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Stargardt disease is a progressive retinal disorder caused by bi-
allelic mutations in the ABCA4 gene that encodes the ATP-
binding cassette, subfamily A, member 4 transporter protein.
Over the past few years, we and others have identified several
pathogenic variants that reside within the introns of ABCA4,
including a recurrent variant in intron 36 (c.5196+1137G>A)
of which the pathogenicity so far remained controversial.
Detailed clinical characterization of this variant confirmed its
pathogenic nature, and classified it as an allele of intermediate
severity. Moreover, we discovered several additional ABCA4
variants clustering in intron 36. Several of these variants re-
sulted in aberrant splicing ofABCA4, i.e., the inclusion of pseu-
doexons, while the splicing defects caused by the recurrent
c.5196+1137G>A variant strongly increased upon differentia-
tion of patient-derived induced pluripotent stem cells into
retina-like cells. Finally, all splicing defects could be rescued
by the administration of antisense oligonucleotides that were
designed to specifically block the pseudoexon insertion,
including rescue in 3D retinal organoids harboring the
c.5196+1137G>A variant. Our data illustrate the importance
of intronic variants in ABCA4 and expand the therapeutic pos-
sibilities for overcoming splicing defects in Stargardt disease.
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INTRODUCTION
Stargardt disease (STGD1), also often referred to as ABCA4-associ-
ated retinopathy, is a progressive disorder of the retina, initially char-
acterized by a loss of central vision.1 It is the most common form of
inherited macular dystrophy and is believed to affect�1 in 10,000 in-
dividuals worldwide.1 There is a high degree of clinical heterogeneity
in many patients, resulting in severe visual impairment or even com-
plete blindness, due to death of the photoreceptors and the retinal
pigment epithelium (RPE) cells.

ABCA4-associated retinopathy is caused by bi-allelic variants in
ABCA4, a 50-exon gene that codes for the ATP-binding cassette, sub-
family A, member 4, a transmembrane protein of 2,273 aa (ABCA4,
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previously known as ABCR).2 The protein belongs to the superfamily
of ATP-binding cassette transporters,2 and within retinal photore-
ceptor cells, it is located at the rim of the outer segment disks in
rods and lamellae in cones, where it acts as a flippase facilitating
the active transport of potentially toxic retinoids.3 Dysfunction or
absence of ABCA4 leads to an accumulation of these toxic by-prod-
ucts of the visual cycle, commonly known as lipofuscin, in the RPE
after outer segment phagocytosis. Another potential mechanism of
disease is direct toxicity toward the cone photoreceptors due to their
different anatomical structure.4

ABCA4 displays a tremendous allelic heterogeneity, with more than
1,000 pathogenic mutations identified to date (accessible in https://
databases.lovd.nl/shared/variants/ABCA4/).5 There is a strong corre-
lation reported between the clinical phenotypic appearance and the
severity of the ABCA4 genotype in a given patient.6,7 Indeed, variants
that lead to complete loss of function of ABCA4 result in severe dis-
ease,8 whereas other variants are very mild and, in some cases, even
show reduced penetrance in the absence of other severe cis-acting
ABCA4 variants.9

Over the past decades, we and others have identified several ABCA4
variants that are located outside the protein-coding exons of the
gene.10–16 Themajority of these are deep-intronic pathogenic variants
that result in the activation of a splice site within an intron leading to
the insertion of an aberrant pseudoexon (PE) into the ABCA4 pre-
mRNA. Following splicing, these PEs often result in disruption of
the reading frame and are expected to result in nonsense-mediated
://creativecommons.org/licenses/by-nc-nd/4.0/).
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decay (NMD) of the aberrant transcript.17 Thus, these mutations can
lead to reduced, or even the absence of, functional ABCA4 protein,
dependent on the extent of PE inclusion and the degree of NMD.
Intriguingly, the recognition of the PEs by the splicing machinery
can vary significantly, in terms of both the quantity of PE inclusion14

and tissue dependency.10,18 In 2013, Braun and colleagues19 were the
first to report pathogenic deep-intronic ABCA4 variants, including a
change in intron 36 (c.5196+1137G>A, reported there as “V1”) that
was recurrently present in their primary as well as their validation
cohort of patients with ABCA4-associated retinopathy. This variant
and a second closely located variant (c.5196+1216C>A) each
strengthened alternative splicing and inclusion of a 73-nt PE into a
small fraction of ABCA4 transcripts in keratinocytes derived from pa-
tients who showed a compound heterozygosity for one of these alleles.

The pathogenic mechanism of PE inclusion consequent upon deep-
intronic variants has the potential to be highly amenable for splicing
modulating therapeutic approaches using antisense oligonucleotides
(AONs). These relatively small RNA molecules of 18–25 nt can
bind complementarily to their target pre-mRNA, preventing the in-
clusion of the PE into the final mRNA transcript upon splicing.20

AONs can be considered safe and well tolerated when delivered to
the retina, as shown in the results of a recent phase I/II clinical trial
for a recurrent deep-intronic variant in CEP290.21

In this study, we performed a detailed phenotypic characterization
of a substantial cohort of STGD1 patients harboring the
c.5196+1137G>A variant and predicted its severity based on the clin-
ical presentation in patients who harbored a null variant on the other
allele. In addition, we expanded the search for deep-intronic muta-
tions in intron 36 and assessed their pathogenicity based on their abil-
ity to dysregulate ABCA4 pre-mRNA splicing in both midigene
splicing assays and patient-derived retina-like cells.22 Finally, for
four variants that cause splicing defects, these defects were rescued
by the administration of AONs, thereby opening new avenues for
treating selected subgroups of STGD1 patients.

RESULTS
Variant c.5196+1137G>A Is an Allele of Intermediate Severity

Phenotypic data of 25 patients harboring the c.5196+1137G>Amuta-
tion are shown in Table 1. The median age at onset was 24 years
(range = 4–55 years), and the last exam was performed at a median
age of 43 years (range = 12–72 years). The majority (92%; 23/25) ex-
hibited fundus autofluorescence (FAF) abnormalities (hyper- or hy-
poautofluorescence) within and beyond the vascular arcades, while
in 8% (2/25), the abnormalities were confined within the vascular ar-
cades (Figure 1). Foveal photoreceptors were affected in the majority
(21/25) of patients and were preserved (foveal sparing) in three. The
median age at electroretinography (ERG) recording was 36 years
(range: 15–68 years; n = 21). At that time, according to the previously
established ERG classification,23 67% (14/21) of the patients were
classified into group 1 (normal full-field ERG [ffERG]; ages 15–68
years), and 24% (5/21) were classified into group 3 (abnormal cone
and rod function; ages 36–61 years) (Table 1). Two patients had
normal photopic responses, while their scotopic responses were sub-
normal, which is a pattern not included in the previous classification.
For the patients recorded at the same institute (Moorfields Eye Hos-
pital, London, UK [MEH]; n = 16), cross-sectional ERG results were
plotted against their age (Figure 2A).

