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Mutations in CLRN1 cause Usher syndrome (USH) type III
(USH3A), a disease characterized by progressive hearing
impairment, retinitis pigmentosa, and vestibular dysfunction.
Due to the lack of appropriate disease models, no efficient ther-
apy for retinitis pigmentosa in USH patients exists so far. In
addition, given the yet undefined functional role and expres-
sion of the different CLRN1 splice isoforms in the retina,
non-causative therapies such as gene supplementation are un-
suitable at this stage. In this study, we focused on the recently
identified deep intronic ¢.254-649T>G CLRNI splicing muta-
tion and aimed to establish two causative treatment ap-
proaches: CRISPR-Cas9-mediated excision of the mutated in-
tronic region and antisense oligonucleotide (AON)-mediated
correction of mRNA splicing. The therapeutic potential of
these approaches was validated in different cell types tran-
siently or stably expressing CLRNI minigenes. Both approaches
led to substantial correction of the splice defect. Surprisingly,
however, no synergistic effect was detected when combining
both methods. Finally, the injection of naked AONSs into
mice expressing the mutant CLRN1 minigene in the retina
also led to a significant splice rescue. We propose that both
AONs and CRISPR-Cas9 are suitable strategies to initiate
advanced preclinical studies for treatment of USH3A patients.

INTRODUCTION

Usher syndrome (USH) is an autosomal recessive genetic disease
characterized by deafness, vision loss due to retinitis pigmentosa
(RP), and occasional vestibular dysfunction. In USH type 3
(USH3A), these symptoms occur in a progressive and variable
manner." USH3A is commonly associated with mutations in
CLRNI, a gene encoding the four-transmembrane-domain protein
Clarin-1 of largely unknown function. In the retina, the protein is sug-
gested to be localized in the inner segments and ribbon synapses of
photoreceptors; however, recent data also suggest expression in
Miiller glia cells.>” This gene encodes many different splice isoforms,
whose function is also poorly understood.* CLRNI mutations have an
estimated prevalence of 1:100,000 individuals worldwide; however,
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USH3 is the major USH subtype in the Ashkenazi Jewish and the
Finnish populations.”® We have recently identified a novel deep in-
tronic CLRNI founder mutation (c.254-649T>G) in the Saudi
Arabian population.” This splicing mutation generates an aberrant
exon, which leads to a frameshift and a premature stop codon.

A substantial portion of all disease-causing mutations (>15%) are pre-
dicted to affect mRNA splicing.” ' Classical splicing mutations are
localized at the canonical splice donor and acceptor sites defining
the exon-intron boundaries. However, splicing mutations can also
occur in deep intronic regions causing aberrant splicing via diverse
mechanisms.'' Next-generation sequencing (NGS) has made it
possible to identify disease-causing deep intronic mutations in
different genes associated with retinal dystrophies.””'*"'® As the num-
ber of studies identifying deep intronic mutations in known or un-
known genes increases, there is an unmet need for developing appro-
priate treatment strategies for this type of mutations.

Effective therapy of RP in USH patients is rather challenging for
several reasons. First, many USH genes have a large (>4 kb) coding
sequence or have a high number of splice isoforms encoding several
protein-coding transcripts, whose function is hitherto poorly char-
acterized.! Currently, the recombinant adeno-associated virus
(rAAV)-mediated gene delivery is the gold standard in gene ther-
apy. However, due to the limited packaging capacity of rAAVs
(<4.7 kb), usually only a single splice isoform can be delivered at
a time. Second, the commonly used USH mouse models only reflect
the hearing loss phenotype of human patients but not the
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Figure 1. CRISPR-Cas9-Mediated CLRN1 Editing

(A) Upper: true-to-scale representation of the CLRNT gene encompassing exons 0-2. gDNA, genomic DNA. Lower: the ¢.254-649T>G mutation generates an aberrant exon
in intron Ob. (B) Binding positions of CLRN7 single guide RNAs (sgRNAs) (g1-g4) and primers used for amplification of gDNA via PCR displayed in (D) and (F). (C) SpCas9
expression cassette used for the transfection of the cells shown in (D). g, and gy, sgRNA combinations (g1 + g3 or g2 + g4); mCMV, minimal CMV promoter. (D) Upper: PCR
amplifying the endogenous wild-type (WT) CLRN1 locus from gDNA originating from HEK293 cells transiently expressing the SpCas9 with two combinations of sgRNAs as
indicated. Lower: semiquantitative densitometric analysis of the DNA editing efficiency for the single combinations and untreated (untrd) cells. Error bars represent SEM. (E)
SpCas9 cassette used for the transfection of the cells shown in (F). (F) PCR amplifying the endogenous WT CLRN1 locus from gDNA originating from FACS-sorted HEK293
cells expressing the SpCas9 with the g1 + g3 combination. Lower: semiquantitative densitometric analysis of the results shown in the upper panel.

neurodegenerative symptoms of RP. This lack of a faithful disease
model hinders the development and testing of novel gene therapies
aimed at the restoration of retinal structure and function.” Given
these obstacles, the development of alternative approaches for
retinal gene therapy in USH patients is indispensable. For the treat-
ment of intronic splicing mutations, causative approaches such as
CRISPR-Cas9 or antisense oligonucleotides (AONs) appear very
attractive as they do not depend on gene size or the presence of a
single (major) splice isoform.

In this study, we set out to establish CRISPR-Cas9- and AON-based
approaches to correct the splicing defect of the CLRN1I ¢.254-649T>G
mutation. We show that both approaches can substantially rescue the
aberrant splicing in transfected or transduced cell lines. Finally, using
AONs we obtained a significant rescue of mRNA splicing in the
mouse retina expressing the mutant (mut) CLRN1 minigene. These
results offer a promising basis for advanced preclinical studies using

CRISPR-Cas9 or AONs that could be advanced into the first clinical
trials for USH3A.

