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Usher syndrome (USH) is a rare autosomal recessive disease
and the most common inherited form of combined visual
and hearing impairment. Up to 13 genes are associated with
this disorder, with USH2A being the most prevalent, due
partially to the recurrence rate of the c¢.2299delG mutation.
Excluding hearing aids or cochlear implants for hearing
impairment, there are no medical solutions available to treat
USH patients. The repair of specific mutations by gene editing
is, therefore, an interesting strategy that can be explored using
the CRISPR/Cas9 system. In this study, this method of gene
editing is used to target the c.2299delG mutation on fibroblasts
from an USH patient carrying the mutation in homozygosis.
Successful in vitro mutation repair was demonstrated using
locus-specific RNA-Cas9 ribonucleoproteins with subsequent
homologous recombination repair induced by an engineered
template supply. Effects on predicted off-target sites in the
CRISPR-treated cells were discarded after a targeted deep-
sequencing screen. The proven effectiveness and specificity
of these correction tools, applied to the ¢.2299delG patho-
genic variant of USH2A, indicates that the CRISPR system
should be considered to further explore a potential treatment
of USH.

INTRODUCTION

Usher syndrome (USH) is an autosomal recessive disease involving
sensorineural hearing loss, retinitis pigmentosa (RP), and, in some
cases, vestibular dysfunction. It is a rare disorder with a prevalence
ranging from 3 to 6.2 per 100,000 and it is the most common genetic
cause combining hearing and vision loss,' for which no clinical
treatment is presently available. Three clinical forms of the disease
can be distinguished according to severity and progression: USH
type I (USH1), type II (USH2), and type III (USH3), with USH
type II (USH2) being the most frequent clinical form. This type is
defined by congenital moderate-severe hearing loss and RP of post-
pubertal onset."

USH is clinically and genetically heterogeneous, since it is associated
to date with 13 genes.2 However, more than 50% of USH cases,**
as well as 8% of non-syndromic autosomal recessive RP (ARRP)
patients,‘3 harbor mutations in the USH2A gene, which is therefore
the principle gene responsible for both diseases. This is due, in part,
to the high prevalence of two mutations located 22 bp from each other
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in exon 13: ¢.2299delG/p.E767Sfs*21, which accounts for up to 31% of
USH2 cases, and ¢.2276G>T/p.C759F, which is found in approxi-
mately 4.5% of ARRP cases.”’

The large size, up to 15 kb, of the USH2A coding sequence
(GenBank: NM_206933) makes it difficult to develop a gene sub-
stitution therapy for patients with mutations in this gene. In
addition, more than one essential isoform of the USH2A gene is
expressed in the retinal tissue, and augmentation therapy by deliv-
ery of one single cDNA would be insufficient.® Nevertheless, a
suitable alternative now exists: genetic correction using gene edit-
ing strategies such as the CRISPR/Cas9 system, which holds enor-
mous promise for in vivo and ex vivo genome editing-based
therapies.” "> Furthermore, the close proximity of the two highly
prevalent mutations in exon 13 of USH2A is convenient for using
this particular technology.

CRISPR-associated endonuclease Cas9 protein is an up-to-date
technology that has recently been implemented for use in a broad
spectrum of cell types and model organisms.'*'’ The system
comprises two primary elements that form the RGEN (RNA-guided
engineered nucleases) complex:'®'” namely, the Cas9 nuclease and
a single guide RNA molecule (sgRNA or guide RNA) (Figure 1A).
The latter is specifically designed to be complementary to the target

locus (Figure 1B).

Upon cleavage by Cas9, the target locus typically undergoes one of
two major pathways for DNA damage repair: the error-prone non-
homologous end joining (NHE]) or the homology-directed repair
(HDR) pathway,zo’21 both of which can be used to achieve the desired
editing outcome. In the absence of a repair template with identical
homologous flanking ends, the HDR pathway cannot be employed.
Thus, double-stranded breaks (DSBs) are re-ligated by means of the
NHE] mechanism, leaving scars in the form of insertion/deletion
mutations (indels), which indirectly represent the Cas9 cleavage
efficiency.
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Figure 1. Diagram Showing the CRISPR Construct Designs for the USH2A Locus Editing

(A) Exon 13 of USH2A highlighting the location of mutations ¢.2299delG and ¢.2276G>T, as well as the four different sgRNAs (blue) selected to target the locus. Red boxes
indicate PAM sequences 3'-adjacent to the sgRNAs. (B) The CRISPR/Cas9 system relies on the Cas9 nuclease and the sgRNA, and this last molecule consists of two RNA
domains: crispr RNA (crRNA), which is specifically designed to be complementary to the target locus (blue), and trans-activating crRNA (tracrBNA), which is more a structural
part for the binding with the nuclease (purple). The scheme represents the Cas9 endonuclease-sgRNA-1 complex (RGEN-1): the RNA couples with Cas9 endonuclease
(green outline), forming the complex known as RGEN (RNA-guided engineered nucleases), and guides it to the sgRNA complementary sequence of the target DNA through
Watson-Crick base pairing, enabling the Cas9 to produce a double-stranded break (DSB) in the DNA (red arrowheads). In addition, in order for the Cas9 to recognize and
site-specifically cleave the DNA, a specific short pattern needs to be present 3'-adjacent to the target sequence: the protospacer adjacent motif (PAM), consisting of the

3 bases 5'-NGG (shown in red).

Due to its high efficacy and simple design, we have employed the
CRISPR/Cas9 system in this study for USH2A gene manipulation,
with the aim of repairing the most prevalent mutations present in
this gene. Through this study, the locus where the mutations
€.2299delG and ¢.2276G>T in exon 13 of USH2A are located has
been edited.

