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Gene therapy would benefit from the effective editing of tar-
geted cells with CRISPR-Cas9 tools. However, it is difficult to
precisely assess the editing performance in vivo because the
tissues contain many non-targeted cells, which is one of the
major barriers to clinical translation. Here, in the Atohl-
GFP;Kcnq4+/ G229D mice, recapitulating a novel mutation we
identified in a hereditary hearing loss pedigree, the high-effi-
ciency editing of CRISPR-Cas9 in hair cells (34.10% on
average) was precisely detected by sorting out labeled cells
compared with only 1.45% efficiency in the whole cochlear
tissue. After injection of the developed AAV_SaCas9-
KKH_sgRNA agents, the Kcng4™“?** mice showed signifi-
cantly lower auditory brainstem response (ABR) and distor-
tion product otoacoustic emission (DPOAE) thresholds,
shorter ABR wave I latencies, higher ABR wave I amplitudes,
increased number of surviving outer hair cells (OHCs), and
more hyperpolarized resting membrane potentials of OHCs.
These findings provide an innovative approach to accurately
assess the underestimated editing efficiency of CRISPR-Cas9
in vivo and offer a promising strategy for the treatment of
KCNQ4-related deafness.

INTRODUCTION

CRISPR-Cas9 (clustered regularly interspaced short palindromic re-
peats and CRISPR-associated protein 9) technology has been used
in preclinical research for the treatments of many somatic cell diseases,
such as hearing loss, Duchenne muscular dystrophy, and liver disease,
etc.'”” However, the tissues, including targeted and non-targeted cells,
are generally used to extract cellular DNA for detection of editing ef-
ficiency, resulting in an inability to accurately assess the number of
edited cells.' In particular, the targeted hair cells in the cochlea ac-
counted for approximately 1.5%, and the editing efficiency of cochlear
tissue did not exceed 5% with the reported percentages of 0.60%,
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0.92%, 2.20%, and 4.05%.”” However, the hearing of treated mice
was significantly improved, suggesting an inconsistency between edit-
ing efficiency and phenotypic restoration.””” Therefore, there is still an
urgent need to accurately evaluate the editing efficiency of CRISPR-
Cas9 technology in the cells that are expected to be treated. The accu-
rate measurement of editing efficiency is an important prerequisite for
the evaluation of therapeutic efficacy and is one of the key factors
affecting the translation of research findings into clinical practice.”

Hearing loss is the most common genetic sensory deficit in hu-
mans.”'” More than 120 genes are known to be involved in hereditary
deafness,'"'? but effective treatments for hereditary deafness are still
limited in clinical practice. In situ gene therapy is the ideal interven-
tion strategy for genetic disorders and is also beneficial to patients.
Hearing loss is one of the most promising diseases to be cured by
gene therapy owing to the small number of target cells in the cochlea
and the availability of the therapeutic agent to be delivered locally to
the inner ear. Several preclinical studies for the adeno-associated virus
(AAV)-mediated gene replacement have been successfully performed
in mouse models of recessive deafness to prevent hearing impair-
ment."”** However, the gene replacement strategy is not suitable
for the treatment of genetic mutations with dominant-negative ef-
fects.”” Fortunately, CRISPR-Cas9 technology provides promising
approaches for the treatment of both hereditary hearing loss and ac-
quired hearing loss.* >+ "*°
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KCNQ4 is a voltage-gated potassium channel protein, in which the
pathogenic gene mutations could cause DFNA2 (deafness, autosomal
dominant 2A; OMIM: 600101) displaying progressive hearing loss. It
is reported that the pathogenic variants in KCNQ4 account for
approximately 9.5% of autosomal dominant sensorineural hearing
loss.”” Currently, over 30 KCNQ4 pathogenic point mutations have
been implicated in DFNA2 patients.”®*° The degeneration of outer
hair cells (OHCs) and hearing loss are attributed to the abolishment
of the native KCNQ4-mediated K™ current by the dominant-negative
effect of mutant subunit in heterozygotes with the missense muta-
tion.>”*! In previous work, we identified a novel mutation KCNQ4:
c.683G>A, p.G228D in the pedigree of DFNA2 patients and gener-
ated a novel mouse model to simulate progressive hearing loss in pa-
tients.”” Kharkovet et al. generated a knock-out mouse model with a
deletion of Kcng4 exons 6-8, and no hearing impairment was
observed in Kcng4™™ animals, which suggests that the disruption
of KCNQ4 mutant allele is a potential strategy to treat hearing loss
caused by KCNQ4 heterozygous pathogenic variants.”’ The hair cells
express GFP specifically in the AtohI-GFP mice, where a portion of
the Atohl enhancer sequence was randomly integrated into the
mouse genome, directing the expression of the reporter gene
GFP.” It suggests the Atoh1-GFP mice could be utilized to precisely
detect the editing efficiency of CRISPR-Cas9 technology in vivo.

In this study, we successfully established an innovative approach
based on the AtohI-GFP mice to accurately detect the editing effi-
ciency of CRISPR-Cas9 technology in the hair cells. The hearing of
Keng4™ %P mice was also significantly improved after treatment
with AAV_SaCas9-KKH_sgRNA. Our findings provide a direction
for precise evaluation of editing efficiency of CRISPR-Cas9 in vivo
and develop a potential therapeutic strategy for KCNQ4-related deaf-
ness, which will facilitate the application of CRISPR-Cas9 technology
in the treatment of human diseases.

