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Investigation of Base-Editing-Mediated Exon Skipping as a Potential

Gene Therapy for Usher Syndrome

Thuzar Thein, Nachiket Pendse, Rossano Butcher and Qin Liu

Abstract

Purpose: Usher syndrome (USH) is an autosomal recessive form of retinitis pigmentosa (RP) and the
majority of cases are caused by mutations in USH2A. Traditional gene replacement therapy cannot be
applied to treat USH2A as the 15.6kb coding sequence of USH2A far exceeds the packaging capacity of
commonly used adeno-associated virus (AAV) vectors. Previous studies have shown that in large
proteins with repetitive domains, skipping of mutant exons that encode repetitive domains and splicing
of the remaining adjacent exons that are in-frame lead to truncated proteins that retain full or partial
functions. In this preliminary study, we investigated if a CRISPR base editing (BE) approach can be
applied to edit USH2A splice sites in vitro to skip exons carrying disease-associated mutations to develop
potential treatment for USH2A-associated retinal degeneration.

Methods: Exons that harbor pathogenic USH2A mutations and whose neighboring exons are in-frame
with each other were first selected. USH2A constructs that skip selected individual exon were cloned
and the functions of the resulting truncated proteins were tested in in vitro culture of immortalized
mouse organ of Corti-derived epithelia cell line, OC-k1. To investigate the application of CRISPR base
editing approach to skip exons, human retinoblastoma cell line, WERI-Rb cells, were transfected with
CRISPR base editor and gRNA plasmids targeting the splice sites upstream of the exons intended to be
skipped. Transfected cells were FACS sorted, genomic DNAs were extracted, sequenced, and analyzed
for base editing. RNA extraction and RT-PCR were performed to characterize exon skipping.

Results: We cloned hUSH2A constructs that skip exon 24, 28, 56 or 62 and will assess their functionality
using Ush2a null OC-k1 cells that exhibited severe impairment of ciliogenesis. We identified base editor
and gRNA pairs that can edit splice acceptor sites of exon 24, 28, 56 and 62 of USH2A gene.
Conclusions: Targeted exon-skipped hUSH2A constructs were generated for analysis of truncated USH2A
protein function. CRISPR base editing approach could be applied to edit splice sites on USH2A. Further
experiments will be needed to determine if alteration of USH2A splice sites lead to exon skipping and if

skipping of exon 24, 28, 56 or 62 produces functional truncated protein products.
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Glossary of abbreviations

USH — Usher syndrome

RP — retinitis pigmentosa

AAV — adeno-associated virus

BE — base editor

IRD —inherited retinal disease

CRISPR — clustered regularly interspaced short palindromic repeat
Cas9 — CRISPR-associated nuclease 9

PAM — protospacer-adjacent motif

sgRNA —single guide RNA

NHEJ — non-homologous end joining

HDR — homology-directed repair

DSB — double stranded DNA breaks

WERI-Rb cells — human retinoblastoma cell lines that express USH2A

SAS — splice acceptor site



Section 1: Introduction

Retinitis pigmentosa (RP) is the most common group of inherited retinal diseases (IRDs), characterized
by progressive degeneration of rod photoreceptors followed by the loss of cone photoreceptors'-2.
Usher syndrome (USH) is an autosomal recessive syndromic form of RP, which is the most common
genetic cause of combined vision and hearing loss®. Based on the severity and progression of hearing
loss, the presence or absence of vestibular impairments and the onset of RP, USH is classified into three
types—USH type | (USH1) that is manifested as congenital severe-to-profound deafness, vestibular
areflexia and an early onset of progressive RP within the first decade of life, USH2 that is characterized
by congenital stable moderate-to-severe hearing loss, normal vestibular function and the onset of
progressive RP within the second decade of life, and USH3 that exhibits progressive, sporadic and