RESULTS

USH2A Exon13 Editing in HEK293 Cells

The aim of this study was to set up a CRISPR toolkit to correct the
€.2299delG and ¢.2276G>T mutations in cells from patients
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harboring these mutations. Editing primary cell lines is known to
be difficult. For that reason, the broadly used HEK293 cells were
selected for the first trial, since they are easy to handle and transfect.
However, this cell line presents a wild-type (WT) genome; to over-
come this problem, a decision was made to reverse the strategy by
introducing the ¢.2299delG and ¢.2276G>T mutations in these cells
instead of their correction.

Four different 18-nt-long RNA guides (sgRNAs) were designed to
drive Cas9 to the target exon 13 of the USH2A gene, where mutations
€.2299delG and ¢.2276G>T are located. Two were set on the positive
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Figure 2. CRISPR Assay on HEK293 Cells
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(A) Products of the T7E1 assay resolved on a 2% agarose gel. Green arrowheads indicate cleaved bands corresponding to the expected fragments resulting from
T7E1 cutting, the intensity of which is directly correlated to the indel frequency and therefore for Cas9 on-target activity. Untreated genomic DNA from the same HEK293
cells used for transfections was used as a negative control, where only the intact band can be observed. (B) Chromatograms showing the result of Sanger sequencing of
PCR products obtained after amplifying genomic DNA, and subcloned into a plasmid for E. coli transformation, from cultures transfected with RGEN-1 at 3 pg. The
indels shown here are produced by NHEJ repair. The indel frequency was established by comparison with the wild-type (WT) reference sequence. Red arrowheads point
out the most probable cutting position on the sgRNA sequence (bold characters), 3-4 bp upstream of the PAM sequence (shown in red). NHEJ results in small deletions
(bold green dashes) or in insertions (green bold characters). The chromatogram illustrates an example of the first NHEJ event with a G insertion framed in the blue

background.

strand (sgRNA-1 and sgRNA-2) and two were set on the negative
strand (sgRNA-3 and sgRNA-4) (Figure 1A). These sequences were
cloned into the pX330 vector containing all the primary elements
of the CRISPR system.'*

The resultant constructs were transfected into HEK293 cells. 48 hr
post-transfection, the cells were lysed to extract the genomic DNA
(gDNA) and analyze the cleavage efficiency of each sgRNA by the
T7-endonuclease I (T7El) assay. Results from the T7El assay
demonstrated that the four Cas9-sgRNA plasmids exhibited cleav-
age activity at both DNA concentrations used (1 pug and 3 pg) (Fig-
ure 2A). However, transfection with 3 ng DNA produced better
results: sgRNA-1 had around 40% and 53% on-target cleavage effi-
ciency at transfection concentrations of 1 pg and 3 pg, respectively.
The sgRNA-2 was almost as effective, with 30% on-target activity
with 1 pg product transfection and 52% with the higher dose.
The sgRNA-4 showed similar results to sgRNA-1, with 39% cleav-
age efficiency at 1 pg transfection and 54% after the concentration
increase. Finally, sgRNA-3 was the less effective construct, with a
cleavage activity below 10% for both conditions. The efficiency of
the sgRNA-1 (3 ng) was confirmed through Sanger sequencing of
the clonal isolated amplicons (Figure 2B),** presenting a cleavage
activity of 62% based on the indel mutations detected in these
sequences.

To introduce the ¢.2299delG and ¢.2276G>T mutations in WT
HEK293 cells through the HDR major DNA repair pathway, the
sgRNA-1 construct was selected, since it had shown a higher activity
and is located closer to the mutations. HDR typically occurs at lower
and substantially more variable frequencies than NHE]J; neverthe-
less, it can be used to generate precise, defined modifications at a
target locus in the presence of an exogenously introduced repair

template.'”>> A repair template in the form of a single-stranded oli-
godeoxynucleotide (ssODN) was utilized (Figure 3A), which pro-
vides an effective and simple method for making small edits in
the genome.”>”**° HEK293 cells were separately transfected with
3 pg sgRNA along with an ssODN carrying either the ¢.2299delG
mutation (ssODN-2299) or the c.2276G>T mutation (ssODN-
2276). In addition to the specific mutation, the designed ssODNs
had a change in the protospacer adjacent motif (PAM) sequence
to remove the sequence pattern, consisting of a silent mutation (a
G to C transversion) that lacked splicing alterations based on
computational prediction tools. This introduced a restriction site,
which is useful for a restriction fragment length polymorphism
(RFLP) analysis of the genomes of the edited cells.

The analysis by digestion with MIsI of the PCR products of exon 13
from gDNA from targeted cells showed considerable results of
HDR for both construct-template combinations. These products
were resolved through RFLP analysis and subsequent image quantifi-
cation through relative band intensities. When using ssODN-
2299delG, HDR efficiency reached 16%, whereas co-transfection
with ssODN-2276 showed 12% effectiveness (Figure 3B).

Correction of the ¢.2299delG Mutation in Fibroblasts

Human dermal fibroblasts (HDFs) were isolated from an USH2 pa-
tient carrying the ¢.2299delG mutation in homozygosis, as well as
from two healthy control patients. Unfortunately, cells carrying the
¢.2276G>T mutation in homozygosis could not be obtained.