RESULTS

Editing of the CLRN1 Locus Using CRISPR-Cas9

The ¢.254-649T>G CLRNI mutation is located in intron Ob and
generates a novel splice donor site (SDS), which results in the inclu-
sion of an aberrant exon in the mature mRNA (Figure 1A). To test
the CRISPR-Cas9 efficiency for editing the CLRNI locus, we de-
signed four single guide RNAs (sgRNAs, gl-g4) targeting regions
flanking the mutation (Figure 1B). To assess the efficiency for the
two combinations, we transfected HEK293 cells with the plasmid
expressing the Streptococcus pyogenes Cas9 and one of the two
sgRNA pairs (gl + g3 or g2 + g4, Figure 1C). Both sgRNA combi-
nations result in the excision of the DNA fragment in the native lo-
cus where the mutation is located. Compared to the g2 + g4 com-
bination, which yielded rather low gene editing efficiency
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Figure 2. AON-Mediated Correction of CLRNT mRNA Splicing

(A) Binding positions of CLRNT AONSs (A1-A5) used for initial screening. Primers used for RT-PCR in (C) and (D) are shown as arrows. (B) WT (left) and mutant (mut, right)
CLRN1 minigene expression cassettes used for the transfection of the cells shown in (C) and (D). (C) RT-PCR from HEK293 cells transiently expressing the CLRNT minigene
in combination with the single AONs as indicated. The corresponding semiquantitative densitometric analysis is displayed below. (D) RT-PCR from HEK293 cells transiently
expressing WT or mut CLRNT minigenes in combination with different modified versions of A2 (see Table 1). Statistical analysis was performed with a one-way ANOVA and
Bonferroni’s post hoc test: *p < 0.05, *p < 0.01, **p < 0.001. n.s., not significant. n = 3. Error bars represent SEM.

(4.36% = 0.2%), the gl + g3 combination led to reasonably higher
values under these conditions (21.22% + 0.62%) (Figure 1D). Sanger
sequencing of the PCR band amplified from the modified CLRNI
locus revealed no substantial background in the electropherogram,
as would be expected in the case of frequent insertions or deletions
in the target region (Figures S1A and S1B).

Upon transfection, the transgene DNA is typically not taken up by all
cells in the culture. To be able to calculate the actual editing efficiency
of the native CLRN1I locus in HEK293 cells more accurately, we trans-
fected HEK293 cells with a SpCas9-T2A-EGFP cassette containing
the gl + g3 combination (Figure 1E) and sorted the GFP-positive
(GFP™) cells using fluorescence-activated cell sorting (FACS) (Fig-
ure S1C). Indeed, gene editing efficiency in GFP™ cells was somewhat
higher (25.9% =+ 0.41%, Figure 1F) compared to their unsorted
counterparts.

Taken together, this CRISPR-Cas9 approach showed reasonable gene
editing efficiency for the excision of the ¢.254-649T>G mutation from
the native CLRNI locus in HEK293 cells.

Correction of CLRN1 mRNA Splicing Using AONs

To test the potential of the AONs for correction of aberrant splicing
caused by the ¢.254-649T>G mutation, we designed five AONs (A1-
A5) binding to different regions of the CLRNI transcript (Fig-
ure 2A). The AONs were designed to either cover multiple exonic
or intronic splicing enhancer motifs or the created donor splice
site (Table S1). As we could not get access to patients’ cells natively
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expressing the CLRNI mutation, we co-transfected HEK293 cells
with AONs (250 nM each) and the wild-type (WT) or mutant
CLRNI minigenes encompassing exons Ob-1b (Figure 2B).” The
RT-PCR from these cells revealed that only A2 could lead to a sub-
stantial splicing rescue, resulting in 62.61% =+ 2.05% of correctly
spliced transcript (Figure 2C) as measured by densitometric analysis
of PCR band intensities. We did not investigate the protein expres-
sion from these minigenes, as they do not encode for any native pro-
tein product. Due to the large size of the introns in the CLRNI gene,
any annotated transcript of this gene encoding a native protein
would exceed the capacity of standard expression vectors.

In an attempt to further optimize the efficiency of A2, we tested three
additional AONS by slightly changing their length or binding position
(A2-A2.3, Table S1). Among the modified versions tested, only A2.2
showed a trending but non-significant improvement in splicing
rescue efficiency (64.92% = 1.36%) compared to A2 (Figure 2D).
We also detected two additional bands migrating between the bands
that represent the correctly or aberrantly spliced CLRN1 (Figure S1D).
These bands were also occasionally observed in cells expressing wild-
type or mutant CLRNI minigenes in the absence of AONS.
Sequencing revealed that the lower one of the two bands results
from the usage of an alternative SDS present in the native CLRNI
transcript. The upper band represents a hybrid composed of the regu-
larly spliced and the aberrantly spliced transcript (Figures SIE and
S1F). These hybrids can occur during the PCR cycling conditions
due to the fact that their single-stranded components are largely built
of complementary sequences.'®
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To confirm the effects of the AON treatment on CLRNI mRNA
splicing via another method, we carried out qRT-PCR using a primer
combination that can specifically amplify the aberrantly spliced
CLRNI transcripts and compared it to a primer combination capable
of detecting both the correctly and the aberrantly spliced variants.
Quantification of the results revealed that the expression profile
and the ratio of these two qRT-PCR products are very similar between
cells expressing wild-type and AON-treated c.254-649T>G CLRNI
minigenes, but clearly differ from the cells expressing the mutant
CLRNI minigene alone (0.023% + 0.006% for wild-type, 0.071% =+
0.015% for mutant treated with A2.2, and 0.634% =+ 0.036% for
mutant expressed alone; Figure S2A). Furthermore, we assessed a po-
tential dose dependence of AONs for CLRNI splicing correction. Us-
ing AON concentrations ranging from 50 to 250 nM, no apparent dif-
ferences in splicing correction could be detected, suggesting that A2.2
can act with high efficiency even at lower concentrations (Figure S2B).

