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Antisense Oligonucleotide-based Splice Correction for
USH2A-associated Retinal Degeneration Caused by a
Frequent Deep-intronic Mutation

Radulfus WN Slijkerman'?, Christel Vaché**, Margo Dona'?, Gema Garcia-Garcia®, Mireille Claustres®*, Lisette Hetterschijt'?,
Theo A Peters'®, Bas P Hartel'$, Ronald JE Pennings's, José M Millan’, Elena Aller’, Alejandro Garanto®%, Rob WJ Collin®%,
Hannie Kremer'*%, Anne-Frangoise Roux®* and Erwin Van Wijk'®

Usher syndrome (USH) is the most common cause of combined deaf-blindness in man. The hearing loss can be partly compensated
by providing patients with hearing aids or cochlear implants, but the loss of vision is currently untreatable. In general, mutations
in the USH2A gene are the most frequent cause of USH explaining up to 50% of all patients worldwide. The first deep-intronic
mutation in the USH2A gene (c.7595-2144A>G) was reported in 2012, leading to the insertion of a pseudoexon (PE40) into the
mature USH2A transcript. When translated, this PE40-containing transcript is predicted to result in a truncated non-functional
USH2A protein. In this study, we explored the potential of antisense oligonucleotides (AONs) to prevent aberrant splicing of
USH2A pre-mRNA as a consequence of the ¢.7595-2144A>G mutation. Engineered 2’-0O-methylphosphorothioate AONs targeting
the PE40 splice acceptor site and/or exonic splice enhancer regions displayed significant splice correction potential in both
patient derived fibroblasts and a minigene splice assay for USH2A ¢.7595-2144A>G, whereas a non-binding sense oligonucleotide
had no effect on splicing. Altogether, AON-based splice correction could be a promising approach for the development of a future

treatment for USH2A-associated retinitis pigmentosa caused by the deep-intronic ¢.7595-2144A>G mutation.
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Introduction

Usher syndrome (USH) and nonsyndromic retinitis pigmentosa
(NSRP) are forms of inherited retinal dystrophies. Usher syn-
drome is clinically and genetically heterogeneous and by far the
most common cause of inherited deaf-blindness in man, with a
prevalence of approximately 1 in 6,000 individuals.! Based on
the presence and progression of the clinical symptoms, Usher
syndrome can be classified in three types: type 1 (USH1), type
2 (USH2), and type 3 (USHB). Approximately two-third of Usher
syndrome patients suffer from type 2 (ref. 2), of whom up to
85% have mutations in USH2A.® USH2 patients present with
congenital hearing impairment, which can be partly compen-
sated by hearing aids or cochlear implants,* and retinitis pig-
mentosa (RP). NSRP is more prevalent than Usher syndrome,
occurring in 1 per 4,000 individuals worldwide,® of whom up to
23% can be explained by mutations in USH2A.>” Both USH2
and NSRP patients with mutations in USH2A develop night
blindness in their late teens as a consequence of photoreceptor
degeneration.® This night blindness subsequently progresses
from peripheral vision loss towards legal blindness around the
end of the sixth decade of life.® However, USH2 patients have
an earlier and faster decline of visual function as compared to
NSRP patients with an USH2A mutation.™

Usher syndrome and other retinal dystrophies for long
have been considered as incurable disorders. However,
recent preclinical studies and ongoing phase 1/2 clinical tri-
als using gene augmentation therapy led to promising results
in selected groups of Usher syndrome, Leber congenital
amaurosis and retinitis pigmentosa patients carrying muta-
tions in MYO7A"-'* (ClinicalTrials.gov; NCT02065011) or
RPEG5 (refs. 15—-18). However, USH2A gene augmentation
is hampered as the size of its coding sequence (15,606 bp;
Genbank NM_206933) exceeds the cargo capacity of the
currently available vehicles used for delivery (e.g., adeno-
associated or lentiviral vectors). An alternative to gene
augmentation is gene correction by for instance CRISPR/
Cas9-based targeted genome repair. Although promising
preclinical advances have been made, gene repair is not yet
fully developed for clinical applications.'®

Mutations in USH2A are mostly private and so far more than
600 different mutations have been reported which are distrib-
uted all over the gene (e.g., nonsense and missense mutations,
deletions, duplications, large rearrangements, and variants
that affect splicing (USHbases; http://www.lovd.n/USH2A)).2021
However, there are a few mutations that originate from a com-
mon ancestor (e.g., ¢.2299delG; p.Glu767fs and c.2276G>T;
p.Cys759Phe) and are therefore observed more frequently.2'-2
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In 2012, the first deep-intronic mutation (c.7595-2144A>G)
in USH2A was reported for which also an ancestral event was
suggested in association with the rare variant c.6049+76A>T.%
This mutation creates a high-quality splice donor site in intron
40, resulting in the incorporation of a 152-bp pseudoexon
(PEA40) into the mature transcript?* and is predicted to lead to
a premature termination of translation (p.Lys2532Thrfs*56).
With a 4% frequency, this deep-intronic mutation represents
the second most frequent Usher syndrome type 2A-causing
mutation (Usher syndrome type 2A-patient cohort from Mont-
pellier (n = 562), unpublished data). Recently, three addi-
tional deep-intronic mutations were identified in USHZ2A,%®
emphasizing the contribution and frequency of deep-intronic
mutations to the pathology of Usher syndrome. Subsequent
diagnostic screening of the ¢.7595-2144A>G mutation in
Usher syndrome patient cohorts identified multiple patients
with the mutation in a homo- or compound heterozygous
state.?!?426-30 |n addition, this mutation is reported (in trans
to p.Arg4192His) in a patient with NSRP,26 suggesting a wide
distribution of the ¢.7595-2144A>G mutation in both USH
and NSRP patients.

