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The high allelic heterogeneity in Stargardt disease (STGD1)
complicates the design of intervention strategies. A significant
proportion of pathogenic intronic ABCA4 variants alters
the pre-mRNA splicing process. Antisense oligonucleotides
(AONs) are an attractive yet mutation-specific therapeutic
strategy to restore these splicing defects. In this study, we exper-
imentally assessed the potential of a splicing modulation ther-
apy to target multiple intronic ABCA4 variants. AONs were
inserted into U7snRNA gene cassettes and tested in midigene-
based splice assays. Five potent antisense sequences were
selected to generate a multiple U7snRNA cassette construct,
and this combination vector showed substantial rescue of all
of the splicing defects. Therefore, the combination cassette
was used for viral synthesis and assessment in patient-derived
photoreceptor precursor cells (PPCs). Simultaneous delivery
of several modified U7snRNAs through a single AAV, however,
did not show substantial splicing correction, probably due to
suboptimal transduction efficiency in PPCs and/or a heteroge-
neous viral population containing incomplete AAV genomes.
Overall, these data demonstrate the potential of the U7snRNA
system to rescue multiple splicing defects, but also suggest
that AAV-associated challenges are still a limiting step, under-
scoring the need for further optimization before implementing
this strategy as a potential treatment for STGD1.

INTRODUCTION
Inherited retinal diseases (IRDs) are a heterogeneous group of condi-
tions in which the affected individuals experience progressive and sig-
nificant vision loss. This group can be divided into several categories
depending on their clinical features and progression of symptoms.
Macular dystrophies are characterized by a progressive bilateral
impairment of central vision.1,2 Stargardt disease type 1 (STGD1;
OMIM: 248200) is the most common macular dystrophy,3 affecting
1 in every 8,000 to 10,000 individuals worldwide and commonly ap-
pearing during adolescence or young adulthood.4,5 STGD1 is caused
by biallelic mutations in the ABCA4 gene, which encodes the ATP-
binding cassette type A4 transporter. This transmembrane protein
is localized at the rim region of the photoreceptor outer segment discs
and it is important for the visual cycle. Impairment of ABCA4 activity
enhances the accumulation of toxic retinoid by-products in retinal
pigment epithelium (RPE) cells, eventually leading to photoreceptor
cell degeneration and progressive vision loss.6,7 In-depth sequencing
of the ABCA4 locus has revealed enormous allelic heterogeneity in
disease-causing variants within the STGD1 patient population over
the last 10 years.8–17 In total, there are more than 2,400 uniquely re-
ported ABCA4 variants (www.lovd.nl/ABCA4), a number that is
constantly increasing as new cohorts are screened. A significant pro-
portion of these variants negatively affect the pre-mRNA splicing pro-
cess. Within this group, there are many variants that activate splice
sites or enhancers within an intron that lead to pseudoexon (PE) in-
sertions into ABCA4 mRNA transcripts.5

STGD1 still represents a challenge in terms of therapy design due to
its high allelic heterogeneity and the large size of ABCA4 cDNA (6.8
kb), which is too large for conventional adeno-associated virus
(AAV)–mediated gene augmentation. Antisense oligonucleotide
(AON)–based splicing modulation is a promising strategy to restore
pre-mRNA splicing.18–21 AONs are small modified RNA molecules
that can alter splicing at the pre-mRNA level and correct potential
aberrant splicing via sequence-specific binding and steric blockage
of splicing machinery components, among other mechanisms.22 Un-
til now, the design of AONs aimed to individually target intronic
ABCA4 variants and assess the rescue independently.11,12,15,17,23–25

Consequently, this requires the development of an individual treat-
ment for each patient group harboring a specific intronic ABCA4
variant, which generally is a costly and time-consuming process.
Because each AON targets a relatively small group of STGD1 patients
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Figure 1. Experimental design used to assess U7snRNA splicing modulation capacity

(A) Schematic representation of the modified and unmodified U7snRNA vector design. Several intronic ABCA4 variants were targeted with the single modified cassette

vectors (in purple), whereas the single unmodified cassette vector (in gray) was used as a negative control for midigene-based splice assays in HEK293T. Afterward, five AON-

containing U7snRNA cassettes were cloned in an individual vector to obtain the multiple modified cassette vector (in purple), a procedure that was also followed to obtain the

multiple unmodified cassette vector (in gray). Both vectors were further tested inmidigene-based splice assays. Then, these twomultiple cassette vectors were used to derive

the corresponding AAVs, which were delivered to PPCs to analyze restoration of the different splicing defects. Antisense sequences were labeled from A to E, each one

targeting R1 intronic ABCA4 variants as indicated by the vertical arrow below each cassette. The unmodified cassettes are also indicated as “Empty” since they do not

(legend continued on next page)
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due to the rareness of each disease-causing variant, the range of
required preclinical development and clinical trials for every molecu-
lar candidate is exhaustive. As an alternative strategy, previous
research has shown the possibility of vectorizing these antisense se-
quences as a multiple delivery system that offers long-term expression
in the target tissue.26–28 The splicing modulation tool that allows this
vectorization is the modified U7 small nuclear RNA (U7snRNA).
Originally, the U7snRNA matures to form the U7 small nuclear ribo-
nucleoprotein, which participates in the 30 end processing of replica-
tion-dependent histone pre-mRNA29 and, therefore, is not naturally
involved in splicing. To improve this function and further use it as
a splicing modulation tool, the wild-type (WT) Sm-binding sequence
was replaced with the consensus binding sequences of Sm proteins
from other spliceosomal snRNAs. In addition, the inherent histone
pre-mRNA-binding sequence can also be substituted by a custom
antisense sequence, allowing it to be embedded in an snRNP and pro-
tecting it from possible degradation. Collectively, this enables an Sm-
optimized U7snRNA to be recruited in the nucleus by the spliceo-
some and to modulate the splicing of a pre-mRNA of interest.30,31

This study explores the potential of the U7snRNA system as a multi-
ple-target therapy for STGD1. Accordingly, we inserted antisense se-
quences individually in U7snRNA cassette vectors and assessed the
rescue in vitro of several splicing defects, after which a combination
of multiple U7snRNA cassettes was inserted into a single vector
and tested in both midigene-based assays and in patient-derived
retinal-like cell models. This investigation provides the first extensive
assessment of multiple antisense delivery for several different intronic
ABCA4 variants, which can be packaged later in an AAV to ensure
prolonged expression of the U7snRNAs. Considering that these path-
ogenic variants are heterogeneously distributed among the STGD1
patient population, the development of a novel strategy that can target
multiple variants may help to increase the number of eligible STGD1
patients for treatment and, at the same time, reduce the number of
molecules needed for extensive preclinical evaluation.

