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Hearing loss is the most common sensory disorder, with a sub-
stantial proportion caused by genetic mutations. KCNQ4, a 
voltage-gated potassium channel highly expressed in cochlear 
outer hair cells, is a common genetic etiology implicated in 
autosomal dominant progressive hearing loss (DFNA2). The 
dominant-negative KCNQ4 p.W276S (c.827G>C) mutation 
represents a mutational hotspot in DFNA2, yet no effective 
treatments exist. Here, we developed allele-preferential 
antisense oligonucleotides (ASOs) targeting this dominant-
negative KCNQ4 mutation. In a systemic in vitro screen, 
ASO-123 demonstrated a knockdown of mutant Kcnq4 while 
preserving wild-type transcripts. In a Kcnq4 p.W277S knockin 
mouse model mimicking DFNA2, ASO-123 preferentially sup-
pressed mutant transcripts, attenuated progressive hearing 
loss, and improved outer hair cell survival while enhancing 
their electrophysiologic function. Comprehensive transcrip-
tomic analyses further validated the efficacy of ASO-123. 
Thus, our findings establish ASO-based therapy as a prom-
ising strategy for treating hereditary hearing loss caused by 
dominant-negative KCNQ4 mutations.

INTRODUCTION

Hearing loss is the most common sensory organ disorder, affecting 
over 5% of the world’s population and incurring an annual global 
economic cost exceeding $980 billion. 1 Genetic factors contribute 
substantially to hearing loss, accounting for more than 50% of 
congenital cases 2 and 30%–40% of post-lingual hearing loss. 3 Despite 
this burden, there are no approved biological treatments to effec-
tively prevent or reverse genetic hearing loss.

Although more than 150 genes have been implicated in hearing loss, 
a considerable proportion of hereditary hearing loss cases are linked 
to mutations in KCNQ4, which cause autosomal dominant, non-syn-
dromic hearing loss (DFNA2 [deafness, autosomal dominant 
2A]). 4,5 KCNQ4 encodes a voltage-gated potassium channel 
(Kv7.4) that is highly expressed on the basolateral surface of cochlear 
outer hair cells (OHCs), where it mediates potassium efflux critical

for OHC repolarization. 6 Biallelic knockout of the Kcnq4 gene in 
mice causes progressive, ski-sloping hearing loss with prominent 
OHC degeneration, highlighting the essential role of KCNQ4 
in maintaining normal hearing. 7 While some deafness-causing 
KCNQ4 variants induce hearing loss through gain of function 8 or 
haploinsufficiency, 9 most variants operate through a dominant-
negative effect, wherein the mutant KCNQ4 exerts a deleterious 
effect on wild-type (WT) KCNQ4. 4,10 This dominant-negative 
mechanism arises because fully functional KCNQ4 channels are 
formed by the assembly of tetrameric subunits. Among over 40 
pathogenic mutations associated with DFNA2 (Deafness Variation 
Database: https://deafnessvariationdatabase.org/), the c.827G>C; p. 
W276S mutation in the KCNQ4 gene is one of the most frequently 
reported dominant-negative mutations, representing a mutational 
hot spot in the KCNQ4 gene. 10–12 We previously demonstrated 
that Kcnq4 p.W277S knockin mice harboring the homologous muta-
tion to human KCNQ4 p.W276S recapitulate the progressive hearing 
loss observed in DFNA2 patients, including the predominant degen-
eration of OHCs. 13

Recent advances in elucidating the mechanisms underlying genetic 
hearing loss, along with the development of diverse AAV serotypes 
and promoter systems, have enabled the successful application of 
AAV-based gene replacement therapy in several preclinical models 
and even in human patients. 14–18 However, this gene replacement 
approach is not effective for hearing loss resulting from dominant-
negative or gain-of-function mutations. In addition, although
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CRISPR-Cas9-based strategies show promise for these types of mu-
tations, 13,19,20 there are still notable safety concerns with their use. 
These include off-target mutations, 21,22 the generation of large struc-
tural variants, and AAV genome integration at the target sites, 23–25 

which can trigger p53-driven DNA damage responses. 26 Additional 
challenges arise from immune responses to AAV vectors carrying the 
CRISPR-Cas9 system, which can lead to detrimental morbidities, 27,28 

and the neutralizing antibodies against AAV that may compromise 
therapeutic efficacy and preclude repeated administration. 14,29

