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Dear Editor,
Hearing loss is the most common sensory disorder in the world.

Among cases of non-syndromic hearing loss, which account for
70% of all cases of genetic hearing loss, around 80% of cases arise
from autosomal recessive loss-of-function mutations that require
repair, rather than disruption, of the mutant allele.1 CRISPR/Cas9-
mediated homology-directed repair (HDR)-based therapies have
the potential to cure many genetic diseases because this class of
therapeutics can achieve arbitrary base changes as well as the
insertion or deletion of DNA fragments.2 However, HDR is
considered to be largely restricted to dividing cells and is generally
inefficient in animal tissues in vivo.3 CRISPR/Cas9-mediated HDR
has been successfully used to efficiently correct the Cdh23ahl allele
in C57BL/6NTac zygotes and to rescue the associated auditory
phenotype.4 However, there have been no reports of applying this
strategy at the postnatal stage (i.e., in vivo) to achieve hearing
preservation in animal models of hereditary hearing loss. An
efficient HDR strategy in nondividing mammalian cells (including
cochlear hair cells) holds promise for developing treatments for
recessive hearing loss. We previously devised a new homology-
mediated end joining (HMEJ)-based strategy using CRISPR/Cas9-
mediated cleavage of the transgene donor vector, which contains
guide RNA target sites and ~800 bp of homology arms, and
cleavage of the targeted site in the genome5 (Supplementary
information, Fig. S1). This approach, which is an optimized version
of HDR, achieved transgene integration in mouse and monkey
embryos, as well as in hepatocytes and neurons in vivo, with an
efficiency much greater than homologous recombination- and
nonhomologous end joining-based strategies.5

In this work, homozygous Klhl18lowf mice were used as a model
of recessive hereditary hearing loss, as reported by Ingham et al.6

Klhl18lowf mutant allele contains a missense (p.V55F) point
mutation (Chr9:110455454 C>A) of Klhl18 that cannot be corrected
using current base-editing strategies. The mutation in Klhl18 leads
to the dysfunction of inner hair cells (IHCs), which results in
abnormal auditory brainstem response (ABR) but normal distor-
tion product otoacoustic emission (DPOAE) thresholds.6 Homo-
zygous Klhl18lowf mutant mice showed abnormally tapering of the
tips of IHC stereocilia, especially in the apical and middle turns of
the cochlea. However, hair cell degeneration was not observed in
the homozygous mutants.6

Firstly, via testing three single-guide RNAs (sgRNAs), we managed
to identify a highly efficient sgRNA that specifically targets the
Klhl18lowf site in primary neonatal fibroblasts derived from homo-
zygous Klhl18lowf mice (Fig. 1a; Supplementary information, Fig. S2a
and Data S1); the editing efficiency of each SaCas9-KKH–sgRNA
composite from high to low showed an order of sgRNA2> sgRNA3

> sgRNA1 (Fig. 1b; Supplementary information, Fig. S2b and
Table S1). It has been reported that the efficiency of homologous
recombination has an inverse correlation with the distance between
the point mutation site and the cleavage position.7 Therefore,
sgRNA2 was chosen for the subsequent experiments.
Because sgRNA2 does not cover the Klhl18lowf mutation site, we

introduced a synonymous mutation site on the donor to prevent
potential sgRNA2-induced cleavage of the template or secondary
cleavage of the corrected sequence (Fig. 1a). By constructing an
NIH3T3 cell line expressing donor template via a lentiviral system,
we confirmed that sgRNA2 produced significant editing of the
endogenous locus without editing the donor template (Supple-
mentary information, Fig. S3a, b, and Table S1).
We next constructed the HMEJ-based agents that consist of two

plasmids (Supplementary information, Fig. S4a) for in vitro
examination of the editing efficiency. By fluorescence-based cell
sorting, we found a 17.8-fold increase of indel efficiency in the
sorted cells compared to the unsorted sample (from 1.2% to
21.3%) (Fig. 1b, c; Supplementary information, Table S1). We also
observed a distinct corrected population of fibroblasts compared
to the mock-transfected controls (Fig. 1c; Supplementary informa-
tion, Fig. S4b). No obvious indel mutations for the off-target sites
were detected in homozygous Klhl18lowf fibroblasts transfected
with SaCas9-KKH+ sgRNA2, indicating the high fidelity of this
CRISPR/Cas9 system (Fig. 1d; Supplementary information,
Table S2).
Given the high transduction efficiency of AAV9 and AAV-PHP.eB