RESULTS
Selection of AON sequences for U7snRNA gene modification

Several intronic ABCA4 variants were selected to assess splicing
correction by AONs delivered within a single modified U7snRNA
cassette or combined as multiple cassettes within one vector (Fig-
ure 1A). Based on previous midigene-based splice assays, these vari-
ants lead to PE inclusion into the final transcript (Figure 1B) and effi-
cacious AONs that can individually rescue these splicing defects were
already identified.11,12,15,17,25 From these earlier studies, the best-per-
forming oligonucleotides were selected, based on their ability to pre-
vent PE inclusion in midigene-based splice assays, and inserted into
contain an antisense sequence and are not able to specifically target a region (shown as “

to assess efficacy of the different U7snRNA vectors, together with the splicing defects c

used in this study, sequences that are labeled as naked AON (nk) from A to E. Black b

784C>T midigene, RT-PCR analysis included exon 3 of RHO, represented as a white bo

region between exon 6, intron 6, and exon 7 of ABCA4 did not allow its insertion into a m

PCR analyses for each midigene construct.
the unmodified U7snRNA gene. A total of 11 single modified
U7snRNA vectors were successfully generated to target splicing de-
fects caused by several intronic ABCA4 variants: two for c.769-
784C>T (A1 and A2), two for c.859-506G>C (B1 and B2), two for
c.4539+1100A>G and c.4539+1106C>T (C1 and C2), three for
c.5196+1137G>A and c.5196+1216C>A (D1, D2, and D3), and two
for c.4539+2001G>A and c.4539+2028C>T (E1 and E2). In addition,
a single unmodified U7snRNA vector was generated and served as a
negative control in the following experiments. All single cassette vec-
tors were validated by Sanger sequencing (Figure S1).

Single modified U7snRNA vectors specifically rescue aberrant

ABCA4 transcripts

For all intronic variants, there was a dose-response effect with
increasing amounts of U7snRNA vector correlated with increased
splicing correction (Figures 2 and S2), compared to each respective
nontreated (NT) control. At least one of the modified U7snRNA vec-
tors for each variant was able to restore correct transcript levels up to
60% or more of the total transcript, and in some cases, these efficacies
were comparable to those shown by the respective naked AON
(Figure 2A [left], 2B, 2D, and S2A–S2C). However, for some
variants, such as c.769-784C>T (A2), c.4539+1106C>T (C1) and
c.4539+2001G>A (E2), the efficacy of the AON was reduced when
embedded in the U7snRNA molecule, compared to the correspond-
ing naked AON sequence (Figure 2A [right], 2C, and S2B). More
important, all of the tested single cassette vectors were shown to spe-
cifically target the intronic variant of interest because there were no
major alterations in the observed splicing patterns of the other
ABCA4midigenes. This was true for bothWT andmutant (MT)mid-
igene conditions where no other transcripts were created upon deliv-
ery of the different single modified U7snRNA cassettes (Figures 2
and S2).

The intronic variant c.769-784C>T is reported to cause a 162-nt PE
insertion in the final transcript12 (Figure 1B). The 2 selected AONs
that target this variant (nk-A1 and nk-A2) efficiently restored the cor-
rect transcript (Figure 2A). This effect was also translated to the
respective modified U7snRNA vectors, where U7snRNA-A1 and
U7snRNA-A2 increased overall correct transcript levels, although
this did not reach statistical significance. Interestingly, the unmodi-
fied U7snRNA vector had a clear effect on the splicing pattern, since
an increase of the PE insertion levels was detected compared to the
NT conditions (Figure 2A). In the case of variant c.859-506G>C,
both naked AONs presented a similar rescue of the correct transcript.
Again, these sequences achieved an equivalent correct transcript
rescue at the highest doses when individually inserted in the
U7snRNA (Figure 2B). Both variants c.4539+1100A>G and
X”). (B) Depiction of genomic regions of all midigene constructs used in splice assays

aused by each intronic variant and the relative position of the antisense sequences

oxes in midigene constructs represent the ABCA4 exons. In the case of the c.769-

x because it is localized in the backbone of the splicing vector. The large size of the

idigene vector. Black triangles represent the location of the primers used for the RT-
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Figure 2. Splicing rescue mediated by modified single-cassette U7snRNA vectors in midigene-based splicing assays

Analysis of correct (Corr.) and pseudoexon (PE)-including ABCA4 transcripts by RT-PCR. Wild-type (WT) midigenes and the respective mutant (MT) midigenes harboring

variants c.769-784C>T (A), c.859-506G>C (B), c.4539+1106G>C (C), and c.5196+1216C>A (D) were transfected in HEK293T cells. Nontransfected cells were used as

endogenous expression control (lane labeled as H). The AON-containing single-cassette U7snRNA vectors were then delivered in increasing amounts (0.035, 0.125, and

0.5 mg), except for the nontreated lanes (NT). The respective naked AONs (nk) were delivered in parallel at 0.5 mM as positive controls for splicing correction, whereas an

unmodified or empty single-cassette U7snRNA vector was used as negative control (Emp). Two antisense sequences (1–2) were tested for each intronic ABCA4 variant (A–

D). RT-PCR products are shown in representative electrophoresis gel images, and the graphs below represent semiquantification of the bands of all conducted replicates,

indicating the percentages of correct and PE inclusion levels in each condition. Midigene artifacts (Artif.) were not included in the analysis. MQ is used as the negative control

(legend continued on next page)
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c.4539+1106C>T are reported to induce a 68-nt and a 112-nt PE
insertion12 (Figure 1B). Upon delivery of nk-C1 and nk-C2, there
was a significant increase in correct transcript levels, increasing these
values to more than 90% of the total transcript. In contrast, the
correction efficacy of the sequences was affected after insertion in
the U7snRNA cassette since the correct transcript levels were lower
after U7snRNA-C1 and U7snRNA-C2 transfection for both variants
compared to the nk-C1 and nk-C2 (Figures 2C and S2A).

Two other variants in intron 36 leading to the same splicing defect are
c.5196+1137G>A and c.5196+1216C>A.15 This 73-nt-long PE inclu-
sion was completely abolished by all naked AONs (Figures 2D
and S2B). Similar to previous assays, the corresponding modified
U7snRNA vectors could reproduce this recovery of the correct tran-
script only at a higher U7snRNA amount. Despite their generally high
splicing modulation efficacy, U7snRNA-D2 vector outperformed the
other 2 U7snRNA vectors for both intron 36 variants, even at an in-
termediate transfection dose (Figures 2D and S2B). Lastly, nk-E1 and
nk-E2 could successfully reduce the 345-nt PE inclusion caused by
variant c.4539+2001G>A,25 which was also the case for both
U7snRNA-E1 and U7snRNA-E2 vectors (Figure S2C). To our sur-
prise, the unmodified U7snRNA vector also showed a statistically sig-
nificant decrease in aberrantly spliced transcript levels.