variable hearing loss, vestibular dysfunction and onset of RP>*,

USH2 accounts for ~70% of all Usher syndrome cases while ~85% of USH2 cases are caused by mutations
in USH2A. Approximately 30% of these USH2 cases with USH2A mutations are caused by the ¢.2299delG,
p.Glu767fs mutation in exon 13 of USH2A gene, which causes a frameshift at codon 767 resulting in a
premature termination or a splicing defect>®. Development of gene therapy for the USH2 has been
challenging because the full length CDS of USH2A (15.6kb) far exceeds the packaging capacity of
commonly used AAV viral delivery vectors for gene augmentation therapy’. The USH2A gene encodes a
transmembrane protein anchoring in the photoreceptor plasma membrane. There are multiple
repetitive domains, including 10 laminin EGF-like domains and 35 fibronectin type 3 domains at its N
terminus of USH2A8. The frame-shift mutation €.2299delG, p.Glu767fs is located in exon 13 in LE domain
5. Skipping of this exon 13 (642bp) will result in an in-frame abbreviated transcript USH2A-AEx13. A
previous study in Liu lab has demonstrated that this abbreviated USH2A-AEx13 retains the function of
USH2A protein®.

The system of the clustered regularly interspaced short palindromic repeat (CRISPR) and CRISPR-
associated nuclease (Cas)9 is a powerful genome editing tool that can provide targeted gene disruption,
alteration, or transcriptional regulation. Gene editing using the CRISPR-Cas9 system only requires three
components, the presence of a short sequence, roughly 3-8 bp (protospacer-adjacent motif (PAM)

adjacent to the target site, the endonuclease protein Cas9, and a customized piece of guide RNA



(sgRNA). The sgRNA binds to its complementary sequence at the target site in the genome. Cas9
nuclease then bind of DNA that base pairs with sgRNA and the adjacent PAM sequence, inducing a
double-stranded break. The double-stranded breaks are then repaired by either non-homologous end
joining (NHEJ) or homology-directed repair (HDR), allowing gene disruption or alteration in the
processeslo’“. The CRISPR-Cas9 system can be used to target nearly any location in the genome by

designing sgRNAs with complementary sequence to the region of interest with adjacent PAM sequence.

A previous study in Liu lab showed that CRISPR/Cas-mediated targeted deletion of Ush2a exon 13 in
mice with Ush2a exon 13 frameshift mutation led to the rescue of retinal and cochlear hair cell
degeneration®. We aim to study if targeted deletion of USH2A exon 24, 28, 56 and 62 respectively can
also generate truncated USH2A protein that retain the full-length protein function. The conventional
CRISPR/Cas9 gene editing generates double stranded DNA breaks (DSBs), often leading to random
insertions and deletions (indels), translocations, or other DNA rearrangements at the site of DSBs.
Recently, a catalytically impaired Cas9 variant (dCas9) has been fused to deaminase enzymes to
generate base editors that deaminate cytidine or adenine base at the target site to create C>T or A>G
transitions, without causing DSBs!?"14. We aim to apply the base editing strategies to alter splice
acceptor sites (AG) of USH2A exon 24, 28, 56 or 62 and to determine if targeted alteration of splice

acceptor sites can lead to skipping of the respective exon.

Section 2: Student Role

This is part of a larger project in Dr. Qin Liu’s lab. Thuzar performed most of the experiments mentioned

in this report except for the experiments on OC-k1 cells that were performed by Dr. Nachiket Pendse.