The CRISPR activity in control fibroblasts using the DNA constructs
was undetectable (data not shown); hence, we used ribonucleoprotein
(RNP) complex delivery, consisting of purified Cas9 protein coupled
with the in vitro transcripted (IVT) sgRNA. A combination of 15 pg
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Figure 3. Exon 13 Is Efficiently Edited in HEK293 Cells with sgRNA-1

(A) Diagram depicting the targeted region and the two specific ssODNs used as an exogenous template for repair. The 193-nt-long ssODN-2299 is shown above, highlighting
the guanine deletion corresponding to the ¢.2299 position. Below, the 197-nt-long ssODN-2276 presents a similar composition, but with ¢.2276G>T change instead of the
€.2299delG. The diagram also displays the silent mutation ¢.2292G>C placed in both ssODN designs. This variant is located in the PAM sequence to avoid recognition of the
target by the sgRNA, and, therefore, to be cleaved by Cas9. Moreover, this variant creates the new recognition site for the Misl restriction enzyme for the edition detection. (B)
RFLP results of HEK293 transfection with 3 pg sgRNA-1 together with 10 pmol of the ssODN including either the mutation ¢.2299delG or ¢.2276G>T. Green arrowheads

indicate fragments cut by the restriction enzyme Misl.

Cas9 and 20 pg sgRNA-1 was transferred to control HDFs as RNP
complexes by nucleofection obtaining an indel frequency of 18% (Fig-
ure 4A). The subsequent edition attempt using co-delivery of RNPs
with ssODN-2299 resulted in 5% HDR efficiency (Figure 4B).

In view of the promising results, the same process was performed on
€.2299delG patient HDFs using an ssODN with a WT sequence and
the PAM sequence ablated (ssODN-WT) (Figure 4C). An indel fre-
quency of 6% and an HDR mutation correction of 2.5%, according
to image quantification, were achieved (Figures 4A and 4B).

Analysis of Edition Rates Using High-Throughput Sequencing
Cas9 presents a certain capability to cleave on DNA sites differing
from some nucleotides in the sgRNA sequence,”’ causing collateral
off-target mutations that should be taken into consideration.

The resulting potential off-target ensemble obtained from the in silico
prediction tools consisted of a total of 21 off-targets (Table 1) to be
screened through high-throughput sequencing, since the T7E1 assay
is only sensitive to mismatches above 1%.”"
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Amplicon deep sequencing of the treated cells using the Illumina
MiSeq platform allowed for the validation of on-target Cas9 cleavage
by indel detection, as well as the effective ¢.2299delG mutation correc-
tion by HDR (Figure 5). Reads inspection exposed 20.1% of the spe-
cific target cleavage and 1.7% of direct edited sequences harboring
only the two directed variants included in the ssODN-WT design
(c.2299insG and ¢.2292G>C). Furthermore, some sequences present-
ing only one of the two variants were detected and these were consid-
ered as partially edited.

On the other hand, no detectable off-target activity was identified
for almost all potential loci, since no significant number of reads
with indels on the potential cutting area was tracked. Unfortu-
nately, sequences from one of the tested loci (SLX4IP locus)
were not captured by the sequencing platform; therefore, no
data could be obtained from this region. Nevertheless, this region
presents a minor site recognition probability according to the
ranking list (Table 1) and since none of the other targets showed
cleavage activity, it seems unlikely that this locus should behave
otherwise.
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Figure 4. Editing of HDFs

(A) T7E1 assay resolved on a 2% agarose gel with HDF amplification products, noting the cleaved fragments corresponding to indels (shown with green
arrowheads). Untreated genomic DNA from the same HDF cells used for transfections was used as a negative control, where only the intact band can be appreciated. (B)
RFLP assay results of the HDF transfection with 15 ng Cas9 and 20 pg sgRNA-1 with 500 pmol of the ssODN with the wild-type sequence lacking the PAM. Green
arrowheads show fragments cut by the restriction enzyme Misl. (C) Scheme depicting the targeted region and the 194-nt ssODN-WT with the guanine restoration on the
€.2299 position. The silent mutation ¢.2292G>C was included in the ssODN design in order to prevent Cas9 cleavage as well as the Misl target sequence for the edition

detection by RFLP.

DISCUSSION

USH is a disorder that heavily impairs the social and cognitive
development of patients, since nowadays in developed countries
communication is based on media. This is a major handicap for
people with hearing and vision problems, interfering with their
educational and intellectual development and eventually leading
to a hampering of professional integration. To date, there is no
medical treatment except hearing aids or cochlear implants for
audiological disabilities, so new therapies are being explored to
cure or alleviate RP symptoms. Gene replacement therapies could
be a potential treatment if it were not for the large size of
USH2A. The limited cargo capacity of the most widely used viral
vectors such as adeno-associated viruses (AAVs) could be bypassed
using helper-dependent adenoviruses (Hd-Ads) or herpes simplex
viruses (HSVs) as gene carriers that are able to accommodate larger
sequences, with respective cargo limits up to 36 kb and 150 kb.**~*'
However, these viral vectors have particular restrictions that directly
concern this case study. Hd-Ad and HSV have been reported as
transducing primarily the retinal pigment epithelium (RPE) but in
a very limited way or not at all the photoreceptors (PR),”>** apart
from some Ad engineered vectors without a persistent transgene
expression that require systematic infections with the construct.”
In addition, the large size of these vectors makes trespassing
through the inner plexiform layer very difficult, not permitting in-
travitreal administration but only the more invasive subretinal
injection.