RESULTS

Targeting the Kcnq4%22°P

SaCas9-KKH_sgRNAs

KCNQ4 (p.G228D) is a novel pathogenic mutation identified in a
large Chinese family with DFNA2 by us, and we constructed a mouse
model with the humanized homologous mutation (KCNQ4
p.G229D) to explore its pathogenic mechanism (Figure S1). The
Keng4*’%?*P mice exhibited mid-frequency and high-frequency
hearing loss at 4 weeks and deteriorated to a severe-to-profound hear-
ing loss at all frequencies at 12 weeks. The progressive degeneration of
OHCs was observed from 4 to 12 weeks. The depolarized resting
membrane potentials and reduced K currents in OHCs could induce
the degeneration of hair cells, resulting in hearing loss in KCNQ4
p.G229D mutant mice.*”

allele with effective and specific

To investigate whether the hearing loss in Kcng4 ™ %P mice could be

restored by CRISPR-Cas9 technology, efficient and specific sgRNAs
against the Kcng4%%%°°
was chosen because it could be packaged into a single AAV vector and

could recognize a simple protospacer adjacent motif (PAM)

allele were screened. The SaCas9-KKH system

sequence, 5-NNNRRT-3', allowing the design of more suitable
sgRNAs.**

We designed four sgRNAs covering the pathogenic mutation (Fig-
ure 1A) and tested the editing efficiency of sgRNAs by transfecting
plasmids expressing Cas9 and sgRNA into skin fibroblasts from
Kcngd™™, Kenga™??°P, and Kenga®??*P'922°P neonatal mice (Fig-
ure 1B). The editing efficiencies were in the order of g3 (28.31% +
3.76%), gl (10.65% = 2.79%), g2 (2.89% + 1.33%) and g4 (0.70% =
0.41%) in Kcng492?°P/22%P fibroblasts, whereas no obvious editing
efficiency was observed in Kcng4™* fibroblasts (Figure 1G;
Table S1). The editing efficiency of g3 was also the highest in
Kcng4™9%%°P fibroblasts (Figures 1D and 1E). The result suggests
that the terminal base “I” on the PAM sequence is critical for
gRNA specificity, which is consistent with our previous study.™

In Kcng4®®?*™522P fibroblasts, the indel profiles showed that the
majority of SaCas9-KKH_sgRNA-induced variants were deletions,
and the ratios of frameshift mutation were 71.03%, 96.8%, 81.8%,
and 72.2% for gl, g2, g3, and g4, respectively (Figures S2A and
S2B). For g3, the deletion mutations were also the major indel events
in Kcng4'/%?*°" fibroblasts, where the percentage of frameshift muta-
tions was 89.30% (Figures 1F and 1G). The most common mutations
were —1 bp (2.44%, 12,323 reads), —5 bp (2.06%, 10,410
reads), —1 bp (1.79%, 9,015 reads), —1 bp (1.63%, 8,217 reads),
and +1 bp (1.23%, 6,211 reads) frameshifts for g3 in Kcng4@22P/e229P
fibroblasts (Figure S2C). The results suggest that SaCas9-KKH_g3
performs best in vitro, which is used in subsequent experiments
in vivo.

Precise and effective editing by the CRISPR-Cas9 system in hair
cells

We made use of the KCNQ4 p.G229D murine model to accurately
assess the editing efficiency of CRISPR-Cas9, because of the primary
expression of KCNQ4 in hair cells.”’ SaCas9-KKH_g3 was packaged
into AAV-PHP.eB, which could transduce hair cells with high
efficiency in our previous work.” The AAV_SaCas9-KKH_g3 system
was injected into the inner ears of Kcngd™“??°P and Kcngd“?22P/ 5220
mice at postnatal days 1-2 (P1-P2), the basilar membranes were iso-
lated at P5 and incubated ex vivo for 9 days (9 DIV [days in vitro]),
followed by second-generation sequencing to analyze editing effi-
ciencies (Figures 2A and 2B).

mice were mated with AtohI-GFP mice to obtain
Atoh1-GFP;Kcng4"'“**°" mice, in which hair cells were specifically
labeled with GFP.” AAV_SaCas9-KKH_g3 was injected into the in-
ner ears of Atoh1-GFP;Kcng4™“**°P mice, and subsequently the accu-

G229D/G229D
Kceng4 /

rate editing efficiency was analyzed in the sorted GFP-positive hair
cells (Figures 2A and S3). 34.10% + 20.46% (up to 54.24%) indel fre-
quency was observed for the Keng4“??’P allele in GFP-sorted hair
cells compared with only 1.45% + 1.30% frequency in the whole
cochlear tissue, and no obvious indels were observed in the uninjected
group (Figure 2C; Table S1). For the wild-type allele in Kcng4™ %P
mice, no obvious indels were observed in the sorted, unsorted,
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Figure 1. Targeting the Kcnq4%22°P allele with the CRISPR-SaCas9-KKH system

(A) Design of SaCas9-KKH sgRNAs. The Kcng4622%P mutation site is highlighted in red. The nucleotides of the PAM site are marked in green. (B) The schematic diagram for
in vitro screening of sgRNAs in skin fibroblasts. (C) Indel frequencies of g1, g2, g3, and g4 in Keng4™* and Keng4®?292/62290 fiproblasts determined by next-generation
sequencing. (D) Indel frequencies of g1, g2, g3, and g4 in Keng4*/22%P fibroblasts. (E) The ratio of indel frequency between mutant allele and wild-type allele calculated
from (D). (F) Indel profiles from SaCas9-KKH_g3-transfected Kcng4 ™22 fibroblasts. Negative numbers represent deletions, and positive numbers represent insertions.
Sequences without indels (value = 0) are not included in the chart. (G) The percentage of indels causing in-frame or frameshift mutations in SaCas9-KKH_g3-transfected

Kcng4/229P fiproblasts. Dots represent individual biological replicates (n = 3) i

injected, and uninjected groups (Figure 2C; Table S1). These results
indicate that a method is successfully established to accurately test
the editing efficiency of the CRISPR-Cas9 system in hair cells and
demonstrate that the hair cells could be edited by CRISPR-Cas9
with high efficiency in vivo.

The indel profile showed that the majority of AAV_SaCas9-KKH_g3-
induced variants in the Kcnq4G229 D allele were deletions, and
the frameshift mutation was 70.62% for Kcng4"™“**" (Figures 2D
and S4). We noticed that there were a few types of indel mutations
with —1 bp, —2 bp, and —3 bp mutations in the different samples, ac-
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n (C)—(E). Data are shown as mean + SD.

counting for the major proportion of mutations (Figure S4), and the
editing efficiencies displayed a scattered distribution between the
different samples (from 14.44% to 54.24%; Figure 2C).

