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Gene editing in a Myo6 semi-dominant
mouse Model rescues auditory function
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Myosin VI ( MYO6 ) is an unconventional myosin that is vital
for auditory and vestibular function. Pathogenic variants in the
human MYO6 gene cause autosomal-dominant or -recessive
forms of hearing loss. Effective treatments for Myo6 mutation
causing hearing loss are limited. We studied whether adeno-
associated virus (AAV)-PHP.eB vector-mediated in vivo deliv-
ery of Staphylococcus aureus Cas9 (SaCas9-KKH)-single-guide
RNA (sgRNA) complexes could ameliorate hearing loss in a
Myo6"""“**?Y mouse model that recapitulated the phenotypes
of human patients. The in vivo editing efficiency of the AAV-
SaCas9-KKH-Myo6-g2 system on Myo6“***Y is 4.05% on
average in Myo6""“***¥ mice, which was ~17-fold greater
than editing efficiency of Myo6"" alleles. Rescue of auditory
function was observed up to 5 months post AAV-SaCas9-
KKH-Myo06-g2 injection in Myo6""/“**** mice. Meanwhile,
shorter latencies of auditory brainstem response (ABR) wave
I, lower distortion product otoacoustic emission (DPOAE)
thresholds, increased cell survival rates, more regular hair
bundle morphology, and recovery of inward calcium levels
were also observed in the AAV-SaCas9-KKH-Myo6-g2-treated
ears compared to untreated ears. These findings provide
further reference for in vivo genome editing as a therapeutic
treatment for various semi-dominant forms of hearing loss
and other semi-dominant diseases.

INTRODUCTION
MYOG6 is an unconventional myosin of 1,265 amino acids.! It con-
sists of an N-terminal motor domain that is involved in actin bind-

ing and movement, a calmodulin-interacting neck domain, and a
C-terminal tail domain that often connects to various cargo-associ-
ated proteins.” MYOG6 is expressed in the hair cells of the inner ear
and is localized to the base of the stereocilia in the cuticular plate and
thus is assumed to play important roles in anchoring the stereocilia
to the cuticular plate.” Pathogenic variants in the MYO6 gene can
cause either autosomal dominant inherited non-syndromic hearing
loss (DFNA22) or autosomal recessive inherited non-syndromic
hearing loss (DFNB37).>”” Recently, a large-scale genetic analysis
of Japanese patients with hearing loss found that 2.4% of autosomal
dominant sensorineural hearing loss cases were caused by MYO6
mutations.”
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The MYO6 p.C442Y mutation causes DFNA22. Carriers of the
Myo6“*?Y mutation begin to develop progressive hearing loss during
childhood and show profound sensorineural hearing loss by middle
age.” We previously established a Myo6" " “*#¥
capitulates postlingual progressive sensorineural deafness in humans.
This mouse model exhibits hearing loss starting from 3 weeks after birth
and progresses to profound deafness accompanied by degeneration of
hair cells and disorganization of the stereocilia in the organ of Corti
with a semi-dominant inheritance pattern.” Although MYO6 mutations
are known to play an important role in hereditary deafness, currently
there is still a lack of effective treatment and prevention methods.

mouse model that re-

Gene therapy holds a promise for treating hearing loss or promoting
the survival of spiral ganglion neurons after injury,' and multiple
preclinical trials of adeno-associated virus (AAV)-mediated gene
overexpression therapy in recessive mouse models of human forms
of deafness have reported successful prevention of hearing impair-
ment."' " However, such strategies have the disadvantages of a short
time window for their effectiveness and a lack of controlled gene
expression,”” and such therapies might not be appropriate for semi-
dominant inheritance mutations like that seen for MYO6 p.C442Y.
Fortunately, the CRISPR-Cas9 (clustered regularly interspaced short
palindromic repeats, CRISPR-associated protein 9) system provides
a powerful genome-editing tool that can precisely correct mutations

in the inner ear.”'**

MYO6 is expressed in both outer hair cells (OHCs) and inner hair
cells (IHC:s), particularly at the base of the stereocilia in the cuticular
plate.>* Further studies also revealed that MYO6 is involved in the
morphological and functional maturation of IHC ribbon synapses
and is required for efficient Ca**-dependent exocytosis.”*> Several
Mpyo6 mutations are known to exhibit an autosomal recessive inher-
itance pattern."”*>*” For instance, an intronic point mutation (IVS5
G>A) results in skipping of exon 5 (130 bp) from the Myo6 transcript
and results in a frameshift that introduces a stop codon at amino acid
95. Auditory brainstem response (ABR) testing showed that this het-
erozygous mutation had similar hearing threshold levels as wild-type
(WT) mice when tested at 4, 8, and 24 weeks of age.27 One Myo6WT
allele appears to be sufficient to maintain normal hearing, and we
hypothesized that specifically knocking out the mutated Myo6“**?*
allele in heterozygous Myo6"""“***" mice can restore hearing.

In order to verify this hypothesis, the Myo6“**?" allele was specifically
knocked out using SaCas9-KKH and a newly identified and highly
efficient AAV-PHP.eB delivery system for hair cells.”® The results
demonstrated that knocking out the Myo6“***" mutant allele could
rescue hearing loss, and these observations support the use of this
therapeutic strategy for most other semi-dominant diseases.

RESULTS

Specific disruption of the Myo6 °#2¥ allele in vitro using SaCas9-
KKH

The Myo6"""“***Y mice have a G to A change (NM_001039546.1:
¢.1325G>A), and Cas9 must distinguish the My06C442Y allele from
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the Myo6 WT allele; the shorter SaCas9-KKH was chosen to enable
successful packaging within one AAV vector. Two sgRNAs were de-
signed to specifically target the mutant Myo6“***" allele (Figure 1A).
In order to evaluate the allele specificity of the genomic DNA modi-
fication, we performed lipid-mediated delivery of the Cas9-sgRNA-
GFP plasmid into cultured mouse embryonic stem cells (mESCs)
derived from Myo6" "™, Myo6™ " “**2Y and Myo6“**?*/“*2¥ mice
(Figure 1B). The sgRNA target site was amplified by PCR, and the ed-
iting efficiency was analyzed by next-generation sequencing (NGS).

A higher rate of targeted insertions or deletions (indels) in mutant
Myo6C442Y/C442Y mESCs (23.22% =+ 1.76%) was observed with
Myo6-g2 compared to Myo6-gl (0.27% =+ 0.06%) (Figure 1C).
The Myo6-g2 editing efficiency of the Myo6“***" allele in
Myo6“*H*2Y/H2Y ypas ~21-fold greater than editing efficiency of the
Myo6™T allele (1.13% = 0.25%) in Myo6" ™" mESCs. The editing
efficiency of Myo6-g2 was also higher for the Myo6“**?" allele in
Myo6"/“*12Y mESCs (23.7% = 2.04%) than that of Myo6-gl
(0.06% = 0.04%) (Figure 1D). The Myo6-g2 editing efficiency of the
Myo6“**Y allele in Myo6™""“**2¥ was ~19-fold greater than editing
efficiency of the Myo6"" allele (1.23% + 0.25%) in Myo6""/“*42Y
mESCs. Myo6-g2 specifically edited Myo6“*** alleles both in
Myo6“* 22 and Myo6" " mice, which is consistent with
the report that the 1-bp mismatch in the protospacer adjacent motif
(PAM) was sufficient to distinguish between the mutant and WT
alleles.”” The indel profile indicated that majority of the Myo6-g2-
induced variants were deletions, and the frameshift mutation ratios
were 83.3% (Figures 1E and 1F; Data S1). In the in silico off-target
analysis of Myo6-g2 using the Cas-OFFinder software,”” we examined
up to 15 off-target sites in mESCs transfected with Myo6-g2 or con-
trol sgRNA (non-targeted sgRNA, NT-sg), and no obvious indel mu-
tations were observed (Figure 1G; Data S2). These results suggested
that SaCas9-KKH-Myo6-g2 was a better strategy when compared
to SaCas9-KKH-Myo6-gl, and SaCas9-KKH-Myo6-g2 was used in
the subsequent in vivo experiments.