Antisense oligonucleotides (ASOs) present an alternative approach 
that has been used successfully to treat various neurological disor-
ders by modulating cryptic splicing events 30–32 or by triggering 
RNase-H1-mediated degradation of mutant alleles. 33–36 ASOs are 
chemically modified oligonucleotides that offer strong target speci-
ficity and minimal toxicity. While splice-switching ASOs are effec-
tive for treating Usher syndrome-related hearing loss in mice, 37,38 

the therapeutic potential of RNase-H1-dependent gapmer ASOs tar-
geting dominant-negative heterozygous mutations that cause hear-
ing disorders remains unclear.

Here, we developed allele-preferential ASOs targeting a dominant-
negative Kcnq4 mutation and investigated their therapeutic potential 
in the inner ear using the Kcnq4 p.W277S mouse model. 13 We 
demonstrated that preferential knockdown of mutant transcripts 
significantly ameliorated progressive hearing loss, improved hair 
cell survival and function, and restored critical biological processes 
essential for hearing maintenance. Our findings provide a clear 
proof-of-concept for the development of ASO-based therapies tar-
geting various dominant-negative or gain-of-function mutations 
associated with hereditary hearing loss, and establish a foundation 
for future clinical translation.

RESULTS

In vitro screening of candidate allele-specific ASOs targeting the 

Kcnq4 p.W277S mutation

To selectively silence the Kcnq4 p.W277S mutation, we designed 
multiple gapmer ASOs, each 16–18 nucleotides (nt) in length, con-
sisting of 7–8 bases of 2 ′ -deoxyribonucleotides in the middle (gap), 
flanked by 3–6 bases at both the 5 ′ and 3 ′ ends (wings) modified at 
the 2 ′ -O position of ribose with a methoxyethyl (MOE) group. All 
nucleotides were linked by a phosphorothioate backbone. Based on 
previous efforts to rationally design allele-specific ASOs through

chemical and structural motif modifications, 39,40 we performed a 
sequence microwalk around the target SNP, while positioning the 
SNP within the gap, with its length shortened to 7 or 8 nt to ensure 
specific RNase-H1 cleavage, in conjunction with the varying number 
of high-affinity MOE-modified nucleotides in the wings (Figure 1A; 
Table S1). ASOs with this gapmer chemistry elicit knockdown of 
target transcripts primarily through RNase-H1-mediated degrada-
tion. 41 To evaluate the potency and selectivity of the various ASOs, 
we co-transfected HEK293T cells with Kcnq4 p.W277S or WT plas-
mids and one of the candidate ASOs. We then assessed target protein 
expression levels after a 48-h incubation, as regulation at the protein 
level is the final endpoint of the treatment. Initial evaluation showed 
that KCNQ4 protein expression from the p.W277S and WT plasmids 
were comparable and unaffected by treatment with a non-targeting 
scrambled ASO (NT-ASO) (Figure S1). Compared with NT-ASO, 
several ASOs exhibited potent knockdown efficacy against the 
Kcnq4 p.W277S mutation (Figure 1B), while some also displayed 
high selectivity against the WT Kcnq4 (Figure 1C). To statistically 
evaluate the allelic discrimination capacity of each ASO, we used 
two-way analysis of variance (ANOVA) to compare the impact of 
the various ASOs on the expression from each target relative to 
NT-ASO treatment (Figure 1D). This analysis, conducted at a 
screening concentration of 50 nM, allowed us to identify two 
ASOs (ASO-123 and -127) that significantly suppressed mutant 
KCNQ4 while preserving WT expression, and that led to the most 
pronounced differences in expression levels between the two targets.