in IHCs,8 we used these two AAVs to package the CRISPR/Cas9
knock-in system for delivery into the inner ear (Fig. 1e). The
AAV–sgRNA–donor transduced more than 93% of the IHCs on
average 10 weeks after injection (Fig. 1f; Supplementary informa-
tion, Fig. S5). For the whole cochlear tissue collected from the
injected ears of homozygous mutants, the in vivo correction
efficiency was increased by 3.2-fold at 10 weeks of age compared
to P14 (from 0.10% to 0.32%), while no obvious indels or gene
corrections were observed in the samples from the non-injected
ears (Fig. 1g, h; Supplementary information, Fig. S6 and Table S1).
These results indicate that the correction efficiency was increased
with increased editing time. It has been reported that hair cells in
the dissected organ of Corti make up only about 1.5% of the total
cells used for deep sequencing,9 which indicates the actual
correction efficiency was underrepresented. We also assessed off-
targeting of the therapeutic agents in vivo by whole-genome
sequencing, and no obvious indels or SNPs were detected
(Supplementary information, Fig. S7 and Table S3).
Klhl18 has Kelch-repeat domains that interact with actin.10

Deficiency in Klhl18 may therefore result in a range of cellular
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problems in actin-rich cells such as IHCs and affect the actin
core of stereocilia leading to a tapering phenotype of IHCs.6 By
scanning electron microscopy (SEM) (Fig. 1i), we found clear
rescue of IHC stereocilia morphology 8 weeks after injection of
dual AAV system based on the observation method reported
by Ingham et al.6 The IHCs in the untreated homozygous
mutants showed frequent tapering of the tallest stereocilia
towards their tips. The stereocilia in the mutants were also
more elongated and thinner than those in wild type (WT) mice.
With injection of the dual-AAV system, some IHCs in the
homozygous Klhl18lowf cochlea had normal stereocilia mor-
phology (resembling the WT IHCs), while some neighboring
IHCs showed abnormal stereocilia shape (Fig. 1i). The criteria
for estimating recovery are that most of the stereocilia in the
tallest row within a single bundle have a normal columnar
shape and that they are shorter compared to those of the
untreated mutants. In the treated cochleae of homozygous
mutants, we observed that approximately 16.5 ± 9.2% and 16.9
± 8.2% of the IHCs in the apical and middle turns respectively
(from five independent samples) exhibited normal or near
normal stereocilia bundles.
Klhl18lowf heterozygotes showed no obvious differences in ABR

thresholds across all tested frequencies compared with their WT
littermates (Supplementary information, Fig. S8a–e), which is
consistent with Ingham’s report.6 The untreated homozygous
mutants showed progressive hearing loss with onset before
4 weeks of age. After injection of the dual-AAV system, we
observed significant restoration of hearing function in treated ears
compared with untreated ears at most frequencies at ages of
4–24 weeks (Fig. 1j; Supplementary information, Figs. S9, S10a–c,
and Table S4). With the progression of hearing dysfunction, the
proportion of cases without detectable ABR thresholds at 90 dB
SPL was markedly increased at all the tested frequencies in
untreated homozygous mutants, while the treated homozygous
mice showed evoked ABRs at 90 dB SPL at the frequencies of 8, 16,
and 24 kHz during the observation period up to 24 weeks of age.
Moreover, the dual-AAV system significantly improved ABR wave 1
amplitude and latency at 4 weeks (Supplementary information,
Fig. S11) and 8 weeks of age (Fig. 1k, l). The injection of
AAV–SaCas9-KKH alone could not prevent hearing loss in Klhl18lowf

homozygotes, which suggests that the hearing preservation

requires the dual AAVs (Supplementary information, Fig. S12).
Homozygous Klhl18lowf mice showed normal DPOAE responses at
the age of 8 weeks, which was consistent with the phenotype of
unaffected outer hair cells (OHCs), and the injection of AAVs did
not affect the function of OHCs (Supplementary information,
Fig. S13).
Ca2+-triggered exocytosis of IHC synaptic vesicles was mea-

sured as plasma membrane capacitance increments (ΔCm) after
short and long depolarization pulses (10–200 ms) eliciting Ca2+