In this study, we explored the potential of antisense oligonu-
cleotides (AONSs) to redirect splicing in patient-derived fibro-
blasts harboring a heterozygous USH2A ¢.7595-2144A>G
mutation. Both in fibroblasts and in a minigene splice assay,
AONSs showed promising preclinical potential to correct aber-
rant splicing, which might be of benefit for USH2A ¢.7595-
2144A>G patients in the future.

Results

The deep-intronic ¢.7595-2144A>G mutation in USHZ2A cre-
ates a high-quality splice donor site that leads to a partial
exonification of intron 40 (152bp; PE40) into the mature
mRNA2* (Figure 1a,b). This results in a predicted frameshift
and premature termination of translation. The aim of this
study is to assess the effectiveness of AONs targeting the
PE40 region thereby specifically induce PE40 skipping from
USH2A pre-mRNA containing the ¢.7595-2144A>G mutation
(Figure 1c).

Previous studies demonstrated highest exon-skipping
efficiencies using AONs targeting exonic splice enhancer
(ESE) motifs recognized by human SRSF2 (SC35), SRSF1
(SF2/ASF) and SRSF5, instead of intron-exon boundaries or
other types of splice enhancers.?'*2 Hence, AONs have been
designed (sequences in Table 1) encompassing most pre-
dicted SRSF2, SRSF1, and SRSF5 ESE sequence motifs.
AONT1 targets five predicted SRSF1, two SRSF2, five SRSF5,
and two hexamer ESE sequences, while AON2 targets two
SRSF2 and one SRSF5 motifs (Supplementary Figure S1).
Guidelines for AON design further dictate that AONs should
target partially open and partially closed pre-mRNA struc-
tures, which is the case for both AON1 (10 closed and 13
open nucleotides) and AON2 (13 closed and 7 open nucleo-
tides). Thermodynamic criteria for AON design include a free
energy higher than —4 kcal/mol for self-folding, a free energy
higher than —15 kcal/mol for self-dimerisation and a prefer-
able binding energy higher than 20 kcal/mol.®® All these cri-
teria were met in the design of both AON1 and 2 (Table 1).
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Fibroblasts from an USH2 patient, having the USHZ2A
€.7595-2144A>G (p.Lys2532Thrfs*56) and c.10636G>A
(p-Gly3546Arg) mutations in compound heterozygosity, were
obtained in order to evaluate the splice correction potential
of both AONSs. In order to be able to detect PE40-contain-
ing USH2A transcripts, NMD inhibition using cycloheximide
was needed (Supplementary Figure S2). Unexpectedly,
without NMD inhibition also the USH2A allele containing the
c.10636G>A (p.Gly3546Arg) missense mutation could not
be amplified. This could be the result of quantity-associated
detection problems or alternatively could be because the
missense variant has an effect on splicing, resulting in an out
of frame transcript that is subjected to NMD. However, after
NMD inhibition, the presence of this mutation could be con-
firmed by sequence analysis whereas no indications for alter-
native splice events were obtained. Subsequent quantitative
RT-PCR analyses revealed that the relative USH2A transcript
levels in the patient-derived and control fibroblasts were
0.12+0.05 and 0.10+0.03% as compared to the expres-
sion levels of the housekeeping gene GUSB, respectively.
Because of the extremely low expression levels in fibroblasts,
USHZ2A could only be detected after using a highly sensitive
reverse transcriptase, as was already reported by others.?”

