altered iPSC-derived RPE functionality,
which would contribute to reduced photoreceptor health, that was
more evident in the RPE from patient RPA3, who presented with
the severe NFRCD. As MERTK expression seemed intact, we specu-
late that the altered phagocytic activity, as well as growth factor secre-
tion, were not primary defects but likely consequences of the subcel-
lular changes due to retinosome accumulation.

CRALBP localization in iPSC-derived RPE also varied depending on
the RLBP1 variant/clinical form. In control iPSC-derived RPE,
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CRALBP exhibits dual subcellular profiles. It is tempting to speculate
that the cytosolic localization could be related to 11-cis-retinol bind-
ing following photoisomerization, while the membrane localization
could be linked to the transfer of the 11-cis-retinal to IRBP at the
plasma membrane. These localization profiles align with prior studies
in mouse and rat RPE.54 Interestingly, in the RPE of patient RPA1
(BD), the plasma membrane localization was lost and CRALBP ap-
peared more cytosolic. This finding is reminiscent of our previous ob-
servations in an iPSC-derived RPE model of another IRD caused by
TBC1D32 deficiency, which also showed a disruption of the visual cy-
cle.28 By contrast, the RPE of patient RPA2 (RPA), who presented
with the mildest clinical form, preserved the dual CRALBP localiza-
tion pattern, although CRALBP staining was less intense. No
CRALBP, irrespective of isoform, was detected in RPA3, consistent
with the severe NFRCD phenotype.

Both RPA1 and RPA2 RPE harbor a nonsense variant, p.Tyr111*, in
combination with a missense variant, which we previously modeled.6

The reduced RLBP1 levels in the RPE of these patients strongly sug-
gest that the p.Tyr111* variant does not result in CRALBP expression.
In RPA2 RPE, we observed clear expression of two CRALBP isoforms
by western blot analysis. Therefore, we hypothesize that the pArg9Cys
variant carried by RPA2, located immediately upstream of the second
initiation codon, may allow the production of a mutant larger isoform
but also an intact smaller isoform. This would account for the milder
phenotype in this patient. This aligns with the in vitro visual cycle
assay showing that the presence of the smaller isoform alone does
not result in significantly decreased 11-cis-retinol levels. By contrast,
in RPA1 RPE, both CRALBP isoforms would carry the p.Arg234Trp
mutant, consistent with the more severe clinical phenotype. The crys-
tal structure of CRALBP-p.Arg234Trp suggests that the mutant pro-
tein(s) has tighter binding to 11-cis-retinal,55 leading to increased
resistance to light-induced photoisomerization.56 Interestingly, we
detected the smaller CRALBP isoform less readily by western blot
analysis in RPA1 RPE. If we correlate this observation with the IF
data showing the loss of CRALBP near the plasmamembrane, it could
suggest that the smaller isoform is associated with the membrane and,
hence, as speculated above, is involved in 11-cis-retinal binding and
transfer to IRBP for entry to the POS.

Taken together, further study of both control and patient-specific
iPSC-derived RPE may provide valuable insights into CRALBP func-
tion and the roles of the canonical and non-canonical isoforms in the
visual cycle. Meanwhile, modeling RLBP1-associated IRDs using
iPSC-derived models has enabled us to identify quantitative criteria
for evaluating the efficacity of RLBP1 gene supplementation in hu-
man RPE, which was consolidated by our murine proof-of-concept
study. Consequently, these models will also be invaluable for evalu-
ating other emerging therapies for RLBP1-associated IRDs.