In vivo genome editing with SaCas9-KKH-Myo6-g2
SaCas9-KKH-Myo6-g2 was packaged into AAV-PHP.eB, which was
reported in our previous work to be highly effective at infecting
hair cells (Figure S1).”* The AAV-SaCas9-KKH-Myo6-g2 was
injected into the inner ears of Myo6“**?Y/“*2Y Myoe™ T/“*42Y and
Myo6""""T post-natal day (P) 0-2 mice (Figure 2A).

PCR products of target sites were analyzed by NGS at P14, and we
observed an indel frequency of 3.51% + 3.12% in AAV-SaCas9-
KKH-Myo6-g2-treated Myo6“**?/“*#Y ears but effectively no indels
(0.01%) in the untreated ears (Figure 2B). For My06WT/ WT mice, there
was no significant difference in indel frequency between the AAV-Sa-
Cas9-KKH-Myo6-g2-treated and untreated groups (0.015% for
treated versus 0.012% for untreated), which was consistent with the
in vitro results in Figure 1C. In Myo6""“***¥ mice, Myo6-g2 edited
the Myo6“***" alleles specifically (4.05% + 2.38% from six indepen-
dent cochlea), which was ~17-fold greater than the editing efficiency
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Figure 1. The genome-editing strategy to disrupt the Myo6°#*?Y mutant allele

(A) SaCas9-KKH sgRNA design. The Myo6 p.C442Y mutation site is highlighted in red (a G to A transition at position 1325 of the Myo6 cDNA). Nucleotides of the PAM sites
are marked by green. (B) Schematic for the in vitro studies in Myo6°#42Y/C442Y ESCs. Lipofectamine 3000-mediated delivery of the SaCas9-KKH sgRNA therapy vector into
ESCs. Cells were sorted by GFP expression. (C and D) Indel percentages of g1 and g2 in Myo6"""T, Myo6°#42 /©442Y  and Myo6"""#42Y mESCs were determined by
targeted NGS and analysis using Segkit. Individual values (n = 3) are shown, and horizontal lines and error bars represent the mean values + SD of three independent
biological replicates. Each dot represents the DNA from one sample. (E) The indels causing in-frame versus frameshift mutations were calculated after SaCas9-KKH-Myo6-
g2 transfection in Myo6°#42Y ©442Y ESCs. The data were obtained from the average of three independent repeated experiments. (F) Indel profiles from SaCas9-KKH-Myo6-
g2-transfected Myo6°442Y/C442Y ESCs. Negative numbers represent deletions, and positive numbers represent insertions. Sequences without indels (value = 0) are not
included in the chart. (G) Indel frequency at the Myo6°##2Y mutation locus (On) and at each of the off-target (OT) loci in SaCas9-KKH-Myo6-g2-treated Myo6C+#2Y/C442Y
ESCs. Blue, samples treated with DNA plasmids encoding SaCas9-KKH-Myo6-g2; orange, control samples with SaCas9-KKH-MyoB-NT-sg.

of Myo6"™" alleles (0.24% + 0.16% from four independent cochlea) ~ Myo6“*2/“**2Y and Myo6" /“**?, respectively (Figure 2D). The
(Figure 2C and Data S1). most common mutation variants were —1 bp (0.81%/3,690 reads in

Myo6" MY 0,649%/7,221 reads in Myo6“**2Y/“*2Y), 2 bp (0.89%/
The indel profile showed that the majority of AAV-SaCas9-KKH- 4,077 reads in Myo6"/“**?, 0.56%/6,328 reads in Myo6=**2"/<*42Y),
Myo6-g2-induced variants in the Myo6C442Y allele were deletions, and +1 bp (0.51%/2,350 reads in Myo6WT/ C442Y ' 28%/3,115 reads in
and the frameshift mutation rates were 89.0% and 92.3% for Myo6C 442Y/CH2YY fameshifts (Figures 2E and 2F; Data S1).
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TCAGTACTTTCCTTTTGAAACATCTTCTTATTTTATTG WT (95.777%, 437,984 reads)
TCAGTACTTTCC... TTGAAACATCTTCTTATTTTATTG -2bp (0.892%, 4,077 reads)
TCAGTACTTTCC..TTTGAAACATCTTCTTATTTTATTG -1bp (0.807%, 3,690 reads)
TCAGTACTTTCCTTTTTGAAACATCTTCTTATTTTATTG +1bp (0.514%, 2,350 reads)
TCAGTACTTTCCTTGTTGAAACATCTTCTTATTTTATTG +1bp (0.190%, 870 reads)
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Figure 2. In vivo genome editing with the AAV.PHP.eB-SaCas9-KKH-Myo06-g2 system

(A) Schematic of the AAV vectors (control and g2) and the experimental overview of the in vivo studies. (B and C) The indel percentages at P14 in Myo

6C442Y/C442YY MyOGWT/C442Y,

and Myo6"""T in the sensory epithelia were determined by targeted NGS. The samples were from ears treated with or without AAV.PHP.eB-SaCas9-KKH-Myo6-g2 at PO-2 via
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In AAV-SaCas9-KKH-Myo6-g2-treated Myo6" " “**?Y mice, we also
observed indel formation for Myo6“**" alleles at the mRNA level at
P15 (0.8% =+ 0.01%), which was ~10-fold greater than the editing effi-
ciency of the Myo6" " alleles (0.08%; Figure S2A). We observed the pro-
portion of Myo6“***Y mRNA allele reads decreased in the treated group
relative to the untreated group (51.3% versus 52.4%, n =4) (Figure S2B).