Section 3: Methods

Generation of Exon-skipped hUSH2A Constructs

Exon-skipped human USH2A (hUSH2A) constructs were cloned from full-length hUSH2A cDNA constructs
using NEBuilder HiFi DNA Assembly kit to generate direct in-frame fusion of the protein coding
sequences of the two exons adjacent to the exon to be skipped. Full-length hUSH2A cDNAs were
digested using unique restriction enzyme sites closest to the target exon to generate the backbone
fragment. The fragments from the restriction enzyme sites and the upstream or downstream exons
were PCR amplified. The backbone fragment and the two insert fragments were assembled using
NEBuilder HiFi DNA Assembly kit per the manufacturer’s protocol. For example, to generate exon 24-
skipped construct, the unique restriction enzyme sites closest to the upstream and downstream of exon
24 were PshAl and Avrll respectively. We used PshAl and Avrll to digest the full-length hUSH2A cDNAs to
generate the backbone fragment. We then PCR amplified the fragment from PshAl to the 3’ end of exon
23 as the upstream insert fragment 1 and the fragment from the 5’ start site of exon 25 to Avrll as the
downstream insert fragment 2. We then assembled the backbone and the two insert fragments
together to generate the exon 24-skipped construct that has the 3’ end of exon 23 splice to the 5’ start

site of exon 25.

In Vitro Functional Validation of Exon-skipped hUSH2A Constructs

Ush2a-null immortalized mouse organ of Corti-derived epithelia cells, OC-k1, have stunted cilia without
detectable axonemes. We transfected these cells with full-length and exon-skipped hUSH2A constructs
and cilia lengths were measured to determine if exon-skipped hUSH2A constructs could rescue

ciliogenesis in Ush2a-null cells.

Base Editing of hUSH2A Splice Sites

Human retinoblastoma cell line, WERI-Rb cells, were transfected with CRISPR base editor and sgRNA
plasmids targeting the splice acceptor site (SAS) upstream of the exon intended to be skipped using
Lipofectamine 3000. The sgRNA constructs also encode eGFP. The eGFP-positive transfected cells were
FACS sorted and the genomic DNAs were extracted and sequenced using the Illumina-based next
generation sequencing (NGS). NGS sequence reads were then processed through CRISPResso2!>. RNA

extraction and RT-PCR were also performed to characterize exon skipping.



Section 4: Results

Generation of Exon-skipped hUSH2A Constructs

Exon-skipped hUSH2A constructs were generated from the full-length hUSH2A cDNA construct. To
generate exon 24-skipped construct, PshAl and Avrll were used to digest the full-length hUSH2A cDNAs
to create the backbone fragment. Snapgene software was used to design NEBuilder HiFi DNA Assembly
PCR primers that has 15-40bp overlap with the primer sequence of the complementary strand of the
adjacent fragment, creating overlap regions. The upstream insert fragment 1 was PCR amplified from
PshAl to the 3’ end of exon 23 while the downstream insert fragment 2 was PCR amplified from the 5’
start site of exon 25 to Avrll. NEBuilder HiFi DNA Assembly kit was used to assemble the backbone and
the two insert fragments to generate exon 24-skipped construct with exon 23 directly joined to exon 25.
The splice junction between the backbone and the insert fragment 1 at PshAl restriction site was labeled
junction 1, the splice junction between the two insert fragments at the junction between the 3’ end of
exon 23 and the 5’ end of exon 25 was labeled junction 2 and the splice junction between the insert
fragment 2 and the backbone at the Avrll restriction site was labeled junction 3. DNA fragments
spanning these junctions were PCR amplified to verify exon skipping and correct splicing (Fig. 1A).

Similar strategy was employed to generate exon 28, 56, or 62-skipped constructs (Fig. 1B-D).

In Vitro Functional Validation of Exon-skipped hUSH2A Constructs

A previous study showed that transfection of Ush2a-null OC-k1 cells using full-length and exon-13
skipped hUSH2A constructs lead to the rescue of cilia lengths®. We will transfect these Ush2a-null OC-k1
cells with our exon-24, 28, 56 or 62 skipped hUSH2A constructs to analyze if they can rescue of cilia

lengths to assess their functionality.