To characterize and compare the dose-dependent potency and selec-
tivity of these two promising ASOs (ASO-123 and -127), we 
measured target protein expression in cells treated with varying con-
centrations of each ASO (Figures 1E–1H). Both ASO-123 and -127 
inhibited the expression of mutant KCNQ4 protein in a dose-depen-
dent manner, exhibiting similar potency (half-maximal inhibitory 
concentrations [IC 50 ] for ASO-123: 16.24 nM; IC 50 for ASO-127: 
16 nM). These potencies are comparable with those of ASOs previ-
ously approved for clinical use. 30 In terms of selectivity, ASO-123 
showed better results than ASO-127, with an IC 50 of 61.99 nM 

compared with 29.38 nM for ASO-127. We calculated the IC 50 ratio 
for the effects of ASO-123 and -127 on the KCNQ4 WT and W277S 
proteins as another marker for allelic discrimination and found that 
ASO-123 showed a 2.08-fold greater selectivity than ASO-127 (IC 50 
for WT/IC 50 for W277S; ASO-123: 3.82; ASO-127: 1.84). We also 
confirmed the effects of ASO-123 and -127 at the mRNA level

Figure 1. In vitro screening of candidate ASOs

(A) Schematic alignment of nine candidate allele-specific gapmer ASOs targeting the Kcnq4 p.W277S mutation. The full sequences and chemical modifications of these 

ASOs are presented in Table S1. (B and C) Representative western blot images assessing the potency (B) and selectivity (C) of the nine candidate ASOs (50 nM). NT-ASO 

indicates NT-ASO1 in Table S1. (D) KCNQ4 p.W277S or WT protein band intensities were normalized to β-actin and then to NT-ASO-treated controls (n = 3 per treatment). 

Data are shown as mean ± SD. Statistical significance was determined via two-way ANOVA with Bonferroni’s corrections for multiple comparisons. ns, not significant; 

**p < 0.01. (E and F) Representative western blot images showing KCNQ4 p.W277S (E) or WT (F) levels following treatment with NT-ASO (100 nM) or various concentrations 

of ASO-123 or -127. NT-ASO indicates NT-ASO1 in Table S1. (G and H) Dose-response curves of ASO-123 (G) and ASO-127 (H) for KCNQ4 p.W277S or WT, normalized to 

β-actin and then to untreated controls. Data are presented as mean ± SD (n = 3). (I) Relative caspase-3/7 activity in HeLa cells, normalized to mock-treated samples 8 h after 

ASO transfection. Data are shown as mean ± SD (n = 3). Statistical significance was determined via two-way ANOVA with Dunnett’s corrections for multiple comparisons. ns, 

not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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recapitulated our findings at the protein level (Figure S2). Collec-
tively, these results suggest ASO-123 potently and preferentially re-
duces KCNQ4 p.W277S protein expression with approximately 
3.82-fold higher affinity for the mutant allele over the WT allele 
in vitro.

Since ASOs with phosphorothioate bonds can elicit toxicity via cas-
pase-mediated apoptosis, 42 we transfected HeLa cells with ASO-123, 
-127, NT-ASO, a known toxic ASO (ASO-tox), 42 or two FDA-
approved gapmer ASOs (inotersen 43 and volanesorsen 44 ) at various 
concentrations and assessed caspase-3/7 activation to evaluate po-
tential safety concerns for in vivo experiments (Figure 1I). Consistent 
with a previous report, we observed approximately 2.5-fold more 
caspase-3/7 activation in samples treated with 800 nM ASO-tox 
than in mock-treated controls. Notably, ASO-127 and ASO-tox 
induced similar levels of caspase activation. In contrast, ASO-123 
induced significantly less caspase-3/7 activation than ASO-tox, 
even at 800 nM—a concentration 49.26 times higher than the IC 50 
of ASO-123 for KCNQ4 p.W277S in vitro. Furthermore, we found 
similar caspase-3/7 activation levels induced by ASO-123 and the 
FDA-approved ASOs. Finally, we examined the off-target profile of 
ASO-123. We searched for genomic regions containing a single in-
ternal nucleotide mismatch or indel relative to the full-length ASO