To determine the severity of the c.5196+1137G>A mutation, a sub-
group of eight patients harboring this allele in trans with a null or
null-like allele (Table 2, indicated with # therein) was analyzed sepa-
rately (Figures 1A and 2B). This allowed the assessment of the
c.5196+1137G>A allele in isolation, an approach that has been used
previously to determine the severity of ABCA4 alleles.7 The ERG am-
plitudes of these patients were significantly better than those of the
“double null” patients (Figure 2B). The homozygous patient had
normal ffERG; however, the amplitudes are not plotted on the chart,
as the recording was done at a different institute. The distribution of
ages at onset for the different genotypes is shown in Figure S1. The
median age at onset of the patients harboring c.5196+1137G>A in
trans with a null or null-like allele was significantly higher than
that of the patients harboring two null alleles (19 years vs. 6 years,
Mann-Whitney U test, p < 0.01). It was most comparable to
previously defined alleles of intermediate severity, e.g., p.R24H,
c.5714+5G>A and p.L2027F. The homozygous patient had disease
onset at the age of 35 years.

The FAF images of the eight selected patients were also arranged by
age and compared with age-matched patients harboring two null al-
leles. In the early stages, the macular area was notably more preserved
in c.5196+1137G>A patients. In later stages, when the atrophy
expanded outside the imaged area, the differences were less obvious.
None of these patients exhibited foveal sparing (Figure 1A; Figure S2).
The homozygous patient had a notably different phenotype. FAF
showed widespread abnormalities at the posterior pole and beyond
the vascular arcades, while the optical coherence tomography
(OCT) revealed preserved photoreceptors across the whole macula,
including those in the fovea (Figure 1; Figure S3). The patient also
had well preserved visual acuity (6/9 on both eyes at age 35; Table 1),
while none of the patients harboring c.5196+1137G>A in trans
with a loss-of-function allele had visual acuity above 6/24 (ages
12–62).

Variant c.5196+1137G>A Occurs on Different Haplotypes

Haplotype analysis was performed using variants located within the
ABCA4 locus and is summarized in Table 2 and Table S1. For some
of the individuals carrying the c.5196+1137G>A mutation, whole-
genome sequencing (WGS) data for probands as well as unaffected
parents were available, enabling phasing of variants in the genomic
region harboring ABCA4. In total, three probands affected by
ABCA4-associated retinopathy in our cohort of cases recruited to
the Genomics England 100,000 Genomes Project included this allele.

For individual 2, c.5196+1137G>A was identified on the paternal
allele in trans with the reported missense variant (p.N98S). Filtering
of ABCA4 variants with an allele frequency (AF) of <0.1 in the
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Table 1. Clinical Characteristics of ABCA4-Associated Retinopathy Patients Harboring c.5196+1137G>A

PID Institution Sex
Age at Onset
(Years)

Age at Last
Examination (Years)

BCVA
Fishmann
Classificationa

Foveal
Photoreceptors

Extent of FAF abn. with
Regard to Vascular Arcades

Clinical
Diagnosis

Age at ERG
(Years)

ffERG
Group PERGOD OS

1 MEH F 55 60 6/9 6/6 2 spared beyond STG – – –

2 MEH F 22 43 3/60 2/60 4 atrophy beyond CRD 41 3 A

3# MEH M 22 39 3/60 3/60 4 atrophy beyond STG 36 1 A

4# MEH F 23 30 6/24 6/24 3 atrophy beyond STG – – –

5 MEH F 41 64 6/18 CF 4 atrophy beyond CRD 61 3 A

6# MEH M 12 12 – – 0 early changes within (minimal) STG – – –

7 MEH M 33 44 6/60 6/92 4 atrophy beyond STG 42 1 A

8 MEH F 10 26 6/36 6/36 2 early changes within (minimal) STG 21 1 A

9 MEH F 24 43 6/60 6/60 4 atrophy beyond CRD 36 3 A

10# MEH F 15 21 6/36 6/36 2 atrophy beyond STG 15 1 A

11 MEH M 46 61 6/60 6/60 3 atrophy beyond STG – – –

12# MEH F 22 62 HM 6/60 4 atrophy beyond CRD 52 3 A

13 MEH M 46 56 6/18 6/12 4 spared beyond STG 47 1 A

14 MEH F 25 30 6/6 6/19 2 atrophy beyond STG 26 1 N

15 MEH F 39 51 6/9 6/9 2 early changes beyond STG 40 1 A

16# MEH F 24 50 2/60 6/6 3 atrophy beyond STG 39 1 A

17 MEH F 33 43 3/60 6/12 3 atrophy beyond CRD 39 3 A

18 MEH F 55 62 6/6 6/36 3 spared beyond STG 57 1 N

19 MEH F 10 20 6/48 6/30 2 atrophy beyond STG 17 1 A

20 MEH M 40 72 3/60 3/60 4 atrophy beyond STG 68 1 A

21 PAH F 35 35 6/9 6/9 3 spared beyond STG 35 1 N

22a RUMC F 13 29 6/60 3/60 3 atrophy beyond STG 25 1 A

22b RUMC M 27 35 20/60 24/60 2 atrophy beyond STG 27 1s –

23# RUMC F 4 41 1/60 1/60 4 atrophy beyond STG 34 1s –

24# RUMC M 15 43 1/60 1/60 4 atrophy beyond STG 18 1 –

aFishman classification: I, flecks limited to within the vascular arcades; II, fleck-like lesions anterior to the vascular arcades and/or nasal to the optic disc; III, most diffuse flecks resorbed leaving diffuse RPE atrophy; and IV,
not only diffusely resorbed fundus flecks and atrophy of the RPE but also diffuse choriocapillaris atrophy.1
#Data for individuals who carry c.5196+1137G>A in trans with a predicted null allele are indicated with a hash. Patients 22a and 22b are siblings. Individuals 23 and 24 were described previously in Bax et al. (2015).13 PID,
patient ID; BCVA, best corrected visual acuity; OD, right eye; OS, left eye; FAF, fundus autofluorescence; ERG, electroretinography; ffERG, full-field electroretinography; PERG, pattern electroretinography; MEH,Moorfields
Eye Hospital, London, UK; F, female; STG, Stargardt disease; –, not available; CRD = cone-rod dystrophy; M, male; PAH, Princess Alexandria Hospital, Brisbane, QLD, Australia; RUMC, Radboud UniversityMedical Center,
Nijmegen, the Netherlands; abn.: abnormalities; A: abnormal; N: normal; CF: counting fingers; HM: hand motion; 1s, normal photopic, low scotopic.
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Figure 1. Fundus Autofluorescence Images of ABCA4-Associated Retinopathy Cases Harboring c.5196+1137G>A

FAF images of patients harboring c.5196+1137G>A in trans with different groups of alleles. Classification of in trans ABCA4 alleles was performed previously based on

electrophysiology.7 (A) Note the increasing retinal degeneration (no flecks, fleck outside the arcades, absorbed flecks, chorioretinal atrophy) in patients harboring

c.5196+1137G>A in trans with null, when arranged by age. (B and D) Relatively milder phenotypes can be observed in patients harboring c.5196+1137G>A in trans with

intermediate alleles c.5714+5G>A, p.L2027F and p.[G863A, G863del] (B) and in the homozygous state (D), even at older ages. (C) Patients harboring c.5196+1137G>A in

trans with alleles of unknown severity arranged by age exhibiting various FAF patterns.
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Figure 2. Electroretinography of ABCA4-Associated Retinopathy Cases Harboring c.5196+1137G>A

(A and B) The dark-adapted (DA) 10.0 a-wave amplitudes (A) and the light-adapted (LA) 3.0 30-Hz amplitudes (B) of “double null” patients and patients harboring

c.5196+1137G>A with different mutations in trans, plotted by age. (C and D) The DA 10.0 a-wave amplitudes (C) and the LA 3.0 30-Hz amplitudes (D) of patients harboring

c.5196+1137G>A in transwith null alleles and patients harboring 15 other alleles of previously determined severity,7 plotted by age. Data from a single recording performed at

the same center (MEH in Table 2) was used for each patient. One patient (ID 17) had non-recordable 30-Hz amplitudes due to noise. The gray area represents the 95%

confidence interval (CI) of the healthy volunteers. On each chart, the “double null” patients are indicated as a baseline reference with their regression line and their CIs. Note

the significantly better retinal function of patients harboring c.5196+1137G>A in comparison to the “double null” patients.
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gnomAD dataset and an in-house cohort of 7,766 alleles from the
WGS cohort revealed four variants informative for the haplotype
(defined as haplotype B; Table 2; Table S1).