Collectively, these data suggest that U7snRNA-embedded AON se-
quences are able to efficiently rescue aberrant splicing inHEK293T cells
individually, achieving similar effects when compared to the delivery of
the respective nakedAONmolecule. Therefore, itwas important tonext
assess whether the splicing modulation capacity and variant-targeting
specificity is maintained within a combined delivery method.
Combined delivery of modified U7snRNAs maintains splicing

rescue for 7 intronic ABCA4 variants

Based on the single cassette results, the design of the multiple cassette
vector included the insertion of the top five best-performing modified
U7snRNA sequences (one per PE), which were U7snRNA-A1 for
c.769-784C>T, U7snRNA-B2 for c.859-506G>C, U7snRNA-C2
for both c.4539+1100A>G and c.4539+1106C>T, U7snRNA-D2 for
c.5196+1137G>A and c.5196+1216C>A, and U7snRNA-E1 for
c.4539+2001G>A. From here on, this is described as U7snRNA-A/B/
C/D/E or multiple U7snRNAs (Figure 1A). In addition to this multiple
cassette vector, another one containing five unmodified (or empty)
U7snRNA cassettes was generated as an additional negative control
for these midigene assays. Naked AONs were used as a reference for
full correction (Figures 3 andS3), and theother singleU7snRNAvectors
not targeting the variant of interest were considered to be an equivalent
for scramble control.
of all of the reactions. Amplification of actin (ACTB) gene was used as loading control, ex

amplification of U7snRNA cassettes was used as vector transfection control. The dash

visualization; samples in the same gel image come from the same experiment replicate an

is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 using one-way ANOVA test after D

was the reference condition for correct transcript levels.
Levels of aberrant transcript caused by c.769-784C>T were signifi-
cantly reduced upon delivery of the nk-A, the single U7snRNA-A vec-
tor, and the multiple U7snRNAs vector (Figure 3A). Interestingly,
single U7snRNA-B/C/E vectors showed a slight increase in PE inclu-
sion band in both WT and MT midigene situations. The delivery of
the unmodified empty single and multiple U7snRNA vectors, howev-
er, had a significant effect on the splicing pattern because it caused a
decrease in the correct transcript levels, which was previously
observed in single-cassette assays. Moreover, the midigene artifact
band appeared at different intensities depending on the condition,
which may have interfered with the splicing readout in this case. In
contrast with these results, the correction capacity of the multiple
cassette vector was similar to the nk-B and single U7snRNA-B vector
for the c.859-506G>C variant, with nomajor changes produced by the
unmodified U7snRNA vectors (Figure 3B). However, the single
U7snRNA-E vector (originally targeting variant c.4539+2001G>A),
had a significant rescue of the splicing defect compared to the non-
treated MT condition.

The delivery of the different single modified U7snRNA or the multiple
modified U7snRNA vectors did not present any adverse effects on the
other analyzedABCA4 regions (Figures 3 and S3). For intronic variants
c.4539+1100A>Gand c.4539+1106G>C in intron 30, the rescue pattern
was comparable between both assays since the expected treatments led
to a significant decrease in the 2 PE inclusions (Figures 3C and S3A).
Correct transcript levels increased to up to 70%–100% in the case of
c.4539+1100A>G and c.4539+1106G>C variants when targeted with
either nk-C, single U7snRNA-C, or the multiple U7snRNAs cassette
vectors. Similar results were observed for intron 36 variants, where per-
centages of correct transcript were increased to 90%–100% upon deliv-
ery of nk-D, single U7snRNA-D, and multiple U7snRNA vectors
(Figures 3D and S3B). The other single or multiple unmodified
U7snRNA vectors did not alter the splicing ratios in any of these cases.
Lastly, the multiple U7snRNAs vector was also able to achieve splicing
modulation for variant c.4539+2001G>A, almost completely abolishing
the presence of the aberrant transcript. However, a slight decrease in the
345-nt PE inclusionwas observed in the case of singleU7snRNA-A/B/C
vectors, which was also observed after the delivery of the single or mul-
tiple unmodified U7snRNA vectors (Figure S3C). All of the observed
transcripts were validated by Sanger sequencing (Figures S4 and S5).

Overall, the vector expressing all five modified U7snRNA cassettes
maintained a comparable splicing rescue relative to the delivery of
the respective single U7snRNA cassette vector or naked AON,
although the efficacy of the AON sequences was slightly reduced
for variants c.769-784C>T, c.4539+1106G>C and c.4539+2001G>A
when embedded in the multiple cassette vector. Interference
with splicing events was observed for variants c.769-784C>T and
on 5 of the rhodopsin (RHO) gene was used as a midigene transfection control, and

ed lines between lanes indicate the boundaries of cropped regions to facilitate data

d RT-PCR reaction. Data (n = 2) are presented asmean ±SD. Statistical significance

unnett’s multiple comparison analysis, in which the WT or MT midigene NT column
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Figure 3. Splicing rescue mediated by modified

multiple-cassette U7snRNA vectors in midigene-

based splice assays

Analysis of correct (Corr.) and pseudoexon (PE)-including

ABCA4 transcripts by RT-PCR. Wild-type (WT) midigenes

and the respective mutant (MT) midigenes harboring

variants c.769-784C>T (A), c.859-506G>C (B), c.4539+

1106G>C (C), and c.5196+1216C>A (D) were

transfected in HEK293T cells. Nontransfected cells were

used as endogenous expression control (H). The AON-

containing multiple-cassette U7snRNA vector was then

delivered (0.5 mg) in parallel with all 5 single-cassette

vectors individually (0.5 mg), except for the nontreated

lanes (NT). The respective naked AONs (nk) were

delivered in parallel at 0.5 mM as positive control for

splicing correction, whereas an empty single- or

multiple-cassette U7snRNA vector was used as negative

control. Antisense sequences targeting different splicing

defects are labeled from A to E. RT-PCR products are

shown in representative electrophoresis gel images, and

the graphs below represent semiquantification of the

bands of all of the conducted replicates, indicating the

percentages of correct and PE inclusion levels in each

condition. Midigene artifacts (Artif.) were not included in

the analysis. MQ is used as negative control of all of the

reactions. Amplification of actin (ACTB) gene was used

as loading control, exon 5 of the rhodopsin (RHO) gene

was used as a midigene transfection control, and

amplification of U7snRNA cassettes was used as vector

transfection control. The dashed lines between lanes

indicate the boundaries of cropped regions to facilitate

data visualization; samples in the same gel image come

from the same experiment replicate and RT-PCR

reaction. Data (n = 2) are presented as mean ± SD.