Base Editing of hUSH2A Splice Acceptor Sites (SAS)

During RNA processing, the spliceosome recognizes the highly conserved SAS (an almost invariant AG
sequence) and incorporates the exon immediately downstream of the SAS into the mature transcript.
Previous studies have shown that targeted disruption of SAS can lead to skipping of the exon
immediately downstream of the disrupted SAS'®Y. To alter SAS from AG to AA, cytosine base editor
(C:G>T:A) was employed to edit the complementary sequence TC to TT. Base editors and sgRNAs were

selected to target the SAS of exon 24, 28, 56 and 62 (Table 1). When WERI-Rb cells were transfected



with sgRNAs targeting the SAS, editing of SAS from AG to AA was observed (Fig. 2, 3, 4 and 5, B2) while
editing of SAS was not observed when the cells were transfected with control sgRNAs (Fig. 2, 3,4 and 5,
B1). The efficiency SAS editing ranged from 14-23%. 3-5% of non-specific background editing was
observed in both control and experimental samples.

To determine if base editing of the SAS lead to exon-skipping at the mRNA level, RT-PCR was performed.

No shorter exon-skipped fragment was observed in our preliminary experiments (Fig. 6).

Section 5: Discussion

Usher syndrome is an autosomal recessive syndromic form of RP and is the most common genetic cause
of combined vision and hearing loss. USH type 2 accounts for ~70% of all Usher syndrome cases while
~85% of USH2 cases are caused by mutations in USH2A. Traditional gene augmentation therapy cannot
be applied to treat USH2A as the 15.6kb coding sequence of USH2A gene far exceeds the packaging
capacity of commonly used AAV vectors. In this study, we investigated the use of CRISPR base editing

approach as a potential gene therapy to treat USH2A.

To determine the functionality of exon-skipped truncated USH2A proteins, we generated USH2A exon
24, 28, 56 or 62 skipped cDNA constructs. PCR of the junctional regions suggest that the backbone and
insert fragments were properly assembled to generate the desired exon-skipped constructs. Sequencing
of these junctional regions need to be performed to further confirm that these constructs have the
correct sequences (Fig. 1). A previous study showed that exon-13 skipped USH2A retained partial
functionality of USH2A full-length protein®. Our future experiments will assess if skipping of exon 24, 28,
56 or 62 also lead to restoration of ciliogenesis in Ush2a-null OC-k1 cells and hence retention of USH2A

functional integrity.

Previous studies have shown that CRISPR base editing of the conserved SAS from AG to AA or GG can
lead to skipping of the exon immediately downstream of the disrupted SAS!®Y’. The SAS of USH2A exon
24, 28, 56 and 62 were successfully edited using CRISPR base editing approach. We were able to achieve
14-23% of SAS editing. However, we were not able to detect exon skipping at the mRNA level. This could
imply that targeted SAS editing is not enough to lead to exon skipping for USH2A. Or alternatively, the
editing efficiency of 14-23% is not high enough for the truncated mRNAs to be detected. Though this is

unlikely as 23% accounts for close to one-fourth of the total transcripts and we would expect to detect



at least a low level of truncated mRNAs. In addition, a previous study was able to detect ~16% of exon
skipping at the mRNA level with about 6% of SAS G>A editing?®. Future experiments will be needed to
optimize/improve the base editing efficiency. It is also possible that SAS editing lead to the use of cryptic
spice sites with resulting mRNA transcripts that were less stable and were not detected. Nonsense-
mediated mRNA decay inhibitors can be added before mRNA collection to further characterize this

possibility.

Our sequencing data showed 3-5% of non-specific off-target editing in both control and experimental
samples. The rate and distribution appear comparable between the two samples. These non-specific off-
target reads could be partially due to sequencing errors of low read counts. They could also be partially
due to off targeting effects of the base editors. Future experiments using GUIDE-Seq or Circle-Seq will
need to be performed to identify off-targeting sites and rates of the base editors and to identify the
base editors with the lowest off-targeting effects. Our on-target editing efficiency was relatively low in
this experiment compared to some previous studies!®**, Future experiments will need to be performed

to select optimal base editors and sgRNAs with the highest level of base editing efficiency.