For individual 3, c.5196+1137G>A was identified on the paternal
allele in trans with the previously reported missense variant
(p.C1490Y). Filtering of ABCA4 variants applying the same criteria
revealed a different haplotype (defined here as haplotype C), which
contained the variant in intron 36 (Table 2; Table S1).

Individual 1 was recruited for WGS with only an affected sibling;
therefore, it was not possible to accurately phase variants located
in or near ABCA4 in the absence of parental samples. However,
we did identify the upstream variant chromosome (chr)
1:94,531,618T>C shared with individual 2 (haplotype B) and that
was present in only 2 out of 15,430 European alleles in gnomAD in
416 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
the absence of the downstream variants found on the same haplotype.
This may suggest that the haplotypes observed in individuals 1 and 2
have a common ancestral origin that underwent recombination in the
ABCA4 gene region, giving rise to the additional haplotype observed
in individual 1 (defined here as haplotype A; Table 2; Table S1). Alter-
natively, it is possible that the chr1:94,531,618T>C variant was pre-
sent on the opposite allele, in which case the haplotype would be
unknown.

In addition to individuals 1–3, subjects 13 and 14 also underwent
WGS as singletons. In both cases, the presence of the four rare variants
previously found to define haplotype B were identified. Subsequently,
these and other rare variants close to c.5196+1137G>A that marked
the different haplotypes (including chr1:94,531,618T>C to determine
haplotype A) were genotyped in all available remaining cases via
Sanger sequencing (Table S1). An additional 5/17 cases were
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suggestive of haplotype A, 3/17 were consistent with haplotype B, and
1/17 were consistent with haplotype C. Of the remaining four cases
available for testing, three did not carry any of the haplotype-associ-
ated variants, whereas one individual carried all variant alleles tested
(Table 2; Table S1). This may be explained by the relatively high fre-
quency of chr1:94,513,853TAA>T in gnomAD (minor AF [MAF] of
0.07479); therefore, it may also be present on the trans allele.

Identification of ABCA4 Variants in Intron 36

Following the clinical characterization of patients harboring the
c.5196+1137G>A variant, an in-depth molecular analysis of this and
other variants in close proximity (i.e., intron 36 of the ABCA4 gene)
was performed. Previously, a few variants in intron 36 potentially
causingABCA4-associated retinopathy have been described, including
an in silico analysis of the splicing defects they exert.19 In addition,
other reports have described the clustering of deep-intronic variants
in certain introns, suggesting that some introns are more prone to har-
bor disease-causing mutations than others.10,14 To investigate which
ABCA4 variants in intron 36 could potentially lead to splicing defects
(and can be considered pathogenic), all previously described variants
were collected and analyzed for frequency statistics and splicing pre-
dictions. This led to the identification of 11 additional variants, besides
c.5196+1137G>A, that could potentially influence splicing, e.g., by the
generation of new splice acceptor or donor sites or changing splicing
enhancer or silencer motifs (Table 3; Table S2). Although some of
the variants had a relatively high MAF, these were still tested, as pre-
vious studies demonstrated a pathogenic role of frequent deep-intronic
variants (c.769-784C>T, c.4253+43G>A).14

To study the causative nature of all these variants, a new construct was
generated that could be used in a midigene splicing assay.24 This
construct, coined BA32, harbors the region of ABCA4 spanning from
intron 34 to intron 38, enabling the study of the splicing of intron 36
in a genomic context more extended than a minigene. Following
confirmation that transfection of this midigene, indeed, leads to the ex-
pected splicing pattern (merge of exons 35, 36, 37, and 38), site-directed
mutagenesis was performed to generate mutant BA32 constructs, each
harboring one of the selected deep-intronic variants. Transfection of
the wild-type (WT) and the various mutant BA32 constructs into
HEK293T cells followed by reverse transcription (RT)-PCR analysis re-
vealed that four out of the 12 variants led to aberrant splicing,
i.e., the insertion of additional sequences in between exons 36 and
37 (Figure 3). For two variants—c.5196+1013A>G (M4) and
c.5196+1056A>G (M6)—the predominant transcript contained a PE
(of 129 or 177 nt, respectively) that was partially identical, which was
defined by an already existing cryptic splice acceptor site (SAS) in
the reference sequence and the strengthening of different cryptic splice
donor sites (SDSs) by either of the variants. Two other variants,
c.5196+1137G>A (M9) and c.5196+1216C>T (M11), led to the inser-
tion of another, 73-nt, PE but to different fractions of transcripts. Both
variants led to the insertion of the exact same PE, although the
c.5196+1137G>A variant slightly strengthens a cryptic SAS, whereas
c.5196+1216C>A clearly strengthens a cryptic SDS of the PE (Figures
3A and 3B; Figure S4). Seven out of the other eight variants did not alter
the splicing pattern (Figure S5), suggesting that these variants do not
have a drastic impact on the processing of ABCA4 pre-mRNA, at least
not in HEK293T cells used here. Variant c.5196+1078del was not as-
sessed, since site-directed mutagenesis to introduce this change into
the BA32 construct was repeatedly unsuccessful.

Aberrant Splicing Induced by c.5196+1137G>A Variant in

Photoreceptor Precursor Cells

As can be observed in Figure 3B, the splicing defect evoked by the
c.5196+1137G>A variant was only present in a small proportion of
transcripts following transfection of the mutant midigene into
HEK293T cells. Previous reports demonstrated that, for some
deep-intronic variants, the degree of PE inclusion can be tissue-depen-
dent or even cell type-dependent; e.g., the splicing defect is more prom-
inent in retina-like tissue.10,25 Given the association of distinct
c.5196+1137G>A haplotypes with patients with ABCA4-associated
retinopathy, we explored whether this was also true for this variant.
Fibroblast cells of affected individual 23 harboring this allele in trans
with a protein-truncatingmutation (p.[S974Qfs*64;C1488R]), together
with that of a healthy control individual, were reprogrammed into
induced pluripotent stem cells (iPSCs), as described previously.22 Sub-
sequently, iPSCs were differentiated into photoreceptor precursor cells
(PPCs) following a 30-day protocol,26 giving rise to an increased
expression of several retina-specific genes, including ABCA4. The de-
gree of differentiation was assessed via qPCR analysis (Figure S6). Prior
to harvesting, cells were treated with cycloheximide (CHX), an agent
that blocks NMD of aberrant transcripts, as both alleles are predicted
to give rise to premature termination codons that can lead to this phe-
nomenon. The band with the correct size could be derived either from
the second allele (i.e., NMD is incomplete) or from the correctly spliced
product of the allele with the deep-intronic mutation. As there were no
SNPs nearby, this could not be further investigated. As shown in Fig-
ure 3C, especially following CHX treatment, the degree of PE insertion
caused by c.5196+1137G>Awas notably higher compared to that in the
midigene splicing assay, particularly when taking into account that
only half of the ABCA4 transcripts in these PPCs are derived from
the allele harboring this mutation. Of note, a small fraction of tran-
scripts showed PE inclusion in the control PPCs, following CHX treat-
ment, demonstrating that even in the absence of the deep-intronic
variant, this PE can be recognized by the splicing machinery in
retina-like cells.