USHZ2A transcripts from patient-derived fibroblasts were
analyzed by RT-PCR using primers in exon 39 (forward) and
exon 42 (reverse) which revealed the inclusion of PE40 in
mature USH2A mRNA (Figure 2a), as expected. Transfection
of these fibroblasts with either AON1, AON2 or with a cock-
tail of AON1+2 together in a final concentration of 0.5 pmol/l,
resulted in a significant skipping of PE40 (Figure 2a), whereas
no aberrant splice events were observed when transfecting
these AONs in control fibroblasts (Figure 2a). RT-gPCR analy-
ses showed that the total amount of USH2A transcripts was
not significantly altered in AON-treated cells as compared to
SON2-treated cells (AON1: P = 0.0797; AON2: P = 0.2039;
AON1+2: P=0.6491 (two-tailed Student’s ttest); Supplemen-
tary Figure S3), which indicates that the PE40-containing
transcript is not degraded but instead is converted into the
wild-type transcript as a consequence of AON-treatment. We
next calculated the relative amount of PE40 incorporation into
the USHZ2A transcript by comparing PCR fragment intensi-
ties on gel. The ratio of PE40 incorporation was calculated for
every PCR product. Around half of the USH2A transcripts from
untransfected patient fibroblasts contained PE40 (0.56+0.03
(ratio + SEM) (Figure 2b). We observed a minimal difference in
the average ratio of PE40 incorporation between untransfected
cells and cells transfected with a nonbinding sense oligonu-
cleotide (SON2; 0.44+0.04) (P = 0.0216) (Figure 2b), which
might be explained by natural variation as a consequence of
low USH2A transcript levels. Patient fibroblasts transfected with
either AON1 or AON2 separately (1 pmol/l), showed a signifi-
cantly lower average ratio of PE40 incorporation (0.15+0.03;
P < 0.0001 and 0.23+0.04; P < 0.01, respectively) as com-
pared to SON2 (Figure 2b). Cotransfecting AON1+2 in a 1:1
ratio with the same final concentration of 1 pmol/l resulted in
the nearly complete exclusion of PE40 (0.08+0.02; P < 0.0001
when compared to SON2) (Figure 2b). AONs 1 and 2 thus
both showed the ability to induce skipping of PE40 in patient-
derived fibroblasts, however the highest degree of splice cor-
rection was induced using a cocktail of AON1+2.
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a Wildtype USH2A
USH2A DNA exon40 I—...CTGCTTTCAGCTTCCTCTCCAGAATCACACAAGTTA .. TTCCCAAGATAAGAGA... —| exon41
l Transcription
USH2A pre-mRNA exon40 I—...CUGCUUUCAGCUUCCUCUCCAGAAUCACACAAGUUA... UUCCCAAGAUAAGAGA...—{ exond1
l Splicing
USH2A mRNA exon40 | exon41 — correct USH2A mRNA
b Mutant USH2A (c.7595-2144A>G)
USH2A DNA exon40 }—...CTGCTTTCAGCTTCCTCTCCAGAATCACACAAGTTA TTCCCAAG(ETAAGAGA... —| exond1
l Transcription
USH2A pre-mRNA exon40 CUUCCUCUCCAGAAUCACACAAGGUA... 8UAAGAGA...—| exon41
Splicing
USH2A mRNA exon40 Iigl: exond1 — incorrect USH2A mRNA
152 bp
C
Mutant USH2A (c.7595-2144A>G) + AON
USH2A DNA exon40 I—.V.CTGCTTTCAGCTTCCTCTCCAGAATCACACAAGTTA TTCCCAAG(ETAAGAGA.,. —| exon41

Prevents binding

of splice factors
AON1

l Transcription

g el .
USH2A pre-mRNA ex0n40 |— . cUGCUUUCACEINSN NS XNy MV YIS UAAGAGA. . —] exon41

USH2A mRNA

exon40 | exond1

l Splicing
— correct USH2A mRNA

Figure 1 USH2A splicing and principle of AON-based splice correction. (a) In wild-type alleles, USH2A exons 40 and 41 are recognized
and fused during splicing of USH2A pre-mRNA. (b) In case the ¢.7595-2144A>G mutation is present (indicated with an asterisk), a high-quality
splice donor site is created. As a result, the 152bp directly upstream are recognized as a pseudoexon and incorporated into USH2A mRNA
(highlighted with a black background). (c¢) Addition of AONs complementary to PE40 can potentially prevent binding of splice factors to that

region (indicated by a cross), thereby excluding PE40 from the mature USH2A transcript.

Table 1 Sequences and thermodynamic properties of designed 2’-O- methylphosphorothioate AONs

Name Sequence Structure (kcal/mol) Self-dimerisation (kcal/mol)  AON+target (kcal/mol)
AON1 5-GUGUGAUUCUGGAGAGGAAGCUG-3 -1.9 -7.6 41.8
AON2 5-CCCUUAAAAGCCAGCAUACA-3’ 1.7 -5.0 30.1
SON2 5-UGUAUGCUGGCUUUUAAGGG-3' NA NA NA

AON, antisense oligonucleotide; NA, not applicable.

Quantification of the splice redirection potential of the
AONSs using RT-gPCR analyses appeared to be technically
challenging as a result of very low USH2A expression lev-
els in fibroblasts, especially in the case of compound het-
erozygous mutations. For this reason, we set up an in vitro
minigene splice assay, based on the pCI-NEO plasmid
(Figure 3a).** The genomic region of USH2A PE40 (both
wild-type and mutant), surrounded by 722bp up- and 636 bp
downstream sequence, was cloned between RHO exons 3
and 5 to model splice defects as seen in USH2A patients with
the ¢.7595-2144A>G mutation. Indeed, as a consequence
of the mutation,?*? the mutant minigene splice assay only
yielded a transcript consisting of RHO exon 3-USH2A PE40-
RHO exon 5 whereas the wild-type minigene splice assay
only resulted in a transcript containing RHO exons 3 and 5
(Figure 3b).