Statistical significance is indicated as *p < 0.05,

**p < 0.01, and ***p < 0.001 using the one-way ANOVA

test after Dunnett’s multiple comparison analysis, in

which the WT or MT midigene NT column was the

reference condition for correct transcript levels.
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Figure 4. AAV delivery of multiple modified U7snRNAs to PPCs

Analysis of correct (Corr.) and pseudoexon (PE)-including ABCA4 transcripts by RT-PCR (left), and assessment of AAV transduction efficiency by live fluorescence imaging

(right). Control and patient individual-derived iPSCs carrying variants c.769-784C>T (A), c.4539+1106G>C (B), c.4539+2001G>A (C), and c.5196+1137G>A (D) in

(legend continued on next page)
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c.4539+2001G>A, which were mainly detected after the transfection
of single U7snRNA vectors targeting other regions in ABCA4 or the
unmodified U7snRNA vectors not targeting any region (Figures 2A
and S3C). Despite this, the results suggest that the multiple-target
approach through the simultaneous expression of several modified
U7snRNAs has the potential to correct different splicing defects
with a single therapeutic molecule.

Combined delivery of modified U7snRNAs to patient-derived

photoreceptor precursor cells (PPCs)

As a next step, the multiple modified and unmodified U7snRNA
cassette vectors were validated by Sanger sequencing and restriction
analysis (Figure S6) and were used for production of the correspond-
ing AAV particles (Figure 1A) using the AAV2/7m8 serotype, which
was observed to transduce control PPCs more efficiently than other
two AAV serotypes (AAV2/2 and AAV2/9; Figure S7). For transduc-
tion experiments, a control individual and six STGD1 patient-derived
induced pluripotent stem cells (iPSCs) lines harboring the different
intronic variants were differentiated into PPCs, which are heteroge-
neous 2-dimensional (2D) cultures with multiple retinal progenitor
cells.17,32 The characterization of these cultures by qRT-PCR analysis
showed an increasedABCA4 expression and a decreased pluripotency
marker OCT4 expression in all lines compared to day 0 iPSC samples
(Figure S8). Higher expression of the neuroretina precursor marker
PAX6 was observed in most PPC lines, although the expression of
SIX6 was variable depending on the cell line, suggesting an early
retina differentiation stage of these PPCs. The photoreceptor precur-
sor-specific transcription factor CRX was kept at similar or lower
levels compared to iPSCs, variability that was also observed for the
S-cone opsin marker OPN1SW expression. The presence of RPE
cell markers in these cultures was confirmed by an increase in
VMD2 expression in all differentiations.

The splicing defects observed in midigene-based assays were also de-
tected in patient-derived PPC samples, and the transcripts were
confirmed by Sanger sequencing (Figures S9 and S10). The ratios be-
tween correct and aberrant transcripts varied between the two
different cell models, probably since almost all iPSC lines were hetero-
zygous for the variant of interest. In the case of PPCs, treatment with
cycloheximide (CHX) was used to inhibit aberrant transcript degra-
dation through nonsense-mediated decay (NMD) to better represent
the accumulation of the total transcript containing the corresponding
PE insertion. In case of variants c.769-784C>T, c.4539+1106G>C,
heterozygosity (#), were differentiated to PPCs. Nontreated (NT) cells were used as endo

to assess the accumulation of total aberrant transcript produced, or were left untreated

delivered at 102 and 103 vg/cell, in parallel with the respective AONs (nk) at 0.5 mM as po

defects are labeled from A to E. RT-PCR products are shown in representative gel imag

percentages of correct and PE inclusion levels in each condition. Heteroduplexes (Het.) w

Amplification of the actin (ACTB) genewas used as loading control, and amplification of U

lanes indicate the boundaries of cropped regions to facilitate data visualization. In the c

compare to patient lines (with their respective differentiation replicate) since only on

7m8.CMV.EGFP was used to track viral transduction qualitatively, based on GFP in PP

cal significance is indicated as **p < 0.01 and ***p < 0.001 using one-way ANOVA test af

derived PPCs column was the reference condition for correct transcript levels.
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and c.859-506G>C, the associated splicing defect was not substan-
tially increased by CHX treatment. In contrast, aberrant transcript
accumulation was visible in cases of moderate splicing defects pro-
duced by c.4539+2001G>A, c.4539+2028C>T, and c.5196+1137G>A
variants, especially after NMD inhibition (Figures 4 and S11). Upon
naked AON delivery to each patient-derived PPC line, an increase
in correct transcript levels was achieved for almost all of the intronic
variants, except for c.859-506G>C, in which the strong PE inclusion
was not rescued despite the previously high efficacy shown in midi-
gene-based assays.

Viral transduction was done on day 25 of PPC differentiation at two
different MOIs (102 and 103 viral genome [vg]/cell), using either the
U7snRNA-A/B/C/D/E or multiple unmodified U7snRNAs viral vec-
tors. Overall, the expression of the U7snRNA gene was detected after
AAV delivery to all 7 PPC lines, suggesting a successful uptake of the
viral DNA since no expression was observed in nontransduced cells.
Nonetheless, the presence of the 5 different modified U7snRNA in
these cells was not sufficient to achieve splicing correction, an observa-
tion that was common to all 6 patient lines (Figures 4 and S11). The
only exception was a slight decrease in the 345-nt PE inclusion pro-
duced by the c.4539+2001G>A variant, which was observed after deliv-
ery of 103 vg/cell (from 19% to 16.5% of aberrant transcript levels
compared to the CHX-treated condition) (Figure 4C). This effect, how-
ever, was not statistically significant. As expected, and in line with the
expected outcomes, the AAV containing the multiple unmodified
U7snRNA cassettes did not show any significant effect on splicing.

In contrast to midigene-based studies, the high correction efficacy of
the multiple modified U7snRNA cassettes could not be translated into
PPCs. Despite observing expression of theU7snRNA gene, the uptake
of the viral particles by the cells of the culture was shown to be sub-
optimal in representative fluorescence images (Figure S12). The
transduction control used in this study (AAV2/7m8.CMV.EGFP)
was delivered in the same conditions as the other two customized
AAVs. Increased GFP signal was observed upon AAV delivery at
103 vg/cell compared to 102 vg/cell, also shown by U7snRNA expres-
sion. However, variability in transduction was qualitatively noticed
between the 7 PPC lines and differentiations, as well as variability
of U7snRNA expression by RT-PCR, which may explain the low
correction efficacy observed for aberrant transcripts. Moreover, to
determine whether the viral genomic DNA included all 5 modified
U7snRNA cassettes, we amplified several regions by PCR
genous ABCA4 expression control. PPCs were treated (+) with cycloheximide (CHX)

(�). AAVs harboring either the multiple AON-containing or empty U7snRNAs were
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(Figure S13A). Although all 5 modified U7snRNA cassettes were pre-
sent in the total AAV stock solution, sequencing data suggested that
U7snRNA-B and U7snRNA-D sequences were absent in several viral
genomes (Figure S13B). This may indicate the possibility of a mixed
population of AAVs of complete versus truncated genomes in multi-
ple combinations, which was not previously detected in quality as-
sessments of the synthesized viral preparation.