AONs Rescue Splicing Defects due to Intron 36 Variants in

ABCA4

Following the identification of the PE insertions caused by the four
variants in intron 36, AONs were designed to block splicing of these
PEs into the ABCA4 mRNA, with the aim of restoring normal
splicing. For the partially overlapping PEs (PE129 and PE177)
induced by c.5196+1013A>G and c.5196+1056A>G, respectively,
four AONs were designed. AON1 and AON2 target a region present
in both PEs, whereas AON3 and AON4 overlap with PE177 but not,
or at least not entirely, with PE129 (Figure 4A). Of note, AON3 tar-
gets a region in PE177 that encompasses the reference nucleotide at
position c.5196+1013 and, therefore, contains a mismatch toward
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 417
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Table 2. Gender and Genotypic Details of STGD1 Cases with c.5196+1137G>A

PID Institution

Allele 1 Allele 2

Segregating Allele 1 haplotype
Moorfields
IDcDNA Protein cDNA Protein

1 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.5714+5G>A p.[=,E1863Lfs*33] ND A 21567

2 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.293A>G p.(N98S) Y B 4646

3# MEH c.5196+1137G>A p.[=,M1733Efs*78] c.4469G>A p.(C1490Y) Y C 4988

4# MEH c.5196+1137G>A p.[=,M1733Efs*78] c.2160+2T>G p.(?) ND B 20160

5 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.2063A>T p.(N688I) ND B 20122

6# MEH c.5196+1137G>A p.[=,M1733Efs*78] c.2564G>A p.(W855*) ND – 25804

7 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.[4216C>T;6148G>C] p.[(H1406Y);(V2050L)] Y C 21670

8 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.4468T>C p.(C1490R) Y U 20567

9 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.4139C>T p.(P1380L) Y A 19004

10# MEH c.5196+1137G>A p.[=,M1733Efs*78] c.3364G>A p.(G1122K) Y B 20522

11 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.4139C>T p.(P1380L) ND A 4198

12# MEH c.5196+1137G>A p.[=,M1733Efs*78] c.2239del p.(L747Cfs*40) Y A 4617

13 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.4319T>C p.(F1440S) Y A 16063

14 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.1804C>T p.(R602W) Y A 20898

15 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.[1715G>A;2588G>C] p.[(R572Q;G863A,G863del] Y U 20546

16# MEH c.5196+1137G>A p.[=,M1733Efs*78] c.3329-1G>A p.(?) Y U 17478

17 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.161G>A p.[C54Sfs*14,C54Y] ND A 20655

18 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.6079C>T p.(L2027F) ND U 21317

19 MEH c.5196+1137G>A p.[=,M1733Efs*78] unknown unknown NA A 21659

20 MEH c.5196+1137G>A p.[=,M1733Efs*78] c.[4126C>T; 6148G>C] p.[(H1406Y);(V2050L)] ND – 21257

21 PAH c.5196+1137G>A p.[=,M1733Efs*78] c.5196+1137G>A p.[=,M1733Efs*78] NA – NA

22a RUMC c.5196+1137G>A p.[=,M1733Efs*78] c.859-506G>C p.[F287Tfs*32,=] Y A NA

22b RUMC c.5196+1137G>A p.[=,M1733Efs*78] c.859-506G>C p.[F287Tfs*32,=] Y (A) NA

23# RUMC c.5196+1137G>A p.[=,M1733Efs*78] c.[2918+775_3328+640del; 4462T>C] p.[(S974Qfs*64;C1488R)] Y A NA

24# RUMC c.5196+1137G>A p.[=,M1733Efs*78] c.3874C>T p.(Q1292*) Y A NA

#Data for individuals that carry c.5196+1137G>A in trans with a predicted null allele are indicated with a hash. Patients 22a and 22b are siblings. For individual 22b, haplotype A was assumed given its relation to individual
22a; hence, the parentheses. PID, patient ID; MEH:Moorfields Eye Hospital, London, UK; ND, not determined; NA, not applicable; –, haplotyping not performed; U, haplotype unknown; PAH: Princess Alexandria Hospital,
Brisbane, QLD, Australia; RUMC: Radboud University Medical Center, Nijmegen, the Netherlands;.
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Table 3. ABCA4 Intron 36 Variants and AFs in Population Databases

Intron 36 Variant cDNA Variant Genomic Position (hg19) AF_gnomAD_nFE (Accessed 10-18-2019)
AF_gnomAD
(accessed 10-18-2019) Reference

M1 c.5196+235G>A 94,484,903 – – 30

M2 c.5196+771G>A 94,484,367 – – 30

M3 c.5196+899C>T 94,484,239 0.03126 0.02097 15

M4 c.5196+1013A>G 94,484,125 – – 15

M5 c.5196+1015A>G 94,484,123 0.05542 0.05228 15

M6 c.5196+1056A>G 94,484,082 – – 30

M7 c.5196+1078del 94,484,060 0.03418 0.05990 15

M8 c.5196+1136C>A 94,484,002 0.0001296 0.01073 11

M9 c.5196+1137G>A 94,484,001 0.0001297 0.00009558 19

M10 c.5196+1159G>A 94,483,979 0.0003888 0.003694 11

M11 c.5196+1216C>A 94,483,922 – – 19

M12 c.5196+1614G>A 94,483,524 – – 30

hg19, human genome version 19; AF, allele frequency; nFE, non-Finnish European; –, not detected.
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the c.5196+1013A>G change. As shown in Figure 4B, co-transfection
of the corresponding midigene with AON1 or AON2 resulted in
a full correction of the aberrant splicing events induced by
c.5196+1013A>G, AON3 showed only a partial correction, and
AON4 had no effect. In contrast, for the c.5196+1056A>G variant,
all four AONs showed restoration of correct splicing, with AON1
and AON3 being the most potent (Figure 4C). For the 73-nt PE inclu-
sion arising from either c.5196+1137G>A or c.5196+1216C>A, four
AONs were designed, none of which were allele-specific. To assess
the efficacy of these AONs to abolish PE inclusion by the
c.5196+1216C>A variant, co-transfection of the midigene with the
AONs resulted in a complete correction of splicing for AON5 and
AON6, whereas AON7 and AON8 showed a partial effect
(Figure 4D).