Using an USH2A PE40 minigene splice assay, we tried
to induce PE40-skipping from the artificial RNA using the

same AONs as used to transfect fibroblasts. Cotransfec-
tion of the PE40 mutant minigene (1 pg) with 0.5 pmol/I
of either AON1 or AON2, resulted in both cases in a com-
bination of corrected and non-corrected transcripts (Fig-
ure 3b; 274bp (corrected) versus 426bp (noncorrected).
Subsequent sequence analysis of the noncorrected PCR
product derived from AON1-treated samples revealed that
the first 12bp of PE40 were lacking as a consequence of
a second cryptic splice acceptor site use. This was neither
observed in patient-derived fibroblasts treated with AON1
nor in AON2-treated samples. In addition, the AON1-treated
minigene splice assay displayed a faint intermediate splice
product, most probably resulting from partially skipped
PE40 (Figure 3b). Sequence analysis of the lower, pre-
sumably corrected fragment, showed that it indeed repre-
sents correct splicing of RHO exon 3 to exon 5. To exclude
AON-induced effects on PE40 splicing independent of the
targeted sequence, we reversed the sequence of AON2

www.moleculartherapy.org/mtna
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a USH2A c.7595-2144A>G + Control fibroblasts
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(900 bp)

AONT1 AON2 AON1+2

SON2 Untransfected

Figure 2 AON-based splice correction in patient-derived fibroblasts. (a) One representative sample of each AON treatment is shown,
both for patient-derived and control fibroblasts (upper panel). The upper band represents USH2A containing PE40, whereas the lower band is
USHZ2A lacking PE40. ACTB amplification is shown as a loading control (lower panel). (b) For every PCR analysis the PE40/(PE40+USH2A
lacking PE40) transcript ratio was calculated from the gel intensities of PCR products normalized for their fragment length and plotted as a dot,
with the mean ratio represented by a horizontal line. Samples in which the USH2A transcript lacking PE40 was not amplified were excluded
from calculations, which was the case for four datapoints (one in both AON2 and SON2 and two in the non-AON treated cells). An unpaired
two-tailed Student’s t-test was used to compare calculated ratios between AON-treated and SON-treated patient-derived fibroblasts, showing
a significant reduction of PE40 incorporation in all three AON treatment (AON1, AON2, and AON1+2) conditions (indicated by ***(P < 0.001)
or **(P < 0.01)). Grey error bars: SEM; NTC: negative template control; U: untreated control; a.u.: arbitrary units.

into a sense orientation (SON2). Cotransfecting the PE40
mutant minigene splice assay with the nonbinding SON2
did not result in splice modulation of PE40, demonstrat-
ing the specificity of the result obtained with the antisense
sequences (Figure 3c). These results were in total agree-
ment with the results obtained from AON-treated patient-
derived fibroblasts (Figure 2a,b). Since both AONs 1 and 2
showed exon-skipping potential using the minigene splice
assay, we next lowered AON concentrations ranging from
1.0 to 0.01 pymol/l in order to determine the minimal con-
centration at which the AONs were still able to induce sig-
nificant PE40 splice redirection. As shown in Figure 4a,b,
for both AON1 and AON2, we observed a gradual decrease
of PE40-containing transcripts to coincide with increasing
concentrations of AON. When cotransfecting AON1 and
2 as a cocktail, a similar PE40-skipping effect was seen
(Figure 4c). However, in contrast to what we observed for
both AON1 and 2 individually, a steep turning point in splice
redirection potential was seen between a total AON con-
centration of 0.1 and 0.05 pmol/l. In addition, we observed
a decrease in target transcripts when applying AON1 at
higher concentrations (0.5 or 1 pmol/l) to our minigene
splice assay (Figure 4a), which we attributed as the result
of toxicity.

In conclusion, we were able to show that designed AONs
are able to induce PE40-skipping in both patient-derived
fibroblasts and in vitro minigene splice assays.

Molecular Therapy—Nucleic Acids

Discussion

Mutations in USH2A that affect splicing are responsible for
Usher syndrome type 2 and autosomal recessive retinitis
pigmentosa. Recent identification of four deep-intronic muta-
tions leading to inclusion of PEs underlines the importance
of this pathogenic mechanism,?*?* that was underestimated
a few years ago. In this work, we used the ¢.7595-2144A>G
mutation, which represents the second most frequent
USH2A mutation in some populations, as a model to initi-
ate the development of an AON-based therapy for USH2A-
associated retinitis pigmentosa.