In summary, the outcome of these experiments differed from previ-
ous testing of the multiple cassette vectors in midigene-based splice
assays. Therefore, the potential of the U7snRNA as a splicing correc-
tion tool could not yet be demonstrated in the context of a retinal-like
cell model, although testing in the HEK293T cell model showed
promising results at earlier stages of this research.

DISCUSSION
More than 2,000 different ABCA4 variants have been discovered in
STGD1 cases that are widely distributed over exonic and intronic re-
gions in the ABCA4 locus (www.lovd.nl/ABCA4). Intronic variants
represent an important proportion of the reported disease-causingmu-
tations and have emerged as an attractive target for genetic therapies.5

Splicingmodulationapproaches are themost suitable because these var-
iants generally cause alterations of ABCA4 splicing at pre-mRNA
levels.21 To combat mutation specificity, in this study, we show that
the simultaneousdeliveryofmultipleAONsequenceswith a single ther-
apeutic vector may efficaciously rescue the aberrant splicing caused by
several intronic ABCA4 variants, posing a novel therapeutic alternative
for STGD1 by combining splicingmodulation therapy with a multiple-
target delivery system. The results presented in this research are an indi-
cation of the potential of this approach to rescue several splicing defects
in midigene-based assays, but the translation of the observed benefits
still needs to be demonstrated in retina-like models through AAV
delivery.

Extensive research is ongoing for STGD1 therapeutic interventions,
including molecular therapies and small compounds targeting
affected metabolic pathways, cell replacement strategies, and gene-
specific approaches. Within this last category, different options are
under study at preclinical stages, such as gene replacement, gene edit-
ing, and splicing modulation.18,33 For some subtypes of IRD, gene
augmentation is the most advanced strategy, and this represents a
suitable approach for recessive conditions such as STGD1 since it
would combat disadvantages such as therapeutic design complexity,
which is intrinsic to its clinical and genetic heterogeneity. However,
viral vectors such as AAVs have a maximum cargo capacity of �4.8
kb, and the delivery of large cDNAs is therefore complicated. Some
of the affected genes in IRDs, including ABCA4, by far exceed
the size of the cDNA to be packaged. Nevertheless, AAV still repre-
sents a good choice for transgene delivery due to its tropism in the
retina,34–37 guaranteeing long-term expression upon delivery in
the retina38–40 and maintaining low immunogenicity and toxicity in
the tissue.41–44 This is also supported by the US Food and Drug
Administration and the European Medicines Agency market
approval for a gene therapy product (Luxturna) for a subtype of
IRD due to RPE65 variants.45 AAV delivery also provides the oppor-
tunity to develop an alternative therapeutic approach as potential
STGD1 treatments, and instead of augmenting the expression of
the entire gene into retinal cells, this study proposed to implement
AAV delivery of vectorized AONs to target several splicing defects.

We hypothesized that aberrant transcripts caused by the presence of
intronic ABCA4 variants are good candidates to be addressed through
the U7snRNA system.29 The small size of the corresponding gene
cassette (�410 bp) allows its packaging in AAV vectors in a single
or a multiple manner, whereas the simplicity to modify the sequence
offers the possibility to bind to any region of interest.26 However, it
also gives the advantage of prolonged expression in the host cell, in
contrast to the transient effect of naked AONs when injected intravi-
treally.46 In fact, our results show the potential of the U7snRNA to
reduce the presence of several splicing defects in vitro, since most
of the designed single cassette vectors could achieve a substantial in-
crease in the correct transcript levels.

The use of cell lines as a first screening tool for the modified U7snRNA
vectors has helped to compare the efficacy of the system to the standard
naked AON delivery in a cost-effective manner. However, there are
limitations to this part of the study that should be considered when in-
terpreting the results. Note that these first comparisons in HEK293T
cell line include two different types of molecules—chemically modified
RNA oligonucleotide versus plasmid DNA—and it is probably the
reason for lower efficacy in some modified U7snRNA vectors. In the
case of the naked AON, it can modulate splicing in the nucleus after
transfection of the cells, whereas all U7snRNA vectors require an inter-
mediate step, which is gene expression before splicingmodulation. This
may cause a delay in observing the expected effect, which cannot be
avoided by this experimental design.

Moreover, midigene-based splice assays represent the overexpression
of a vector containing a genomic region of ABCA4 in a nonretinal cell
line. Therefore, the splicing readout may be influenced since the sys-
tem does not fully recapitulate the genomic context nor the retinal
environment of ABCA4 splicing in the retina. This was exemplified
by the assays using the midigene harboring variant c.769-784C>T,
in which the presence of an artifact was already reported.12,23 In
this study, the unmodified U7snRNA vector showed significant detri-
mental effects when targeting this splicing defect. These events not
only imply that the U7snRNA itself may interact with the splicing
machinery of the cell in a nonspecific manner but also that the
observed interference may be related to the midigene system itself.
In addition, the PE inclusion caused by the c.4539+2001G>A variant
was decreased by the unmodified U7snRNA vector, in this case result-
ing in a beneficial effect. These unexpected effects have been observed
only when using certain midigene constructs, and were not detected
in the other splice assays. It is still possible that the unmodified
U7snRNAs can interfere with splicing and create these artifacts due
to similarities of regions in U7snRNA with the targeted genomic re-
gions, but the mechanisms by which it can lead to either a negative or
positive effect are still unknown.
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Despite these limitations, our results provide evidence for substantial
splicing correction in cell line models and encourage multiple modi-
fied U7snRNAs vector testing. To our knowledge, this is the first
study to examine the potential of U7snRNA system for ABCA4
splicing modulation in STGD1. When testing the multiple cassette
vector in vitro, the efficacy was maintained for all of the tested in-
tronic variants compared to the single approach. Furthermore, the ef-
ficiency for the multiple U7snRNA delivery may be a synergistic
outcome, since the observed results represent the combined contribu-
tion of all of the individual cassettes. These findings are similar to
those reported in studies conducted in Duchennemuscular dystrophy
for multiexon skipping, in which the removal of the affected exons of
the dystrophin transcript was successfully achieved in a mouse model,
confirming the potential of this splicing modulation tool to reduce
aberrant transcripts in vivo.26,28

Unfortunately, the translation of these results to patient-derived PPCs
was not possible in this study (Figures 4 and S11). Although expression
of U7snRNA was detected only in the transduced cells by RT-PCR
analysis, an uneven distribution of the transduction control AAV
was observed in these cell differentiations. Surprisingly, this variability
was extended to most of the differentiations, as shown by the fluores-
cence images from representative parallel cultures (Figure S12). In
previous research, the AAV2/7m8 serotype expressing GFP was
demonstrated to have the best tropism among other tested serotypes
in human iPSCs, RPE cells, and cortical neurons.35 However, the
tested dosages were between 10 and 1,000 times higher than the
ones used in our assays, and the AAV exposure time was shorter for
iPSC, RPE cells, and cortical neurons (in this case, prolonged up to
96 h). Higher doses and longer exposures were previously attempted
in mouse retina, retina-on-chip models,47 and human iPSC-derived
retinal organoids,48 in which a correlation between the uptake of viral
particles and the presence of the required cell surface ligands for
AAV2/7m8 entry into the host cells was found. These markers are
part of the heparan sulfate proteoglycan family and are reported to
have an important role in neuroretinal development.49,50 Considering
that the expression of these cell surface proteoglycans was already de-
tected in photoreceptor precursor cells from early retinal organoids
(differentiated for 44 and 70 days), the AAV2/7m8 serotype still serves
as a good option for both early ormoremature retinal-like cell models.