In order to determine whether the gene editing was stable for a long
time, we chose 15 weeks, which is one of the best time points for hear-
ing rescue performance according to our study, to analyze the gene-
editing efficacy. Because the sensory epithelium is difficult to separate
at 15 weeks, the whole soft cochlear tissue was used instead. In the
whole cochlea, in which supporting cells vastly outnumber the
AAV-SaCas9-KKH-Myo6-g2-targeted hair cells, we could still
observe an indel frequency of 3.63%, which was similar to 4.05% at
P14. However, editing in WT alleles was also observed (0.17%; Fig-
ure S3), which was consistent with a previous report.”* This might
be caused by the inability of the single G or A to accurately distinguish
the Myo6"™ ™ from Myo6“***" allele for indel analysis. However, the
ratio of indel frequencies in AAV-SaCas9-KKH-Myo6-g2-treated
Myo6"" alleles and untreated Myo6"” (background) was not
increased even after 15 weeks (6.36-fold at P14 versus 2.62-fold at
15 weeks) (Figure 2C; Figure S3; Data S1). These results indicated
that AAV-SaCas9-KKH-Myo6-g2 specifically edit the
Myo6“**?Y alleles in vivo for a long time.

could

Allele-specific knockout of Myo6°#2Y improves hearing function
To study the effect of the AAV-SaCas9-KKH-Myo6-g2 system on

6"/<*12Y mice, we recorded ABRs, which

hearing function in Myo
represent the sound-evoked neural output of the cochlea from treated
and untreated ears to evaluate the extent of hearing recovery across
frequencies ranging from 4 kHz to 32 kHz. We first evaluated whether
the injection of the vectors affected hearing function. We found that
there was no ABR threshold elevation in the AAV-SaCas9-KKH-
Myo6-g2-treated ears compared with the untreated ears (16 kHz:
treated, 31.1 + 1.8 dB, n = 9; untreated, 31.1 + 1.8 dB,n =9, p >
0.05) in Myo6 WIWT mice (Figure S4A). No hair cell loss was detected
along the tonotopic axis of the cochlea in the AAV-SaCas9-KKH-
Myo6-g2-treated group (Figures S4B and S4C; p > 0.05), which
confirmed that the AAV-SaCas9-KKH-Myo6-g2 therapeutic system
does not affect the hearing function of WT mice.

At 10 weeks, the ABR thresholds were significantly decreased at all the
tested frequencies in AAV-SaCas9-KKH-Myo6-g2-treated ears
compared to the untreated ears (16 kHz: treated, 43.3 £ 2.7 dB, n =
26; untreated, 65.2 + 3.8 dB, n = 26, p < 0.0001) (Figure 3A). The
wave 1 latencies stimulated by 90 dB SPL (sound pressure level) sound
at 8 kHz and 16 kHz were shorter in the AAV-SaCas9-KKH-Myo6-
g2-treated ears compared to the untreated ears (8 kHz: treated,

1.9 + 0.1 ms, n = 15; untreated, 2.4 + 0.1 ms, n = 13, p < 0.01; 16
kHz: treated, 1.8 + 0 ms, n = 15; untreated, 2.5 = 0.1 ms, n = 15,
p < 0.0001) (Figure 3B), but we did not detect significant changes
in ABR wave I amplitudes in the AAV-SaCas9-KKH-Myo6-g2-
treated ears compared with the untreated ears at 10 weeks
(Figure 3C).

At 15 weeks, the ABR thresholds were also significantly decreased in
AAV-SaCas9-KKH-Myo6-g2-treated ears compared to the untreated
ears (16 kHz: treated, 53.3 + 17.3 dB, n = 20; untreated, 70 + 22.2 dB,
n = 29, p < 0.0001) (Figure 3A). However, the magnitude of the
improvement at 5 months was reduced at 4 out of 5 frequencies
and persisted only at 8 kHz (treated, 70.8 + 17.7 dB, n = 12; untreated,
89.6 + 12.5dB, n = 12, p < 0.01) (Figure 3A). With continuous obser-
vation up to 10 months, untreated Myo6"”“***" mice showed no
detectable ABR thresholds, indicating profound deafness. In contrast,
3 out of 5 mice showed mild hearing improvements in the AAV-Sa-
Cas9-KKH-Myo6-g2-treated group (Figure 3A).

From the ABR threshold comparison between WT controls and
AAV-SaCas9-KKH-Myo6-g2-treated Myo6™ 7“**2¥ ears, there also
appeared to be significant differences at 24 kHz and 32 kHz at
10 weeks; at 4 kHz, 24 kHz, and 32 kHz at 15 weeks; and at all fre-
quencies at 5 months. There was significant hearing loss at 5 months.
The ABR thresholds of individual mice at 10 weeks, 15 weeks,
5 months, and 10 months are shown in Figure S5, which indicates
the variations in individual hearing function in semi-dominant
mouse models. The results demonstrated that knocking out the
Myo6“**?Y mutant allele could initially improve auditory function,
but the auditory function began to decline at 5 months, and by
10 months the auditory performance was severely degraded. It is
likely that the waning of ABR thresholds at 10 months was a contin-
uation of the decline in responsivity seen at 5 months.

In contrast with the injection of AAV-SaCas9-KKH-Myo6-g2, none
of the mice treated with the control AAV-SaCas9-KKH virus recov-
ered auditory function at 10-12 weeks (16 kHz: treated, 62.5 + 20.7
dB, n = 10; untreated, 65 + 20.1 dB, n = 10, p > 0.05) (Figure S6A),
and the hair cell survival rate was also not improved in the AAV-Sa-
Cas9-KKH-treated group (p > 0.05 at all tested frequencies) (Figures
S6B and S6C). This suggested that the specific gene editing is neces-
sary for auditory rescue.

We also found that the DPOAE thresholds in AAV-SaCas9-KKH-
Myo6-g2-treated My06WT/ C42Y mice showed recovery at 5, 10,
and 12 weeks (Figure S7), which reflected the recovery of OHCs’
amplification function. At 10 weeks, the DPOAE threshold of
the AAV-SaCas9-KKH-Myo6-g2-treated ears was significantly
decreased at 8 kHz and 16 kHz compared with the untreated ears.

the scala media (n = 3-7). Data are presented as the mean + SD. (D) The indels causing in-frame versus frameshift mutations were calculated after AAV.PHP.eB-SaCas9-KKH-

MyoB-g2 infection in Myo6C##2Y/C442Y and Myo6™/C442Y

mice. (E) Indel profiles from SaCas9-KKH-Myo6-g2-transfected Myol

6C442Y/C442Y 6WT/0442Y

and Myo mice. Negative

numbers represent deletions, and positive numbers represent insertions. I\/IyoGC“"ZY and Myo6WT reads are plotted separately. Sequences without indels (value = 0) are omitted
from the chart. (F) The most abundant reads in the AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated Myo6°##2YC442Y and Myo6""7C442Y mice are shown.
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Figure 3. Effects of the AAV-PHP.eB-SaCas9-KKH-g2
virus on the inner ear ABR thresholds in Myo6"/7/¢#42Y
mice

(A) ABR thresholds in Myo6""“42Y ears treated with
AAV.PHP.eB-SaCas9-KKH-Myo6-g2  (blue), untreated
Myo6"7C42Y ears (orange), and WT ears (black) after
10 weeks, 15 weeks, and 5 months. At 10 months, the
dashed line of the same orange color denotes the mean
data of untreated Myo6""/#%2Y ears, and the solid lines
(ourple, black, and blue) denote the three individual
AAV-SaCas9-KKH-Myo6-g2-treated ears showing mild
hearing improvement. Statistical analysis between un-
treated and AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated
Myo6"V7C42Y gars was by one-way ANOVA: ***p < 0.001;
*p < 0.01; *p < 0.05. The statistical analysis between
WT and AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated
Myo6W7C42Y ears was by one-way ANOVA: #i##p <

== Untreated, Myo6""#2Y (n=12)
&= Myo6"7c42Y + AAV-SaCas9-KKH-Myo6-g2 (n=12)

0.001; ##p < 0.01; #p < 0.05. Values and error bars reflect
the mean + SD. (B) Latency of ABR wave 1 at 8 kHz and 16
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3000
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kHz at 10 weeks. (C) Amplitude of ABR wave 1 at 8 kHz and
16 kHz at 10 weeks. AAV.PHP.eB-SaCas9-KKH-Myo6-
g2-treated Myo6"7*2Y ears (blue) were compared with
untreated Myo6"7##2¥ ears (orange). Values and error
bars reflect the mean £ SEM. Statistical analysis was by
unpaired two-tailed Student’s t tests. ***p < 0.001.

tion of AAV-SaCas9-KKH-Myo6-g2 into the
inner ears, but the effect was gradually lost
over time.