Mutations that affect pre-mRNA splicing represent a sig-
nificant fraction of disease-causing mutations, in a variety
of inherited disorders.?%¢ Different strategies have been
employed to correct the resulting splice defects, of which
AON treatment seems most promising. AONs do not alter
endogenous transcription levels and also their relative ease
in design and low production costs can be regarded favorable
for AON-based therapies.?**” The sequence-specific proper-
ties of AONs make them suitable for interfering with splic-
ing processes for different therapeutic purposes.®3° Next to
skipping of (pseudo)exons, AONs have been shown to be
able to retain exons that are skipped as a consequence of
splice site mutations.**4! In addition, AONs can be used to
alter the ratio between two naturally occurring alternatively
spliced transcripts.®
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a AON1 AON2

cMV H RHO exon3 USH2A PE40 |IXeq]

RHO exon3 | RHO exon5 | | RHO exon3 MUEzPZALIVM RHO exon5

(274 bp) (426 bp)

RHO exon5

PE40 wt PE40 mut

- - +AON1 +AON2 +AON1+2 SON2  mQ
500 -
400 - -— - P —»| RHO exon3 [NUELPINIZIM RHO exons

300 - m— e - oo e —>| RHO exon3 | RHO exon5 |

Figure 3 USH2A PE40 minigene splice assay to assess AON efficacy in vitro. (a) Schematic representation of the minigene splice
assay, with the nucleotide corresponding to the USH2A ¢.7595-2144A>G substitution highlighted with an asterisk. The genomic USH2A
PE40 sequence (indicated with a black background “USH2A PE40”) and flanking sequences (indicated with a fat black line) were cloned
between RHO exons 3 and 5. Targeting sequence of AON1 and AON2 is schematically indicated above the USH2A PE40 region. (b) RT-PCR
analysis of RHO ex3-USH2A PE40 wild-type/mutant-RHO ex5 RNAs, isolated from transfected HEK293T cells that were cultured in the
absence or presence of AON1, AON2, or AON1 and 2 together. AONs are directed against the aberrant USH2A PE40 exon and used in a final
concentration of 0.5 pmol/l. The upper bands represent the aberrant RHO-USH2A PE40 splice product (426 or 414bp when AON1-treated),
whereas the lower bands represent the corrected transcript without USH2A PE40 (274 bp). Also an intermediate splice product was observed
after AON1 treatment. SON2 is a nonbinding control sense oligonucleotide and cotransfection into HEK293T cells with the minigene splice
assay only gives rise to the aberrant splice product. Water (mQ) was used as a negative control.
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Figure 4 Dose-dependent AON-induced splice correction of USH2A using a minigene splice assay. RT-PCR analysis of RHO ex3-
USHZ2A PE40 mutant-RHO ex5 transcripts isolated from transfected HEK293T cells that were cultured in the absence or presence of different
end-concentrations of AON1 (a), AON2 (b), or AON1+2 (c), ranging from 0 to 1.0 pmol/l. PCR (30 cycles) was performed from RHO exon
3 to exon 5, in order to specifically amplify minigene splice assay derived cDNA. The lower band (274 bp) represents the transcript without
USH2A PEA40.
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Several preclinical proof-of-concept studies for AON-based
RNA splice modulation therapy have been performed, show-
ing promising results for different genetic disorders such as
Leber congenital amaurosis, Hutchinson-Gilford progeria syn-
drome, spinal muscular atrophy or Duchenne muscular dys-
trophy.2'4-4¢ As a consequence, AONs are now in or beyond
different phase 1, 2, or 3 clinical trials to evaluate their thera-
peutic potential and biosafety.**-*' No major adverse effects
have been observed in patients with Duchenne muscular dys-
trophy after subcutaneous injections with Drisapersen, how-
ever mild-to-moderate reactions at the site of injection and
proteinuria have been observed in most cases.®? Increasing
doses of Drisapersen above 6 mg/kg are less well tolerated
and lead to inflammatory responses.*® The phosphorothioate
backbone can be immunostimulatory mainly via the nucleic
acid recognizing toll like receptors (TLRs) 3, 7, 8 and 9 (ref.
54). Although not proven, direct delivery into the eye will most
probably circumvent systemic exposure of AONs to TLRs
due to the presence of a blood-retinal barrier, however, TLR3
expression has also been observed in retinal pigment epi-
thelium cells.% 2’-O-methyl modification of the riboses within
the phosphorothioate backbone has been described to pre-
vent activation of TLR7-9, but not of TLR3 (ref. 56). As TLR3
recognizes double stranded DNA,% it is not expected that a
TLR3-activated inflammatory response will be induced upon
an intraocular delivery of AONs.”

Different guidelines to aid AON design have been
described by others.?*¥” AONs complementary to exonic
splice enhancer (ESE) motifs that are targeted by Ser-Arg-
rich splice modulators, in particular SRSF1 (SF2/ASF),
SRSF2 (formerly known as SC35) and SRSF5, have been
shown to be most effective in exon skipping.®” Also, it has
been shown that effective AONs often bind close to the
splice acceptor site and the free energy of the AON-target
complex is higher than that of the target complex and that
of the AON individually.®” By adopting these guidelines we
have designed two different AONs and examined the exon-
skipping potential after single AON addition or after addition
of a cocktail consisting of the two AONs. AON1 has been
designed to target five predicted SRSF1, two SRSF2, five
SRSF5, and two hexamer ESE sequence motifs, thereby
overlapping the PE40 splice acceptor site. The use of AON1
in combination with a minigene splice assay results in the use
of an alternative splice acceptor site 12bp downstream of the
regular PE40 splice acceptor site. Although this effect has
not been observed in fibroblasts treated with AON1 and/or
AON2, we cannot rule out that, due to the low level of USH2A
expression, we are unable to detect any alternatively spliced
transcripts. In line with other studies, suggesting that the use
of a cocktail of AONSs is often more potent than using a single
AON;,%8-% our results show that a combination of AON1+2 is
indeed more potent than using either AON individually.