We observed the long-term editing efficiencies of g3 in the whole
cochlear tissues at 2, 8, and 13 weeks, considering the difficulty to
obtain sufficient hair cells from the adult mice. The Kcng4©??°>/ 22D
mice were chosen because the Kcng4“??? allele in Keng4™“??°P mice
was not pure and needed to be distinguished from the wild-type
allele by the mutation site, and the editing efficiency would be under-

estimated if the point mutation was edited in Kcng4"“***P mice
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(e.g., the —40 bp deletion in Figure S2C). We observed a positive cor-
relation between editing efficiencies and the age of mice, with 0.82% +
0.41%, 2.82% + 2.15%, and 7.06% =+ 3.56% editing efficiencies at 2, 8,
and 13 weeks, respectively (Figure 2E; Table S1). At week 13, the pre-
dominately edited indel types were still deletion mutations with the
most common indels, for example —1 bp (1.47%), —2 bp (0.87%),
and —1 bp (0.81%) frameshifts for g3 in Kcngd“??*”' %P mice (Fig-
ure 2F). These results indicate that AAV_SaCas9-KKH_g3 can specif-
ically edit the Kcng4“??*® alleles over a long period in vivo.

Improvement of auditory function in Kcng4*/¢22°P mice

To investigate the therapeutic efficacy of the AAV_SaCas9-KKH_g3
system on auditory function in Kcng4™“??*" mice, a total of 500 nL
AAV_SaCas9-KKH_g3 at a titer of 1.16 x 10'® vg/ml was injected
into the inner ears of P1-P2 mice via lateral wall of the cochlea. In
AAV-injected mice at 8 and 12 weeks, we measured auditory brain-
stem response (ABR) representing the sound-evoked neural output
of the cochlea and distortion product otoacoustic emission
(DPOAE)® representing the amplification provided by OHCs.

Since Kcng4™/9?*P mice exhibited progressive hearing loss with an
ABR threshold of approximately 90 dB sound pressure level (dB
SPL) at 12 weeks, the ABR thresholds were measured at frequencies
ranging from 5.6 to 32 kHz at 8 and 12 weeks. Compared to unin-
jected ears, the ABR thresholds of treated ears were decreased signif-
icantly by 16.52, 16.30, 11.30, 11.09, 14.35, and 18.48 dB SPL at
frequencies 5.6, 8, 11.3, 16, 22.6, and 32 kHz, respectively, revealing
significant improvement of hearing at 8 weeks (Figures 3A and
S5A). At 12 weeks, the ABR thresholds in the injected ears were
ameliorated by 8-13 dB SPL across all frequencies (Figures 3B and
S5B).

We observed lower DPOAE thresholds in the injected ears than in the
uninjected ears at frequencies of 8, 11.3, 16, and 32 kHz at 8 and
12 weeks. At 8 weeks, the DPOAE thresholds of injected ears were
decreased significantly by 14.17, 9.17, 11.39, and 10.83 dB SPL
compared with the uninjected ears at frequencies of 8, 11.3, 16, and
32 kHz, respectively (Figures 3C and S5C). At 12 weeks, the
DPOAE thresholds were reduced significantly by 7.67, 9.67, 10.67,
and 14.67 dB SPL in treated ears at frequencies 8, 11.3, 16, and 32
kHz (Figures 3D and S5D).

To further characterize the hearing improvement, we also observed
ABR wave I amplitudes indicating the number of neurons firing
and ABR wave I latencies indicating the speed of transmission in in-
jected mice at 8 weeks and 12 weeks.>® At 8 weeks, the ABR wave I

Molecular Therapy: Nucleic Acids

amplitudes were higher in the injected ears at frequencies of 5.6, 8,
and 11.3 kHz in comparison with uninjected ears (Figure 3E). The in-
jected ears still showed higher ABR wave I amplitudes at frequencies
of 5.6 and 16 kHz in 12-week-old mice (Figure 3F). Similarly,
compared with uninjected ears, the shorter ABR wave I latencies sug-
gest a reduced lag in cochlear nerve transmission (Figures 3G and
3H)." The above results indicate that the hearing of Kcngd™“?*°P
mice is ameliorated by the AAV_SaCas9-KKH_g3 system.

Evaluation of hair cell

To evaluate the preservation of hair cells by AAV_SaCas9-KKH_g3,
we took the cochleae of adult mice and observed the number of surviv-
ing hair cells at 12 weeks when the thresholds of ABR and DPOAE ex-
hibited obvious amelioration. The results showed that the survival of
OHCs at middle and basal turns of injected ears were more abundant
than that of uninjected ears (Figures 4A and 4B), consistent with the
** mice, the
morphology of hair cells stereocilia in Kcng4™“?**® mice was normal
and did not appear to show significant changes between the treated
group and untreated group, such as inversion and fusion (Figure S6).

hearing improvement. Compared to 8-week-old Kcng4

We observed that the resting membrane potentials (RMPs) were
significantly depolarized in OHCs of Kcng4™“?**P mice compared
with Kcng4™ mice (Figure 4C). To detect whether the
AAV_SaCas9-KKH_g3 system can restore the resting potentials of
OHCs in Keng4'“***P mice, the RMPs of OHCs were measured by
the patch-clamp technique. Compared with untreated mice, the
OHC:s of treated mice exhibited more hyperpolarized resting poten-
tials, and there was no obvious difference between treated mice and
wild-type mice (Figure 4C). The results suggest that the RMP of
OHCs in Kcng4*/“?*P mice is rescued well by the AAV_SaCas9-
KKH_g3 system.

Safety and efficacy of the AAV_SaCas9-KKH_g3 system

The off-target effect of CRISPR-Cas9 systems is an issue for gene ther-
apy. To more comprehensively assess the specificity of g3, we
employed the CIRCLE-seq (circularization for in vitro reporting of
cleavage effects), an unbiased and highly sensitive off-target assay,””
to identify potential off-target editing sites associated with Cas9
and g3. We extracted genomic DNA from the tail tissue of
Kcngd®22°P/6229D mice, circularized the sheared ~400 bp DNA frag-
ment, incubated with Cas9 protein and sgRNA3 complex, ligated the
cleaved circular DNA to the adaptors, and identified the locations of
DNA breaks by deep sequencing. The results showed that only one
candidate off-target site associated with the g3 was identified
(Figure 5A).