MATERIALS AND METHODS
Clinical examinations and iPSC generation

Color fundus photography was performed using an automated, non-
mydriatic fundus camera (AFC 330, Nidek). Dermal fibroblasts were
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cultured from skin biopsies and reprogrammed under feeder-free
conditions using the integration-free CytoTune iPSC 2.0 Sendai Re-
programming kit.26 iPSCs were cultured on dishes coated with
1:100 dilution of Matrigel human embryonic stem cell (hESC)-qual-
ified matrix (Corning) in Essential 8 (E8) medium (Gibco) and
passaged weekly using 0.48 mMVersene solution (Gibco). For karyo-
type analyses, iPSCs were prepared as described26 and 20 metaphase
spreads were analyzed using standard G-banding techniques (Chro-
mostem facility, Montpellier University Hospital, France). For the
teratoma assay, a confluent non-differentiated 35-cm2 dish of iPSCs
was dissociated with Versene, centrifuged for 5min at 800 rpm, resus-
pended in E8 medium containing 30% Matrigel, and injected into
NOD.Cg-Prkdcscid/J mice.25 Paraffin-embedded 4-mm sections were
stained with hematoxylin-eosin-saffron using standard protocols
and images taken using an upright Eclipse Ci-L plus microscope con-
nected to a DS-Fi3 digital microscope camera and NIS-Elements L
Imaging software (Nikon).

iPSC-derived retinal differentiation

iPSCs were spontaneously differentiated into RPE and cultured in
KnockOut DMEM medium (Gibco) supplemented with 20%
KnockOut Serum Replacement (KOSR; Gibco), 1% GlutaMax
(Gibco), 1% non-essential aa (Gibco), 0.1% b-mercaptoethanol, and
1% penicillin-streptomycin.26 At passage (P) 3, RPE was seeded at a
density of 6� 104 cells per 0.32 cm2 on a 1:30 dilution of CorningMa-
trigel hESC-qualified matrix on cell culture inserts with high-density
0.4-mm pores (Falcon), 24-well plates, or 6-well plates depending on
the experiment. TER measurements were performed as described
without modification.26 iPSCs were differentiated into retinal organo-
ids using a 2D-3D differentiation protocol supplemented with reti-
noic acid.57

Phagocytosis and growth factor secretion

Bovine POS were prepared as described.58 iPSC-derived RPE cultured
on membrane inserts were fed with 7.5 POS/cell for 2.5 h at 37�C,
washed, dissociated with 0.25% trypsin, and pelleted. Cells were re-
suspended in 200 mL of PBS and fluorescence analyzed on a BD Ac-
curi C6 Flow Cytomoter (BD Biosciences). VEGF and PEDF levels
were assayed by ELISA (R&D systems) on 24-h conditioned media
collected from the apical and basolateral chambers of 4-month-old
iPSC-derived RPE cultured on inserts.32 Optical densities were deter-
mined at 450 nm using a microtiter plate reader (Clariostar; BMG
Labtech). Samples were collected from nine inserts per condition, as-
sayed in triplicate, and the mean expressed as percentage of control
values.

TEM and multiphoton microscopy

Three- to 7-month-old iPSC-derived RPE cultured on inserts was
processed and embedded for TEM analysis as described.26 Counter-
stained 70-nm sections were observed using a Tecnai F20 transmis-
sion electron microscope at 200 kV (CoMET facility, INM). Lipid
droplets were counted manually and counting confirmed by an addi-
tional masked investigator. Fixed 7-month-old iPSC-derived RPE
cultured on inserts was imaged using a Zeiss LSM 880 multiphoton
associated with an Upright AxioExaminer microscope and equipped
with a Ti:sapphire femtosecond laser (Chameleon Ultra II; Coherent
France). Stimulation was performed at a wavelength of 740 nm and
emission was recorded between 500 and 550 nm. Images were treated
using the Imaris IsoSurface module (Oxford Instruments). The area
of fluorescence was calculated relative to the area of each image.