To study splicing defects caused by c.5196+1137G>A, iPSC-derived
PPCs were again used, as these show a more robust insertion of
PE73 compared to the HEK293T cells transfected with the correspond-
ing mutant midigene. As shown in Figures 5A and 5B, AON6 and
AON7 were most potent in converting PE73-containing transcripts
to the correct transcript, while AON5 and AON8 had little effect. Of
note, the PE-containing transcripts, again, were more visible following
CHX treatment. Finally, to study PE73 inclusion upon a longer differ-
entiation period, iPSCs were differentiated for 180 days, i.e., to form 3D
retinal organoids. Previously, we have shown that AONs can be used to
correct splicing of aberrantly spliced CEP290 in retinal organoids,25

and we have used them as part of the preclinical development of an
AON-based therapy.21,27 Retinal organoids were generated from iPSCs
derived from individual 15 (Table 2), who carries c.5196+1137G>A in
trans with a complex allele (p.[R572Q;G863A,G863del;N1868I]), as
previously described.28,29 Retinal organoids developed as shown previ-
ously, with maturation of a neuroblastic cell layer into a defined outer-
nuclear-layer-like structure, with expression of photoreceptor markers
evident by day 120 (data not shown). As retinal organoids matured
further to day 180, a “brush border” of outer-segment-like structures
appeared at the apical edge of the organoids, which were positive for
rhodopsin expression (Figure S7). Organoids were also positive for
photoreceptor markers such as recoverin and cone arrestin, and L/M
opsins, suggesting the correct formation of the retina-like structure
(Figure S7). At this stage, the retinal organoids were treated gymnoti-
cally with AON6 or SON for 72 h, in the absence of any NMD inhibi-
tion, to mimic the conditions that might be applied in vivo. Treatment
with AON6 led to a dose-dependent decrease in PE-containing tran-
scripts (Figures 5C and 5D). In all experiments, transfection of a nega-
tive control sense oligonucleotide (SON) had no effect on splicing,
showing the same results as those in the untreated condition. In addi-
tion, all AONs did not seem to have an effect when added to control
cells or to those transfected with a WT midigene.

DISCUSSION
In this study, we assessed variants in intron 36 of ABCA4 and their
potential involvement with ABCA4-associated retinopathy. Detailed
clinical characterization and genomic analysis of the most frequent
variant, c.5196+1137G>A, showed that this variant is likely to have
arisen on different haplotype backgrounds and acts as an allele of in-
termediate severity. This is in line with themolecular defects that were
found in PPCs and retinal organoids harboring this mutation, which
showed a residual amount of a normally spliced product. For 11 other
ABCA4 variants in intron 36, three were also found to result in clear
splicing defects, all by inserting PEs into the final ABCA4 transcript.
Furthermore, by using cultured HEK293T cells or patient-derived
PPCs and 3D retinal organoids, all splicing defects could be rescued
by the administration of AONs targeting these PE inclusions.

The c.5196+1137G>A variant was one of the first deep-intronic muta-
tions described in ABCA4.19 In that study, it was shown that this mu-
tation could lead to splicing that results in the inclusion of a PE in a
small proportion of ABCA4 transcripts in patient-derived
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 419

http://www.moleculartherapy.org


Figure 3. Pseudoexon Insertion Caused by Deep-Intronic Variants in Intron 36

(A) Schematic representation of intron 36 with the location of all the mutations and the pseudoexon (PE) insertion caused by each variant (M). The number of the different PEs

indicates the size in nucleotides. (B) Identification of PEs using a midigene-based approach in HEK293T cells. RHO amplification was used as transfection and loading

control. (C) Identification of a 73-nt PE in patient-derived photoreceptor precursor cells (PPCs). This PE is subjected to NMD, as its detection is clearly increased upon

cycloheximide (CHX) treatment. ACTB was used as a loading control. MQ, the negative control of the PCR. Semiquantitative analysis of the ratio of aberrant and correct

transcripts is indicated in the graphs below each electrophoresis gel. In all graphs, results are presented as average ± SD.
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keratinocytes. These data are similar to the observations made here,
where the PE insertion was at a low level in our midigene splicing assay
that was performed in HEK293T cells. Only when differentiating pa-
tient-derived cells to a more retinal lineage, either as PPCs or retinal
organoids, did the proportion of PE-containing ACBA4 transcripts in-
crease, as has been described for other splicing defects due to deep-in-
tronic changes.10,25 Despite a relatively high frequency of this allele in
patients, there has remained some controversy about the pathogenic
nature of the c.5196+1137G>A variant, based on the AF of this variant
in African American control subjects in a single study but mainly on
the notion that, in macaques, c.5196+1137A (the mutant allele in hu-
mans) was found to be the most frequent major allele at this position.
Inmacaque retina harboring this A allele, no PE insertion was detected;
thus, the pathogenicity of this variant was questioned.30 However,
when directly comparing the sequence of the entire region encompass-
ing the PE in humans, several additional nucleotide differences were
identified between the human and macaque genomic sequence either
in the 73-nt PE or in the cryptic splice donor site (Figure S8). Whereas
Human Splicing Finder (HSF) software attributes equal scores to the
human mutant and macaque splice acceptor and donor sites, another
420 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
splicing prediction software,MaxEntScan, predicts a significantly lower
strength of the SDS in macaque compared to human. In addition, a
number of the differences between human and macaque within the
PE are predicted to generate splicing silencer sequences in macaque
but not in human. Since pre-mRNA splicing is well known to be a com-
plex process involving not only the splice acceptor and donor site se-
quences but also the binding sites for exonic splicing enhancers and si-
lencers,31 this divergence may explain why c.5196+1137G>A induces
PE insertion in humans but not in macaques.

Patients carrying the c.5196+1137G>A allele in transwith known dis-
ease alleles had clinical presentations within the spectrum of ABCA4
retinopathy, supporting the pathogenicity of the allele. In addition,
using WGS, no more plausible potentially pathogenic variant was
identified in the patients that could exclude the pathogenicity of
c.5196+1137G>A. Although the majority of cases exhibited FAF ab-
normalities beyond the vascular arcades, and the fovea was rarely
spared, the retina-wide photoreceptor dysfunction was relatively
mild, as demonstrated by preserved peripheral cone and rod function
on the ffERG in the majority of subjects. Categorization of the



Figure 4. Assessment of Splicing Redirection by AONs Using a Midigene-Based System in HEK293T Cells

(A) Schematic representation of the pseudoexons (PEs) introduced by each variant (M) and the relative position of the different AONs within the region. (B and B’) Assessment

by RT-PCR of AON1 to AON4 (A1 to A4) in HEK293T cells transfected with either the WT midigene or the midigene containing the c.5196+1013A>G (M4) variant (B) and its

corresponding semi-quantification expressed in the ratio of correct to aberrant transcript (B’). (C and C’) Splicing redirection by AON1 to AON4 for the c.5196+1056A>G (M6)

variant in HEK293T cells (C) and its semi-quantification expressed in the ratio of correct to aberrant transcript (C’). (D and D’) Effect of AON5 to AON8 (A5 to A8) in redirecting

the splicing defect introduced by c.5196+1216C>A (M11) in HEK293T cells (D) and its semi-quantification expressed in the ratio of correct to aberrant transcript (D’). In all