A genome editing therapeutic approach could be a suitable alternative
to safely correct the specific mutations of each patient. Various
genome editing technologies have emerged in recent years, including
zinc-finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENs), and the CRISPR/Cas9 nuclease system. The first
two technologies use a strategy of tethering endonuclease catalytic
domains to modular DNA binding proteins for inducing targeted
DNA DSBs at specific genomic loci.”” By contrast, Cas9 is a nuclease
guided by small RN As through Watson-Crick base pairing with target
DNA, representing a system that is markedly easier to design, highly
specific, and efficient for a variety of cell types and organisms.*®
Using a direct mutation repair strategy like engineered nucleases rep-
resents a new panorama for future therapies. In this study, the most
prevalent mutation involved in USH, ¢.2299delG, has been edited.
This mutation is responsible for USH in a considerable number of
patients.

This study has demonstrated successful targeting of exon 13 of
USH2A in HEK293 cells with CRISPR, allowing for the editing of
the locus to introduce the ¢.2299delG and ¢.2276G>T mutations.
However, the approach utilizing DNA constructs was unsuccessfully
transferred to control HDFs, most probably due to the hard-to-trans-
fect feature of the fibroblasts, in addition to the fact that the isolated
cells are not neonatal but are from adult donors. This issue was
addressed by transferring the RGEN designs from plasmids to
pre-assembled Cas9-sgRNA (RNPs) cell delivery, a method that offers
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Table 1. Selection of In Silico Potential Off-Targets for sgRNA-1

Position® Gene Locus Type Sequence Strand Mismatches Bulge Size
chr13:36343748 SPG20 intronic TTaTcCAATCCTCACTCTTGG positive 2 0
chrX:31429579 DMD intronic TTCTGgAATgCTCACTCTGGG negative 2 0
chr1:63817856 RORI intronic TTCTGCAtTCCTCcCTCTTGG positive 2 0
chr3:60966504 FHIT intronic TTCTGCACTCCTCACgCTGGG positive 2 0
chr5:168083516 TENM2 intronic TTCTGCAATgCTCACaCTGGG positive 2 0
chr8:98710205 STK3 intronic TTCTGCAATgCTCACgCTGGG negative 2 0
chr2:161421064 TBRI intronic TTCTGCAATtCTCACTCaGGG positive 2 0
chr5:64594732 RGS7BP exonic TTtTGCAATCCaaACTCTTGG negative 3 0
chr11:64851825 EHDI UTR TTCgGCAgTCCTCAGTCTCGG positive 3 0
chrX:24006521 KLHLI5 exonic TTCTGaAgTaaTCACTCTGGG positive 4 0
chr15:81827587 - intergenic TTCTGCAATCCTCASCTCTTGG positive 0 1
chr11:62715832 HNRNPUL2-BSCL2 intronic TTCTGC-TCCTCACTCTGGG negative 0 2
chr17:997306 TIMM?22 exonic TTCTGC-TCCTCACTCTTGG negative 0 2
chr17:63411113 TANC2 intronic TcCTGC-ATCCTCACTCTTGG negative 1 1
chr5:135075878 C5orf66 intronic TT-TGCAATtCTCACTCTGGG positive 1 1
chr2:52242405 LOC730100 intronic TTCTGCAATtC-CACTCTTGG positive 1 1
chr2:159450247 BAZ2B intronic TTCTGtAATCCTCACT*CTCGG positive 1 1
chr2:89267421 IGKV1-33 intronic TTCTGCAGTCCTCAC-CTCGG negative 1 1
chr2:89915107 IGKV1D-33 intronic TTCTGCAGTCCTCAC-CTCGG positive 1 1
chr16:7651515 RBFOX1 intronic TTCTGCAAcCCTCAC-CTGGG positive 1 1
chr20:10492244 SLX4IP intronic TTCTGCAATCC-CACTCcAGG negative 1 1

Position, chromosomal coordinates according to GRCh38 (Genome Reference Consortium Human Build 38); lower-case letters, mismatches; superscripted characters, DNA bulge
position; dashes, RNA bulge position; and bulge size, the presence of a bulge and the size of the loop.
Off-targets are arranged according to the recognition probability based on the mismatch-bulge display and proximity to the PAM. In the case of equal conditions, a chromosomal

position numerical order is applied.

a host-transcriptome-free option. This method has previously been
reported as an efficient alternative that also provides the advantage
of a reduction in off-target events because of the short lifespan of these
RNP complexes, compared to the continuous expression of the ele-

ments providing plasmid transfection.”*’

In this project, high indel frequencies were achieved with 3 of the 4
designed sgRNAs in HEK293 cells. sgRNA-3 is the only construct
showing low cleavage activity, which may be due to the locus accessi-
bility. Structural or epigenetic arrangements such as methylation
patterns have previously been reported to hinder Cas9-sgRNA attach-
ment to the DNA.*"** Other studies suggest that sgRNAs targeting
the active strand show a higher cleavage efficiency compared to those
targeting the inactive strand.*’ Nevertheless, if we accept this state-
ment, sgRNA-4 should have shown a lower NHE] efficiency instead
of rates similar to sgRNA-1 and sgRNA-2. We suspect that the
sgRNA-3 failure could be affected by any of these phenomena or by
other still unknown aspects regarding the CRISPR/Cas9 system.