AAV proviral plasmid and vector generation

The RLBP1 cDNA (NM_000326) from the ATG (+1) to the TGA
codon (kindly provided by John Crabb, Cleveland Clinic Foundation)
was PCR amplified using AmpliTaq Gold DNA polymerase (Applied
Biosystems) with the forward (F) MluI-containing primer and the
reverse (R) XhoI-containing primer (see Table S1) under standard
conditions. The 966-bp amplicon was purified using the Wizard SV
Gel and PCR Clean-Up System (Promega) and subcloned into the
TA cloning vector pGEM-T easy (Promega) according to the manu-
facturers’ recommendations. DNAwas isolated from RLBP1-contain-
ing pGEM-T easy colonies and digested with MluI and XhoI (Prom-
ega) for 3 h at 37�C. The excised RLBP1 insert was gel purified using
the Mini Elute Gel Extraction kit (Qiagen) and ligated using T4 DNA
ligase (Promega) at room temperature (RT) for 1 h into the MluI/
XhoI-digested recombinant AAV proviral plasmids pDDO-020-
SSV9-CAG-bGHpA or pKL-AAV-CAG-bGHpA (provided by the
TaRGet vector core, Nantes, France). Five microliters of the ligation
reaction were transformed into MAX Efficiency Stbl2 Competent
Cells (Invitrogen) and cultured at 30�C to minimize recombination
between the ITRs. Resulting clones were screened by restriction
enzyme digestion to assay for ITR stability and correct RLBP1 inser-
tion. Positive pDDO-RLBP1 or pKL-RLBP1 clones were verified by
Sanger sequencing with an F primer in exon 5 and an R primer span-
ning the junction of exons 7 and 8. DNA from the selected clone was
purified using the EndoFree Plasmid kit (Promega) and sent to the
TaRGet vector core to generate the corresponding AAV-RLBP1 vec-
tor (production titers: 1.2 � 1012 vg/mL for the pDDO batch and
3.3 � 1012 vg/mL for the pKL).

PCR analysis and Sanger sequencing

Plasmid DNA was isolated using the Qiaprep Spin Miniprep Kit
(Qiagen) and genomic DNA using the DNeasy Blood and Tissue
Kit (Qiagen). The exons containing the RLBP1 variants carried by
the patients RPA1 and RPA2 in exons 4, 5, and 8 were PCR amplified
using the primers listed in Table S1. Amplicons were cleaned with the
ExoSAP-IT PCR clean-up kit (GEHealthcare) and Sanger sequencing
was carried out using the BigDye Terminator Cycle Sequencing Ready
Reaction kit V3.1 on a 3130xL Genetic Analyzer (Applied Biosystems,
Foster City, CA). A total of 50 ng of amplified genomic DNA or
250 ng of plasmid DNA and 3.2 mM primer were used for each
reaction. Reactions were precipitated and resuspended in 15 mL of ul-
trapure formamide before sequencing. To assay for the large deletion
carried by patient RPA3, long-range PCR was performed using the
TaKaRa Taq DNA polymerase and an F primer in intron 6 of
RLBP1 and an R primer situated in the intergenic region between
RLBP1 and ABHD2 gene (Table S1).3 Amplicons were migrated on
a 1% agarose gel.
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Transfections

COS-7 and HEK293 cells were plated at a density of 4� 104 cells/cm2

or 1� 105 cells/cm2, respectively, in 24-well plates for qPCR or west-
ern blot analyses, on glass coverslips in 24-well plates for IF studies, in
12-well plates for western blot analysis, or in 6-well plates for retinoid
assays. Cells were cultured in DMEM medium supplemented with
10% FBS (Gibco) for 24 h prior to transfection. Experimental wells
were transfected with 500 ng (24-well plates), 1 mg (12-well plates),
or 2.5 mg (6-well plates) of plasmid DNA diluted in OptiMEM
medium using the Lipofectamine 3000 reagent (Invitrogen, Thermo
Fisher Scientific, France) for 48 h. As a control condition, non-trans-
fected cells were incubated with the transfection reagents in
Opti-MEM medium without plasmid DNA. For all experiments,
transfections were performed in duplicate.