cases, a scrambled oligonucleotide (SON) was used as negative control. MQ, the negative control of the PCR. In all graphs, results are presented as average ± SD.
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c.5196+1137G>A allele was performed by selecting a subgroup of pa-
tients harboring this allele in trans with a (predicted) null allele and
comparing their ages at onset, ERG amplitudes, and FAF patterns
with those of patients harboring two null alleles or one of the 15
ABCA4 alleles of known severity,7 in trans with null alleles. The
c.5196+1137G>A was similar to alleles of intermediate severity. These
had been defined previously as alleles that, in trans with null, produce
a significantly milder phenotype than two null alleles; however, these
often progress to cone-rod dystrophy (CRD) at older ages. The
intermediate severity of this variant is in line with other findings,
i.e., none of the cases harboring c.5196+1137G>A carried a mild allele
in trans (e.g., p.G1961E and p.R2030Q, which, in transwith null, pro-
duce normal ffERG even at older ages),7 as it is likely that such a com-
bination would result in ABCA4 functional protein reduction not sur-
passing the disease threshold. In addition, a recent study on deep-
intronic ABCA4 variants in a French cohort also concluded that the
c.5196+1137G>A variant was mostly associated with a milder pheno-
type, based on six subjects harboring this allele.32 It should also be
noted, however, that evidence is emerging that some variants that
were long considered pathogenic or benign by themselves, such as
c.2588G>C; p.[G863A,G863del] and c.5603A>T; p.(N1868I), are fully
penetrant only when in combination on the same allele. The same is
true for the cis configuration of p.(N1868I) with a recently identified
intronic mutation, c.769-784C>T.9,33,34 In addition, modifier
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 421
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Figure 5. AON-Based Splicing Correction for the c.5196+1137G>A, M9, Variant Using Patient-Derived Retina-like Cells

(A) RT-PCR analysis of control and STGD1 individual PPCs treated with AON5 to AON8 (A5 to A8) or scrambled oligonucleotide (SON). Pseudoexon detection was enhanced

by cycloheximide (+CHX) treatment. ACTB amplification was used as loading control. (B) Representation of the ratio of correct to aberrant transcript upon semi-quantification.

(C) RT-PCR analysis of STGD1 individual-derived, 185-day-old retinal organoids treated with AON6 at the indicated concentrations or SON. ACTB amplification was used as

loading control (of note, primers were different from those used in B). (D) Graphical representation of the ratio of correct to aberrant transcript upon semi-quantification. MQ,

the negative control of the PCR. In all graphs, results are presented as average ± SD.
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variants, either within or outside of ABCA4, as well as environmental
factors will likely play a role in determining disease outcome.9 Thus,
care is warranted when attributing a severity score to individual al-
leles. The existence of residual ABCA4 function produced by the
c.5196+1137G>A variant is also supported by the clinical presenta-
tion of the homozygous patient; namely, a significantly delayed dis-
ease onset and better preserved photoreceptors in comparison to
the patients with only a single c.5196+1137G>A allele in combination
with a null allele. Finally, the molecular studies revealed that the PE
insertion induced by this variant was only present in a proportion
of theABCA4 transcripts, thus always giving rise to residual WT tran-
script and translation of a functional protein.

The fact that the c.5196+1137G>A variant was identified on
different haplotypes suggests that it may have arisen indepen-
dently, which would further support a case for pathogenicity.
However, an alternative explanation is that the C haplotype is
ancestral and that haplotype A occurred by a centromeric recom-
bination, followed by a telomeric recombination giving rise to
haplotype B. Of note, no clear correlation between the severity
of the clinical phenotype and the nature of the haplotypes (A, B,
or C) was observed. This suggests that the surrounding variant
landscape is unlikely to play an important role in the degree of
pathogenicity, although the numbers of cases were small.

In this study, we selected 12 ABCA4 variants in intron 36 that were
predicted to affect pre-mRNA splicing. Upon testing in our midigene
assay, however, only three of them showed clear splicing aberration in
HEK293T cells. Given the high prevalence of the c.5196+1137G>A
change, this variant was further analyzed in retina-like cells to identify
potential “retina-specific” splicing defects as previously reported for
other variants in ABCA4 and CEP290.10,25 For the other eight, a
similar tissue-specific mechanism may be operational so that it is
not possible to exclude pathogenicity solely based on the midigene
assay in HEK293T. Thus, other in vitro systems alternative to the
422 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
costly and time-consuming retinal progenitor cell/organoid assays
are needed to assess the pathogenic nature of such variants in a
high-throughput manner.

For each of the two overlapping PEs that we identified, we designed
four AONs to redirect the aberrant splicing processes. All AONs
were ordered with a 20-O-methyl sugar modification and a phosphor-
othioate backbone (commonly called 2OMe/PS AONs), since another
recently developed and widely adopted chemistry (20-O-methoxyethyl)
was not commercially available at the time of the first experiments.
Changing chemistries may affect the efficacy of certain AONs and,
thus, can be considered for future experiments. Similar to our previous
findings,10,14,35 not all AONs were effective. In general, AONs targeting
certain predicted splicing enhancer motifs (SC35), a melting tempera-
ture above 48�C and having a GC content between 40% and 60% are
good predictors of efficacy,35,36 yet for every PE this needs to be empir-
ically determined. Given the low number of AONmolecules tested, no
detailed correlation between the parameters of the selected AONs and
their efficacy was possible. As we observed previously,10,35 a single
mismatch between an AON and its target sequence was sufficient to
completely abrogate its splicing modulation capacity. AON3, which
was designed to block the 129-nt and 177-nt PE inclusion caused by
the c.5196+1013A>G and c.5196+1056A>G variant, respectively,
harbored the c.5196+1013G allele in its sequence and was, indeed,
only effective for the c.5196+1013A>G variant. For the two variants
that create the same PE, c.5196+1137G>A and c.5196+1216C>A, the
efficacy of the AONs was tested in two different systems. Interestingly,
the results were similar but not entirely matching.When AON delivery
was combined with the midigene assay in HEK293T cells for the
c.5196+1216C>A variant, AON5 and AON6 were the two most effica-
cious ones, followed by a partial effect of AON7 andAON8. In contrast,
while AON6 also remained the most efficacious in the iPSC-derived
PPCs harboring the c.5196+1137G>A variant, the ability of AON5 to
redirect splicing was hardly detectable. This discrepancy is most likely
due to the limitations in the test systems; e.g., the delivery to HEK293T
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cells is easier than that to iPSC-derived PPCs. In addition, the molec-
ular context is different: iPSC-derived PPCs have the entire 128-kb
ABCA4 pre-mRNA expressed, while in the midigene assay, only an
artificial fragment of 7.5 kb is expressed. In all cases, the effective
AONs were able to redirect splicing instead of degrading the transcript,
as there was also an increase of correctly spliced transcript.

RNA therapies are gaining momentum for the treatment of a variety of
diseases, both inherited and acquired ones.37 For inherited retinal dis-
eases, the first clinical trial based on AONs to redirect a splicing
defect in CEP290 has recently shown promising results,21 whereas a
second one, for USH2A, is currently ongoing (ClinicalTrials.gov:
NCT03780257). We have used the same retinal organoid technology
that was used in the proof-of-concept studies for the preclinical devel-
opment of the CEP290 therapy27 to show that our AON approach for
c.5196+1137G>A is effective, which might facilitate a faster translation
to the clinic. Both of the ongoing clinical trials consist of unilateral in-
travitreal delivery of AONs to patients harboring the corresponding
mutation in either a homozygous or compound heterozygous state.
AONs are administered every 6 months, since these AONs have
been chemically modified to enhance cellular uptake and stability.
However, further improvement of the stability and/or delivery of these
molecules would reduce the burden for the patients—as well as health
care costs—for this type of therapy even more. Alternatives include a
viral delivery (e.g., AONs packaged into adeno-associated viruses),38,39

although these strategies also come with downsides.