Figure 2. Genome editing with the AAV_SaCas9-KKH_g3 system in mice

(A) The schematic diagram for the detection of precise editing efficiency in the hair cells. (B) Experimental overview for in vivo and ex vivo studies. (C) Comparison of the indel

frequency between unsorted and sorted hair cells in Keng4+/622%P

mice. (D) The percentage of indels causing in-frame or frameshift mutations after AAV_SaCas9-KKH_g3

injection into Keng4™%22%P mice. (E) Indel frequencies of the whole cochlear tissues in KengdG2292/62290 mice at 2, 8, and 13 weeks after AAV_SaCas9-KKH_g3 injection,
respectively. *p < 0.05; ns, no significance; one-way ANOVA. (F) The presentation of most abundant reads in a Keng46229%/62290 mouse after AAV_SaCas9-KKH_g3 in-
jection at 13 weeks. Dashed lines, blue bases, green bases, and arrow indicate deletions, insertions, PAM sequence, and sgRNA sequence, respectively. Dots represent

individual biological replicates (n = 3-6) in (C) and (E). Data are shown as mean + SD.
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Then, four off-target sites, including off-target 1 (OT1) detected by
CIRCLE-seq and OT2-OT4 predicted by CasOFFinder, were evalu-
ated in fibroblasts and hair cells (Figure 5A; Table S2). No significant
editing occurred at the four sites in treated mice compared with con-
trol (SaCas9-KKH + NT-gRNA, with a titer of 2 x 10" vg/ml)
(Figures 5B and 5C; Table S1). In summary, these results suggest
that in vivo editing of the Kcng4®?*? allele mediated by AAV-deliv-
ered SaCas9-KKH_g3 is not accompanied by significant editing of
candidate off-target sites.

AAV_SaCas9-KKH_g3 was injected into the inner ears of wild-type
mice, and we observed that the hearing of wild-type mice was
completely unaffected compared with the untreated group (Fig-
ure 5D), which was consistent with previous reports.**> We injected
the AAV_SaCas9-KKH_NT-gRNA system into the inner ears of
Keng4™“#°P mice and observed that the hearing of Kcng4“?*°P
mice was not improved compared with the untreated group (Fig-
ure 5E). The results suggest that the Kcng4“??® allele is specifically
disrupted by the AAV_SaCas9-KKH_g3, resulting in the improve-

S 220D .
ment of hearing in Kcng4"™“***" mice.

DISCUSSION

KCNQ4 is one of the common causative genes of autosomal dominant
sensorineural deafness, but there are currently no molecular thera-
peutics.”’” The structural analysis of KCNQ4 protein may help to un-
derstand the role of KCNQ4 in the auditory system.”®*” In the present
study, we established a method to accurately reflect the editing effi-
ciency of hair cells and rescued the auditory function of Kcng4™
G229D mice utilizing the CRISPR-Cas9 technology.

The editing efficiency of CRISPR-Cas9 in hair cells could not be pre-
cisely measured, hindering the accurate evaluation of therapeutic ef-
ficacy. Previously, we improved the editing efficiency by sorting out
any GFP-positive cells including spiral ganglion and supporting cells
transduced by the Anc80L65-GFP vector.”>*" Here, the indel fre-
quency in the whole cochlear tissue was 1.45% =+ 1.30% at 2 weeks,
which is similar to the results of previous studies (0.60%-4.05%).*”
To precisely detect the editing efficiency of CRISPR-Cas9 in hair cells,
we used the Atohl-GFP mice in which cochlear hair cells were specif-
ically labeled with GFP.” Editing efficiency of up to 54.2% was
observed in GFP-sorted hair cells (Figure 2C), indicating that the ed-
iting efficiency of CRISPR-Cas9 technology was successfully evalu-
ated in hair cells in vivo, which suggests a novel approach for precise
detection of editing efficiency in specific cell type. The results indicate
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that the high-efficiency editing could be achieved in non-dividing hair
cells in vivo by the CRISPR-Cas9 system, which provides important
support for the treatment of deafness mediated by CRISPR-Cas9
and offers a new option for investigating gene function by directly
knocking out genes in vivo.

We found that the types of indels were simple, and the editing effi-
ciencies were variable in treated mice (Figure S4; Table S1), probably
resulting from a few hair cells obtained (Figure S3). Due to the limited
number of hair cells (about 3,291) in the cochlear tissue of mouse,*! it
is challenging to obtain more hair cells, and the digestion process of
cochlear tissue may need to be optimized in future.***’ Although
the editing efficiency at the early stage could be detected by sorting
GFP-positive hair cells, the editing efficiency of hair cells in the adult
mice could not be accurately assessed because of the difficulty to
obtain plenty of hair cells from the adult mice.** An approach needs
to be explored to collect enough adult hair cells in the field of hearing,
which will promote the development of gene therapy for deafness and
help researchers further understand the relationship between editing
efficiency and hearing improvement.

Recently, Noh et al. improved the hearing of Kcng4"?”*"* mice using
CRISPR-Cas9 technology, which provides a potential strategy for the
treatment of DFNA2 nonsyndromic hearing loss.” However, there are
several differences between our study and their study. Firstly, the
therapeutic system used by Noh et al. was the delivery of split SpCas9
via dual-AAV vectors (Anc80L65); however, we utilized a single AAV
(PHP.eB), which we confirmed had extremely high, efficient trans-
duction of nearly 100% of inner hair cells and about 96.2%-98.6%
of OHCs,”*>*>* to deliver SaCas9-KKH. We provided another po-
tential therapeutic strategy for the treatment of KCNQ4-related deaf-
ness. Gyorgy et al. demonstrated that SaCas9-KKH was superior to
SpCas9 in specificity.” Furthermore, remarkably, we provided an
innovative approach to accurately assess the underestimated editing
efficiency of CRISPR-Cas9 in vivo and observed approximately
34.10% =+ 20.46% editing efficiency in hair cells. Last but not least,
the hearing of Kcng4"?’*%* mice was recovered to 7 weeks by Noh
et al. However, the hearing of Kcnq4+/ G229D mice was restored to at
least 12 weeks by us.