To test whether AON-based splicing correction might be cell type-
dependent, we performed similar experiments in two additional cell
lines, i.e., in mouse embryonic fibroblasts (MEFs) and in 661W cells,
which are immortalized derivatives of murine cone photoreceptors.'’
In both cell types, AON treatment led to a robust splicing correction,
although at lower efficiency than in HEK293 cells (27.30% + 4.03% in
MEFs versus 39.65% = 0.43% in 661W cells, respectively; Figures S2C
and S2D). Of note, AON treatment also led to an increase in the
expression of additional bands, which are only weakly present in
cells expressing the wild-type CLRNI minigene. Analogous to the
results obtained from HEK293 cells, one of these bands originates
from the usage of an alternative SDS in the aberrant exon and
corresponds to one of the annotated, non-protein-coding CLRNI
splice isoforms (Ensembl: ENST000000485607.1). Other bands could
be identified as hybrids composed of different combinations of
correctly spliced, aberrantly spliced, and alternatively spliced prod-
ucts (Figures SID-S1F).

Finally, we also addressed potential off-target effects of AON treat-
ment using RNA sequencing (RNA-seq) of HEK293 cells co-trans-
fected with the mutant CLRNI minigene and A2.2. Cells expressing
the mutant CLRNI minigene in the absence of AONs served as con-
trol. Overall, the correlation of the expression levels was high (R? =
~0.79) with a slight decrease of basal expression levels in AON-
treated cells. Importantly, among the most changed transcripts
(log, fold change > 2) there was no enrichment for transcripts located
on or near in silico-predicted A2.2 binding sites (see Materials and
Methods for details) (Figures S2E and S2F). However, we cannot
exclude that some off-target effects might be detectable under condi-
tions that more accurately resemble the native situation, e.g., the
retina of the patients. When co-expressing the CLRNI mutant mini-
gene with A2.2, we detected four annotated CLRNI splice isoforms
(Figure S2E). In contrast, in HEK293 cells expressing the mutant min-
igene alone, we detected two of these isoforms, one of which was only
weakly expressed in the A2.2-treated cells. These results further sup-
port the effectiveness of the A2.2 treatment on the correction of the
mutant CLRNI mRNA splicing.

In conclusion, the use of AONS, particularly A2.2, achieved a substan-
tial correction of aberrant splicing caused by the ¢.254-649T>G mu-
tation. AONSs therefore provide another possible strategy, in addition
to the CRISPR-Cas9 approach, for treating USH3A patients carrying
this mutation.

Combination of CRISPR-Cas9 and AONs in Cells Stably
Expressing the CLRN1 Minigene

As CRISPR-Cas9 and AONS act on different levels, i.e., the genomic
DNA (gDNA) and the precursor (pre-)mRNA levels, respectively,
one would expect that combining these technologies would increase
the splicing rescue efficiency. To test for a potential synergism of
the two approaches, we generated HEK293 cell lines stably expressing
the wild-type or the mutant CLRNI minigene, which was randomly
integrated into the host genome (Figure 3A). In this setting, the
CLRNI-specific Cas9/sgRNA complex can target both the native
and the transgenic CLRNI locus. Transfected HEK293 cells tran-
siently expressing CLRNI minigenes were not used for this experi-
ment because transfected plasmid DNA differs from native chro-
matin in the target cells. As the efficiency of CRISPR-Cas9 gene
editing is known to depend on epigenetic factors, we decided to use
cells stably expressing the CLRN1I transgene.

Surprisingly, stable HEK293 cells co-transfected with the SpCas9- and
sgRNA-containing plasmids together with A2.2 resulted in a
decreased enzymatic activity of SpCas9. This combination yielded
significantly lower levels of cut DNA as opposed to cells expressing
the SpCas9/sgRNA cassette alone or the SpCas9/sgRNA cassette in
combination with a control AON targeting the rhodopsin locus (Fig-
ure 3B). These results suggest that AONSs inhibit the enzymatic activ-
ity of SpCas9, potentially by binding to the CLRNI locus at the
genomic level. Since the binding position of the CLRNI sgRNAs
and A2.2 do not overlap, this inhibition cannot be explained by a
direct competitive effect of the AON and the sgRNAs, but rather by
steric hindrance of the SpCas9 enzyme, preventing it from binding
or cutting the DNA. In line with the results obtained for the genomic
level, a subsequent RT-PCR analysis from the same cells revealed no
apparent synergistic effects of the combinatory approach on the
CLRNI transcript (Figure 3C). Notably, when the SpCas9/sgRNA
cassette was expressed alone, the splicing correction efficiency
(45.92% + 1.24%) was substantially higher than the DNA cutting ef-
ficiency (26.8% = 3.22%), suggesting that the actual gene-editing effi-
ciency is higher than the values measured by the densitometric anal-
ysis of the PCR bands from the gDNA.

Collectively, we show that the combination of CRISPR-Cas9 and
AON:s has no synergistic effect on the correction of the splicing defect
caused by the ¢.254-649T>G mutation, and provide the first evidence
that AONs might act as locus-specific SpCas9 inhibitors.

CRISPR-Cas9 Gene Editing in Transfected ARPE-19 and
Transduced Human RPE Cells

It is well established that the efficiency of CRISPR-Cas9-mediated
gene editing can be cell type-dependent.” In this regard, targeting
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cells that express CLRN1 endogenously would be more therapeuti-
cally relevant. We therefore tested two different retinal pigment
epithelium (RPE)-derived cell lines for CLRNI expression, i.e.,
ARPE-19,”' and human retinal pigment epithelial (hRPE) cells pro-
vided by the LMU Eye Hospital (Munich, Germany). Both cell lines
expressed CLRNI at similar levels (Figure 4A), suggesting that this
gene might also be expressed in native RPE cells in the retina. We first
transfected the SpCas9-T2A-EGFP construct in ARPE-19 cells and
performed FACS of the GFP" cells (Figure S3A). After analyzing
the CLRNI locus, we obtained a gene-editing efficiency comparable
to transfected or sorted HEK293 cells (19.05% =+ 0.77%, Figures 4B
and 4C). Analogous to the results obtained from HEK293 cells shown
in Figures SIA and S1B, sequencing of these bands revealed no
obvious background signal in the electropherograms (Figures S3B
and S3QC).