Substantial editing rates were achieved on HEK293 and more limited

percentages on HDFs. Editing differences between the fibroblasts of
the control (18% indel and 5% HDR) and USH patients (6% indel

534 Molecular Therapy: Nucleic Acids Vol. 8 September 2017

and 2.5% HDR) may be due to a survival detriment associated with
the ¢.2299delG mutation, but other explanations cannot be ruled
out. The discrepancies between the RFLP and the deep-sequencing
rates have led to further analyses being performed with the next-
generation sequencing (NGS) data, resulting in interesting findings.
A small number of sequences presented either ¢.2292G>C silent
change or ¢.2299G insertion in equal proportions (0.8% each), sug-
gesting that HDR is rendered in some cases with one end of the
template or the other. Partially edited fractions with only the PAM
change would be recognized in the RFLP assay, since the MIsI target
sequence would be generated as well. Therefore, when we compute
this rate (0.8%) along with the absolute edited cells registered by
deep sequencing (1.7%), the percentage approximates to the results
obtained by RFLP (2.5%). Similarly, the partially edited cells for
only the ¢.2299delG repair (0.8%) could be taken into account along
with the whole edited sequences number (1.7%), inferring a 2.5% rate
of mutation correction (Figure 5). These data, therefore, show
evidence of in vitro genomic editing of the pathological mutation
€.2299delG in fibroblasts from patients. It has to be noted that
HDFs are considered to be refractory to transfection, so that the exog-
enous DNA is rapidly excluded from the nucleus hindering HDR.** In
addition, HDFs from adult skin biopsies are less pliant than those
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AACAAATTCTGCAATCCTCACTCTGGGCAGTGT- AGTGCAAAAAAGAAGCC| |
AACAAATTCTGCAATCCTCACTCTGGECAGTGTIEAGTGCAAAAAAGAAGCC]]
AACAAATTCTGCAATCCTCACTCTGGMCAGTGTIAGTGCAAAAAAGAAGCC|]
AACAAATTCTGCAATCC — CTCTGGGCAGTGT- AGTGCAAAAAAGAAGCC |

AACAAATTCTGCAATCCTCA—CTGGGCAGTGT- AGTGCAAAAAAGAAGCC
AACAAATTCTGCAATCCT —— GGGCAGTGT- AGTGCAAAAAAGAAGCO
AACAAATTCTGCAATCCTCACCCTCTGGGCAGTGT- AGTGCAAAAAAGAAGCC
AACAAATTCTGCAATCCTCACTCTGGGCAGTGT[BAGTGCAAAAAAGAAGCC
AACAAATTCTGCAATCCTCACTCTGGMCAGTGT- AGTGCAAAAAAGAAGCC

REFERENCE SEQUENCE

Ly INTACT

- EDITED (HDR) 1.7%

> DELETIONS (NHEJ) 12.9%

INSERTIONS (NHEJ) 3.9%

PARTIALLY EDITED (c.2299) 0.8%

PARTIALLY EDITED (PAM) 0.8%

Figure 5. Deep Sequencing of the HDFs Transfected with RGEN-1 Plus ssODN-WT

Representation of real sequencing reads mapped against the USH2A locus, showing examples of the different editing possibilities obtained with RGEN-1: Cas9-specific
action is appreciated by the small insertions (bold superscripted characters) or deletions (bold dashes) upstream of the PAM sequence, due to the NHEJ repair mechanism.
Directed editing events of the exon 13 of USH2A are represented by sequences that contain the ¢.2299delG mutation correction, as well as the silent G>C transversion in the
PAM sequence (directed changes highlighted in black background). Sequences with only one of the aimed changes are considered partially edited. RGEN-1 cleavage
efficiency is estimated as the number of all sequences that are different from the reference sequence of the patient (20.1%; i.e., the sum of the edited, partially edited, and
indel carrying sequences). Reads identical to the reference sequence correspond to intact cells where Cas9 had no cleavage activity.

used in other studies from newborn cell lines, where authors achieve
similar or lower editing rates.>”*” For that reason, we consider that
our knock-in results are high compared with those described in the
literature, giving grounds for optimism for future therapeutic imple-
mentation of this technology in USH.

Concerning the cleavage frequency differences observed in the HDFs
of the USH patient (6% in the T7E1 assay versus 20.1% in the deep-
sequencing results; Figures 4A and 5, respectively), these are thought
to be due to the correction equation used to calculate the indel per-
centage based on the T7E1 assay (see the Materials and Methods),
which may be excessively conservative. If we do not use this formula,
the cleavage efficiency on HDFs increases from 6% to 12%, resem-
bling more the 20.1% count based on deep-sequencing data.

The retina has emerged as an increasingly promising tissue for
genome editing-based and cell transplantation therapies, owing to
its unique features as a surgically accessible, immune privileged organ
that can be non-invasively imaged. The development of site-specific
CRISPR-based genome editing approaches to correct the genetic mu-
tation causing blindness will provide potential strategies for future
gene therapy in patients.

There are a number of researchers carrying out preclinical studies us-
ing induced pluripotent stem cells (iPSCs) or photoreceptor cells for
transplantation in the retina,”>*® but these approaches still have lim-
itations. In the case of autologous transplants, the replacement cells
still carry the mutations responsible for the pathology and are thus
a short-term solution. Otherwise, the use of donor cells carries the

usual risk of tissue rejection.”>*® Another alternative strategy would
be to use the CRISPR/Cas9 system on the iPSCs prior to transplanta-
tion in order to deliver repaired self-donated cells into the retina.””*’
However, producing and maintaining iPSCs from fibroblasts is
expensive and time-consuming; therefore, attempting gene targeting
in these cells may not be affordable for laboratories lacking the neces-
sary expertise. With reference to this issue, several groups have
claimed successful iPSC-derived photoreceptor progenitor (PhRP)
transplantations in animal models, which form functional synapses
with the host bipolar cells and partially restore visual function based
on electrophysiology and anatomical diagnosis.”’” In contrast,
feasible visual recovery on human translation still remains unproven
and many questions need to be answered before these techniques can
be transferred to clinical trials for RP patients.