Currently, there is no effective treatment for USH2A-associated Usher syndrome. We have generated
exon-skipped hUSH2A constructs and will be assessing if they retain the functionality of the full-length
protein. CRISPR base editing approach can be applied to edit SAS of hUSH2A. Further studies
investigating if SAS editing can lead to exon skipping will serve as useful scientific knowledge on the
application of the base editing technology to potentially develop treatment strategies for genetic eye

diseases.
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Figure 1. PCR amplification of hUSH2A exon skipped constructs showed exon skipping and correct

splicing at the respective junctional sites.

Table 1. List of base editors and sgRNAs selected in this study.

BE3

(agg)

Targeted | Template Strand 5'----3' Base sgRNA Sequence PAM Position

Exon Editor

Exon 24 GGAAC]ctagagaagaggagatgaga Sp-Cas9 GGAACctagagaagaggaga | NGA 6
VQR-BE3 (tgag)

Exon 28 CCACCGAAAC]ctagcaaatagtaagggattag Sp-Cas9 CGAAACctagcaaatagtaa | NGG 7
BE3 (s88g)

Exon 56 GAGAC]ctagaaaaagcaagcaagaa Sp-Cas9 AGACctagaaaaagcaagca | NGA 5
VQR-BE3 (agaa)

Exon 62 GGCTTGTTCC]ctgtaagaaaattaacaggtta Sp-Cas9 TTCCctgtaagaaaattaac NGG 5
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B) Editing of SAS from AG to AA was observed when WERI-Rb cells were transfected with sgRNAs
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targeted sgRNAs (C2) while no SAS editing was observed in controls (C1). D) Cells transfected with
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Figure 3. CRISPR base editing of hUSH2A exon 28. A) sgRNA target on exon 28 SAS is highlighted in blue.
B) Editing of SAS from AG to AA was observed when WERI-Rb cells were transfected with sgRNAs
targeting the SAS (B2) while no editing was observed when the cells were transfected with control
sgRNAs (B1). C) SAS was edited to AA in ~14% of sequence reads when the cells were transfected with
targeted sgRNAs (C2) while no SAS editing was observed in controls (C1). D) Cells transfected with
targeted sgRNAs have ~20% of modified sequence reads while the control group has ~4% of modified

sequence reads. E) The majority of sequence modification was localized to the targeted SAS.
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Figure 4. CRISPR base editing of hUSH2A exon 56. A) sgRNA target on exon 56 SAS is highlighted in blue.
B) Editing of SAS from AG to AA was observed when WERI-Rb cells were transfected with sgRNAs
targeting the SAS (B2) while no editing was observed when the cells were transfected with control
sgRNAs (B1). C) SAS was edited to AA in ~18% of sequence reads when the cells were transfected with
targeted sgRNAs (C2) while no SAS editing was observed in controls (C1). D) Cells transfected with
targeted sgRNAs have ~25% of modified sequence reads while the control group has ~4% of modified

sequence reads. E) The majority of sequence modification was localized to the targeted SAS.
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Figure 5. CRISPR base editing of hUSH2A exon 62. A) sgRNA target on exon 62 SAS is highlighted in blue.
B) Editing of SAS from AG to AA was observed when WERI-Rb cells were transfected with sgRNAs
targeting the SAS (B2) while no editing was observed when the cells were transfected with control
sgRNAs (B1). C) SAS was edited to AA in ~20% of sequence reads when the cells were transfected with
targeted sgRNAs (C2) while no SAS editing was observed in controls (C1). D) Cells transfected with
targeted sgRNAs have ~30% of modified sequence reads while the control group has ~5% of modified

sequence reads. E) The majority of sequence modification was localized to the targeted SAS.



Figure 6. RT-PCR results from WERI-Rb cells transfected with CRISPR base editors and sgRNAs targeting
the respective exons labeled in red above the bands. The red numbers below each band indicate the
expected RT-PCR fragment sizes, with the left number representing the size with exon skipping while the

right number denoting the size without exon skipping. No exon-skipped fragments were detected.