Proteomic analysis

Transfected COS-7 cells were scraped in ice-cold PBS containing
Complete protein inhibitor cocktail tablets (Roche), centrifuged at
200 � g for 5 min, and the pellet was lysed in radioimmunoprecipi-
tation assay (RIPA) buffer (5 M NaCl, 0.5 M EDTA pH 8, 1 M Tris
pH 8, 10% sodium deoxycholate, 10% SDS) under agitation at 4�C
for 30 min. The lysate was cleared by centrifugation at 21,130 � g
at 4�C for 30 min and protein content quantified using the Pierce
BCA protein assay kit (Thermo Fisher Scientific). Twenty micro-
grams of cell lysate, 2.5 mg of recombinant His-tagged CRALBP pro-
tein (ab177594, Abcam), and a SeeBlue Prestained Protein marker
(LC59225, Thermo Fisher Scientific) were loaded on two 12% precast
gels (Life Technologies system). Following electrophoresis, one gel
was transferred onto a polyvinylidene fluoride (PVDF) membrane
and hybridized with the mouse monoclonal anti-CRALBP antibody.
The second gel was rinsed and stained in Coomassie blue staining
solution (InstantBlue, Expedeon) for 1 h. The bands of interest
were cut from the Coomassie-stained gel using the western blot filter
as a guide and an in-gel digestion using a protease (sequencing grade
trypsin, Promega) was performed prior to proteomic analysis by
nanoscale liquid chromatography coupled to tandemmass spectrom-
etry (nano LC-MS/MS) using a QTOF Impact II (Bruker Daltonics)
mass spectrometer, as described.59

Site-directed mutagenesis

The ATG (+1) codon of pKL-RLBP1 was mutated to an alanine
codon (GCG) using the QuikChange Site-directed Mutagenesis kit
(Agilent technologies) with the F primer and its reverse complement
(Table S1) to generate pKL-RLBP1-Met1Ala. The ATG (+10) codon
of pKL-RLBP1 wasmutated to a GCG codon using the Assembly PCR
oligo maker.60 A first round of amplification was performed for eight
cycles using a mix of six overlapping primers (Table S1) spanning the
first five RLBP1 exons (primer F1 flanked the ATG [+1] codon and R2
contained the mutated ATG). A second round of amplification was
performed for 25 cycles using primers flanking the ATG codon
(22 bp upstream and 200 bp downstream). The purified amplicon
was digested byMluI and BsaI and subcloned intoMluI/BsaI-digested
pKL-RLBP1 to generate pKL-RLBP1-Met10Ala. Following mutagen-
esis and/or subcloning, both ATG-mutated plasmids were trans-
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formed into MAX Efficiency Stbl2 Competent Cells (Invitrogen).
Clones were screened by restriction enzyme digestion and verified
by Sanger sequencing using F primers in the pKL backbone upstream
of RLBP1 and in exons 5 and 7 of RLBP1, and R primers in exons 5
and 6 of RLBP1 (Table S1), to cover the entire open reading frame.
Prior to the generation of the c.700C>T (p.R234W) and c.25C>T
(p.R9C) mutagenesis plasmids, the RLBP1 cDNA was removed by
MluI/XhoI digestion of pKL-RLBP1 and subcloned into pGEM-T
easy to avoid unwanted recombination events due to the repetitive
ITR sequences. Mutagenesis was performed using the primers listed
in Table S1 and verified by Sanger sequencing. The mutant cDNAs
were subcloned back into the pKL plasmid to generate
pKL-RLBP1-Arg9Cys and -Arg234Trp.