Allele-specific knockout of Myo6°#2Y
improves hair cell survival rates
Myo6"*2Y mice exhibited substantial degener-
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ation of OHCs as previously described.” To assess
the effect of gene editing by AAV-SaCas9-KKH-

% Myo6-g2 on hair cell survival, we counted the

hair cells at 5 months and 10 months. At 5 months,
the number of THCs in Myo6"“**?¥ mice was
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T
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Sound intensity at 90 dB

The untreated ears showed almost no detectable DPOAE thresholds
following 80 dB SPL stimulation at high-frequency ranges
(24-32 kHz), while the treated ears showed detectable DPOAE
thresholds. From the DPOAE threshold comparison between WT
controls and AAV-SaCas9-KKH-Myo6-g2-treated Myo6" /<27,
it seemed that OHC function in the treated group was still signifi-
cantly different from that of WT mice. Although the ABR thresholds
of the AAV-SaCas9-KKH-Myo6-g2-treated ears at 24-32 kHz were
decreased significantly compared to the untreated ears (p < 0.05),
the treated ears show mild DPOAE recovery at the corresponding
frequencies. We suspect that the large improvement in ABR thresh-
olds at 24-32 kHz in the treated ears might be mainly due to the pro-
tection of IHC function. Together, these results indicate that the

auditory function of Myo6 ""/“**?¥ was partially recovered by injec-
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Sound intensity at 90 dB

not significantly different from WT, and the num-
ber of IHCs in the AAV-SaCas9-KKH-Myo6-g2-
treated ears did not change (Figure 4A; Figures
S4B and S6B). There were more OHCs in the
AAV-SaCas9-KKH-Myo6-g2-treated ears (40.09 + 0.34 and 35.18 +
1.41 cells/100 pm in the middle and basal turns of the cochlea, respec-
tively) than in the untreated ears (34.36 + 0.98 and 17.73 + 2.43 cells/
100 pm in the middle and basal turns of the cochlea, respectively) (Fig-
ure 4B). The survival of OHCs was significantly enhanced in the middle
and basal turns of the cochlea in the AAV-SaCas9-KKH-Myo6-g2-
treated ears. Representative images of hair cells at 5 months are shown
in Figure S8.

At 10 months, more IHCs in the middle and basal turns were
observed in the AAV-SaCas9-KKH-Myo6-g2-treated ears (11.33 +
0.55 and 6 % 0.41 cells/100 um in the middle and basal turns of
the cochlea, respectively) than in the untreated ears (6.11 + 0.98
and 1.11 + 0.31 cells/100 pm in the middle and basal turns of the
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Figure 4. Effects of the AAV-PHP.eB-SaCas9-KKH-g2 virus on cell survival rates in Myo6""/#2Y mice
(A and B) The number of IHCs (A) and OHCs (B) per 100-um section for four untreated and four AAV-PHP.eB-SaCas9-KKH-g2-treated Myo6"7C#42Y cochleae from four
mice at 5 months. (C and D) The numbers of IHCs (C) and OHCs (D) per 100-um section for three untreated and three AAV-PHP.eB-SaCas9-KKH-g2-treated Myo6"7/442Y

(legend continued on next page)
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cochlea, respectively) (Figures 4C and 4E). More OHCs were
observed in the middle turn of the AAV-SaCas9-KKH-Myo6-g2-
treated ears (33.78 + 1.65 cells/100 pm) compared with untreated
ears (13.44 + 3.27 cells/100 um) (Figures 4D and 4E). Almost no
OHCs were observed in the basal turns of the two groups (Fig-
ure 4D). These results indicated that the survival rate of hair cells
was significantly improved by knockout of the Myo6“**?Y allele,
and the hair cell loss in Myo6"7“***¥ mice progressed from
OHCs to IHCs and from the basal turn to the apical turn.

Allele-specific knockout of Myo6“*2Y improves hair bundle
morphology

Stereocilia bundles on hair cells are responsible for sound detection,
and morphological defects in the stereocilia can cause deafness. In
our previous study,” morphological abnormalities in cochlear hair
bundles in Myo6"“***" mice were observed at 6 weeks. Most hair
bundles anchored on the remaining OHCs and IHCs retained normal
morphology, but some were disorganized, with fused stereocilia and
rotated polarity. At 12 weeks, the number of hair bundles in WT
mice was approximately twice that of the Myo6""/“**?" heterozygous
mice along the middle and basal tonotopic axes. Thus, in present
study the hair bundle morphology was evaluated by scanning electron
microscopy in the AAV-SaCas9-KKH-Myo6-g2-treated and un-
treated ears of Myo6"""“***" mice at 10 weeks of age. In WT control
ears, the hair bundles were arranged into two to three rows in a stair-
case pattern in OHCs and IHCs (Figure 5). In Myo6" /“**?Y mice, the
surviving IHCs and OHCs showed significant disorganization, with
fused stereocilia and rotated polarity in some regions, which was
consistent with a previous report.” When AAV-SaCas9-KKH-
Myo6-g2 was delivered into the Myo6™"7“**?¥ cochlea, we observed
more organized hair bundles in OHCs and THCs. The scanning elec-
tron microscopy results indicated that hair bundle defects caused by
Myo6"7“*42Y mutation were amenable to restoration by injection of
AAV-SaCas9-KKH-Myo6-g2.

Electrophysiology showed recovery of IHC Ca>* current
amplitudes after treatment with AAV-SaCas9-KKH-Myo06-g2
Previous studies have shown that knockout of Myo6 affects Ca** cur-
rent amplitude (Ic,) and leads to capacitance changes in IHCs.>" A
net increase in whole-cell membrane capacitance (AC,,) indicates
sustained Ca®*-dependent exocytosis of synaptic vesicles in ITHCs,
which will activate the auditory neuron. Therefore, we explored
whether the I, and AC,,, in IHCs of MyoéWT/ CH2Y mice were affected
by SaCas9-KKH-Myo6-g2-mediated disruption of the Myo6“**?¥
allele. We isolated the apical turn of the sensory epithelium directly
from the Myo6" ™™ and SaCas9-KKH-Myo6-g2-treated and un-
treated Myo6"/“**?Y cochleae at P15-16. We found that the
Myo6C442Y mutation resulted in a decrease in I, current (WT ears,
—235.1 + 229 pA; untreated Myo6WT/C442Y ears, —145.8 =+
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705 pA), and the I, of SaCas9-KKH-Myo6-g2-treated
Myo6"7“*12Y ears was recovered to —194.3 + 65.1 pA (Figures 6A
and 6B). However, under our experimental conditions we found
that the Ca**-induced exocytosis of IHCs from untreated mice was
not affected by the Myo6C442Y mutation (WT ears, 115.4 + 105.9 {F;
untreated ears, 75.7 + 57.6 {F, p > 0.05). For the treated Myo6WT/ Ca42Y
IHCs, the AC,,, was 82.2 = 71.9 {F (n = 26), which was not significantly
different from WT (p > 0.05) (Figures 6C and 6D). The AC,, results
indicated that the Myo6“**?¥ mutation did not affect the exocytosis of
IHCs.