influx. The results showed that the Klhl18lowf mutation did not
affect the Ca2+-triggered IHC exocytosis measured upon depolar-
ization pulses of 10–50ms, while sustained IHC exocytosis
measured upon longer depolarization pulses (200 ms) was
significantly decreased in homozygous mutants compared to WT
controls (Fig. 1m–o). It is plausible that Klhl18 is involved in the
recycling of synaptic vesicles, which relies on functional cytoske-
leton structures, and that the lack of normal Klhl18 slows the
recycling of synaptic vesicles and therefore reduces sustained IHC
exocytosis as measured upon longer stimulation. The dual-AAV
system restored the sustained IHC exocytosis after 200 ms
depolarization pulses in homozygous mutants (Fig. 1m–o), which
confirms that the Klhl18lowf mutation was corrected in IHCs via
CRISPR/Cas9-mediated HMEJ. However, in this study we found no
significant difference in voltage-gated Ca2+-current (ICa) among
dual-AAV-treated homozygous Klhl18lowf, untreated homozygous
Klhl18lowf, and WT IHCs (Supplementary information, Fig. S14),
which indicates that the Klhl18lowf mutation did not influence the
ICa of IHCs.
We also used ELISA to test the immune response to AAV vectors

at 28 days after injection and found no significant difference in the
immune response between the injected and non-injected mice
(Supplementary information, Fig. S15).
In conclusion, our HMEJ-based system provides a great advance

in applying the HDR strategy for gene editing in mammalian
cochlear hair cells. However, to obtain better therapeutic effect,
there is still an urgent need for developing new strategies to
further augment the knock-in efficiencies in nondividing mam-
malian cells. Still, the proof-of-concept results provided here show
promise for further development of HMEJ-based strategies for the
repair of point mutations that cause inherited hearing loss as well
as other human genetic diseases.

Fig. 1 The HMEJ-based system corrects the Klhl18lowf point mutation, restores IHC stereocilia morphology and exocytosis, and improves
hearing function in homozygous Klhl18lowf mice. a Design of the sgRNAs and donor based on SaCas9-KKH. The mutation site is highlighted
in red. Nucleotides of the PAM sites are marked in green. b Indel frequencies of the three sgRNAs in Klhl18lowf/lowf fibroblasts without GFP-
sorting. n= 3 for each gRNA; n= 4 for negative control (NC). c The percentages of indels and correctly edited reads in Klhl18lowf/lowf fibroblasts
after HMEJ-based gene editing and GFP-sorting. d Indel frequencies at the Klhl18lowf mutation locus and each of the off-target loci detected in
Klhl18lowf/lowf fibroblasts. On, on-target; OT, off-target. n= 2. e Schematic of the dual-AAV system and the experimental overview of the in vivo
studies. f Transduction efficiencies in IHCs. With a viral dose of 1.6 × 1010 virus genomes, AAV–sgRNA–donor transduced 100.0 ± 0.0%, 98.1 ±
3.9%, and 93.7 ± 4.2% IHCs in the apical, middle, and basal turns of the cochlea, respectively. g The percentages of correctly edited reads from
the injected and non-injected Klhl18lowf/lowf ears at P14 and 10 weeks of age respectively. Dots represent individual values, and bars represent
means ± SD in b–d, f and g. h Deep-sequencing results for the injected cochleae with the highest correction frequency (marked by red) at P14
and 10 weeks of age, respectively. The correctly edited allele and the top 2 indel mutation types are shown along with the frequency for each
mutation type. i Representative SEM images of the apical and middle turns of the cochleae harvested at 8 weeks of age and corresponding
IHC schematic diagrams showing the morphology of the IHC stereocilia for WT (upper), non-injected homozygous (Homo-untreated; middle),
and injected homozygous Klhl18lowf (Homo-treated; lower) ears. The images from white dotted boxes are magnified for better presentation
and identification. Blue arrows indicate stereocilia with columnar shape in rescued IHCs, while red arrowheads indicate tapering and
elongated stereocilia in abnormal IHCs. The scale bars are 10 μm. j Means ± SD of the ABR thresholds for WT, non-injected, and injected
homozygous Klhl18lowf ears tested at 4, 8, and 12 weeks of age. The asterisks indicate the comparison of the ABR thresholds between the non-
injected and injected ears. Arrows indicate that there were cases of no ABR response at 90 dB for the corresponding frequencies and ears. k, l
Peak amplitudes (k) and latencies (l) of ABR wave 1 evoked by 90 dB stimuli in WT, injected, and non-injected homozygous Klhl18lowf ears
around 8 weeks of age. m Representative ΔCm in IHCs from WT, non-injected, and injected homozygous Klhl18lowf cochleae in response to a
200ms depolarization pulse at maximum ICa potentials. n Average ΔCm from IHCs of WT, non-injected, and injected homozygous Klhl18lowf

cochleae with voltage steps of 10–200ms. o The scatter plot of n. The black asterisk (*) represents the result of statistical analysis comparing
the ΔCm of IHCs between WT and non-injected homozygous Klhl18lowf cochleae. The red asterisks (****) represent the comparison of ΔCm
between injected and non-injected groups. In j–l, n and o, statistical tests were two-way ANOVAs with Bonferroni correction. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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