Reverse transcription and qPCR analyses

Transfected COS-7 cells and iPSC-derived RPE were dissociated with
0.25% trypsin (Gibco), and iPSCs with Versene, centrifuged, and
snap-frozen in liquid nitrogen. Following sacrifice, wild-type and un-
treated and treated Rlbp1�/�mouse eyes were enucleated, the anterior
segment and the lens were removed, the neuroretina dissected, and
the remaining RPE scraped and collected. The neuroretina and RPE
were pooled and snap-frozen. RNA from transfected cells, iPSCs,
iPSC-derived RPE, and murine tissues were isolated using the
QiaShredder and RNeasy mini kits (Qiagen, France). The isolated
RNA was treated with RNase-Free DNase (Qiagen) and 150 or
500 ng (for iPSCs) was reverse transcribed using the Superscript III
Reverse Transcriptase kit (Life Technologies, Thermo Fisher Scienti-
fic). Clearance of the Sendai vectors was assayed by RT-PCR amplifi-
cation of fibroblast and iPSC cDNAwith primers specific to the vector
backbone (SEV), polycistronic cassette (KOS), and monocistronic
cassettes (KLF4, c-MYC) (Table S2). qPCR amplification of a 1:10
dilution of cDNA was performed in triplicate on a LightCycler 480
II thermal cycler (Roche, France) using the LightCycler 480 SYBR
Green I Master mix and specific primers (Table S2). Results were
analyzed using LightCycler 480 software and the Microsoft Excel
program Quantification was performed using the DDCt method,
normalized to GAPDH for human cells and L27 for murine tissues,
and expressed relative to control.

Western blot analysis

Non-transfected and transfected COS-7 and HEK293 cells, non-
transduced and transduced iPSC-derived RPE, and organoids were
scraped or collected in ice-cold PBS containing Complete protein in-
hibitor cocktail tablets (Roche) (unless otherwise stated) and centri-
fuged at 200 � g for 5 min. Pellets were resuspended in 30 mL of
2� Laemmli sample buffer (Bio-Rad, France) containing 1:25 dilu-
tion of b-mercaptoethanol (Sigma-Aldrich) and 1 mL of Benzonase
(Sigma-Aldrich) or in RIPA buffer (unless otherwise stated) and
centrifuged at 20,000 � g for 15 min prior to protein quantification
using the Pierce BCA protein assay. iPSC-derived organoids and
dissected neuroretina and RPE from wild-type and Rlbp1�/� mice
were lysed in 30 mL of RIPA buffer using a mortar and pestle, centri-
fuged at 20,000� g for 15 min, and the proteins were quantified prior
to loading (murine tissues) or directly loaded (organoids). Samples
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(25 mL total volume) were heated 5 min at 95�C and loaded onto an
AnykD precast MiniProtean TGX Stain Free gel (Bio-Rad) or a 15%
SDS-PAGE gel, as specified. The separated proteins were electrotrans-
ferred using a Trans-Blot Turbo Mini PVDF Transfer Pack and Sys-
tem (Bio-Rad). After blocking for 1 h in 0.5% Tween-PBS in 5% skim
milk (blocking solution), membranes were incubated with primary
antibodies (Table S3) overnight at 4�C, washed in 0.5% Tween-
PBS, and with secondary antibodies (Table S4) for 45 min at RT.
The detection step was performed using the Amersham ECL prime
western blotting detection reagent (GE Healthcare, France) and
visualized using autoradiographic film exposure and a Bio-Rad
ChemiDoc XRS+ Imager system or using an Odyssey CLx Imager
(Li-COR Biosciences) and quantified with the Image Studio Lite or
Empiria Studio software. b-Actin was used as the loading control in
all experiments.

IF studies

Uncoated or poly-D-lysine-coated (HEK293) glass coverslips contain-
ing non-transfected and transfected COS-7 andHEK293 cells, respec-
tively, and inserts containing iPSC-derived RPEwere fixed in 4%para-
formaldehyde (PFA; Alfa Aesar) for 10 min at RT, blocked in 10%
donkey serum (Millipore) and 1% BSA (Sigma-Aldrich) in PBS, and
permeabilized with 0.3% Triton X-100 (Sigma-Aldrich). Retinal orga-
noids were washed in PBS, fixed in 4%PFA, incubated in 30% sucrose/
PBS overnight at 4�C, and embedded in Tissue-Tek OCT compound
(Sakura). Slides with 10-mm cryosections were incubated in 10%
donkey serum, 5% BSA, and 0.1%Triton X-100 for 1 h at RT. For all
cell types, primary antibodies (Table S3) were incubated overnight
at 4�C and secondary antibodies (Table S4) with 0.2 mg/mL bisBenzi-
mide (Hoechst; Sigma-Aldrich) or 1 mg/mL DAPI (Sigma-Aldrich)
were incubated for 45 min at RT prior to mounting in Dako Fluores-
centMountingMedia (Dako France SAS, Les Ulis, France). Cells were
visualized using an ApoTome 2Upright wide-field or a Confocal LSM
880 microscope (Carl Zeiss SAS).