DISCUSSION

In this study, we explored a possible treatment approach for MYO6
gene mutations, which are a frequent cause of autosomal-dominant
hearing loss. We used a gene therapy system that included highly
efficient hair-cell-targeting AAV.PHP.eB virus vector and CRISPR-
SaCas9-KKH-Myo6-g2. The therapeutic system was delivered into
Myo6™ " M2 mouse ears at PO-2, where it specifically disrupted
the Myo6“***" mutant allele. Consequently, the genome editing spe-
cifically of Myo6“***" alleles significantly improved the auditory func-
tion in Myo6""/“**2Y
from 5 months. This outcome together with previous reports of
successful auditory restoration demonstrated the feasibility of gene
therapy for hereditary deafness.''~'>!>7'%2272431737 A]] of these pre-
clinical gene therapy studies that have focused on different gene mu-

mice even though there was a marked decline

tation sites will contribute to the development of precise treatments
for deafness.”®

Several factors were associated with the improvement in hearing seen
in this work. First, it is widely accepted that OHCs are much more
difficult to transfect with AAV compared to IHCs. Here, we used
the highly infectious PHP.eB virus that even at a relatively low dose
ensured that sufficient numbers of IHCs and OHCs would be trans-
duced to enable assessment of whether or not there was rescue by the
proposed strategy (Figure S1).”® The high-titer AAVs AAV2.7m8,
Anc80L65, and PHP.B have been fully studied in OHCs,”>**~** but
this newly identified and highly efficient AAV-PHP.eB vector has
not been previously used to deliver CRISPR-SaCas9 into the inner
ear. Furthermore, the treatment approach via the scala media was
found to be safe. Audiometry measurements and hair cell counting
were performed 4 weeks after AAV-SaCas9-KKH-Myo6-g2 was in-
jected into WT P0-2 mice, and no ABR threshold shifts or hair cell
loss was observed, indicating that the injection of AAV-PHP.eB-Sa-
Cas9-KKH-g2 did not disrupt hearing function (Figures S4A-S4C).
Finally, the progressive hearing loss in the Myo6" " “***¥ mouse
model provided a sufficient treatment time window for P0-2 injec-
tion. According to a previous electrophysiology study of Myo6™"
mutant mice lacking Myo6 gene expression, ionic current and ribbon
synapse maturation of THCs could still proceed normally until P6,

cochleae from three mice at 10 months. Values and error bars reflect the mean + SEM. Statistical analysis was by two-tailed Student’s t tests. ***p < 0.001. NS, not significant.
(E) Representative confocal images of cochleae harvested at 10 months from the AAV-PHP.eB-SaCas9-KKH-g2-treated and untreated ears of Myo6"/7##2¥ mice. The
apical, middle, and basal turns were dissected and stained with MYO7A (red) for hair cells and with DAPI (blue) for nuclei. Scale bar, 50 pm.
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Untreated, Myo6W7c442Y
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My06M/T/0442Y
+ AAV-SaCas9-KKH-Myo6-g2

Figure 5. Effects of the AAV-PHP.eB-SaCas9-KKH-g2 virus on hair bundle morphology of Myo6"/°#2¥ mice

Scanning electron microscope images of the cochlea sensory epithelium showing the hair bundle morphology for untreated Myo6™”"7 (left), untreated Myo6""/C#42Y
(middle), and AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated Myo6"7C442Y mice (right) at 10 weeks. Representative bundles (arrows) of OHCs and IHCs were enlarged in the
corresponding lower panel. Scale bar in low-magnification figures, 10 um. Scale bar in high-magnification figures, 4 um. High, high magnification; Low, low magnification.

which indicated that the therapeutic time window of P0-2 we used to
correct Myo6“**?" mutation would be effective in mice.

In this study, the in vitro work for testing genome editing efficiency on
mESCs was done using lipid-mediated delivery. It is well accepted
that for genome editing efficiency studies, the specific values of guide
RNA (gRNA) efficiency using lipid-mediated delivery or AAV-medi-
ated delivery would be different. However, when we used the same de-
livery vector to compare different gRNA efficiencies in the same cell
type, the sequence of gRNA was the main factor affecting the editing
efficiency. Correspondingly, the highly efficient gRNAs screened us-
ing lipid-mediated delivery in vitro should also have relatively high
editing efficiency in vivo when using an AAV-mediated delivery sys-
tem.”> Meanwhile, the use of lipid-mediated delivery systems for
gRNA screening is well accepted in the field.**

We observed gene editing in all AAV-SaCas9-KKH-Myo6-g2-treated
cochleae, and to a lesser extent in the contralateral ears of AAV-Sa-
Cas9-KKH-Myo6-g2-treated mice, and this was likely because AAV
vectors can diffuse to the contralateral ear of the same mouse through
the cochlear aqueduct.**

It has been reported that MYOG is located at the synaptic active zone
of IHCs and is required for efficient Ca**-dependent exocytosis in
mature IHC ribbon synapses.4’25 Therefore, we also focused on the

I¢, and AC,, in IHC:s to study the effect of the C442Y mutation in
Myo6. Compared with WT mice, we found that the untreated
Myo6WT/ C42Y inner ear showed decreased Ir,, and AAV-SaCas9-
KKH-Myo6-g2 treatment could rescue the decrease in I, which re-
flected the partially improved IHC function. We found that neither
the exocytosis of IHCs (Figure 6D) nor the ABR wave I amplitude
(Figure 3C) showed significant differences between treated and un-
treated ears. However, the two experiments were performed with
extremely strong stimulation (500 ms voltage step to 0 mV, or
90 dB tone), which is likely to have obscured the subtle changes
expected from the minimal and short stimulations used for deter-
mining the hearing thresholds. Our understanding of how the
Myo6“**?Y mutation causes reduced electrophysiological perfor-
mance is still very limited, and future work will help to fully under-
stand the mechanisms behind these effects.