An ultimate option would be the in vivo photoreceptor targeting with
CRISPR and, for that purpose, different methods are currently being
tested such as AAV-based delivery strategies or even other carriers for
RNPs like nanoparticles, cell-penetrating peptides, exosomes, or lipo-

53-61
somes.” °

Utilizing these non-viral vehicles for delivery would likely
lead to a less toxic approach, also allowing for the benefit of preserving

the previously designed RNP protocol from the present study.

The HDR rate achieved in this study with HDFs is still too low to be
considered for an in vivo procedure. Other strategies that should be
investigated for increasing HDR efficiencies have been developed in
recent years, such as the use of chemically modified or asymmetric
ssODNs or the addition of NHE] inhibitors to the culture me-
dium.*>"** Another controversial issue worth considering is the fact
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that post-mitotic cells are considered as lacking the HDR-mediated
repair mechanism,” yet recent studies have detected HDR in retinal
pigment epithelial cells and developed adult photoreceptors.®
Nevertheless, even if HDR is considered as non-active, it has also
been demonstrated that non-dividing cells do have a repair mecha-
nism in the form of transcription-coupled homologous recombina-
tion,” enabling a repair pathway through an RNA template instead
of ssODNs. The only major hindrance in using this technique would
be the remote chance of introducing a mutation at potential off-target
sites, thereby resulting in oncological consequences. However, the
design of this project indicated no evidence for off-target activity
from the final treated cells. In addition, some studies relating
to this dilemma have recently been published, offering improved
Cas9 engineered versions with an off-target reduction, such as
eSpCas9(1.1) or SpCas9—HFl."6‘67 NHE] repair would still outline
HDR, but since USH is an autosomal recessive disease and both
gene alleles are already nonfunctional, the possible non-repaired indel
scar would have a neutral impact on the photoreceptor phenotype of
the patients.

Some attempts to correct the underlying genetic defect of USH, such
as the use of antisense oligonucleotides (AONs) or cDNA supplemen-
tation,*>* are ongoing. Furthermore, a study was recently published
where the visual function of an RP animal model seemed to be
restored after correcting the genetic cause by CRISPR/Cas9 tech-
niques.”’ In conclusion, the present study demonstrates for the first
time that correcting the two most prevalent mutations of USH is
feasible using the CRISPR/Cas9 system and homologous recombina-
tion, thereby offering future promise for repairing these and other
mutations in cells from patients.

MATERIALS AND METHODS
This study was approved by the University Hospital La Fe Research
Ethics Committee.

Design of the sgRNAs

Four different sgRNAs (more specifically, the crRNA domain) were
designed according to the following criteria: close location to the
mutation(s); following PAM at the 3’ end; and 18-nt length, since it
has been demonstrated that a 2-nt shortening in the sequence length
brings higher specificity rather than the initially proposed 20-nt
design.”!

Plasmid Constructions

The sgRNA consists of two RNA domains: crispr RNA (crRNA),
which is specifically designed to be complementary to the target locus,
and the constant trans-activating crRNA (tracrRNA), which is
required for coupling with the Cas9 nuclease.

In order to create each Cas9-sgRNA construct, crRNAs were cloned
in pX330-U6-Chimeric_BB-CBh-hSpCas9 (a gift from Feng Zhang,
plasmid no. 42230; Addgene). The two opposite BbsI restriction sites
were used to insert the guide under the control of a U6 promoter and
were then linked to the tracrRNA sequence. For this purpose, self-
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complementary oligonucleotides (Integrated DNA Technologies,
IA, USA) with the corresponding crRNA sequences were annealed
by gradual cooling with prior denaturalization at 94°C. The duplex
oligonucleotides with the crRNA sequences also presented cohesive
ends with the 3’ overhangs left after pX330 incubation with the
BbsI restriction enzyme, serving for the ligation of the insert-plasmid
with T4 DNA ligase (EL0014; Thermo Fisher Scientific, Waltham,
MA, USA). Top 10 Escherichia coli electrocompetent cells were
transformed by electroporation with each of the plasmid constructs
for their plate selection and amplification in liquid culture. The vec-
tors were purified using a HiSpeed Plasmid Midi Kit (no. 12643;
QIAGEN, Hilden, Germany) and were Sanger sequenced to verify
the correct cloning of the specific crRNA inserts.

HEK293 Cell Culture and Transfections

HEK293 cells were maintained at 37°C and 5% CO, in DMEM high
glucose without L-glutamine without sodium pyruvate medium
(Biowest SAS, Nuaillé, France) supplemented with 10% fetal bovine
serum (FBS) (Biowest) and 1% penicillin-streptomycin (PS) solution
100x (Biowest).

For the functional validation of the RGEN activity, 5 x 10° HEK293
cells were separately transfected with each of the plasmid constructs
at 1 pg and 3 pg concentrations using Lipofectamine 3000 (no.
L3000001; Invitrogen, Carlsbad, CA, USA).

For the directed edition, 3 1g RGEN was delivered to 5 x 10° HEK293
cells along with 1 pL of the pertinent ssODN at 10 pM (10 pmol). Par-
allel GFP transfections were carried out in all transfection assays as
positive controls. All experiments were assayed in duplicate.

T7-Endonuclease 1 Assay

The widely used T7-endonucelase I assay targets and digests hetero-
duplexes formed by hybridization of mutant WT strands resulting in
two smaller fragments,72 and this method was performed to assess
sgRNA-specific activity.