Visual cycle experiments

HEK293 cells stably expressing human LRAT33 were transfected
with plasmids carrying control RPE6533 and RLBP1 sequences or
the mutated Met1Ala and Met10Ala RLBP1 sequences. Under
dim light, transfected HEK293 cells were starved in serum-free
medium for 8 h and incubated for 24 h in KnockOut DMEM,
15% KOSR, 2% fatty acid-free BSA (Sigma), and 10 mM vitamin
A (Sigma, R7632). Human iPSC-derived RPE aged 6 to 8 weeks
was starved in RPE medium without KOSR for 8 h and incubated
for 24 h. After 8 h, the media was changed to RPE medium
without KOSR supplemented with 2% fatty acid-free BSA, 15%
FBS (Gibco) and 10 mM vitamin A.61 All cells were scraped in
PBS, pelleted, and stored in the dark at �80�C. HEK293 and
RPE pellets were lysed in 200 mL of 0.2% SDS/PBS. Ten microliters
was withdrawn for protein quantification using the Pierce BCA
protein assay (Thermo Fisher) and 300 mL ethanol and 1 mL of
hexane were added to the remainder of the lysate, which was
then processed for HPLC analysis, as described below. Three inde-
pendent experiments were performed.
AAV transduction

Ten to 12 weeks post seeding, iPSC-derived RPE was transduced with
50,000 vg/cell of AAV-RLBP1 in 100 mL (inserts) or 200 mL (24-well
plates) of medium for 6 h. The wells were then supplemented with
100 mL (inserts) or 200 mL (24-well plates) of medium overnight
and another 100 mL or 500 mL, respectively, the next morning. The
medium was refreshed 2 days post transduction and the transduced
RPE was kept in culture for 8 weeks.

Rlbp1–/– mouse colony

The Rlbp1�/� mouse model16 of mixed 129/SvJ, C57BL/6J, and
BALB/c backgrounds was kindly provided by the Cleveland Clinic
(Beachwood, OH, USA). The founders were crossed with C57BL/6J
mice (Harlan France SARL, Gannat, France) and the colony main-
tained in a controlled environment with a 12-/12-h light/dark cycle
according to the European guidelines for the care and use of labora-
tory animals (EU directive 2010/63/EU). The colony was homozy-
gous for the p.Leu450Met variant of RPE65.36 For genotyping,
genomic DNA was extracted and the Rlbp1 alleles were amplified us-
ing the Phire Tissue Direct PCR master mix (Thermo Fisher Scienti-
fic) and a forward primer in combination with two reverse primers
(Table S1) to distinguish between the wild-type and Rlbp1�/�

alleles.16

Subretinal injection

Adult mice were anesthetized with ketamine (70 mg/kg; Merial,
France) and xylazine (28 mg/kg; Bayer Healthcare, France) systemi-
cally and 0.4% oxybuprocaine (Cebesine, Bausch + Lomb, France)
locally. The pupils were dilated by the sequential administration of
a drop of 10% phenylephrine (Neosynephrine, Europhta) and 0.5%
tropicamide (Mydriaticum, Théa, France), and the cornea was
covered with a drop of Lacryvisc (Alcon, France) and a glass coverslip.
Under a surgical microscope, the eye was first pierced at the corneal-
scleral junction to relieve intra-ocular pressure. Subsequently, subre-
tinal injections were performed using a 5-mL Hamilton syringe and a
beveled 34G needle. On the experimental day, the AAV-RLBP1 vector
was diluted in DPBS to the required dose and a maximum of 2 mL was
injected into one eye of an Rlbp1�/�mouse. The contralateral eye was
either left non-injected or injected with 2 mL of DPBS or an AAV-GFP
vector to control for the surgical procedure and non-specific effects of
the AAV vector, respectively. Following injection, the needle was
slowly removed to avoid any reflux. If a subretinal bleb did not
form upon injection or was lost upon removal of the needle, or if a
second injection was performed, the eye was excluded from the anal-
ysis. It should be noted that the bleb resulting from single-administra-
tion subretinal injection only covered between 20% and 50% of the
retina. At the required time post injection, animals were euthanized
by cervical dislocation.