DPOAEs are an indicator of OHC function, and here we found that
the DPOAE thresholds in AAV-SaCas9-KKH-Myo6-g2-treated
My06WT/ C42Y mice showed partial recovery at 5, 10, and 12 weeks (Fig-
ure S7), which was not completely consistent with the ABR results. We
also observed differences in the number of hair cells at 5 months and
10 months that also were not completely consistent with the ABR re-
sults. These observations suggest that the improvement of one index
alone might not fully reflect the improvement of hearing function,
and the improvement should instead be the result of the synergistic
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A B P15-16 Figure 6. Effects of the AAV-PHP.eB-SaCas9-KKH-g2
—— Wild type 0 virus on the electrophysiology of Myo6"7/¢442Y mice
—— Untreated, Myo6"/7/c442Y (A) Representative /¢, recordings in apical IHCs at P15-16
—— MyoBWre42Y + AAV-SaCas9-KKH-Myo6-g2 100 from untreated Myo6""/#**2Y mice (orange), WT mice

—_— z (black), and Myo6"7C442Y mice injected with AAV.PHP.eB-
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300 —191.71 pA. WT = —291.77 pA. (B) Ic, values were re-
*% corded from a holding potential of —90 mV to +70 mV in
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AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated ears (blue).
Values and error bars reflect the mean + SEM. Statistical
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effect of several indexes. The morphological and physiological changes
included increased hair cell numbers combined with partially rescued
hair bundle arrangements in both THCs and OHCs, partially recovered
voltage-gated Ca®" current in IHCs, and recovered DPOAE in OHCs,
and these are together likely to account for the overall hearing improve-
ment we observed in AAV-SaCas9-KKH-Myo6-g2-treated ears.

Despite the positive results in our study, there were some limitations
that should be noted. First, for the AAV-SaCas9-KKH-Myo6-g2
safety evaluation, 15 off-target sites were predicated by CasOFFinder
and tested by NGS. Although CasOFFinder is widely accepted to pre-
dict off-target sites,” it is still necessary to further evaluate the spec-
ificity and safety of gRNA by genome-wide detection of off-target sites
such as GUIDE-Seq, CIRCLE-seq, or GOTI before possible clinical
application.*>*® The second limitation of this study is that we
analyzed only AAV-Cas9 infection of WT mice at 4 weeks but not
at longer times. In this study, we found that knocking out the
Myo6“**?Y mutant allele improved auditory function initially, while
the auditory function began to decline from 5 months onward, and
the ABR performance was severely degraded to the untreated control
level at 10 months. The phenomenon that auditory function decreases
with time is common in previous other gene therapy studies of hear-
ing loss.”>” It would be interesting and important to study the mech-
anism behind why the treatment effect declined with the prolongation
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possible that the gene editing efficiency for
Myo6“**?Y allele cannot rescue all mutations to
maintain proper cellular function, and the
ongoing, irreversible hair cell damage caused by
mutation might be one of the possible reasons
for this unsatisfactory situation. Our results indicated that improving
the editing efficiency by optimizing or discovering new AAV-Cas9
therapy systems will potentially improve hearing more significantly
and more consistently in the future. On the other hand, further
studies of AAV-Cas9 infection of WT mice lasting 10 months or
more are also required to confirm that AAV-SaCas9-KKH does not
disrupt hearing function and that the hair cells can tolerate the
expression of AAV-Cas9 for a long time, which would provide valu-
able information for illustrating the mechanism behind the phenom-
enon. Finally, it is important to note that neonatal mouse inner ears at
P0-2, as used here, are only partially developed and continue to un-
dergo structural maturation until the onset of hearing at P14-15."
The cochlea in P1-2 mice is temporally equivalent to the human
cochlea prior to 26 weeks’ gestational age,”” so studies in older mice
are needed before these findings can be translated to humans.

In conclusion, this study provides a proof of concept for in vivo
genome editing as a therapeutic treatment for various semi-dominant
forms of deafness and other semi-dominant human diseases.

MATERIALS AND METHODS

Animals
My06WT/ C442Y and Myo6C442 y/caazy (My06WT/ WT as control) mice

were established by Beijing Biocytogen.” Briefly, Cas9 mRNA and
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sgRNAs along with the targeting vector containing the C442Y allele
were microinjected into fertilized C57BL/6] oocytes to generate FO
founders. Since C57BL/6] mice have age-related hearing loss due to
the homozygous Cdh23"" allele, the Myo6-C442Y mice were crossed
with CBA/CaJ mice, and offspring without Cdh23*" were selected.
Male and female Myo6-C442Y heterozygous mice were intercrossed
to breed WT, heterozygous, and homozygous progenies. This animal
study was approved by the Institutional Animal Care and Use Com-
mittee of Fudan University and the Shanghai Medical Experimental
Animal Administrative Committee. All animals were bred and
housed in the Department of Laboratory Animal Science of Fudan
University, and all experimental procedures were conducted in accor-
dance with the policies and ethics for animal research.

Plasmids and cloning

Two sgRNAs (Myo6-gl: 5'-aagatgtttcaaaaggaaagTactgat-3'; Myo6-
g2: 5'-aataagaagatgtttcaaaaggaaagT-3') that targeted the Myo6“**?¥
allele and differed in their length and distance between the mutation
and PAM site were tested. A gene fragment of SaCas9-KKH together
with the specific sgRNA was cloned into the pX601 backbone plasmid
(Addgene).

ESC culture and transfection

The ESCs’ derivation and maintenance were in ESC medium with
feeder cells and cultured at 37°C in a 5% CO, atmosphere. The
ESC medium was DMEM-high glucose (Millipore, SLM-220-M) sup-
plemented with 15% (v/v) fetal bovine serum (FBS) (Gibco, 10099-
141), 1 x penicillin-streptomycin (Gibco, 15140-122), 1x GlutaMAX
(Gibco, 35050-061), 1x MEM NEAA (non-essential amino acids)
(Gibco, 11140-050), 1x 2-mercaptoethanol (Millipore, ES-007-E),
1x nucleosides (Millipore, ES-008-D), 1000 U ml™ LIF (Leukemia
inhibitory factor), and 2i (MEK inhibitor PD0325901, 1 mM; GSK3
inhibitor CHIR99021, 3 mM).49 For transfection, ESCs were plated
onto 12-well plates and plasmids were mixed with Lipofectamine
3000 (Life Technologies) in Opti-MEM (Life Technologies)
according to the manufacturer’s instructions. A total of 2 pg
SaCas9-KKH-Myo6-sgl/sg2/NT-sg expression plasmid was trans-
fected into the ESCs. GFP-positive cells were sorted by fluores-
cence-activated cell sorting (FACS) at 48 h post-transfection.

Mouse genomic DNA/RNA isolation and PCR

For the in vitro experiments, after GFP-positive ESCs were sorted by
FACS, genomic DNA was isolated from the ESCs using the Quick
Extract DNA Extraction Solution (Epicenter) following the manufac-
turer’s instructions. A total of 500-1,400 ng of genomic DNA was
used for NGS. Two strategies were used for the in vivo experiments,
either the sensory epithelium was dissected at P7 and cultured for
another 7 days in vitro or it was directly extracted from the whole co-
chlea soft tissue at 15 weeks after injection of the AAV-PHP.eB-Sa-
Cas9-KKH-Myo6-g2 system into the inner ear at P0-2. For RNA
analysis, the RNA was extracted from the whole cochlea soft tissue
at P15. Nested PCR was used for the amplification of target sites,
and the PCR amplification products were purified with a Gel Extrac-
tion Kit (QIAGEN) for NGS.

Off-target analysis

CasOFFinder software was used to predict the potential off-target
sites for SaCas9-KKH-Myo6-g2, and specific primers were designed
for the potential off-target sites. Off-target genomic sites were ampli-
fied from the edited genomic DNA, and the PCR products were
sequenced on a MiSeq high-throughput DNA sequencer (Illumina).
The primers are specified in Data S2.