Since the goal of this research was to develop a novel therapeutic
approach, lower MOIs and more prolonged exposure times were
selected considering the toxicity and immunogenicity issues that
may arise in the future if higher doses of the viral vector are used.
For that reason, further optimization of the experimental design
should be focused on the time course rather than increasing the
amount of virus delivered. However, the window for treatment re-
mains relatively limited in the 30-day differentiation protocol into
PPCs, comparing it to longer 3D differentiation cultures.51 More
important, dose-dependent immune responses have been reported
in previous clinical trials, in which inflammation was detected in
those patients treated subretinally with higher AAV2 doses.52–55

Despite the ocular immune privilege,56,57 activation of innate im-
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mune responses by both the single-stranded DNA genome and the
capsid proteins of AAV2 and 8 serotypes have been detected in the
retina and other tissues, which was suggested to explain the reduced
transduction efficiency observed in previous research.41,43,58 Howev-
er, modifying motifs in the viral genome seems to be a promising
alternative to avoid innate recognition and could be used in combina-
tion with additional immunomodulation strategies.59 In the case of
the AAV2/7m8 serotype used in this study, capsid-associated immu-
notoxicity issues have not been reported yet.

The low efficacy of the multiple modified U7snRNA cassette in
rescuing splicing could also be improved by modifying the sequences
vectorized in this system. The fact that a naked chemically modified
AON rescues a splicing defect up to 100% does not guarantee its effi-
cacy when embedded in the U7snRNA; therefore, this could be an
aspect to further study and test to achieve better performance of the
multiple sequence delivery. For instance, it may be possible to insert
longer antisense sequences as performed in previous studies, in which
those AAVs were able to rescue CEP290 aberrant splicing more effica-
ciously than the ones delivering shorter sequences.28 Although these
characteristics can be improved, it does not completely explain the
lack of an effect in our patient-derived PPC assays.

It is also important to mention that some of the nk-AONs (nk-A,
nk-B, and nk-D) used as a control for splicing correction also pre-
sented minimal rescue on PPC assays, whereas in midigene assays,
the nk-AONs showed full rescue in most of the cases. This suggests
that the rescue of shorter ABCA4 transcripts produced by the midi-
gene construct may be more efficient than the rescue of endogenous
ABCA4 transcripts in PPCs, perhaps due to differences in secondary
structures that make the endogenous transcript less accessible also for
the nk-AONs. Nonetheless, the fact that nk-C and nk-E were able to
significantly rescue aberrant splicing in PPCs indicates that the AAV
uptake is more likely to be the limiting factor rather than the accessi-
bility of these ABCA4 regions (Figures 4 and S11).

An unexpected finding that may contribute, in part, to the observed
outcome is the deletion of some modified U7snRNA gene cassettes de-
tected in the sequencing of the viral DNA (Figure S13). It is known that
challenges in AAV manufacturing, such as filtration, purification,
empty capsid separation, product degradation, and physical instability,
among others, can affect outcomes.60 Taking into account that the orig-
inal plasmid was previously checked and contained all cassettes (Fig-
ure S6), this event may indicate that potential recombination between
the U7snRNA sequences could have occurred at the viral production
level. In fact, previous researchonAAV-genomepopulation sequencing
on Cas9-single guide RNA vectors has shown that self-complementary
sequences in the viral vector design, together with DNA secondary
structures of the transgene or the inverted terminal repeat (ITR) hetero-
geneity, can cause truncated versions of vector genomes,which canhave
a negative impact on AAV production and efficacy.61

In conclusion, the low transduction efficiency observed in our cell
model, together with a reduced number of AAV particles containing
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the full cargo, could be impeding the splicing modulation capacity of
the multiple-delivery system designed in this study. For that reason,
more researchwill be required to refine and overcome the AAV synthe-
sis challenges that were encountered here, an issue that will have to be
considered during quality assessments for those cargos that are de-
signed to become a combined therapeutic approach. Our research at-
tempted to develop an approach that combines the specificity of
splicing modulation strategy and the efficacy of viral vector delivery,
but this will require optimization of the step between from plasmid
DNA to viral vector. Therefore, the feasibility of implementing the
multiple modified U7snRNA in a single delivery method as a potential
treatment for a larger IRD patient population, still remains uncertain.

MATERIALS AND METHODS
U7snRNA constructs design

AON sequences targeting splicing defects caused by variants c.769-
784C>T, c.859-506G>C, c.4539+1100A>G, c.4539+1106C>T, c.4539+
2001G>A, c.4539+2028C>T, c.5196+1137G>A, and c.5196+1216C>A
were selected from previous screenings in midigene-based splice as-
says.11,12,15,17,25 These sequences (Table S1) were inserted into the un-
modified or empty U7snRNA gene and then cloned into a pSMD2
shuttle vector (kindly provided by Dr. Aurélie Goyenvalle).27 For
the single U7snRNA cassette vectors, each AON sequence was in-
serted individually through a two-step PCR approach, as previously
described.62 For PCR-I, the used forward primer contained the
XbaI restriction site and the 50 region of the U7snRNA gene (Fw-
U7-XbaI), whereas part of the antisense sequence to be inserted
was included in the reverse primer. In parallel, PCR-II was performed
using a forward primer with the part of the antisense sequence and a
reverse primer containing NheI restriction site and the 30 region of the
U7snRNA gene (Rv-U7-NheI). Products from PCR-I and PCR-II
were run in a 2% (w/v) agarose gel, and DNA was extracted with nu-
cleospin gel and the PCR Clean-upMini Kit (Macherey-Nagel Düren,
Nordrhein-Westfalen, Germany) as indicated in the manufacturer’s
instructions. Afterward, PCR-III was performed with both extracted
products and Fw-U7-XbaI/Rv-U7-NheI primers. The PCR mixtures
(50 mL) contained 0.5 mM of each primer (all listed in Table S2),
0.2 mM deoxyribonucleotide triphosphates (dNTPs), 1 U Phusion
High-Fidelity DNA Polymerase (New England Biolabs, Leiden, the
Netherlands), 1� Phusion High-Fidelity Buffer, 0.5� Q-solution
(Qiagen, Venlo, the Netherlands), and 25 ng of unmodified
U7snRNA pSMD2 vector for PCR-I and -II or 1 mL of extracted prod-
ucts for PCR-III as templates. PCR conditions were the following:
initial denaturation at 98�C for 30 s, 30 cycles at 98�C for 10 s, anneal-
ing at 58�C for 30 s, and extension at 72�C for 30 s, with a final exten-
sion at 72�C for 10 min. PCR-III products were resolved in 2%
agarose gel and extracted, then incubated with XbaI and NheI
(New England Biolabs) for 3 h at 37�C, followed by heat inactivation
at 65�C for 20 min, to digest the modified U7snRNA gene cassette.
Digestion of 1 mg of the empty pSMD2 vector was performed for
3 h at 37�C with XbaI, followed by heat inactivation at 65�C for
20 min and incubation with USB Shrimp Alkaline Phosphatase (Af-
fymetrix, Cleveland, OH, USA) for 1 h at 37�C. The digested plasmid
was resolved in 1% agarose gel, and the band of interest was extracted
as previously indicated. Ligation of the digested PCR-III product and
pSMD2 vector was done with amolar ratio 1:6 (vector:insert) by using
T4 ligase kit (New England Biolabs) as indicated in the manufac-
turer’s instructions. Subsequently, 5 mL of the digestion was trans-
formed in DH5a-competent Escherichia coli (Life Technologies,
Bleiswijk, the Netherlands). Upon picking colonies and plasmid isola-
tion, the insertion of the modified U7snRNA cassette was validated by
restriction analysis and further Sanger sequencing (Figure S1).