sequence, as well as perfect matches to 5 ′ end- or 3 ′ end-trimmed 
subsequences, all of which may represent biologically meaningful 
off-targets. 45 This analysis revealed that ASO-123 has a comparable, 
or even cleaner, off-target profile in the mouse genome than 
other FDA-approved ASOs (nusinersen, 46 splice-switching ASO; in-
otersen, 43 gapmer ASO; Tables S2–S4). Together, these results sug-
gest a safer profile for ASO-123 than ASO-127.

ASO-123 exhibits allelic preference for human KCNQ4 p.W276S 

over KCNQ4 WT

Since the region of mouse Kcnq4 exon5 surrounding the target mu-
tation (Kcnq4 c.830G>C; p.W277S, homologous to human KCNQ4 
c.827G>C; p.W276S) and the ASO-123 target sequence are highly 
conserved between human and mouse (Figure 2A), we next asked 
whether ASO-123 exhibits a similar allelic preference for the 
human KCNQ4 p.W276S mutation over KCNQ4 WT, resembling 
that in mouse Kcnq4. To answer this question, we co-transfected 
HEK293T cells with either KCNQ4 WT or W276S, treated them 

with either NT-ASO or ASO-123 (both at 150 nM), and then 
measured protein expression 48 h post-transfection. We found 
that, compared with NT-ASO-treated samples, ASO-123 signifi-
cantly reduced KCNQ4 W276S expression, while preserving 
KCNQ4 WT expression (Figures 2B and 2C). In a further

A B

C D E

Figure 2. ASO-123 shows allelic preference for human KCNQ4 p.W276S over KCNQ4 WT

(A) Alignment of the regions of the human KCNQ4 and mouse Kcnq4 exon5 sequences surrounding the target mutation (c.827G>C; p.W276S in human KCNQ4). The ASO-

123 target sequence and target mutation are highlighted in sky-blue and red, respectively, with the mismatched base shown in brown. (B) Representative western blot 

images showing KCNQ4 WT or W276S bands following treatment with NT-ASO or ASO-123 (150 nM). (C) KCNQ4 WT and W276S protein band intensities normalized first to 

β-actin and then to the untreated KCNQ4 WT intensities. Data are presented as mean ± SD (n = 3). Statistical significance was determined via two-way ANOVA with Tukey’s 

corrections for multiple comparisons. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. NT-ASO indicates NT-ASO2 in Table S1. (D) Representative western blot images 

showing KCNQ4 WT or W276S bands after treatment with NT-ASO or ASO-123 across a range of concentrations (30–300 nM). (E) ASO-123 dose-response curves for 

KCNQ4 W276S and WT band intensities normalized to β-actin and then to untreated controls. Data are presented as mean ± SD (n = 3).
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dose-response analysis, the IC 50 values indicated a pronounced pref-
erential knockdown of KCNQ4 W276S over KCNQ4 WT (IC 50 for 
KCNQ4 W276S: 71.26 nM; IC 50 for KCNQ4 WT: 173.8 nM) 
(Figures 2D and 2E). At the mRNA level, this trend was replicated, 
albeit more sensitively than at the protein level (Figure S3), which 
was consistent with previous findings. 34 Together, these findings 
indicate that ASO-123 shows strong allelic preference for human 
KCNQ4 W276S over KCNQ4 WT and highlight its potential as a tar-
geted therapeutic approach for human DFNA2 caused by the 
KCNQ4 c.827G>C mutation.