HPLC

Mice were injected between 2 and 4 months of age. Eight-weeks post
injection, the experimental groups were photobleached at 6,000 lux
for 20 min and then dark adapted for 4 h. The animals were then
euthanized and the ocular globe rapidly enucleated. The eyes were
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homogenized in 300 mL of 3 M formaldehyde (Sigma), incubated at
30�C for 5 min, and supplemented with 0.3 mL of ethanol.62 One
milliliter of hexane (Sigma) was then added, the samples homoge-
nized, and the organic phase collected. This step was repeated. The
samples were then concentrated to 20 mL using a Speed Vac vacuum
concentrator. Analyses were performed using a Varian HPLC system
equipped with a NUCLEODUR SiOH column (4.6 � 250 mm)
(Macherey-Nagel) and a Prostar 330 diode array detector. The elution
was performed with 6% ethyl acetate in hexane for 10 min at a flow
rate of 2 mL/min. The retinoids were quantified from the peak areas
using calibration curves determined with established standards.

Electroretinogram recordings

Mice were injected between 2 and 6 months of age. All ERG record-
ings were performed following overnight dark adaptation, at the same
time of the day, under dim red light in a dark room, and using the Vis-
iosystem (SIEM, France) with cotton-wick electrodes.63 Each animal
was anesthetized, its pupils dilated, and kept on a heating pad
throughout the experiment maintaining the rectal temperature at
37�C (Temperature Control Unit HB 101/2; Bioseb, France). A
ground needle electrode was placed subcutaneously near the tail,
and two reference electrodes were placed near the ears. ERG re-
sponses were recorded simultaneously from both eyes. The responses
to seven flashes were averaged for each light intensity (�1, �0.7,
�0.3, 0, 0.7, 1, 1.5, and 2 log candela second/m2 [cd.s.m�2]). The
duration of each flash was 5 ms with a frequency of 0.3 Hz. Baseline
retinal function of the mice in all experimental groups was measured
2 weeks prior to photobleaching. Two weeks later, the samemice were
dark adapted overnight, their pupils dilated, and photobleached by
exposure to 2,000 lux for 5 min. Following illumination, mice were
again dark adapted for 4 h prior to ERG recordings. The percentage
of recovery was determined as the ERG recording post illumination
over the baseline recording per eye. The values at a flash intensity
of 1.5 cd.s.m�2 were used to generate the dot plots as the recordings
were high but had not plateaued.

Statistical analyses

For groups of data that were predominantly normally distributed
(Shapiro-Wilk test), 2 � 2 analysis was performed using a two-tailed
Student’s t test. For groups of data that were not normally distributed,
2 � 2 analysis was performed using a two-tailed Mann-Whitney test.
Data were analyzed using GraphPad Prism 10 software (GraphPad
Software, La Jolla, CA, USA). A p value <0.05 was considered signif-
icant. The number of samples per experiment and condition and the
statistical test used are indicated in the corresponding figures or
legends.

Study approval

Clinical and genetic investigations were performed following signed
informed consent in accordance with protocols approved by the
Montpellier University Hospital review board (ID no.: IRB-
MTP_2021_11_202100959) and in agreement with the Declaration
of Helsinki. Skin biopsies and iPSC reprogramming were performed
following ethics approval by the local institutional review board and
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the French National Agency for the Safety of Medicines and Health
Products (ID no.: 2014-A00549-38). Animal care and experimenta-
tion were approved by local and national review boards under the
project number APAFIS#1192-2015071713533208.

DATA AND CODE AVAILABILITY
All data are available in the main text or the supplementary materials.
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