After transfection, cells were incubated for 48 hr. The cells were
then pelleted and resuspended in 10 pL PBS. For lysis, 20 pL lysis
buffer (0.3 mM Tris/HCl, 0.6 mM CaCl,, 1.5% glycerol, 0.675%
Tween 20, 0.3 pg/uL proteinase K, and 0.954% H,0) were added
and the suspension was treated at 65°C for 30 min, 90°C for
10 min, and then cooled for 4°C. Finally, 30 pL H,O was added
to the lysed product. The target locus was amplified for 35 cycles
with specific forward (5-GGCATTGCTTGTGAGAAAACAC-3')
and reverse (5'-CAGATGTGTGAGTGTGATTCCT-3') primers tar-
geting exon 13 of the USH2A locus with KAPA HiFi HotStart DNA
Polymerase (no. KK2501; Kapa Biosystems, Wilmington, MA,
USA). These PCR products were gel purified using the E.ZN.A. Gel
Extraction Kit (no. D2500-02; Omega Bio-tek, Norcross, GA, USA).
For heteroduplex formation, 200 ng purified DNA amplification
was denatured and then reannealed using the following program:
95°C for 5 min, ramp down to 85°C at —2°C/s, and ramp
down to 25°C at —0.1°C/s. At this step, 1 pL T7 endonuclease I
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(no. M0302S; New England Biolabs, Ipswich, MA) was added to the
mix and incubated for 15 min at 37°C. The reaction was stopped by
adding 2.5 pL of 0.20 M EDTA. The digested product was immedi-
ately loaded on a 2% agarose gel and stained with SYBR Safe DNA
Gel Stain (no. S33102; Invitrogen). Indel frequencies were estimated
as previously described by calculating band intensities with Image]
(NIH) software and applying the following equation:

%indels =100 x <17 (1 ffcm)>,

where f.,; is the fraction cleaved, corresponding to the sum of
intensities of the cleaved bands divided by the sum of total band

intensities.”*”*

Design of the ssODNs

Single-stranded ODNss for the HDR were designed with 90-nt-long
homology arms, including the specific change (as for the mutation
of interest) in the core. Further changes with silent effect were incor-
porated in the template to prevent Cas9 from reiterated cleavage after
HDR, by means of the PAM sequence removal exchanging the last
guanine of the sequence for a cytosine nucleotide to escape Cas9
recognition. Several in silico web tools (Human Splicing Finder,”
NetGene2,”® and MaxEnt’”) were used to test the possible splicing al-
terations due to this synonymous nucleotide change, resulting in zero
predicted effects. The introduced variant also involved a new recogni-
tion site for the specific restriction enzyme MIsI (no. FD1214; Thermo
Fisher Scientific), which in turn aided RFLP analysis for the edition
testing. These long ssODNs were synthesized as Ultramer Oligonu-
cleotides (Integrated DNA Technologies).

RFLP Analysis for Edition Testing

gDNA extraction, target amplification, and purification were per-
formed identically to the T7E1 assay. Digestion with corresponding
restriction enzymes was fulfilled according to the manufacturer’s in-
structions using 300 ng purified product and was subsequently
resolved on a 4%-20% high-resolution Tris-borate-EDTA (TBE)
polyacrylamide gel (no. 4561093S; Bio-Rad, Hercules, CA, USA),
following staining with SYBR Safe DNA Gel Stain.

Clonal Amplicon Sanger Sequencing

A PCR product obtained from the target locus was cloned using a
kit for sequencing purposes (TOPO TA Cloning Kit, no. K457502;
Thermo Fisher Scientific) and introduced in E. coli.

Sanger sequencing was used to sequence 45 individual colonies to
reveal the clonal genotype and thus the general indel frequency.

HDF Cell Culture and Transfections

Fibroblasts from WT controls and USH2 patients harboring the
€.2299delG homozygotic mutation were isolated from skin biopsies
and were maintained at 37°C and 5% CO, in Biowest DMEM high
glucose without L-glutamine, without sodium pyruvate medium sup-

plemented with 10% FBS, 1% Biowest PS solution 100x, and 1%
L-glutamine (no. X0550; Biowest).

Plasmid delivery trials were performed with several compounds:
namely, Lipofectamine LTX (Thermo Fisher Scientific), Lipofect-
amine 3000 (Thermo Fisher Scientific), NanoJuice (Merck Millipore),
polyethylenimine (Polysciences), Viromer (Lipocalyx), and Nucleo-
fector 4D (Lonza), parallel to pmaxGFP transfection as a positive
control. Neither the control GFP vector nor the CRISPR constructs
showed significant results; the former achieved less than a 10%
transfection efficiency with all the transfection products, except for
Lipofectamine 3000, which showed no GFP-positive cells at all
(data not shown). For that reason, the Cas9-sgRNA design was shifted
from DNA usage to the RNP strategy, according to protocols from
previous studies.””

For the RNP complexes, 15 pg purified Cas9 endonuclease (no.
MO0646T; New England Biolabs) was blended with 20 pug IVT synthe-
sized sgRNA (PNA Bio, CA, USA) by 10-min incubation at room
temperature with 1x Cas9 Nuclease Reaction Buffer (New England
Biolabs).

For HDF targeting, nucleofection assays were performed using
program DT-130 on the 4D-Nucleofector System (Lonza, Basel,
Switzerland). Premixed RNPs were added to 100 uL P2 nucleofection
solution where 2 x 10° HDFs had been previously resuspended for
the nucleofection. The same concentration was used for the directed
edition, together with 5 pL ssODN-WT at 100 uM (500 pmol) resus-
pended in the nucleofection solution. All experiments were assayed in
duplicate.