To approximate a therapeutically applicable approach, we used
rAAVs (rAAV7m8) as gene therapy vectors. Due to their limited
genome packaging capacity, the SpCas9 and the sgRNAs would
have to be co-delivered in two separate rAAV vectors for in vivo ap-
plications. We therefore assessed whether our CRISPR-Cas9
approach could perform with similar effectiveness in a CLRNI-ex-
pressing cell line following dual rAAV co-transduction (Figure 4D).
As the co-transduction efficiency of ARPE-19 cells with two titer-
matched rAAVs expressing the SpCas9 or the sgRNA cassette was
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ARPE-19 cells (29.26% = 2.06%, Figures 4E and

4F). These results show that the endogenous
CLRNI locus can be efficiently edited via CRISPR-Cas9, when deliv-
ered using a dual rAAV approach. In the corresponding electrophero-
grams no background signal was observed (Figures S3D and S3E).

Quantification and Off-Target Analysis of CRISPR-Cas9-
Mediated Gene Editing Using NGS

So far, the efficiency of the CRISPR-Cas9 gene editing was calculated
via the densitometric analyses of the bands obtained from the gDNA
of respective cell lines. As this semiquantitative approach might not
reliably reflect the actual gene-editing efficiency, we carried out tar-
geted NGS of the PCR products amplified from the gDNA of two
FACS-sorted cell lines transiently expressing the SpCas9-T2A-
EGFP/sgRNA complex, i.e., HEK293 and ARPE-19 cells. The gene-
editing efficiency for both cell lines was substantially higher compared
to the semiquantitative densitometric calculations (84.3% for
HEK293 cells and 63.9% for ARPE-19 cells, Figures S4A-S4C). The
molecular explanation for this discrepancy remains unclear; however,
it suggests that the gene-editing efficiency calculation requires elabo-
rate analyses to be determined more accurately, e.g., by single-cell
sequencing, usage of unique molecular identifiers, or by PCR-free
methods. Moreover, the NGS analysis revealed that in both cell types
for the vast majority of cases the sequence between the sgRNA target
sites was removed as expected (44%-47%, Figure S4D). In this
context, we also identified some edited sequences with lower fre-
quencies, which contained additional small insertions or deletions
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Figure 4. CRISPR-Cas9-Mediated CLRN1 Gene
Editing in Transfected ARPE-19 and rAAV-
Transduced Human RPE Cells

(A) CLRN1 expression in ARPE-19 and hRPE cells. ACT,

cycle threshold of the CLRNT expression normalized to
B-actin (ACTB). (B) PCR of gDNA isolated from transfected

and FACS-sorted ARPE-19 cells. untrd, untreated. (C)
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at the cut site. However, in all of these cases the potential mutation-
containing sequence was successfully removed from the intron. From
this it can be concluded that irrespective of the cell type the majority
of sgRNA cutting events result in the desired DNA modification.

It is also conceivable that our CRISPR-Cas9 approach might cause off-
target effects at the genome level. To address this issue, we performed
whole-exome sequencing (WES) using DNA from FACS-sorted
HEK293 cells transfected with the SpCas9-T2A-EGFP/sgRNA com-
plex. Importantly, no off-target effects were detected under these con-
ditions (Figure S4E). Using this approach, we could also confirm the
deletion of the region flanking the ¢.254-649T>G mutation caused
by SpCas9 cleavage (Figure S4F). We cannot exclude that off-target ef-
fects might occur in other non-coding (regulatory) regions that cannot
be covered by this strategy. This requires a whole-genome sequencing
approach, which is out of the scope of this study, but could be conduct-
ed in appropriate cell lines in a more advanced preclinical setting.

AONs for Splicing Correction in the Retina

The evaluation of the CRISPR-Cas9 gene editing is more challenging
in vivo and would require the generation of humanized CLRNI mouse
models. Delivering the CLRN1 minigene via rAAVs in vivo would not
reflect the conditions required for CRISPR-Cas9 genomic CLRNI ed-
iting, as the rAAV genome resides in the nucleus in an episomal state.
However, as AONSs act at the transcript level, we tested whether the
AON approach would result in correction of the splice defect caused
by the ¢.254-649T>G CLRNI mutation in vivo. For this purpose, we

Densitometric analysis of the PCR band intensities shown
in (B). (D) rAAV expression cassette used for transduction of
hRPE cells. ITR, inverted terminal repeat. (E) PCR from
gDNA isolated from transduced hRPE cells 1 week post-
transduction. (F) Densitometric analysis of the PCR band
intensities shown in (E). Statistical analysis was performed
using the Student’s t test. n = 3. Error bars represent SEM.

used rAAV-mediated gene delivery to express the
wild-type or mutant human CLRNI minigenes in
the mouse retina. To ensure correct localization,
the CLRNI minigene was expressed under the
murine rhodopsin promoter (Figure 5A). The
rAAVs were subretinally injected into wild-type
C57BL/6] mice alone or co-delivered with A2.2
(Figure 5B). Four weeks after co-delivery, we ex-
tracted RNA from the injected retinas and
analyzed the mRNA splicing of the CLRNI mini-
gene via RT-PCR. Importantly, when comparing
wild-type and mutant CLRNI minigene-borne
transcripts in the absence of A2.2, we could confirm the splice defect
of the ¢.254-649T>G mutation (Figure 5C). In line with the in vitro
experiments, the presence of the additional two bands above the regu-
larly spliced CLRNI was detected for wild-type CLRNI in the retina.
Co-delivery of A2.2 with the mutant CLRNI minigene resulted in a
significantly increased percentage of correctly spliced CLRN1, when
compared to the mutant CLRNI1 minigene alone (29.73% =+ 2.62%
versus 13.48% + 0.59%) (Figure 5D).

Taken together, we could confirm the mRNA splicing defect of the
€.254-649T>G CLRNI mutation under a close-to-native setting and
show a significant splicing rescue upon co-delivery of A2.2.