AAV virus production

The SaCas9-KKH plasmid with or without target sgRNA was
sequenced before packaging into AAV-PHP.eB, and the AAV vectors
were packaged by OBIO (Shanghai, China) or from Yang’s lab.*® The
vector titer was 3.73 x 10" and 1.12 x 10" genome copies/mL as
determined by qPCR specific for the inverted terminal repeat of the
AAV-PHP.eB-SaCas9-KKH-Myo6-g2 and control virus.

Inner ear injections

Myo6CH2YWT | NpyogCH2YICH2Y and Myo6™T/WT mouse pups were
anesthetized by immersion in ice water at PO-2. Upon anesthesia, a
post-auricular incision was made to expose the otic bulla and the sta-
pedial artery. A total of 500 nL of AAV-PHP.eB-SaCas9-KKH-Myo6-
g2 virus per cochlea was injected into the scala media through the soft
cochlear lateral wall at a rate of 169 nL/min using glass micropipettes
on a Nanoliter Microinjection System (WPI, Sarasota, FL, USA). The
location of the basal cochlear turn is distinguished by its anatomy in
relation to the stapedius artery.”>*"
used to close the incision, and the mice were placed on a 42°C heating
pad for recovery. The pups were returned to their mother after they
fully recovered within ~10 min. Standard post-operative care was
applied after surgery.

50-52 P .
7 After injection, a suture was

Hearing tests

ABR and DPOAE measurements were performed using an RZ6
Acoustic System (Tucker-Davis Technologies, Alachua, FL, USA).
ABRs and DPOAEs were recorded during the same session. Mice
of either sex were anesthetized with intraperitoneal injection of
xylazine (10 mg/kg) and ketamine (100 mg/kg). One subcutaneous
needle electrode was inserted into the subcutaneous tissues of the ver-
tex as the reference electrode, one was inserted into the mastoid
portion as the recording electrode, and one was inserted into the
rump of the animal as the ground electrode. ABR potentials were
evoked and subsequently amplified 10,000 times with 1,024 responses
and bandpass filtered at 300 Hz-3 kHz at each sound pressure level.
Tone burst sound stimuli were presented at 4, 8, 16, 24, and 32 kHz to
test the frequency-specific hearing thresholds. The threshold of a
certain frequency was determined as the lowest SPL at which any
ABR wave could be detected upon visual inspection and could be
repeated. The amplitude of wave 1 of the ABR was measured from
the peak of wave 1 to the following trough.” The mice were placed
on a heating pad covered by a sterile drape to maintain their body
temperature during the testing. Data were analyzed and plotted using
GraphPad Prism 8, and threshold averages + SEM or SD are
presented unless otherwise stated.
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Confocal microscopy and cell counting

We used Myosin7a as the marker for mature hair cells. The temporal
bones of adult mice were harvested, cleaned, and placed in 4% form-
aldehyde for 1 h at room temperature, followed by decalcification for
36-72 h with 10% EDTA (pH 7.4). The sensory epithelium was then
dissected and stored in PBS until staining. Tissues were permeabilized
with 0.1% Triton X-100 for 1 h, blocked with 10% normal donkey
serum, and then incubated with anti-MYO7A primary antibody
(1:500 dilution, Proteus BioSciences) overnight, and appropriate
Alexa-conjugated secondary antibodies were used for detection.
DAPI was used to label the nuclei (1:1,000 dilution, Sigma). Images
were acquired on a Leica TCS SP8 laser scanning confocal microscope
and a 40/63 x objective. Images were edited by Adobe Photoshop and
the Image] plugin. The tools in the Image] software were used for
counting the number of Myosin7a-positive hair cells per 100 pm
length along the sensory epithelia in the apical, middle, and basal
turns of the cochlea. At least two 100 um regions from at least three
independent cochleae were counted, and the results are presented as
the mean + SEM.

Scanning electron microscopy

The temporal bones of 10-week-old adult mice were harvested, and
cleaned temporal bones were placed in 2.5% glutaraldehyde in
0.1 M PBS at 4°C overnight. After the samples were sufficiently decal-
cified in 10% EDTA, the sensory epithelia were carefully dissected.
The samples were then washed with PBS and immersed in a 1%
0s0, solution in the dark for 4 h. After dehydration through an
ethanol gradient, the samples were dehydrated with a critical point
dryer (Samdri-795, BioCryo Tousimis) according to the manufac-
turer’s instructions. The mounted tissues were coated with a 10 nm
layer of gold (JFC-1100, Jeol, Japan), and an electron microscope
(Hitachi S-4700 FESEM) was used for imaging.’

Electrophysiology

To assess IHC function, we performed patch-clamp recordings in
IHCs from the apical turn of the sensory epithelium from both
Myo6"""WT and Myo6"""“***¥ mice at P15-16 directly according
to a protocol described previously.”* Briefly, the apical turns of the co-
chlea were excised from AAV-SaCas9-KKH-Myo6-g2-treated and
untreated Myo6""“**?¥ mice or from Myo6"™""*
and then bathed in an oxygenated extracellular solution containing
125 mM NaCl, 5.8 mM KCl, 5 mM CaCl,, 0.9 mM MgCl,, 10 mM
HEPES, 5.6 mM D-glucose, 0.7 mM NaH,PO,-H,0, and 2 mM
Na-pyruvate (~290 mOsm [pH 7.2]). The tissue was visualized
through a 60 x water-immersion objective on an upright microscope
(Olympus), and patch-clamp recordings were made through an
EPCI10 amplifier (HEKA Electronics, Lambrecht Pfalz, Germany)
driven by the Patchmaster software (HEKA Electronics). Recording
pipettes were pulled from borosilicate glass capillaries (Sutter) to a
resistance of 5-6 MQ, coated with dental wax and then filled with
an intracellular solution containing 135 mM Cs-methane sulfonate,
10 mM CsCl, 10 mM TEA-Cl, 2 mM EGTA, 10 mM HEPES,
3 mM Mg-ATP, and 0.5 mM Na-GTP (~290 mOsm [pH 7.2]). All
patch-clamp experiments were carried out at room temperature,

of either sex
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and the liquid junction potential was corrected offline. To measure
Ic,, we applied a voltage ramp from a holding potential of —90 mV
to +70 mV in 0.3 s and recorded the resulting current. To measure
exocytosis, we performed whole-cell C,, measurements with the
lock-in feature and the “Sine + DC” method in Patchmaster
(HEKA). Sine waves of 1 kHz and 50 mV (peak-to-peak) were super-
posed onto the holding potential before and after a step depolariza-
tion (0 mV, 500 ms), and the resulting current responses were used
to determine C,,. The net increase of capacitance before and after
stimulation (AC,,) was used to assess exocytosis of synaptic vesicles
from IHCs.

Statistical analysis

We used GraphPad Prism v.8.0 for statistical analysis. Two groups
were compared using unpaired two-tailed Student’s t tests. To
compare more than two groups of ABRs, one-way analysis of variance
(ANOVA) was performed followed by Tukey’s post hoc test or
Dunn’s multiple comparisons test (to compare every mean to every
other mean), and Holm-Sidak (or Bonferroni) post hoc analyses
were performed to compare selected pairs of means. The adjusted
p < 0.05 was considered statistically significant. At least 234 mice
(P0-2) of either sex were used for injections. The mice were randomly
assigned to different test groups. Data are presented as the mean + SD
or SEM as noted in the text and figure legends.