In our study, we show USHZ2A splice correction in biologi-
cally nonrelevant patient-derived fibroblasts and minigene
splice assays. However, this does not result in the produc-
tion of functional USH2A protein. In order to evaluate the
effect of AON-induced splice correction on the level of pho-
toreceptor maintenance and function, physiological relevant
cellular and/or animal models will be crucial. Using iPSC
technology, it is possible to generate photoreceptor-like
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cells from patient-derived keratinocytes or fibroblasts, which
has already been shown for an USH2A patient having the
€.7595-2144A>G mutation in compound heterozygosity with
the ¢.12575G>A; p.Arg4192His mutation.?® The use of pho-
toreceptor-like cells will enable the assessment of potential
AON-induced off-target effects by sequencing total RNA from
those artificial eyecups. For the evaluation of visual function,
animal models will be essential. However, the currently avail-
able Ush2a knockout mouse model only shows a mild reti-
nal degeneration with a very late age of onset.’' Zebrafish
can be an attractive alternative model for studying Usher
syndrome-related retinal degeneration.®® Electroretinogram
(ERG) traces have been shown to be significantly attenuated
in zebrafish Myo7a (USH1b), Ush1c (USH1c), and Pcdh15b
(USH1f) mutants and morphants.®*-° In addition, morpholino-
induced knockdown of zebrafish Ush2a results in moderate
levels of early-onset photoreceptor degeneration in larvae (5
days postfertilization).®® Although the effect of human muta-
tions on splicing is not always recapitulated in non-human
species,’” the ¢.7595-2144A>G mutation results in a con-
sensus (“GTAAG”) splice donor site. Recent advances in
CRISPR/Cas9 technology now enable the generation of a
humanized locus for the USH2A PE40 intronic sequence in
zebrafish. Future research will determine whether the effect
of the ¢.7595-2144A>G mutation is recapitulated in a human-
ized zebrafish, and whether this model will be suitable to
evaluate the effect of AON-induced splice correction on the
level of visual function.

Once an animal model is present, the next challenge will
be the delivery of AONs to photoreceptor cells. Systemic
drug administration is one possible route for treating retinal
disorders. However, retinal transfer of drugs from the circu-
lating blood is strictly regulated by two blood—ocular barrier
systems, the blood—aqueous barrier and the blood-retinal
barrier.#5%8 |n order to effectively overcome these physical
barriers, AONs need to be delivered directly into the human
eye, either via injections of naked AONs into the vitreous
humor or by using a stabilizing vehicle (e.g., recombinant
virus, designed nanoparticles, cell penetrating peptides, exo-
somes, or liposomes).%7°7" Once present in the eye, naked
AONSs have proven to be able to freely diffuse into all cells
of the retina to interfere with splicing.** When using naked
AONsSs, it will be needed to repeatedly supplement photore-
ceptor cells with AONs, since effectiveness will be lost over
time due to AON degradation or wash out. Intravitreal injec-
tions in mice have demonstrated that 2’-O-methylphosphoro-
thioate AONs are effective in photoreceptor cells for at least
1 month and probably longer.*® Therefore, we speculate that
patients will need a few intravitreal AON administrations per
year.

A durable splice correction effect is likely to be achieved by
administration of an AAV vector expressing AON sequences
linked to a modified U7 small nuclear RNA (U7 snRNA). Via
this route, it will be possible to induce the same therapeutic
effect as with naked AONs, but presumably with a long-last-
ing effect.”* However, traditionally AAVs are unable to cross
the retinal layers from vitreous humor into photoreceptor cells
due to the presence of a diffusive barrier made up by the
inner limiting membrane.” In addition, also the presence of
neutralizing antibodies may reduce successful photoreceptor
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infection from intravitreally injected AAVs.” For this reason,
AAVs will need to be injected subretinally, limiting the tar-
geted retinal area.”” However, a recent study presented a
promising rAAV serotype which can be efficiently delivered
intravitreally.”® After transduction, the rAAV DNA strands will
form very stable episomal structures, from which transcrip-
tion can take place. Since photoreceptor cells are nondivid-
ing cells, integration in their genome is not a pre-requisite for
success and therefore the use of rAAVs instead of integrating
(retro)viruses will lower the risk of potential side effects with-
out reducing AON effectiveness.