DISCUSSION

In this study, we evaluated for the first time the potential of CRISPR-
Cas9 and AONs as single or as combinatory approaches to rescue the
splice defect caused by a deep intronic ¢.254-649T>G CLRNI muta-
tion. Both approaches were tested in different human cell lines and
yielded reasonable splice rescue efficiency. A similar CRISPR-Cas9
approach has been used in the past for the treatment of deep intronic
splicing mutations found in the CEP290 gene causing Leber congen-
ital amaurosis (LCA).”> AONSs have also been utilized in the past for
treatment of splicing mutations in several genes associated with
retinal disorders, e.g., LCA, USH type II, or Stargardt disease.”* >
Moreover, both CRISPR-Cas9 and AONs have been US Food and
Drug Administration (FDA) approved for first clinical trials to treat
LCA patients carrying the most common deep intronic variant in
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CEP290, i.e., c.2991+1655A>G.”>*” This outlines the great potential
of these technologies for future gene therapies. Herein, we provide
promising results that could represent initial steps toward the first
clinical trial for USH3A patients using one of these technologies.

AONs can be delivered intravitreally (or subretinally) as naked mol-
ecules expected to distribute evenly across the retina and to be taken
up by the different retinal cell types. AONs are also conveniently pro-
duced, which circumvents the elaborate and costly process of rAAV
production. However, AON-based treatment requires a continuous
administration (typically every few months) via subretinal or intravi-
treal injection. This increases the risk of injection-mediated comor-
bidities and decreases patient compliance. In contrast, CRISPR-
Cas9-based approaches typically require only a single treatment.
The most widely used and best characterized Cas9 subtype is SpCas9,
derived from Streptococcus pyogenes. SpCas9 can be efficiently ex-
pressed in all retinal cells utilizing rAAV vectors carrying, e.g., the
ubiquitous minimal cytomegalovirus (CMV) promoter.”> Due to
the payload limit of rAAVs (approximately 4.7 kb), the SpCas9
cannot be packaged together with the corresponding sgRNA cassette
and therefore needs to be delivered via two separate rAAVs. It has
been shown that co-application of dual rAAVs into the retina results
in sufficient transduction levels, which renders its therapeutic imple-
mentation feasible.'®*****° Furthermore, to combat the potential risk
of immune responses due to the expression of the bacterial SpCas9
enzyme, strategies have been developed to ensure only a transient
expression of this protein in the target cells.”> Moreover, it remains
to be determined what percentage of wild-type CLRNI transcript is
sufficient to achieve a therapeutic effect in the USH3A patients
and/or animal models. It has been shown for other retinal and non-
retinal autosomal-recessive disorders that already a few percent of
the intact gene can achieve substantial functional and phenotypic
rescue.”” > Our gene-editing efficiency ranges from approximately
30% obtained via densitometric analysis to 64%-84% as calculated
from the NGS data. The exact reason for this discrepancy between
the methods remains unknown. However, regardless of which of
these values most closely reflects the true efficiency of gene editing,
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Figure 5. AON-Mediated CLRN1 c.254-649T>G Splice
Rescue in Injected Retinas

(A) WT and mut CLRNT minigene-containing rAAV cas-
settes used for subretinal injections. ITR, inverted terminal
repeat. mRho, mouse Rho promoter. (B) rAAVs in the
presence or absence of naked A2.2 were subretinally in-
jected to WT C57BL/6J mice. (C) RT-PCR from retinas of
injected mice 4 weeks post-injection. Two retinas from two
different mice were pooled for each RT-PCR experiment.
Rho expression served as a control. (C) Semiquantitative
analysis of the PCR band intensities for the single combi-
nations as indicated. Statistical analysis was performed
using the Student’s t test: *p < 0.05, *p < 0.01, *p <
0.001, n = 6. Error bars represent SEM.

it may already be high enough to achieve therapeutic success in
patients.

We provide primary evidence that both the CRISPR-Cas9 and the
AON approaches do not cause off-target effects under the conditions
used herein, further supporting the therapeutic potential of these stra-
tegies. Nevertheless, additional experiments are required to interro-
gate off-target effects in a broader and clinically more relevant setting
using, e.g., whole-genome sequencing or similar quantitative ap-
proaches. A recent study reported no apparent off-target effects for
two sgRNAs in a CRISPR-Cas9-based approach for LCA treatment
in the retina.** This shifts the risk-benefit balance in favor of utilizing
such gene-editing technologies to treat conditions for which other
alternatives are currently unavailable.

One plausible strategy to increase the splice rescue efficiency and thus
the chance of a successful treatment would be to combine both tech-
nologies in a single approach. Our results, however, suggest that
AON:Ss, which target similar positions close to the sgRNA target sites,
reduce the SpCas9-mediated DNA cleavage efficiency. In line with
other studies,”>** this indicates that AONs can also efficiently target
gDNA and raises the question of whether combining CRISPR-Cas9
and AONSs is meaningful. This finding is particularly important as
it provides a new research avenue for developing AON-based and
target-specific SpCas9 inhibitors.

This work evaluates the therapeutic potential of CRISPR-Cas9- and
AON-based strategies to correct the splicing of the CLRN1 c.254-
649T>G mutation, and it offers an initial premise for further preclin-
ical development, which could lead to the first clinical trials for
USH3A patients.

MATERIALS AND METHODS

Animals

For all animal experiments in this study, wild-type C57BL/6] mice
were used. All procedures involving animals were performed with
permission of the local authorities (District Government of Upper
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Bavaria) and German laws on animal welfare (Tierschutzgesetz).
Anesthesia was performed by intraperitoneal injection of ketamine
(40 mg/kg body weight) and xylazine (20 mg/kg body weight). Eutha-
nasia was performed by isoflurane and cervical dislocation.