In vivo delivery of ASO-123 preferentially knocks down mutant 

Kcnq4 transcripts over WT transcripts

We selected ASO-123 as the final candidate for in vivo validation 
owing to its potency, selectivity, safety (Figure 1), and dual-targeting 
potential for both human KCNQ4 p.W276S and mouse Kcnq4 p. 
W277S mutations (Figure 2). First, to assess the transfection effi-
ciency of locally delivered ASO in hair cells, we injected WT mice 
through the round window membrane (RWM) with fluorescein-
NT-ASO (FAM-NT-ASO) on postnatal days 1–3 (P1–P3). Four 
weeks post-injection, we observed fluorescein-ASO in nearly all in-
ner hair cells (IHCs) and most OHCs, with an increasing gradient 
from the apex to the base of the cochlea (Figure S4), consistent 
with a previous report. 37 Furthermore, we also found that ASOs 
delivered via the RWM were distributed to other regions of the co-
chlea, including the stria vascularis, spiral ligament, spiral limbus, 
spiral ganglion neurons (SGNs), and even to multiple regions of 
the brain, probably via the cochlear aqueduct 47 (Figure S5). These 
data demonstrate a broad biodistribution of ASOs locally delivered 
to the inner ear.

Next, to evaluate the in vivo efficacy of ASO-123 against the Kcnq4 p. 
W277S mutation, we injected Kcnq4 p.W277S heterozygous mice 
(hereafter, Kcnq4 W277S/+ ) at P1–P3 through the RWM with either

15 or 30 μg of ASO-123 and 30 μg of NT-ASO as a control 
(Figure 3A). The initial dosage was based on a previous study that 
assessed the therapeutic potential of a splice-switching ASO for 
type I Usher syndrome in the inner ear using a delivery approach 
similar to that used in this study. 37 Because there is only a single 
nucleotide difference separating the Kcnq4 WT and W277S tran-
scripts, we were unable to identify any primers that could specifically 
and reliably amplify only the Kcnq4 W277S transcript. Additionally, 
neither could we find an antibody to distinguish the KCNQ4 W277S 
and WT proteins by western blot or immunofluorescence staining. 
However, the Kcnq4 W277S allele in our mouse model does harbor 
an additional synonymous mutation (c.810C>A; p.S270=) upstream 

of the target mutation (c.830G>C; p.W277S) that enables selective 
cleavage of the W277S allele and not the WT allele by the NdeI re-
striction enzyme (Figure S6A). Leveraging this feature, we initially 
performed a semi-quantitative restriction fragment-length polymor-
phism (RFLP) analysis using cochlear cDNA from injected and non-
injected Kcnq4 W277S/+ mice at P28, a time by which Kcnq4 expression 
should have reached their mature levels throughout the cochlear 
turns (approximately P21–P23). 48 In this RFLP analysis, we observed 
a significant reduction of the bands corresponding to the W277S 
allele for mice treated with 15 or 30 μg of ASO-123, compared 
with those of untreated mice. Although the band intensities for the 
WT allele remained similar in the ASO-123 15 μg-treated group, 
they showed a tendency to decrease in mice injected with 30 μg of 
ASO-123 (Figures S6B–S6C). To more precisely evaluate allele-spe-
cific expression changes following ASO-123 treatment, we conduct-
ed targeted deep sequencing of Kcnq4 transcripts using cDNA from 

the injected and non-injected cochleae of Kcnq4 W277S/+ mice at age
4 weeks and compared the proportions of WT and W277S tran-
scripts. Non-injected cochleae and cochleae injected with NT-ASO 

produced 55.66% ± 2.41% (mean ± SD, non-injected) and 
56.35% ± 1.16% (NT-ASO) W277S transcripts, respectively. In 
contrast, cochleae injected with either 15 or 30 μg of ASO-123

Figure 3. In vivo efficiency of ASO-123 administration in the inner ear

(A) Schematic timeline of the in vivo experiments. Kcnq4 W277S/+ mice harbor the Kcnq4 c.830G>C (p.W277S) mutation, which is homologous to the human KCNQ4 

c.827G>C (p.W276S) mutation. They also harbor the c.810C>A (p.S270=) synonymous mutation to facilitate genotyping by restriction fragment-length polymorphism 