In conclusion, in this study, we demonstrate a cluster of ABCA4 var-
iants in intron 36 which, all in their own way, result in aberrant pro-
cessing of ABCA4 pre-mRNA. While some variants appear to act in a
cell-independent manner, a recurrent deep-intronic variant in
ABCA4 (c.5196+1137G>A) shows a more retina-specific defect.
Detailed clinical characterization of patients harboring this variant
show that the severity of the phenotype largely depends on the
nature of the second ABCA4 allele in trans, suggesting that the
c.5196+1137G>A allele in itself can be considered as an allele of inter-
mediate severity. Finally, we show in patient-derived PPCs and 3D
retinal organoids that AONs appear to be a promising tool to correct
splicing defects associated with the pathogenic variants identified in
this study, warranting further development of these molecules toward
clinical trials in order to halt the progression of this disease.

MATERIALS AND METHODS
Subjects

Twenty-five individuals with ABCA4-associated retinopathy, all car-
rying a recurrent variant in intron 36 of ABCA4 (GRCh37
[hg19]:1:94,484,001C>T, NM_000350.3: c.5196+1137G>A) were re-
cruited for this study. Twenty patients were ascertained from the ge-
netic records of the Inherited Eye Disease clinics at Moorfields Eye
Hospital London, UK, while four (two of which were siblings) were
ascertained from the Radboud University Medical Center in Nijme-
gen, the Netherlands. One individual was identified and recruited
from a cohort at the Princess Alexandra Hospital in Brisbane, QLD,
Australia. For all British and Australian individuals, ABCA4mutation
screening was performed by next-generation sequencing. Specifically,
five individuals underwent WGS analysis, either as part of the Geno-
mics England 100,000 Genomes Project (patient IDs [PIDs] 1–3) or
as part of the NIHR-RD study (PIDs 13 and 14).40 Individuals 4–12
and 15–21 were sequenced as part of the retinal panel at theMolecular
Vision Lab (https://www.molecularvisionlab.com), as described else-
where.7 For Dutch individuals 22 and 23, haloplex-based ABCA4 tar-
geted sequencing was performed,14 while for individual 24, array-
basedABCA4 sequencing was done.41 Genotypic data are listed in Ta-
ble 2. Written informed consent adhering to the Declaration of Hel-
sinki was obtained from all individuals prior to participation in the
study. This study was approved by the Institutional Review Board
(IRB)/Ethics Committee (12/LO/0141/AM2) in the UK and the Med-
ical Ethical Committee 2010-359 (Protocol no. 2009-32; NL no.
34152.078.10) and the Commissie Mensgebonden Onderzoek Arn-
hem-Nijmegen (dossier no. 2015-1543; dossier code sRP4h) in the
Netherlands.

Clinical Analysis

All individuals underwent complete clinical examination by an expe-
rienced ophthalmologist and were diagnosed with STGD1 or CRD.
Collected phenotype data included age at disease onset, visual acuity,
FAF, OCT, ffERG, and pattern ERG (PERG). Disease onset was
defined as the age when patients first noticed visual problems. ERG
incorporated the recommendations of the International Society for
Clinical Electrophysiology of Vision.42 PERG was used to study the
function of the macula, and ffERG was used to study the function
of the peripheral retina. FAF and OCT (Spectralis, Heidelberg,
Germany) were used to determine the structural integrity of
photoreceptors and RPE. Each of the persons exhibited at least one
of the following clinical features of STGD1: characteristic yellow-
white pisciform flecks in the RPE of the posterior pole that were hy-
perautofluorescent on FAF imaging or progressive atrophy of the
macular RPE.14 For each individual, clinical details are presented in
Table 1.

Patients were classified into three groups according to the ffERG re-
sults, as described previously (1 = normal, 2 = cone dystrophy, and 3 =
CRD).23 The dark-adapted (DA) 10.0 a-wave amplitudes (represent-
ing mostly rod function) and light-adapted (LA) 30-Hz amplitudes
were plotted on a chart to inspect correlation with age and genotype.
Only the amplitudes of patients recorded at the same institution
(MEH; n = 16) were included for this analysis due to different equip-
ment and recording environment of other institutions, which may
affect amplitudes. Since there was a high similarity of ffERG responses
from both eyes, the right eye was chosen for the analysis.

To determine the severity of the c.5196+1137G>A allele, a subgroup
of patients harboring this variant in trans with an allele expected to
produce no or minimal ABCA4 function was analyzed (n = 8; indi-
cated in bold in Table 2). This enabled us to isolate the effect of the
c.5196+1137G>A allele on the severity of the phenotype. Compara-
tive groups consisted of 102 patients harboring different combina-
tions of ABCA4 alleles with previously determined severity.7 The
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 423
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patient that was homozygous for the c.5196+1137G>A variant was
compared to one carrying this allele in trans with a null allele.

Haplotype Analysis

Where additional family-member WGS data were available (individ-
uals 1–3), phasing of informative variants to identify those in cis with
c.5196+1137G>A was possible, thereby establishing the haplotypes
on which this mutation was present in those individuals. Single-
nucleotide variants with MAF < 0.1 in the gnomAD dataset were
identified in the ABCA4 gene region. Variants present in the carrier
parent, and absent in the other parent, were assumed to be in cis
with the c.5196+1137G>A variant. Once these haplotypes and infor-
mative variants were established, direct variant interrogation in the
singleton (unphased) WGS data (National Institute for Health
Research BioResource – Rare Diseases [NIHR-RD], individuals 13
and 14) was performed to identify which (if any) haplotype was
most plausible in these individuals. Direct Sanger sequencing of
selected informative variants was performed in the remaining indi-
viduals. Primer sequences are provided in Table S3.

Selection of ABCA4 Intron 36 Variants

To select additional deep-intronic variants in intron 36 of ABCA4, a
literature search was conducted. All variants in intron 36 of ABCA4
that were reported in affected individuals were selected based on at least
two of the three following selection criteria: (1) variants have an AF of
G0.005 in general population databases such as in the non-Finnish Eu-
ropean (nFE) gnomAD (https://gnomad.broadinstitute.org/) or
Genome of the Netherlands (GoNL; http://www.nlgenome.nl); (2) var-
iants cause an alteration in the SAS or SDS scores; and (3) there is a
change in predicted splice enhancer or splice silencer elements when
compared to the reference sequence. Reference and mutant sequences
were analyzed using five algorithms (SpliceSiteFinder-like, MaxEntS-
can, NNSPLICE, GeneSplicer, and Human Splicing Finder),43–47 via
Alamut Visual software v.2.7. By applying these criteria, 12 variants
in intron 36 of ABCA4 were selected. Details of the selected variants
and the in silico analyses are shown in Tables 3 and S2.