The ABR and DPOAE results showed that the hearing of treated mice
was improved significantly compared with the untreated group at 8
and 12 weeks (Figures 3 and S5). However, we also observed that
the hearing of treated mice was not completely recovered in

Figure 3. Therapeutic efficacy of AAV_SaCas9-KKH_g3 system on auditory function in Kcng4*/6?2°P mice

(A-D) Comparison of ABR (A-B) and DPOAE (C-D) thresholds between injected ears and uninjected ears in Kcng4*/22°P mice at 8 and 12 weeks of age. The red, blue, and
gray lines indicate the thresholds in the uninjected ears, injected ears, and wild-type mice. Asterisks indicate the statistical differences between uninjected ears and injected
ears. Red and blue arrows indicate the mice in which the maximum stimulus sound intensity could not be elicited at the frequency, and these mice were included in the
statistical analysis with the ABR threshold at 90 dB SPL and the DPOAE threshold at 80 dB SPL. (E-H) Comparison of amplitudes (E-F) and latencies (G-H) of ABR
wave | between injected ears and uninjected ears at 5.6-32 kHz in 8-week-old and 12-week-old Kcng422%P mice. Amplitudes: 8-week, n = 10-19; 12-week, n = 2—
17. Latencies: 8-week, n = 10-19; 12-week, n = 3-17. The ABR wave, which could not be elicited, was excluded from the statistical analysis in (E)—(H). Data are presented as
mean + SEM. In (A)—(D), *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, two-way ANOVA with Bonferroni correction. In (E)—~(H), *p < 0.05, **p < 0.01, Mann Whitney

test. Dots represent individual biological replicates in (E)-(H).
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KCﬂq4+/G229D

progress is attributed to the death of non-functional hair cells, which
affects function and survival of neighboring cells."”*’ Previous
studies on the treatment of deafness have found that the rescued
hair cells showed a delay in degeneration, and it is speculated that
only rescue of partial hair cells is difficult to maintain hearing preser-
vation for a long time.'>*>*" Noh et al. and Wu et al. found that the

hearing improvement was positively correlated with the number of
7,50

mice. It is predicted that the underlying pathological

rescued cells.””" It is significant to study what percentage of the cells
have to be rescued for a durable benefit in the future. Also, it is neces-
sary to further improve the editing efficiency of targeted cells through
optimization of gene-editing tools, including in vivo delivery ap-
proaches, and engineering of guide RNA or Cas9 protein.”">>
KCNQ4 is mainly expressed in OHCs, but also expressed in the inner
hair cells as well as central auditory pathway in the cochlea.’***~>”
Perhaps due to haploinsufficiency, the truncated proteins resulting
from KCNQ4 deletion mutations in patients were found to cause de-
layed, mild hearing loss, which needs to be taken into account for

further application in humans.*® Therefore, another need is to further
clarify the pathogenic mechanism of KCNQ4 in the future.

Taken together, we successfully established a novel methodology to
accurately test the editing efficiency of the CRISPR-Cas9 system in
hair cells; the auditory function of Kcng4™??°P mice was improved
by the safe and effective AAV_SaCas9-KKH_g3 agents. However,
there are still many aspects that need to be optimized before the
genome-editing agents might be applied for clinical trials, including
more efficient editing tools and additional safety assessments. Never-
theless, the present study will be beneficial in promoting the therapeu-
tic application of gene-editing tools in treating hearing loss and
human diseases.

MATERIALS AND METHODS

Animals and genotyping

The CRISPR-Cas9-mediated gene knock-in method was used to
generate Kcng4 gene mutant mice. In brief, the mixed solution

Molecular Therapy: Nucleic Acids Vol. 29 September 2022 407


http://www.moleculartherapy.org

A q 10
AccimAaclcilclc cclaAlllaAGcACCA

e e o o e e o o e o o o CGG.G . 392 On

L] L] L] L] L] . L] L] .g L] L] . L] L] L]
B 5

35 Fibroblasts

30- | [ Keng4762% + Cas9-NT
3\‘1 25- |, [ ] Kcng4+622P + Cas9-g3
?)
c 207
o)
& 15
o
% 10
- 0.2
£

0.1

0.0 PHl ;a:'l\m Pf«;‘lm ri':nf‘? ﬁi'(eq

Q
oSS
D
I Kcng47*(n=10)
—~100+ A N
i | Il Kcng4** + Cas9-g3 (n=10)
n
pod 80+
S
o 60
o J
c
3 40+
é B ——
x 20+
aa] N
<
0 I T T I T I
5.6 8 11.3 16 226 32

Frequency(kHz)

Figure 5. Safety and efficacy of the AAV_SaCas9-KKH_g3 system

Molecular Therapy: Nucleic Acids

22 PAM 28
NNNRRT
Reads

‘M- - -cacllcHE s ot
. . . 0 . . C T G- . OT2
- -cAGHG - oT 3
+ s+ ++TGGGG - oT 4

30— Hair cells

26| 1 [ Keng4s20 + Cas9-NT
X [ Kcng4+622%0 + Cas9-g3
> 204 |°
2
C
S 15
o
o
= 10
3 02
=

0.1

0.0 ael cmlm @;{g t&llﬁ f*ﬁlﬁ_

Q N &) 0
SEFONFOMF N
- Kcnq4+/6229D (n=4)

E1 o0 B Kcong47720 + Cas9-NT (n=4)
2 |

e 80

S

o 60

S | _

o o

@ 40

£ -

r 20

m J

<

0 I I I I 1 I
5.6 8 11.3 16 226 32

Frequency(kHz)

(A) Analysis of on-target and off-target effects. The off-target site 1 (OT1) was detected by CIRCLE-seq, and the other off-target sites (OT2-OT4) were predicted using
CasOFFinder. (B) Detection of indel frequencies for the on-target and off-target sites in fibroblasts in vitro. (C) Detection of indel frequencies for the on-target and off-target
sites in hair cells in vivo. (D) The ABR thresholds of wild-type mice at 4 weeks after AAV_SaCas9-KKH_g3 system injection. (E) The ABR thresholds of Kcng4*/¢22%P mice
at 8 weeks after AAV_SaCas9-KKH_NT injection. “NT” indicates sgRNA that does not target the mouse genome. In (B)-(C), dots represent individual biological replicates
(n = 2-3); data are shown as mean + SD. In (D) and (E), data are presented as mean + SEM.

containing the Cas9 mRNA, Kcng4 gene-specific sgRNA, and Kcng4
gene-specific single-stranded donor oligonucleotides was microin-
jected into fertilized zygotes. After culturing for about 24 h in vitro,
the injected zygotes were transferred into the oviducts of pseudo-
pregnant female mice. The Atohl-GFP mouse strain® was used in
this study. All animals were bred in the Department of Laboratory
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Animal Science at Fudan University. All animal experiments per-
formed in this study were approved by the Institutional Animal
Care and Use Committee of Fudan University and the Shanghai Med-
ical Experimental Animal Administrative Committee, and we fol-
lowed the NIH Guide for the Care and Use of Laboratory Animals.
For genotyping of Kcng4“**’” mice, the tail was cut to extract
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genomic DNA with DirectPCR lysis reagents (Mouse Tail) (Viagen,
#102-T). The Kcng4 gene was amplified with forward and reverse
primers in a 25 pL volume containing 2 pL lysate, 0.4 nM of each
primer, and Taq PCR Master Mix (Biomed, #MT201). Amplification
conditions were an initial 5 min denaturation at 94°C, 35 cycles of 30 s
at 94°C, 30 s at 53°C, and 30 s at 72°C, and a final extension at 72°C
for 5 min. PCR products were analyzed by Sanger sequencing.