Besides presenting with retinal degeneration, Usher syn-
drome patients suffer from congenital hearing impairment.
Usher proteins have been shown to be the structural com-
ponents of the fibrous links between hair cell stereocilia
and essential for proper hair bundle formation and function
(reviewed by Kremer et al.”?). USH1C encodes harmonin, a
protein directly connected to the USH2A protein in both hair
cells and photoreceptors.®’ Treatment of an Ush1c mouse
model with splice modulating AONs anytime during the first
thirteen days after birth, results in a restored orientation and
function of cochlear hair bundles.®' Treatment on this mouse
from post-natal day 16 onwards, which corresponds to 5
months of gestation in humans, shows no beneficial effects
anymore. Therefore, AON-based splice correction will prob-
ably only be effective when administered during or prior to
the development of inner ear hair bundles.

In conclusion, this study shows that administration of
engineered AONs to fibroblasts of an individual affected by
Usher syndrome almost fully restores a splice defect that is
caused by the frequent deep-intronic ¢.7595-2144A>G muta-
tion in USH2A. Although promising on transcript level, future
research is needed to determine the therapeutic potential of
AON-based splice correction as a treatment to stop or slow-
down the progression of this devastating blinding aspect of
Usher syndrome and isolated USHZ2A-associated retinitis
pigmentosa.

Materials and methods

Antisense oligonucleotides. The sequence of USH2A PE40
was analyzed for the presence of exonic splice enhancer
motifs using the online ESE finder 3.0 program (http://rulai.
cshl.edu/cgi-bin/tools/ESES3/esefinder.cgi?process=home)
with standard settings. The presence of RESCUE-ESE sites
was determined using the RESCUE-ESE tool (http:/genes.
mit.edu/burgelab/rescue-ese/). AONs were subsequently
designed to each cover multiple SRSF1, SRSF2, SRSF5, or
hexamers in PE40. Furthermore, the energetically most stable
secondary structure of USH2A PE40 (including 25 nucleotides
of flanking sequence both up- and downstream) was predicted
using the RNAStructure software (http://rna.urmc.rochester.
edu/rnastructure.html).®? In addition, we picked sequences to
be targeted by AONs predicted as “partially open”. With the
same webtool, also thermodynamic criteria were evaluated:
free energy of the AON, of the AON-AON complexes and of
binding energy between the AON and its target sequence.®
AONs according above criteria were designed with a T_ of
58 °C and a GC% between 40-60%. The uniqueness of the

AON target sequences was determined by BLAST analysis.
The two most optimal AONs were purchased from Eurogen-
tec (Liege, Belgium) containing 2’-O-methyl modified riboses
and a phosphorothioate backbone (sequences are presented
in Table 1). As a nonbinding control, a sense orientation of
AON2 was also acquired (named SON2). AONs were dis-
solved in phosphate-buffered saline (PBS) before use.

USH2A gqPCR analysis. Total RNA was isolated from fibro-
blasts using the Nucleospin RNA Il isolation kit (MACH-
EREY-NAGEL #740955.50, Duren, Germany), according
to manufacturer’s protocol. Subsequently, 0.5-1.0 pg of
total RNA was used for cDNA synthesis with SuperScript
Il RT (Life Technologies, #11755050, Carlsbad, CA).
USH2A was subsequently amplified using forward primer
5-CCAGGGAAAAGAGCAGAGTG-'3 (exon 28) and reverse
primer 5-GATAGCCTCGCATGAAGGAG-3 (exon 29). The
housekeeping gene GUSB was used as a reference using the
forward primer 5-AGAGTGGTGCTGAGGATTGG-'3 (exon 2)
and reverse primer 5-GACACGCTAGAGCATGAGGG-3’
(exon 3). GoTaq (Promega A6001) was used to amplify
USHZ2A and GUSB cDNA in ftriplicate in a 7500 HT gqPCR
machine. Analysis of the gPCR data was performed with 7500
software (version 2.3), with the CT-threshold set manually.
Subsequently, USH2A/GUSB ratios were calculated to obtain
relative USHZ2A transcript levels.

Minigene splice assays. A plasmid containing the genomic
region of RHO encompassing exons 3-5 inserted at the
EcoRl/Sall sites in the pCI-NEO vector®** was adapted to the
Gateway cloning system, as previously described.® Using
Gateway cloning technology, human USH2A PE40 (wild-type
and mutant) together with 722 bp of 5’-flanking and 636 bp of
3’-flanking intronic sequence was inserted in the vector.

Cell culture. HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)(Sigma-Aldrich D0819,
St. Louis, MO) supplemented with 10% (v/v) fetal bovine
serum (Sigma-Aldrich F7524) and 1% penicillin-strepto-
mycin (Sigma-Aldrich P4333). Cells were passaged twice
a week. Primary fibroblasts of an USH2 patient, with com-
pound heterozygous USH2A mutations (c.7595-2144A>G
and ¢.10636G>A), were cultured in DMEM (Sigma-Aldrich
D0819) supplemented with 20% fetal bovine serum (Sigma-
Aldrich F7524), 1% sodium pyruvate (Sigma-Aldrich S8636)
and 1% penicillin-streptomycin (Sigma-Aldrich P4333). Cells
were passaged twice a week.