In the case of multiple U7snRNA cassette vectors, one initial single
modified U7snRNA-A vector and the next modified U7snRNA
cassette to be inserted (PCR-III product) were digested and ligated,
as previously indicated. Subsequently, 5 mL of the digestion was trans-
formed in One Shot Stbl3 Chemically Competent E. coli (Life Tech-
nologies). Upon picking colonies and plasmid isolation, the insertion
of a second modified U7snRNA cassette was validated by restriction
analysis and Sanger sequencing. This process was performed sequen-
tially for all of the cassettes until obtaining a final pSMD2 shuttle vec-
tor containing 5 different modified U7snRNA cassettes, and in paral-
lel, the same procedure was followed to add up to 5 unmodified
U7snRNA cassettes as shown in Figure 1A.

Single and multiple modified U7snRNAs studies in HEK293T

cells

HEK293T (American Type Culture Collection no. CRL-3216) cells
were cultured in DMEM supplemented with 10% fetal bovine serum,
1% penicillin-streptomycin, and 1% sodium pyruvate at 37�C and 5%
CO2. To validate the efficacy of the modified U7snRNA vectors,
HEK293T cells were seeded in 6-well plates in 70% confluency
(�400,000 cells per well). Four hours post-seeding, cells were left
non-transfected (as endogenous control) or transfected with either
the WT or the MT ABCA4 midigene harboring the genomic region
of interest (600 ng). The WT and MT midigenes that were used
were obtained from previous research.10 After overnight incubation,
each midigene-transfected well was subdivided in as many wells of
a 24-well plate as conditions tested. In single-cassette assays, cells
were subsequently transfected with naked AON (0.5 mM) as positive
control for splicing correction, three increasing amounts of the
respective modified single U7snRNA vector (0.035, 0.125 and
0.5 mg), the unmodified single U7snRNA vector (0.5 mg) as negative
control, or left nontreated (NT). In multiple cassette assays, the NT
and positive controls were done as indicated above, cells were trans-
fected with the 5 single modified U7snRNA vectors (0.5 mg) sepa-
rately, the multiple modified U7snRNAs vector (0.5 mg), the single
unmodified U7snRNA vector, and multiple unmodified U7snRNAs
vector (0.5 mg) as negative controls. Midigene and U7snRNA vector
transfections were performed by following the FuGENE HD (Prom-
ega, Madison, WI, USA) reagent’s protocol (ratio vector:FuGENE of
1:3). Naked AONs were resuspended at 100 mM in autoclaved 1�
PBS, and delivery was made as previously described elsewhere.63

The oligonucleotides were purchased from Eurogentec (Liege,
Belgium) and had phosphorothioate backbone and 20-O-methyl (20-
OMe) sugar modification in all of the nucleotides. After 48 h,
cells were harvested in PBS for subsequent RNA analysis. The
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above-mentioned splice assays were performed in 2 independent rep-
licates (n = 2).

Viral vector synthesis and gDNA sequencing

Two different AAV2/7m8 were synthesized for further PPC studies,
one containing the 5 modified U7snRNA cassettes and another one
containing 5 unmodified U7snRNA cassettes derived from the tested
pSMD2 shuttle vectors. Plasmid DNA was purified by using the
EndoFree Plasmid Mega kit (Qiagen) and the insert was then vali-
dated with Sanger sequencing (Figure S6A; Table S3). The integrity
of the ITRs flanking the insert of interest was also checked by restric-
tion analysis (Figure S6B). Afterwards, the modified and unmodified
U7snRNA vectors were used for further customized viral synthesis
(service purchased from the Gene Transfer Vector Core [https://
www.vdb-lab.org/vector-core/] at Massachusetts Eye and Ear of Bos-
ton). To validate the genomic DNA (gDNA) sequence of the AAV
vector containing the modified U7snRNA cassettes, Amplification
Grade DNase I (Thermo Fisher Scientific, Waltham, MA) incubation
was performed for 30 min at 37�C. PCR mixtures (50 mL) contained
0.5 mM of each primer (all listed in Table S4), 0.2 mM dNTPs, 1 U
Phusion High-Fidelity DNA Polymerase (New England Biolabs, Lei-
den, the Netherlands), 1� Phusion High-Fidelity Buffer, 0.5�
Q-solution (Qiagen), and 3 mL of DNase-treated AAV as template.
PCR conditions were the following: initial denaturation at 98�C for
30 s, 30 cycles at 98�C for 10 s, annealing 58�C for 30 s, and extension
at 72�C for 30 s, with a final extension at 72�C for 10 min. PCR prod-
ucts were resolved in 2% agarose gel and extracted as previously indi-
cated. Bands were cloned with pGEM-T Easy Vector System kit
(Promega) and further validated by Sanger sequencing (Figure S13).

The study was conducted in accordance with the Declaration of Hel-
sinki, and approved by CMO regio Arnhem-Nijmegen and local
Radboudumc ethics committee (CMO-light), protocol number
2015–1543.