Plasmid construction

The CRISPR-SaCas9-KKH system was selected for this study due to
its capacity to be packaged and delivered via a single AAV vector
and the presence of known PAM sequences (5-NNNRRT-3') that
are suitable for a greater number of sgRNAs.>* We designed four
sgRNAs covering the Kcng4*® mutation site and then ligated
each sgRNA into the Bsal site of the pCMV_SaCas9-KKH_hU6
plasmid. The 60-bp sequence containing the Kcng4“?*°" point muta-
tion was constructed into the lentiviral vector using the ClonExpress
IT One Step Cloning Kit (Vazyme, #C112-01). The construction of
each plasmid was mainly implemented by PCR and Gibson assembly.

Mouse primary fibroblast cell culture

Skin fibroblasts were derived from the Kcng4“?*?9%0, Kcngd™/522%P,
and Kcng4"™* of P1 mouse pups. The pups were euthanized and cleaned
with 75% ethanol, and skin fragments from the trunk and limbs were
excised and submerged in cold 1xPBS (pH 7.4) (Gibco, #10010001).
The skin fragments were minced into small pieces (~1 mm?) with
shears. The tissue pieces were treated at 37°C with cell culture-grade
trypsin-EDTA (0.25%) (Thermofisher, #25200072) for 30 min with oc-
casional pipetting up and down to break up any cell clumps. Warm cul-
ture medium (DMEM medium [Gibco, #11965092] with 10%
fetal bovine serum [Gibco, #16140071], 100 U/ml penicillin and
100 mg/mL streptomycin [Millipore, #516106]) was added to stop
the enzymatic digestion. The suspension was filtered through a
40-um cell strainer (BD Falcon, #352350), and the filtered fluid was
centrifuged at 200 x g for 5 min. The cell pellet was resuspended in a
prepared culture medium and transferred to a six-well culture dish
and incubated at 37°C with 5% CO,. Fibroblast cells were verified by
Sanger sequencing.

Cochlear explant culture

The cochleae were dissected out of both the injected and uninjected
ears of Kcnq4+/ G229D o Atohl-GFP;Kcnq4+/ G229 p5 mice, and the or-
gan of Corti was cultured in DMEM/F12 (Gibco, #11330032) with 1%
N2 supplement (Gibco, #17502048), 2% B27 supplement (Gibco,
#17504044), and 50 mg/mL ampicillin (Sigma, #A5354) at 37°C
and 5% CO, until P14.

Collection of GFP-positive hair cells

The organ of Corti from AtohI-GFP;Kcng4'“***P mice was isolated
5 days after injection and cultured in vitro for 9 days; then the me-
dium was discarded, and the basilar membrane was gently washed
with 1xPBS. Approximately 100 pL of 0.25% trypsin-EDTA was
added to the culture dish and gently puffed to keep the basilar mem-
brane in suspension; then the suspension containing the basilar mem-

brane was transferred to a 1.5-mL centrifuge tube. The
basilar membrane was incubated at 37°C for 20-30 min, with occa-
sional pipetting up and down to break up any cell clumps and gentle
puffing every 10 min. When the basilar membrane became signifi-
cantly smaller and finer, 100 pL of warm DMEM medium with
10% fetal bovine serum was added to stop the trypsin digestion.
Approximately 200 pL cell suspension was filtered through a 40-
um cell strainer, and the filtered cell suspension was placed on ice.
The GFP-positive cells were sorted out using a MoFlo XDP machine:
SSC and FSC coordinate parameters were adjusted so that the main
cell population was in the middle region, and then the cell population
was selected as the R1 gate; in a new window, the GFP-positive cell
population was selected as R2 gate with reference to the negative con-
trol using the coordinate parameters FITC-Log, and then it was
sorted. The genomic DNA was extracted using QuickExtract DNA
Extraction Solution (Epicentre, #QE09050).

Transfection and genomic DNA extraction

For sgRNA screening, a total of 1 pg of pCMV_SaCas9-
KKH_hU6_sgRNA was transfected into the mouse primary fibro-
blasts with Lipofectamine 2000 (Life Technologies, #11668019)
according to the manufacturer’s instructions, and genomic DNA
was isolated from fibroblast cells for deep-sequencing analysis
5 days after transfection using the QuickExtract DNA Extraction
Solution (Epicentre, #QE09050) following the manufacturer’s in-
structions. For the Atohl-GFP;Kcngd™“?**P mice, genomic DNA
was extracted from the whole cochlear tissue of the inner ear that
was injected with the therapeutic system at P1, dissected at P5,
and cultured for another 9 days in vitro. Then the Corti tissue
was treated at 37°C with cell culture-grade trypsin-EDTA (0.25%)
for 30 min with occasional pipetting up and down to break up
any cell clumps. A warm culture medium (DMEM medium with
10% fetal bovine serum) was added to stop the enzymatic digestion.
GFP-positive cells were sorted by fluorescence-activated cell sorting.
For the unsorted group, cells of the entire cochlear tissue were ob-
tained from mice at 2, 8, and 13 weeks, respectively. The target
sites were amplified by nested PCR and purified with a Gel Extrac-
tion Kit (QIAGEN, #28104) for deep sequencing. The primer se-
quences for amplifying the target DNA site were KCNQ4-On-F
(5'-aacatctttgctacgtccge-3’) and KCNQ4-On-R  (5'-tactcgeccgeee-
caattt-3') (Table S3), and the length of products was 224 bp.
For Kcng4®?**”P mice, the number of unedited sequences
(cgeggtggeacctggaagetgttgg ACtecgtggtctatgegeacagtaa) was counted
(n1), the number of edited sequences (insertions or deletions) was
counted (n2), and the editing efficiency was calculated as f = n2/
(nl + n2). For Kcng4™* mice, the number of unedited sequences
(cgcggtggcacctggaagetgttggGAtecgtggtctatgegeacagtaa) was counted
(n3), the number of edited sequences was counted (n4), and the ed-
iting efficiency was calculated as f = n4/(n3 + n4). In heterozygous
mice, to analyze whether the edited sequence was derived from the
wild-type or mutant allele, the “agctgttggA” sequence was used as
the mutant allele and the “agctgttggG” sequence was used as the
wild-type allele in the edited sequence. The original sequencing
data were analyzed by fastp, seqkit, and csvtk.
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Off-target analysis