Construction and Cloning of Expression Plasmids

Minigenes suitable for splicing analysis were constructed and cloned
as described previously.””” The wild-type and mutant CLRNI mini-
genes were synthesized by BioCat (Heidelberg, Germany) and deliv-
ered in a pcDNA3.1 standard vector. These constructs were used for
transient expression in HEK293 cells. For a stable expression in this
cell line, the wild-type and mutant minigene cassettes including the
SV40 polyadenylation signal were subcloned into a piggyBac vector
(PB514B-2-SBI, BioCat, Heidelberg, Germany). For expression in
mouse photoreceptors, the CLRN1 wild-type and mutant minigenes
were subcloned into the pAAV2.1 vector’® equipped with a murine
rhodopsin promoter. The SpCas9 coding sequence and short syn-
thetic polyadenylation signal were taken from the PX551 plasmid®’
and subcloned into the pAAV2.1 plasmid containing a minimal
CMV promoter. PX551 was a gift from Feng Zhang (Addgene
plasmid #60957; http://addgene.org/60957; RRID: Addgene_60957).
Due to the limited rAAV packaging capacity of approximately 4.7
kb, the different sgRNA sequences (Table S2) driven by a U6 pro-
moter were cloned into a separate pAAV2.1 plasmid. For FACS ex-
periments, a T2A sequence and EGFP sequence were added 3’ of
the SpCas9 coding sequence and the sgRNA expression cassettes
were cloned into the same expression vector. All constructs were
sequenced prior to use (Eurofins Genomics, Ebersberg, Germany).

Cell Culture and Transfection

The ARPE-19 cell line was a gift from the LMU University Eye Hospital
in Munich, Germany. The cells were cultivated in DMEM/F-12 (1:1)
medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) con-
taining 1-glutamine, 10% fetal bovine serum (FBS) (Biochrom, Merck,
Darmstadt, Germany), and 1% penicillin/streptomycin (Biochrom,
Merck) at 37°C and 5% CO,. The cells were transfected with a SpCas9-
and sgRNA-containing plasmid using the standard calcium phosphate
transfection protocol. For this purpose, cells were seeded onto 6-cm cell
culture plates and incubated overnight until they reached the desired
confluence of approximately 70%. For the transfection, 6 pug of plasmid
DNA (3 pg per plasmid) was mixed with 30 pL of 2.5 M CaCl, and
270 puL of H,O. 600 puL of 2x BES (N,N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid)-buffered saline (BBS) was added dropwise during
vortexing. The transfection mix was incubated for 3-4 min at room
temperature and added dropwise to the culture medium. The cells
were incubated in a 5% CO, setting for 3-4 h, the culture medium
was replaced, and the cells were maintained at 10% CO, for approxi-
mately 48 h. No transfection toxicity was detected. The murine
661W cell line derived from retinal tumors was kindly provided by
Dr. Muayyad Al-Ubaidi (University of Houston).”® The cells were
cultured in DMEM GlutaMAX medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% FBS (Biochrom, Merck)
and 1% Antibiotic-Antimycotic (Thermo Fisher Scientific, Waltham,
MA, USA) at 37°C and 10% CO,. Immortalized MEFs were generated

as previously described.”**” MEFs were cultured in DMEM GlutaMAX
medium supplemented with 10% FBS (Biochrom, Merck) and 1% peni-
cillin/streptomycin (Biochrom, Merck) at 37°C and 5% CO,. Transient
transfections of 661W and MEFs were performed using TurboFect
transfection reagent (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA, USA) according to the manufacturer’s instructions.
HEK293 cells were transfected with the respective minigenes and
(when applicable) with a SpCas9/sgRNA-encoding plasmid using
TurboFect transfection reagent (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA).

RT-PCR

48 h post-transfection, the cells were harvested and lysed using the
mixer mill MM400 (Retsch, Haan, Germany). RNA was isolated us-
ing the RNeasy mini kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions, and RNA concentration purity was
determined via the NanoDrop 2000 (Thermo Scientific, Waltham,
MA, USA). cDNA was synthesized using the RevertAid first-strand
cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA)
according the manufacturer’s instructions for 1 pg of total RNA.
For subsequent RT-PCR, Herculase II fusion DNA polymerase (Agi-
lent Technologies, Santa Clara, CA, USA) was used according to the
manufacturer’s instructions using appropriate primers designed to
exclusively amplify the CLRN1 minigene-borne transcript (Table
S3). The PCR products representing the differentially spliced tran-
scripts were isolated using the QIAquick gel extraction kit (QIAGEN,
Venlo, the Netherlands) and sequenced (Eurofins Genomics, Ebers-
berg, Germany).

Isolation of gDNA and PCR

gDNA was isolated from transfected and untreated cells. The cells
were lysed in RLT buffer (QIAGEN, Venlo, the Netherlands) contain-
ing 1% B-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) us-
ing the mixer mill MM400 (Retsch, Haan, Germany). For gDNA
isolation, the lysate was loaded onto a Zymo-Spin IIC-XL DNA col-
umn (Zymo Research, Irvine, CA, USA). The column was subse-
quently washed once using 600 pL of the DNA pre-wash buffer
(Zymo Research, Irvine, CA, USA) followed by two washing steps
with 600 pL of the gDNA wash buffer (Zymo Research, Irvine, CA,
USA). gDNA was eluted in the appropriate volume of H,O containing
20 mM 2,6-di-tert-butyl-4-methylphenol. For subsequent PCR using
the Q5 polymerase according to the manufacturer’s instructions,
100 ng of gDNA was used. All obtained PCR bands were isolated us-
ing the QIAquick gel extraction kit (QIAGEN, Venlo, the
Netherlands) and sequenced (Eurofins Genomics, Ebersberg,
Germany).

FACS

HEK293 and ARPE-19 cells transfected with the SpCas9-T2A-EGFP
construct were sorted via FACS for nascent GFP. For this purpose, the
cells were detached 48 h post-transfection using TryPLE. After
detachment, the TryPLE was removed by centrifugation at 0.3 relative
centrifugal force (rcf) for 5 min and aspirated. The cell pellet was re-
suspended in sample buffer (2% FBS, 2 mM EDTA, 25 mM HEPES in
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PBS) and the suspension was stained with a viability dye (Sytox blue,
Thermo Fisher Scientific, Waltham, MA, USA). Cell sorting was per-
formed on a FACSAria IITu (Becton Dickinson, Franklin Lakes, NJ,
USA) equipped with BD FACSDiva software v8.0. HEK293 and
ARPE-19 cells were sorted with a 100-pum nozzle at 20 psi and with
a 130-um nozzle at 10 psi, respectively. Viable cells were gated
from non-viable and from mock-transfected cells expressing the
SpCas9 without any fluorophore. A range of 100,000 to 250,000 cells
was sorted. GFP-expressing cells were sorted into RLT buffer contain-
ing 1% B-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and
used directly for gDNA extraction.