Cell Lines and Culture Conditions

Human embryonic kidney 293T (HEK293T) cells were purchased
from European Collection of Authenticated Cell Cultures (ECACC)
(catalogue no. 12022001; Salisbury, UK), and genomic integrity was
tested by Short tandem repeats (STR) PCR. HEK293T cells were
cultured and passaged twice a week as described previously.14

Midigene-Based In Vitro Splicing Assay

The individual effect of c.5196+1137G>A and 11 additional selected
deep-intronic variants was assessed bymidigene-based splicing assays
using a newly designed WT construct (coined BA32) harboring a re-
gion of ABCA4 spanning from intron 34 to intron 38. The reference
sequence was derived from the bacterial artificial chromosome clone
CH17-325O16 (insert g.94,434,639–94,670,492), as described previ-
ously.24 Details of primers used for Gateway cloning, PCR, and/or
sequencing are provided in Table S3. The BA32 construct was used
as a template to generate mutant midigene constructs by site-
424 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
directed mutagenesis, which were subsequently validated by Sanger
sequencing. Details of mutagenesis and sequencing primers are given
in Table S3. WT and mutant BA32 constructs were transfected
in HEK293T cells, and the extracted total RNA was subjected to
RT-PCR, as previously described.24 Rhodopsin (exon 5) amplification
was used as transfection and loading control. All experiments were
performed in two independent replicates. Primer sequences used
for RT-PCR analysis are presented in Table S3.

AONs

AON molecules were designed as described previously.48,49 Briefly,
the pseudoexon region, including 50 bp up- and downstream, was
subjected to RNA structure and splicing enhancer factor analyses us-
ing several freely available software programs. AONs were ordered
from Eurogentec with a 20 O-methyl sugar modification and a phos-
phorothioate backbone. A SONwith the same chemical modifications
was used as a negative control. All AON sequences and characteristics
are provided in Table S4.

In Vitro Rescue Studies in HEK293T Cells Using Midigenes and

AONs

WT and mutant midigene constructs were transfected in HEK293T
cells as described earlier. Subsequently, cells were transfected with
AONs targeting the PE of which the insertion was induced by the
different mutations. AONs were delivered as described previously.14

Forty-eight h post-AON treatment, cells were harvested, and total
RNAwas extracted, which was then subjected to RT-PCR. Rhodopsin
amplification was used as transfection and loading control. All exper-
iments were performed in two independent replicates. Primer se-
quences can be found in Table S3.

Rescue Studies in Patient-Derived PPCs

Patient-derived fibroblast cells were reprogrammed to iPSCs using
the Yamanaka factors,50 together with a control line derived from a
healthy individual. The pluripotency of these cells was validated by
qPCR and immunocytochemistry for pluripotency markers, as
described previously.10 Subsequently, cells were subjected to a two-
dimensional differentiation protocol to allow the formation of retinal
precursor cells, as described elsewhere.26 For this, iPSCs were dissoci-
ated and seeded in Matrigel-coated 12-well plates and differentiated
for 30 days. On day 28, AONs were added to the cells at a final con-
centration of 1 mM. The day after, cells were subjected to CHX (final
concentration, 100 mg/mL) treatment to block NMD. On day 30, cells
were harvested and subjected to RNA analysis. RNA was isolated us-
ing the Nucleospin RNA Kit (Macherey-Nagel, Düren, Germany)
following the manufacturer’s instructions. One microgram of RNA
was converted into cDNA using SuperScript VILOMaster Mix (Invi-
trogen, Carlsbad, CA USA). Fifty nanograms of cDNA were used for
PCR analysis, as described in previous sections. Primers used for vali-
dation of the differentiation into PPCs are provided in Table S3.

Quantification of RT-PCR Products

To assess the quantity of the aberrantly and correctly spliced RT-PCR
products, densitometric analysis of the gel electrophoresis images was
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performed with ImageJ software,51 after which the ratio of aberrantly
spliced products was calculated.

Rescue Studies in Patient-Derived Retinal Organoids

Patient fibroblasts were reprogrammed as previously described.52

iPSCs were maintained in Essential 8 Flex media (Thermo Fisher Sci-
entific), and retinal organoids were produced as described previously,
with modifications.25,28 Briefly, iPSCs were dissociated into a single-
cell suspension and resuspended at 9,000 cells per well of V-bottomed
96-well plates, in E8Flex media supplemented with 20 mM Y-27632
(Millipore) from day 0 and, from day 2, EB2 media supplemented
with 20 mM Y-27632, 3 mM IWR1e (Calbiochem), and 1% Matrigel.
Media were changed every 2 days. On day 6 only, media were addi-
tionally supplemented with 55 ng/mL BMP4 (PeproTech). From
day 12 onward, EB2 media were supplemented with 10% fetal bovine
serum (FBS) and 100 nM SAG (Tocris). On day 20, embryoid bodies
were transferred to U-bottomed 96-well plates, and media were
changed to NR media (DMEM/F12 with 10% FBS, 1� N2 supple-
ment [Thermo Fisher Scientific], and 0.5 mM retinoic acid [RA]), re-
plenished every 2 days. Around this time point, retinal organoid for-
mation could be visualized. On day 40, embryoid bodies with clearly
defined neuroepithelial structure suggestive of retinal organoids
(�30%) were transferred to 25-well square Petri dishes, and media
were changed twice a week. At day 100, RA was withdrawn to
encourage formation of outer segments. At day 180 (when the “brush
border” was visible at the apical edge), retinal organoids were treated
gymnotically with 0.1 mM, 0.5 mM, or 1 mM AON6 or 1 mM SON for
72 h, before processing for analysis.

For RNA analysis, organoids were washed gently with PBS twice
before RNA extraction via the RNeasy Plus Micro Kit, as per manu-
facturer’s instructions (QIAGEN). cDNA was transcribed using oli-
go(dT) primer via the Tetro cDNA Synthesis Kit (Bioline). PCR
was performed using GoTaq Green with standard cycling conditions
(Promega). Primers are listed in Table S3. Gel band densitometry
analysis was performed in ImageJ by measuring average pixel density.
For immunofluorescence, organoids were washed gently with PBS
once before fixation in 4% paraformaldehyde (PFA)/5% sucrose for
45 min at 4�C. Organoids were cryoprotected using increasing con-
centrations of sucrose (6.25% and 12.5%) for 30 min each at 4�C
before overnight cryoprotection in 25% sucrose at 4�C. Organoids
were frozen in OCT Embedding Matrix using cooled acetone before
cryosectioning at 10 mm. Sections were processed for immunofluores-
cence as previously described.25 Primary antibodies were anti-mouse
rhodopsin 4D2 (1:1,000; Merck Millipore), anti-mouse cone arrestin
clone 7G6 (1:100; a gift from Peter MacLeish), anti-rabbit L/M opsin
(1:500; Merck Millipore), and anti-rabbit recoverin (1:500; Merck
Millipore). Secondary antibodies were donkey anti-mouse Alexa
Fluor 488 and donkey anti-rabbit Alexa Fluor 555 (1:1,000; Thermo
Fisher Scientific).

Statistical Analysis

Statistical analysis was performed using SPSS software v.22 (IBM
SPSS Statistics, IBM, Chicago, IL, USA). The Mann-Whitney U test
was used to test for significant differences in the median age of onset
between patients with different genotypes. The 95% confidence inter-
val of the double null regression line was used to determine whether
the ERG amplitudes of patients harboring c.5196+1137G>A differed
significantly from those harboring two null alleles.
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