Transfection of AONs in patient-derived fibroblasts. Fibro-
blasts were seeded at a concentration of 5.0x 10° cells/
well in a 12-well plate. Cells were subsequently transfected
with AONs using FUGENE HD Transfection Reagent (Pro-
mega, #E2311, Madison, WI) according to manufacturer’s
instructions, in quintuplicate. Twenty-four hours after trans-
fection, cells were treated for an additional 16 hours with
cycloheximide (Sigma-Aldrich, #C4859—final concentra-
tion of 100 pg/mlin DMEM medium with all supplements as
described before) prior to RNA isolation in order to inhibit
nonsense-mediated decay of the USH2A PE40-containing
transcripts.

www.moleculartherapy.org/mtna
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Transfection of AONs and minigene splice assay in HEK293T
cells. One day before transfection, 5.0x 105 HEK293T cells
were seeded in each well of a 12-well plate, in a total volume
of 0.9ml medium containing all supplements as described
before. Transfection mixtures were prepared by combining 1
pl AON in a desired concentration as indicated in the graphs,
500ng of plasmid DNA and 45 pl polyethylenimine transfec-
tion reagent (PEIl). Mixtures were incubated at room tem-
perature for 10 minutes, before being dropwise added to the
cells. Forty-eight hours after transfection, cells were collected
using a cell scraper and washed with 1x PBS prior to RNA
isolation.

RNA isolation and RT-PCR. Total RNA was isolated from trans-
fected HEK293T or fibroblasts using the Nucleospin RNA Il
isolation kit (MACHEREY-NAGEL #740955.50, Duren, Ger-
many), according to manufacturer’s protocol. Subsequently,
0.5-1.0 pg of total RNA was used for cDNA synthesis with
iScript cDNA synthesis kit (Bio-Rad, #170-8891) or Super-
Script Il RT (Life Technologies, #11755050) for HEK293T
and primary fibroblasts respectively. For the splice correction
experiments with the minigene splice assay, part of the cDNA
was amplified under standard PCR conditions using Q5 poly-
merase (New England Biolabs, #M0491L, Ipswich, MA) and
using forward primer 5-CGGAGGTCAACAACGAGTCT-3
and reverse primer 5’-AGGTGTAGGGGATGGGAGAC-3’ that
are designed for exons 3 and 5 of the human RHO gene,
respectively. For the splice correction experiments in fibro-
blasts, part of the USH2A cDNA was amplified under stan-
dard PCR conditions using Q5 polymerase and the primers
5-GCTCTCCCAGATACCAACTCC-3 and 5-GATTCACAT-
GCCTGACCCTC-3 designed for exons 39 and 42, respec-
tively. A PCR amplifying ACTB cDNA using forward primer
5-ACTGGGACGACATGGAGAAG-3' and reverse primer
5-CTTCACCACCACAGCTGAGA-3 was employed as a con-
trol for the amount of lysed cell material. Every cDNA sample
was analysed in quintuplicate, yielding in total 25 datapoints
per AON. PCR products were separated on a 1.5% aga-
rose gel. Fragments presumably representing correctly and
aberrantly spliced USH2A were excised from the gel, puri-
fied using Nucleospin Extract Il isolation kit (MACHEREY-
NAGEL, #740609.250) and sequenced from both strands
with the ABIPRISM Big Dye Terminator Cycle Sequencing
V2.0 Ready Reaction kit and the ABIPRISM 3730 DNA ana-
lyzer (Applied Biosystems, Foster City, CA).

Quantification of PCR product intensities and ratio calcula-
tion. PCR products were size separated on a 1% agarose
gel, and DNA was visualized using ethidium bromide. Gels
were photographed with an Isogen Life sciences imager
using ProXima AQ-4 (v3.0) software and subsequently quan-
tified with Imaged (v1.46r) software. Both PE40-containing
fragments and USH2A fragments lacking PE40 were covered
in a square with an equal surface area, from which the inten-
sity profile was subsequently generated. The peaks’ bases
were closed manually by drawing a horizontal line, after
which the surface of the peaks was calculated, represent-
ing USH2A PE40-containing transcripts and transcripts lack-
ing PE40. These values were transferred to Microsoft Excel
2007 and normalized for their product size (i.e., 1,052 or
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900bp). The total amount of USH2A transcripts (i.e., the sum
of PE40-containing and PE40-lacking band intensities) and
the PE40 transcript ratio (i.e., PE40-containing transcripts
divided by total USH2A transcripts) was calculated per con-
dition. Samples in which the USH2A transcript lacking PE40
was not amplified were excluded from calculations, which
was the case for four PCR products (one in both AON2 and
SON2 and two samples in the non-AON-treated cells). Each
gel image was analyzed twice, from which the average was
plotted in a dot-plot using GraphPad Prism (v5.03, GraphPad
Software, San Diego, CA). Statistical analyses were subse-
quently performed with a two-tailed unpaired Student’s t-test
using GraphPad Prism.

Supplementary material

Figure S1. Predicted ESE sequence motifs in USH2A PE40.
Figure S2. Cycloheximide treatment induces stabilization of
PE40 containing transcripts.

Figure S3. Quantification of total USH2A transcript level after
AON treatment of fibroblasts.
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