WES and Off-Target Analysis

1 ug of gDNA of native HEK293 and SpCas9-treated cells was frag-
mented to an average size of 150 bp using the Covaris M220
focused-ultrasonicator (Covaris, Woburn, MA, USA). After DNA
repair with the NEBNext formalin-fixed, paraffin-embedded (FFPE)
DNA repair mix (New England Biolabs, Ipswich, MA, USA),
paired-end sequencing libraries were constructed using a SureSe-
lectXT reagent kit (Agilent Technologies, Santa Clara, CA, USA).
End repair, adaptor ligation, and PCR enrichment and was carried
out according to the manufacturer’s instructions. Protein-coding se-
quences were captured using SureSelect Human All Exon V6 (Agi-
lent, Santa Clara, CA, USA) according to the manufacturer’s instruc-
tions. Exome libraries were paired-end sequenced on an Illumina
HiSeq 1500 sequencer with a read length of 100 nt to an average
coverage of 50x. The reads were mapped to the human reference
genome (hgl9) with Burrows-Wheeler aligner maximal exact
matches (BWA-MEM)*' using default settings. Single-nucleotide
polymorphisms and indels were analyzed following the GATK work-
flow to discover somatic short variants (SNVs + indels).*>** Within
the workflow, Mutect2 from the GATK Analysis Toolkit was used
to obtain variants specific to SpCas9-treated cells. The obtained var-
iants were filtered using FilterMutectCalls, resulting in 273 SNVs
and 35 indels passing the filter (FILTER: PASS). Off-target analysis
of those variants was performed by calculating the minimum Lev-
enshtein distances. The two guide RNAs (5'-AAATCTGGCAGGAC-
CAATCTTGG-3' and 5-TTAATGTAGCACAAAGCTGTGGG-3')
were aligned in a sliding window, starting 30 bp upstream and down-
stream of each variant position, and the alignment with the smallest
Levenshtein distance was determined. An alignment was only taken
into consideration if the protospacer-adjacent motif (PAM) sequence
(NGG) was present. For comparison, the approach was applied to
1,000 randomly selected genomic positions.

mRNA Pre-processing and Sequencing

For mRNA-seq library production, we ran a scaled-up version of the
Smart-seq2 protocol.** Briefly, from 100 ng of total RNA, mRNA was
captured with a mix of 0.5 pL of 20 uM oligo(dT) primer and 0.5 uL of
20 mM 2'-deoxynucleoside 5'-triphosphates (dNTPs), followed by
heating to 72°C for 3 min and immediately putting it into an iced-wa-
ter bath. Next, in a 10-uL reaction, double-stranded cDNA was gener-
ated by adding 2 pL of 5x SuperScript II first-strand buffer (Thermo
Fisher Scientific, Waltham, MA, USA), 2 uL of 5 M betaine, 0.6 puL of
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100 mM MgCl,, 0.5 puL of 100 mM DTT, 0.4 pL of RN Asin (Promega,
Madison, W1, USA), 0.5 pL of 20 uM template-switch oligonucleo-
tide, and 0.5 pL of SuperScript II reverse transcriptase (200 U/uL,
Thermo Scientific, Waltham, MA, USA) and incubating the solution
for 90 min at 42°C, followed by 14 cycles (50°C for 2 min, 42°C for
2 min) and heat inactivation (70°C for 15 min). Pre-amplification
was done by addition of 12.5 pL of 2x KAPA HiFi HotStart Ready
mix, 0.25 pL of 10 uM insertion sequence-based PCR (IS-PCR)
primers, and 2.25 pL of nuclease-free water in a thermos protocol
of 98°C for 3 min, 10 pre-amp cycles (98°C for 20 s, 67°C for 15 s,
72°C for 6 min), followed by 5 min at 72°C and hold at 4°C. Purifi-
cation was done with AMPure XP beads (Beckman Coulter, Brea, CA,
USA), and cDNA was quantified with Qubit (Thermo Scientific, Wal-
tham, MA, USA) and checked for fragment length distribution on an
Agilent Bioanalyzer chip (Agilent, Santa Clara, CA, USA). Next, 7 ng
of cDNA was fragmented in a 20-pL reaction by incubation with 1 pL
of Tn5 enzyme from the Illumina Nextera library preparation kit (II-
lumina, San Diego, CA, USA) and 10 pL of 2x tagmentation DNA
buffer for 10 min at 55°C. Tagmented cDNA was purified with MinE-
lute columns (QIAGEN, Venlo, the Netherlands) and PCR amplified
with NEBNext high-fidelity 2x PCR master mix, 1 puL of each 10 pM
Nextera index 1 and Nextera index 2 primer (Illumina, San Diego,
CA, USA) with a thermos protocol of 72°C for 5 min, 98°C for 30
s, 7 cycles (98°C for 10 s, 63°C for 30 s, 72°C for 1 min), 72°C for
5 min, and hold at 4°C. The final library was purified with AMPure
beads, quantified by Qubit, and sequenced for 100 bp using a V3 sin-
gle-read flow cell on a HiSeq 2500 (Illumina, San Diego, CA, USA).
The generated data were trimmed for quality and adaptor reads
with  TrimGalore!
projects/trim_galore/) and mapped with the STAR aligner.** Dupli-
cates were marked with the MarkDuplicates function from Picard
tools (https://broadinstitute.github.io/picard/) and the reads were
summarized with RSEM.*®

(https://www.bioinformatics.babraham.ac.uk/

AON Off-Target Analysis

In silico prediction for genomic binding sites was performed with
GGGenome online tool (https://gggenome.dbcls.jp/hg38/4/) using
the AON sequence (5'- CUUUCAUCUGGUGAGGCAUCAGC-3')
to query the human genome (top and bottom strand and allowing
up to four mismatches/gaps). Potential binding sites (n = 1,150)
were extended by 10 kb upstream and downstream, and all annotated
transcript isoforms overlapping these windows were flagged as poten-
tial AON off-targets. Among the most deregulated transcripts (tran-
scripts per million [TPM] log, fold change >1 or <1) we found no
enrichment for potential AON off-target transcripts by using a
Fisher’s exact test.