Analysis of Potential Off-Targets

For the off-target analysis, two free-access bioinformatic prediction
tools were used: Cas-OFFinder’® from RGEN tools and the WTSI
Genome Editing (WGE) tool from the Wellcome Trust Sanger Insti-
tute.”” These were used to search for algorithms for highly similar
sgRNA sequences throughout the genome. Algorithm parameters
were set for a maximum of 2 mismatches, 2 bulges, or the combina-
tion of 1 mismatch and 1 bulge. The bulges appear when insertions or
deletions are present in the DNA compared to the sgRNA sequence,
forming a DNA bulge in the case of an insertion and an RNA bulge in
the case of a deletion. The outcome of 45 potential off-targets was
filtered by selecting all bulge-involving loci and those with mis-
matches with a higher impact, meaning they were located in genes.
Two possible additional exonic off-targets were included despite
the higher number of mismatches, in view of the risky repercus-
sion. Putative off-target sites were ranked according to previous
studies, where the quantity and PAM proximity of the dissimilar-
ities have been proven to be a key factor for site recognition
probability.””%%!

High-Throughput Sequence Analysis

Deep sequencing with a 500-cycle v2 Nano Reagent Kit (Illumina, San
Diego, CA, USA) on a MiSeq platform (Illumina) was performed in
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Table 2. Locus-Specific Primer Sequences for MiSeq Deep Sequencing

Locus Name

5'-3' Forward Primer®

. b
5’-3’ Reverse Primer’

USH2A (on-target)

AGGGCTTAGGTGTGATCATTGC

TAGCATTACAGACAGTCCCAGG

STK3 TCATGCTCAGTGCACTGTAC CTCTGTTCACAGATGATATG
FHIT CTTCTCTTGACTAGGAAAGG CCACCATTTAAAAGCCTCCC
TENM2 TTGCACTTCCCAGATGAGGTG GGATATGAACTTTCTCCAACAC
ROR1 CAGAATTCCGATTTCTTGTCTC GCCCACCATTATAACATTTCAG
SPG20 GCAAAGATATAATGGACATGG TGACAGATAATCTTCTGATCC
TBR1 TGCTGGTGCCCTTTTCTTTAGG TGTCTCAGGCGCTCAATGTAAG
DMD AGAGGAACACACCAAATCTGG AGCCACGTATTTGTCTTTCC
RGS7BP CAGTGTTCTCAATGTCTGTGG TGACTCAAAGCATAGCCAACC
EHD1 CCTCTTAGTGTGTGCTTTGG AGTGGATGCTTCAGTTGCTG
KLHL15 ACATAAATTGCAGGACATGGC AGGATTCTGTTCCTCCATCC
Intergenic GTGCATACAAGAGTGGCTTG ACCCTTCTGGATGAAAGCTG
TIM22 TGGTCTTCTCGGCAGAGATC AAGCTCCGCTGCAGTACAGC
HNRNPUL2 CTCCATTTCTCTTCCAGTGG TGCGACACATCTTAGCTCG
C5orf66 AGTCTCTGAGAGGCTTTGGATG ACAGCTTGGGTGTTCAGAAACC
RBFOX1 CTAAGTGCACTACATGGTCACC ACTGCCAAGAAGAGCTTCTTCC
LOC730100 AAAGATTGACCTCAGAGCC GTAAATATGCTGCAGAGAC
IGKV1-33 TACAACTGCCAATCATGTGGTC AGAAACCCTATGCCTTCTCTGG
IGKV1D-33 ATAGAGAAGGTACAACTGCC CAGAAACCCTATGCCTTCTC
BAZ2B TGCTAAGGTAATCAAAGTG CTTTGAGAGAGTTTCACTC
TANC2 TGTGAGAATCCTCCACTTTGG ATGAGGTAGCAGTGAACTGTG
SLX4IP GGAAATTCTCATATGGCTGG GCTATTCCCAACAGTTTGTG

*Forward primers have appended the last 5’-3' 34 bases of the TruSeq adaptor sequence: TACACTCTTTCCCTACACGACGCTCTTCCGATCT.
PReverse primers have appended the first 3'-5' 34 bases of the TruSeq adaptor sequence: GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT.

order to precisely determine sgRNA-1 on-target activity in HDFs,
either NHE]J events or efficiently edited cells by HDR, and potential
off-target issues. For this purpose, in silico predicted off-target loci
and on-target regions from sgRNA-1 treated cell gDNA were ampli-
fied. Library preparation was fulfilled by a two-step PCR. The initial
PCR was performed with specific locus primers with flanking TruSeq
partial sequence adapters (Table 2). For the second PCR, primers with
TruSeq adaptor sequences overlapping with PCR1 primers were used.
The PCR products were pooled in equimolar amounts following
the manufacturer’s protocol. The sequencing yield exposed overall
coverage >50,000 for each target.

For the data analysis, CRISPResso®” was used applying the following
parameters: adaptor and 50-bp trimming, mean average quality 30
phred score, minimum (100) and maximum (400) paired end reads
overlap, and ignoring substitutions and hiding mutations outside
the NHE] region. The on-target locus was studied for cleavage and
edition quantification, considering all the reads with only the two
introduced variants (c.2299insG and ¢.2292G>C) as edited sequences.
The CRISPR system is supposed to cleave virtually 3-4 bp upstream
of any preceding PAM sequence,® yet the previous clonal amplicon
Sanger sequencing on HEK293 cells showed evidence repair scars
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that appeared displaced some bases from the canonic cutting spot
(Figure 2B). Therefore, a 10-bp window for the survey was estab-
lished, straying from the canonical cleavage point. A parallel custom
data analysis was performed and the results were equivalent to the
outcome from the CRISPResso tool. The number of cleaved se-
quences was calculated by the sum of reads with indels enclosed in
this frame and the number of edited cells that had been cleaved in
the first instance.
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