Data and materials availability

All data and materials associated with this study are presented in the
paper or the Supplemental information. Raw sequencing files have
been uploaded to NCBI's Sequence Read Archive (SRA) (https://
www.ncbi.nlm.nih.gov/bioproject/PRINA684466). Information on
the AAV-PHP.eB and SaCas9-KKH constructs is available from
Addgene.
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Supplemental information can be found online at https://doi.org/10.
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Figure S1. Infection efficiencies of AAV.PHP.eB-GFP for hair cells in vivo at 2 weeks.

(A) The AAV.PHP.eB-GFP viruses were packaged and injected into the cochleae of P0O-2 mice. The
AAV.PHP.eB-GFP-treated cochleae were dissected for immunostaining at 2 weeks post-injection. The
apical, middle, and basal turns were dissected and stained with MYO7A (red) for hair cells and with
DAPI (blue) for nuclei. (B) Infection efficiencies of AAV-PHP.eB were measured as the percentage of
GFP" cells in IHCs and OHCs. Results were obtained from three animals and are presented as the mean
+ SEM. Scale bar, 50 um.
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Figure S2. Gene editing efficiency analysis at the mRNA level using AAV.PHP.eB-SaCas9-KKH-
Myo6-g2 in vivo at P15.

(A) The indel percentages at P15 in Myo6"" “*?Y whole cochlea at the mRNA level were determined by
targeted NGS. To obtain mRNA from the cochlea, we extracted the whole cochlea soft tissue at P15,
isolated RNA, reverse transcribed it to cDNA, and analyzed the cDNA by NGS. Each dot represents the
mRNA from one AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated cochlea. Data are presented as the mean
+SD. (B) Relative read counts for Myo6“*?Y and Myo6"" representing the mRNA in untreated and
AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated cochleae at P15. Data are presented as the mean +SD.
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Figure S3. In vivo genome editing with the AAV.PHP.eB-SaCas9-KKH-Myo6-g2 at 15 weeks. The
indel percentage at 15 weeks in Myo6" 7442 mice was determined by targeted NGS. The whole cochlea
soft tissues were from Myo6"7“#4?Y mice injected with AAV.PHP.eB-SaCas9-KKH-Myo6-g2 at P0-2 via
the scala media (n = 2). Data are presented as the mean £SD.
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Figure S4. Effects of AAV.PHP.eB-SaCas9-KKH-Myo06-g2 on ABR thresholds of WT mice at 4
weeks. (A) ABR thresholds of AAV.PHP.eB-SaCas9-KKH-Myo06-g2-treated ears and the corresponding
thresholds of their contralateral untreated ears. Audiometry measurements were conducted 4 weeks after
AAV injection at PO-2. Values and error bars reflect the mean + SEM. Statistical analysis was by two-
tailed Student’s #-tests. A P-value of less than 0.05 was considered significant. (B) The numbers of IHCs
(left) and OHCs (right) per 100-um section for three untreated and three AAV.PHP.eB-SaCas9-KKH-
Myo6-g2-treated Myo6"™ T mice. Values and error bars reflect the mean = SEM. Statistical analysis was
by two-tailed Student’s ¢-tests. A P-value of less than 0.05 was considered significant. (C) Representative
immunostaining images of hair cells in the untreated and AAV.PHP.eB-SaCas9-KKH-Myo6-g2-treated
Myo6WT™T cochleae at 4 weeks after injection. Scale bar, 50 um.
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Figure S5. The hearing thresholds of individual mice at 10 weeks, 15 weeks, 5 months, and 10
months.
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Figure S6. ABRs and confocal images of the AAV.PHP.eB-SaCas9-KKH-treated and untreated
Myo6"7*2Y mouse model at 10-12 weeks. (A) ABR thresholds of AAV.PHP.eB-SaCas9-KKH-treated
Myo6"TC442Y ears with the corresponding thresholds of their contralateral untreated ears. Audiometry
measurements were conducted in 10—12-week-old mice that were treated with AAV.PHP.eB-SaCas9-
KKH at PO-2. Values and error bars reflect the mean + SEM. Statistical analysis was by two-tailed
Student’s ¢-tests. A P-value of less than 0.05 was considered significant. (B) The numbers of IHCs (left)
and OHCs (right) per 100-um section for three untreated and AAV.PHP.eB-SaCas9-KKH-treated
Myo6"7C442Y mice. Values and error bars reflect the mean = SEM. Statistical analysis was by two-tailed
Student’s #-tests. A P-value of less than 0.05 was considered significant. (C) Representative
immunostaining images of hair cell infection in the untreated and AAV.PHP.eB-SaCas9-KKH-treated
Myo6"TC442Y cochleae at 10-12 weeks after injection. Scale bar, 50 um.
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Figure S7. Effects of AAV.PHP.eB-SaCas9-KKH-My06-g2 on DPOAE thresholds in Myo6"7c442Y
mice. Comparison of DPOAE thresholds from untreated and AAV.PHP.eB-SaCas9-KKH-Myo06-g2-
treated Myo6”7C*4?Y ears at 5, 10, and 12 weeks. Statistical analysis between untreated and
AAV .PHP.eB-SaCas9-KKH-Myo6-g2-treated Myo6"7C#4?Y gars was by one-way ANOVA: ***p <0.001;
**p<0.01; *p <0.05. The statistical analysis between wild type and AAV.PHP.eB-SaCas9-KKH-Myo6-
g2-treated Myo6"7C#42Y ears was by one-way ANOVA: ##p < 0.001; ##p < 0.01; #p < 0.05. Values and
error bars reflect the mean + SD.
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Figure S8. Representative confocal images of cochleae harvested at 5 months from the AAV-
PHP.eB-SaCas9-KKH-g2 untreated and treated ears of Myo6"/"/¢442Y mice. The apical, middle, and

basal turns were dissected and stained with MYO7A (red) for hair cells and with DAPI (blue) for nuclei.
Scale bar, 50 pm.



	Gene editing in a Myo6 semi-dominant mouse model rescues auditory function
	Introduction
	Results
	Specific disruption of the Myo6 C442Y allele in vitro using SaCas9-KKH
	In vivo genome editing with SaCas9-KKH-Myo6-g2
	Allele-specific knockout of Myo6C442Y improves hearing function
	Allele-specific knockout of Myo6C442Y improves hair cell survival rates
	Allele-specific knockout of Myo6C442Y improves hair bundle morphology
	Electrophysiology showed recovery of IHC Ca2+ current amplitudes after treatment with AAV-SaCas9-KKH-Myo6-g2

	Discussion
	Materials and methods
	Animals
	Plasmids and cloning
	ESC culture and transfection
	Mouse genomic DNA/RNA isolation and PCR
	Off-target analysis
	AAV virus production
	Inner ear injections
	Hearing tests
	Confocal microscopy and cell counting
	Scanning electron microscopy
	Electrophysiology
	Statistical analysis
	Data and materials availability

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