Targeted NGS and Data Processing

The 100 ng of the DNA isolated from FACS-sorted HEK293 and
ARPE-19 cells were amplified using the Q5 polymerase (New En-
gland Biolabs, Ipswich, MA, USA) according to the manufacturer’s
instructions (35 cycles) with appropriate primers (Table S3). The
PCR products were co-purified using the QIAquick gel extraction
kit (QIAGEN, Venlo, the Netherlands). Purified amplicons from
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each sample were tagged with a unique NGS barcode by PCR (seven
cycles) followed by a final clean-up (Agencourt AMPure XP beads,
Beckman Coulter, Brea, CA, USA). Finally, all samples (set to
10 nM) were pooled, loaded on an Illumina MiSeq sequencing ma-
chine (Illumina, San Diego, CA, USA), and sequenced for 2x
250 bp paired-end with a MiSeq reagent kit v3 (Illumina, San Diego,
CA, USA) to approximately 200,000-fold coverage. The raw data
were quality checked using FastQC and trimmed for adaptors or
low-quality bases using the tools cutadapt and Trim Galore!
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
Next, reads were sorted in a two-step procedure by (1) the NGS bar-
code adaptors to assign the reads and (2) the first and the last 20 bp
of each read to assign an amplicon ID. Obtained reads were then
counted depending on the presence of either the original wild-
type sequence (at both sgRNA cutting sites 15 bp) or the presence
of a new fusion omitting a 187-bp fragment between the two sgRNA
binding sites (Figure S4).

Generation and Delivery of AONs

The sequence of the aberrant CLRNI exon was screened for exonic
splicing enhancer (ESE) sequences using the ESEfinder 3.0 (http://
krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home).
AONs were designed to either cover multiple SRSF1, SRSF2, SRSF5,
and SRSF6 motifs, the donor splice site, or intronic splice enhancer
motifs present in the intronic sequence adjacent to the novel donor
splice site (Table S1). All AON sequences contain 2’'-O-methyl-
modified riboses and a phosphorothioate backbone and were syn-
thesized by Eurofins Genomics (Ebersberg, Germany). For splicing
rescue in transfected HEK293, 661W, or MEF cells and in
HEK293 stable cell lines, AONs were added to the cell medium at
a final concentration of 250 nM (1.2-8 pg depending on the growth
medium volume) unless stated otherwise. For in vivo experiments,
AONSs were suspended in the rAAYV virus solution at a final concen-
tration of 27.6 pg/uL.

Generation of Stable Cell Lines

The stable cell lines were generated using the piggyBac transposon
system. Briefly, HEK293 cells were co-transfected with the respective
CLRNI minigene containing piggyBac vector and a piggyBac transpo-
sase expression vector using a standard calcium phosphate transfec-
tion protocol. 24 h post-transfection, cells were selected for successful
integration of the piggyBac expression cassette by adding 2 pg/mL pu-
romycin to the media for 8 days. The presence of RFP fluorescence
indicating successful integration was confirmed using the EVOS FL
cell imaging system (Life Technologies, Thermo Fisher Scientific,
Waltham, MA, USA).

rAAV production

For the production of rAAV vectors, the 7M8 capsid*”*® was used for
SpCas9 and sgRNA expression in hRPE cells. For the expression of
human CLRNI minigenes in the mouse retina, the 2/8YF capsid

variant was used.” rAAVs produced as described

28,50

were
previously.

hRPE Cell Culture and Transduction

The hRPE cells were a gift from the LMU University Eye Hospital in
Munich, Germany. The cells were cultivated in DMEM GlutaMAX
high-glucose (4.5 g/L) medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) containing 10% FBS (Biochrom, Merck, Darm-
stadt, Germany) and 1% penicillin/streptomycin (Biochrom, Merck,
Darmstadt, Germany) at 37°C and 5% CO,. The cells were trans-
duced with 7M8 rAAVs with a multiplicity of infection (MOI) of
100,000. The medium was replaced after 48 h and cells were harvested
7 days post-transduction.

Subretinal Injections and RT-PCR

1 pL containing 10'° viral particles and 27.6 pig of AON2.2 was deliv-
ered subretinally via a single injection into 6-month-old C57BL/6]
wild-type mice. Correct subretinal application was confirmed by tran-
sient retinal detachment during the injection. Four weeks post-injec-
tion, the retinas were harvested and further processed for RNA isola-
tion. Two retinas were pooled per construct. RNA isolation and
cDNA synthesis were performed as described above. For cDNA syn-
thesis, 1 pug of total RNA was used. For RT-PCR, the Q5 polymerase
(New England Biolabs, Ipswich, MA, USA) was used according to the
manufacturer’s instructions, and minigene-specific primers were
used to avoid amplification of endogenous Clrnl.

gRT-PCR

qRT-PCR was performed on the StepOnePlus real-time PCR system
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA)
using the SYBR select master mix (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions. The expression of CLRNI was normalized to
the housekeeping gene B-actin (ACTB) to obtain the ACt value. A
higher ACt value reflects a lower gene expression with respect to
ACTB. For quantification of the different CLRNI minigene-borne
splice isoforms, the expression was normalized to ACTB and to the
overall expression of the transfected plasmid to avoid artifacts due
to potential differences in the transfection efficiency.

Statistical Analysis

All values are given as mean + SEM. The number of replicates (n) and
the used statistical tests are indicated in each figure legend for each
experiment.
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