We assessed the off-targeting of g3 on a genome-wide scale using
CIRCLE-seq.”” Briefly, the genomic DNA of Kcngd®?*™5??°P mice
was extracted, sheared, circularized, then cleaved in vitro with Cas9
protein and sgRNA, and finally, the off-target sites of gRNA were
analyzed by next-generation sequencing. For the off-target sites iden-
tified by CIRCLE-seq, the target sites were amplified by PCR using the
genomic DNA of the edited fibroblasts and the genomic DNA of the
edited cells in mice as templates and then were analyzed by next-gen-
eration sequencing. In addition, we predicted potential off-target sites
for g3 using Cas-OFFinder software,” and specific primers were de-
signed for these potential off-target sites. Off-target genomic sites
were amplified from the edited genomic DNA, and the PCR primers
are specified in Table S3.

AAV vector production

The titers of vectors were 1.16 x 10" vg/ml and 2 x 10" vg/ml for
AAV_SaCas9-KKH_g3 and SaCas9-KKH + NT-gRNA, respectively.
The plasmids SaCas9-KKH_g3 and SaCas9-KKH + NT-gRNA were
sequenced before packaging into AAV-PHP.eB. The AAV vectors
were produced by OBiO Technology (Shanghai) Corp., Ltd.
(Shanghai, China).

Microinjection of the AAV CRISPR-Cas9 system into the inner
ear

The method of injection was described in our previously published
paper.””” Briefly, AAV carriers were injected into the inner ear
of Kcnq4+/ * Kcnq4+/ G229D KcanZZQ D/G229D - and  Atohl-GFP;
Keng4™9%?°P mouse pups. P1-P2 mice were anesthetized by placing
them on ice, and the skin was incised behind the right ear to expose
the greater auricular vesicle and stapedial artery. A total of 500 nL
AAV_SaCas9-KKH_g3 or SaCas9-KKH + NT-gRNA was injected
into the base cochlear turn via the lateral wall of the cochlea. After in-
jection, the incision was closed with sutures. The pups were returned
to their mothers after full recovery within 10 min. Standard postop-
erative care was used after the procedure.

Measurement of resting membrane potentials

As mentioned above, the cultured basilar membrane at P14 was
bathed in extracellular solution™ containing 5.8 mM KCl, 144 mM
NaCl, 0.9 mM MgCI2-6H20, 1.3 mM CaCl2-2H20, 0.7 mM
NaH2PO4-H20, 10 mM HEPES, and 5.6 mM D-glucose, pH
adjusted to 7.4 with NaOH (~300 mOsm/kg). The recording pipettes
were filled with an internal solution composed of 142 mM KCl,
3.5 mM MgCI2-6H20, 2.5 mM Mg-ATP, 0.1 mM CaCl2-2H20,
5 mM HEPES, and 1 mM EGTA, pH adjusted to 7.3 with KOH
(~290 mOsm/kg). The hair cells in apical turns of cochleae were
selected randomly, and the RMPs of hair cells were measured at
zero current in the current-clamp mode of the whole-cell configura-
tion using an EPC-10 USB amplifier with Patchmaster v2.90.5 soft-
ware (HEKA Elektronik, Reutlingen, Germany). Igor Pro 6.22A and
GraphPad Prism 8 were used to analyze data and generate graphs.
A t test was used to evaluate the statistical significance in GraphPad
Prism 8.0. Data are presented as means + SEM.
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Auditory testing

ABR and DPOAE measurements were recorded in a soundproof
chamber using the RZ6 acoustic system (Tucker-Davis Technologies,
Alachua, FL, USA) at 8 and 12 weeks after injection. According to our
previously published methods,*** briefly, mice of either sex were
anesthetized by intraperitoneal injection of xylazine (10 mg/kg) and
ketamine (100 mg/kg), and three-needle electrodes were inserted
separately into the subcutaneous tissue of the cranial vault between
the two ears (reference electrode), the mastoid portion behind the
left pinna (recording electrode), and the dorsal rump of the animal
(grounding electrode). For ABR measurements, tone burst acoustic
stimulus was raised from 20 to 90 dB SPL at frequencies of 5.6, 8,
11.3, 16, 22.6, and 32 kHz (in half-octave steps). ABR threshold
was determined as the lowest sound pressure level at which any
ABR wave peak could be visually detected and repeated compared
to background noise. For the DPOAE measurements, primaries f1
and f2 (f2/f1 = 1.2) were presented with {2 from 5.6 to 32 kHz and
L1 - L2 = 10 dB SPL. DPOAE thresholds were defined as the ampli-
tude of the f2 level generating the DPOAE that was 3 dB SPL above
the noise floor. The average noise floor level was below 0 dB SPL
for all frequencies. After the animals recovered from anesthesia and
regained voluntary movement, they were returned to the breeding
center. In general, thresholds were defined by two independent
observers.

Immunohistochemistry and confocal microscopy

After sacrificing the animals by cervical dislocation, the cochleae of
12-week-old adult mice were harvested.”> According to our previ-
ously published methods, briefly, the temporal bone was perforated,
the round and oval windows were opened, and the cochlea was
perfused, fixed with 4% paraformaldehyde, decalcified with 10%
ethylene diamine tetraacetic acid (EDTA), permeabilized and infil-
trated with 1% Triton X-100, and blocked with 10% bovine serum.
The tissues were incubated with rabbit anti-Myosin VIIa (1:800 dilu-
tion, Proteus BioSciences, #25-6790), the appropriate Alexa-conju-
gated secondary antibodies (1:500 dilution, Donkey Anti-Rabbit
IgG [H + L], Cy3, AlexJackson ImmunoResearch, 711-165-152),
and DAPI for labeling the cell nuclei (1:1,000 dilution, Sigma,
#D9542). Specimens were mounted on adherent microscope slides
(Citotest, #188105). The fluorescent z stack images were collected us-
ing a Leica TCS SP8 laser scanning confocal microscope and a
40 x 1.30 oil objective.