(RFLP). (B) Pie charts displaying the proportion of WT and W277S reads among Kcnq4 transcripts. W277S reads were identified based on the dual presence of the p.W277S 

mutation (c.830G>C) and the upstream synonymous mutation (c.810C>A). (C) The ratio of W277S to WT read counts across the four groups. Data are presented as mean ± 

SD (n = 6 per group). Statistical significance was determined via one-way ANOVA with Dunnett’s corrections for multiple comparisons. ns, not significant; *p < 0.05, 

**p < 0.01, ***p < 0.001. NT-ASO indicates NT-ASO1 in Table S1. (D) RT-PCR results showing total Kcnq4 expression levels across the four groups. Expression levels were 

normalized to the Actb housekeeping gene and to non-injected samples. Data are presented as mean ± SD (n = 6 per group). Statistical significance was determined via one-

way ANOVA with Dunnett’s corrections for multiple comparisons. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. NT-ASO indicates NT-ASO1 in Table S1. (E) 

Quantification of the WT and W277S transcripts across the four groups. Allele-specific transcript quantities were calculated by combining total Kcnq4 mRNA levels as 

determined by RT-PCR (and normalized to the Actb housekeeping gene) with the proportion of WT and W277S transcripts as determined by deep sequencing from the same 

animal. Each allele-specific quantity was then normalized to the average WT transcript level in non-injected samples (set to 100%). Data are presented as means with in-

dividual values (n = 6 per group). The values from the same mouse are connected by black lines. Statistical significance was assessed using two-way ANOVA with Dunnett’s 

corrections for multiple comparisons. The indicated p values represent comparisons between treated and untreated groups for each allele. ns, not significant; *p < 0.05, 

**p < 0.01, ***p < 0.001. (F) ASO-123 concentration (μg of ASO per gram of tissue) in the cochlea and brain following RWM injection at P1–P3. Data are presented as mean ± 

SD (1 day post-injection, n = 2; 7 days, n = 3; 14 days, n = 3; 28 days, n = 3; 49 days, n = 3). The ASO half-life was calculated using non-linear regression and is reported as 

T 1/2 (with a 95% confidence interval in days). *Not detected (<0.098 nM). (G) Representative confocal images of parvalbumin (red) and FAM (green) staining in mid-turn (16– 

18-kHz region) cochleae from untreated Kcnq4 +/+ and FAM-ASO-123-treated Kcnq4 +/+ mice at age 2, 4, and 7 weeks. Scale bars, 20 μm. IHC, inner hair cell; OHC, outer 

hair cell. (H) Violin plots of FAM fluorescence intensity across three time points in individual IHCs and OHCs. Intensities were measured within a 100-μm region of the apical (6–

8 kHz), middle (16–18 kHz), and basal (32–34 kHz) turns at age 2, 4, and 7 weeks in FAM-ASO-123 treated Kcnq4 +/+ mice (n = 3 biological replicates per time point). Individual 

values are shown as black semi-transparent dots.
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produced fewer W277S transcripts at 48.21% ± 2.25% or 47.19% ± 

3.06%, respectively (Figure 3B). We further found that, compared 
with non-injected cochleae, the ratio of W277S and WT read counts 
in cochleae injected with 15 or 30 μg of ASO-123 significantly 
decreased by 25.95% and 28.73%, respectively (Figure 3C). We also 
evaluated the effect of ASO treatment on total Kcnq4 mRNA expres-
sion level, including both W277S and WT transcripts. Using RT-
PCR, we found that while neither NT-ASO nor 15 μg of ASO-123 
significantly reduced total Kcnq4 levels, a higher dose of ASO-123 
(30 μg) significantly reduced total Kcnq4 levels by 58.14% ± 4.58% 