Patient-derived iPSC culture conditions and differentiation to

PPCs

Control and patient iPSCs were reprogrammed from fibroblasts or
blood samples as previously described15,17,25,64 and characterized by
the Stem Cell Technology Center (Radboudumc, Nijmegen, the
Netherlands). The splicing defects and intronic ABCA4 variants
were selected according to the availability of the corresponding pa-
tient-derived iPSC lines in the department and previously identified
successful AON sequences. Material derived from patients harboring
variants c.4539+1100A>G and c.5196+1216C>A was unavailable.
The line carrying the c.4539+2028C>T variant was later included
for AAV delivery assays since the associated splicing defect is not
visible in midigene vectors. The patient-derived iPSC line harboring
the variant c.4539+1106G>C was obtained and characterized by De
Baere’s research group (data not shown). iPSCs were cultured at
37�C and 5% CO2 in Essential 8 Flex Medium (Gibco, Dallas, TX,
USA) supplemented with 100 mg/mL Primocin (InvivoGen, Tou-
louse, France). The maintenance of iPSC lines was done on 6-well
plates coated with GelTrex (Gibco) at 240–360 mg/mL final concen-
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tration. To derive PPCs from iPSCs, a 31-day 2D differentiation pro-
tocol was adapted from previous studies.65,66 Single-cell seeding was
performed by dissociating iPSC culture with TrypLE Express solution
(Gibco) and counted. A total of 106 cells per well were seeded with
RevitaCell Supplement (Gibco) on 12-well plates previously coated
with Matrigel Growth Factor Reduced Basement Membrane Matrix
at a 1:20 dilution (Corning, Corning, NY, USA). iPSCs were then
cultured with Essential 8 Flex Medium until reaching full confluency.
Once achieved, it was replaced by COCO/insulin-like growth
factor (IGF)-based differentiation medium (CI), which consisted of
DMEM:Nutrient Mixture F-12 medium (Merck, Darmstadt, Ger-
many) supplemented with MEM nonessential amino acid solution
(Sigma-Aldrich, St. Louis, MO, USA), B-27 supplement (without
vitamin A, Thermo Fisher Scientific), N-2 supplement (Thermo
Fisher Scientific), 100 ng/mL IGF-1 (Sigma-Aldrich), 10 ng/mL of re-
combinant human basic fibroblast growth factor (Sigma-Aldrich),
10 mg/mL of heparin (Sigma-Aldrich), 200 mg/mL of recombinant
human COCO protein (R&D Systems, Minneapolis, MN), and
100 mg/mL Primocin (InvivoGen). Half of the medium was replaced
on a daily basis to each well for 31 days.

Delivery of AAV vectors and AONs in PPCs

On day 25 of differentiation, the AAVs (modified or unmodified
U7snRNA multiple-cassette AAVs and AAV2/7m8.CMV.EGFP as
transduction control) were delivered at an MOI of 102–103 vg/cell
in 0.5 mL of CI medium, based on the number of total cells. This
was followed by medium addition up to 1 mL on day 26 and complete
medium replacement on day 27. However, PPCs were treated with
AON at 0.5 mM on day 29. AONs were first mixed with CI medium
and were gymnotically delivered to the corresponding wells. On day
30, CHX was added to the medium at 100 mg/mL final concentration,
and one of the wells for each cell line was kept as nontreated (NT).
Twenty-four hours later, cells were washed with PBS and harvested
in lysis buffer for further RNA analysis. Transduction levels in
PPCs were qualitatively analyzed with ZOE Fluorescent Cell Imager
(Bio-Rad, Lunteren, the Netherlands) in 20� magnification before
harvesting. All of the differentiation experiments were performed in
two independent biological duplicates (n = 2).

RNA isolation and cDNA synthesis

RNA was isolated from HEK293T cells and PPCs using the Nucleo-
spin RNA kit (Macherey-Nagel Düren) as indicated in the manufac-
turer’s instructions. For cDNA synthesis from HEK293T samples,
1 mg of total RNA was used as the initial input for the reaction, which
was performed with the iScript cDNA Synthesis kit (Bio-Rad) to a
final concentration of 50 ng/mL. For PPCs, RNA was first precipitated
with ethanol as indicated in previous protocols.67 For cDNA synthe-
sis, 1 mg of total RNA was used for all of the reactions using the
SuperScript VILO Master Mix (Thermo Fisher Scientific) and
following the manufacturer’s instructions.

PPC characterization by qPCR

RNA from either the corresponding iPSC (day 0) or PPC (day 31)
lines was isolated as described above, and 1 mg of total RNA was

https://www.vdb-lab.org/vector-core/
https://www.vdb-lab.org/vector-core/


www.moleculartherapy.org
used for cDNA synthesis with the SuperScript VILO Master Mix
(Thermo Fisher Scientific), as indicated above. qPCR reactions were
prepared with the GoTaq Real-Time Quantitative PCR Master kit
(Promega) and performed in the Applied Biosystem QuantStudio 5
Digital system. Expression levels of 7 PPC markers and one house-
keeping gene (GUSB) were analyzed to characterize the differentia-
tion to PPCs of the 7 iPSC lines. The primer list for qPCR markers
is included in Table S5. Expression of the GUSB housekeeping gene
was used to normalize each sample, and relative expression levels
from each marker in PPCs (day 31) was compared to the respective
iPSCs (day 0) using the 2�DDCt method.68
RT-PCR analysis for ABCA4 transcripts

For HEK293T assays, all of the reaction mixtures (25 mL) contained
10 mM of each primer pair, 2 mM of dNTPs, 1.5 mM MgCl2, 0.5�
Q-solution (Qiagen), 1 U of Taq polymerase (Roche, Penzberg, Ger-
many), and 60 ng of input cDNA. PCR conditions were 94�C for 30 s,
followed by 35 cycles of 30 s at 94�C, 30 s at 58�C, and 1 min at 72�C,
with a final extension step of 10 min at 72�C. For patient-derived PPC
assays, all of the reaction mixtures (25 mL) contained 10 mM of each
primer pair (all listed in Table S6), 2 mM of dNTPs, 1.5 mM MgCl2,
0.5�Q-solution (Qiagen), 1 U of Taq polymerase (Roche), and 50 ng
of input cDNA. PCR conditions were 94�C for 2 min, followed by 35
cycles of 30 s at 94�C, 30 s at 58�C, and 70 s at 72�C, with a final exten-
sion step of 2 min at 72�C. Exons 3–4 of ACTB were used as a loading
control, exon 5 of RHO was used as a midigene transfection control,
and U7snRNA was used as a transfection control for U7snRNA vec-
tors or as a transduction control for U7snRNA AAVs. All of the PCR
products were resolved on 2% agarose gels and the transcripts were
analyzed by Sanger sequencing. Transcript ratios were analyzed by
the semiquantification of PCR products with Fiji software,69 based
on the percentage of correct or PE inclusion transcripts in each con-
dition or lane (Tables S7–S9).
Statistical analysis

Data were expressed as means ± SDs and processed with GraphPad
Prism 9 software. To analyze the differences between the tested con-
ditions, we used the one-way ANOVA test followed by Dunnett’s
multiple comparison analysis, using the NT or the CHX-treated col-
umn as reference for the correct transcript levels for HEK293T or
PPC studies, respectively. Statistical significance was determined for
p values smaller than 0.05, presented with one or multiple asterisks
(*) in the figures depending on the significance.
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