Hair cell counting

For hair cell counting, the numbers of Myosin VIIa" OHCs per
100 pm of the apical, middle, and basal turns of the cochlear were
counted using Leica TCS SP8 software. Four independent samples
were collected from wild-type, injected ear and contralateral unin-
jected ear of Kcng4™%?**" mice. Results are expressed as the
mean + SEM.

Scanning electron microscopy
According to our previously published methods,*” briefly, the tempo-
ral bones of 8-week-old adult mice were harvested after cervical
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dislocation. The cochlea was fixed, decalcified, immersed, dissected,
dehydrated, dried, and sprayed. Images were obtained with a high
vacuum field emission scanning electron microscope (Hitachi SU-
8010) at 2.2 kV (low magnification) or 10.0 kV (high magnification).
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Mut 5-GGAAGCTGTTGGACTCCGTGGTCTATGC-3’
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Figure S1. Construction of a Kengq4 p.G229D mouse model with the humanized
homologous mutation. (A) Homologous comparison of partial KCNQ4 amino acid
sequences between human and mouse. (B) Schematic diagram of the construction of a
Keng4/922°P mouse model with the mutation ¢.686_687delinsAC. WT, wild-type allele;

Mut, mutant allele.
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B C 93 Kcnq46229D/6229D
100+ T TGGAAGCTGTTGGACTCCGTGGTCTATGCGCACAGTAAGGTGAG Reference sequence
— TGGAAGCTGTTGGACTCCGTGGTCTATGCGCACAGTAAGGTGAG G229D (75.72%, 382,104 reads)
X 80 TGGAAGCTGTTGGACTCCGTGG..CTATGCGCACAGTAAGGTGAG -1bp (2.44%, 12,323 reads)
% TGGAAGCTGTTGGACTC............. TCTATGCGCACAGTAAGGTGAG -5bp (2.06%, 10,410 reads)
2 TGGAAGCTGTTGGACTCCGTG... TCTATGCGCACAGTAAGGTGAG -1bp (1.79%, 9,015 reads)
% 60— TGGAAGCTGTTGGACTCCGTGGT...TATGCGCACAGTAAGGTGAG -1bp (1.63%, 8,217 reads)
% TGGAAGCTGTTGGACTCCGTGGgTCTATGCGCACAGTAAGGTGAG +1bp (1.23%, 6,211 reads)
g 40 TGGAAGCTGTTGGACTCC........... TCTATGCGCACAGTAAGGTGAG -4bp (1.17%, 5,898 reads)
8 TGGAAGCTGTTGGACTCCGTGG........... GCGCACAGTAAGGTGAG -5bp (1.11%, 5,623 reads)
EJ_ TGGAAGCTGTTGGACTCC................ TATGCGCACAGTAAGGTGAG -6bp (1.11%, 5,600 reads)
2 20— TGGAAGCTGTTGGACTCCGTGGT.... ATGCGCACAGTAAGGTGAG -2bp (0.96%, 4,848 reads)
= TGGAAGCTGTTGGACTCCGTGG................. GCACAGTAAGGTGAG -7bp (0.86%, 4,322 reads)
0 & TGGAAGCTGTTGGACTCCGTGG...... ATGCGCACAGTAAGGTGAG -3bp (0.83%, 4,182 reads)
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B8 In-frame TGGAAGCTGTTGGACTCCGT.......CTATGCGCACAGTAAGGTGAG -3bp (0.41%, 2,071 reads)
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Figure S2. Screening

of sgRNAs targeting mutant allele in Kcng4©??P/6229D

fibroblasts. (A) Indel profiles are shown for g1, g2, g3 and g4, respectively. Negative

numbers represent deletions and positive numbers represent insertions. Sequences

without indels (value = 0) are not included in the chart. (B) The proportion of in-frame

and frameshift mutations caused by indel profiles. (C) The top 15 indel sequences are

shown for g3 with the number of reads. Dashed lines, blue base, green bases and arrow



indicate deletions, insertion, PAM sequence and sgRNA sequence, respectively.
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Figure S3. Sorting of GFP-positive hair cells by FACS from Atohl-
GFP;Kcng47¢??P mice. Images show GFP ratios in Kcng479??°? and Atohl-

GFP;Kcng4+/9??°P samples, respectively.
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Figure S4. Indel profiles of six different individual samples. Negative numbers

represent deletions and positive numbers represent insertions. Sequences without indels

(value = 0) are not included in the chart.
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Figure S5. Therapeutic efficacy of AAV_SaCas9-KKH_ g3 system on auditory
function in Kcng4*¢??°? individual mice at 8 and 12 weeks. The ABR (A-B) and
DPOAE (C-D) thresholds of hearing between injected ears and uninjected ears in
Keng4/922P individual mice at 8 and 12 weeks of age are shown. The red, blue and
gray lines indicate the thresholds of uninjected ears (Kcng4'/¢??°P), injected ears

(Kcng4622%P 4 Cas9-g3) and wild-type mice (Kcng4 ™), respectively. The numbers of

mice tested are shown.



Mid Base
Kcnq4+/62290 Kqu4VGzng
Kcng4* Kcng4+/62290 + Cas9-g3 Kcng4+* Kcngq4 #6220 + Cas9-g3

§| 3 % =S g S bl - PR
3
515

Sl

T

8

as
= ol
5
I

8

k=

Figure S6. Morphology of hair cell stereocilia in Kcng4+7¢?*?°? mice injected with
AAV_SaCas9-KKH g3 at 8 weeks. SEM images of hair cell stereocilia in the middle
turn (A) and basal turn (B) at low magnification and high magnification (from the
yellow box at low magnification) are shown. Low magnification (Low): 2.2 kV; high

magnification (High): 10 kV. Scale bars: 20 um (Low) and 5 um (High).



Table S1. The number of deep sequencing reads used to calculate the sample editing
efficiency.
Table S2. The information on off-target sites.

Table S3. The oligonucleotide DNA sequences of primer
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