(Figure 3D). To estimate the allele-specific quantities of W277S vs. 
WT transcripts in each animal, we multiplied the total Kcnq4 levels 
as measured via RT-PCR by the transcript proportions obtained via 
deep sequencing from the same animal (Figure 3E). This revealed a 
significant reduction of W277S transcript levels by 42.53% or 65.46% 

following injection of 15 or 30 μg ASO-123, respectively. In contrast, 
although WT transcript levels were significantly reduced by 51.81% 

in the ASO-123 30-μg group compared with untreated mice, there 
was no significant change in the ASO-123 15-μg group. Together, 
these results indicate that in vivo injections of 15 μg of ASO-123

into the inner ear produced a preferential reduction in Kcnq4 
W277S transcripts over WT transcripts at P28.

To assess time-dependent changes in Kcnq4 allele expression 
following ASO-123 administration to the inner ear, we performed 
RT-PCR to measure total Kcnq4 mRNA levels and conducted 
deep sequencing to determine transcript proportions at P49 in 
Kcnq4 W277S/+ mice injected with 15 μg of NT-ASO or ASO-123 be-
tween P1 and P3. First, we compared baseline Kcnq4 mRNA expres-
sion in the cochlea between P28 and P49 in untreated Kcnq4 W277S/+ 

mice and found similar expression levels at both time points 
(Figure S7A). Our allele-specific quantification revealed that injection 
of 15 μg ASO-123 significantly reduced expression of the W277S allele 
by 46.47% by P49, although with substantial inter-individual vari-
ability (Figures S7B–S7D). These findings suggest, at least in some an-
imals, that a single neonatal injection of ASO-123 can preferentially 
suppress expression of the W277S allele for up to 7 weeks.

To elucidate the pharmacokinetic properties of ASO-123 delivered 
via the RWM, we performed a hybridization ELISA using cochleae

A

B C

Figure 4. In vivo ASO-123 delivery alleviates the progressive hearing loss of Kcnq4 W277S/+ mice

(A) Representative ABR waveforms stimulated by broadband click stimuli in WT (Kcnq4 +/+ ), non-injected Kcnq4 W277S/+ , and ASO-123-injected Kcnq4 W277S/+ mice at age

7 weeks. Black, red, and green bold traces indicate thresholds in each group. (B) Average click and tone ABR thresholds at age 4 (left) or 7 (right) weeks in WT, non-injected 

Kcnq4 W277S/+ , and ASO-123-injected Kcnq4 W277S/+ mice (4 weeks: WT, n = 5; non-injected Kcnq4 W277S/+ , n = 9; ASO-123-injected Kcnq4 W277S/+ , n = 10; 7 weeks: WT, n = 

4; non-injected Kcnq4 W277S/+ , n = 16; ASO-123-injected Kcnq4 W277S/+ , n = 10). Transparent green lines represent thresholds from individual ASO-123-injected 

Kcnq4 W277S/+ mice. Data are shown as mean ± SD. Statistically significant differences in tone thresholds were assessed via two-way ANOVA with Bonferroni’s corrections for 

multiple comparisons. Differences in click thresholds were assessed via one-way ANOVA with Bonferroni’s corrections for multiple comparisons. *p < 0.05, **p < 0.01, 

***p < 0.001. (C) Average DPOA thresholds at 4 (left) or 7 (right) weeks in WT, non-injected Kcnq4 W277S/+ , and ASO-123-injected Kcnq4 W277S/+ mice (4 weeks: WT, n = 5; 

non-injected Kcnq4 W277S/+ , n = 7; ASO-123-injected Kcnq4 W277S/+ , n = 10; 7 weeks: WT, n = 4; non-injected Kcnq4 W277S/+ , n = 9; ASO-123-injected Kcnq4 W277S/+ , n = 10). 

Transparent green lines represent thresholds from individual ASO-123-injected Kcnq4 W277S/+ mice. Data are shown as mean ± SD. Statistical significance was determined 

via two-way ANOVA with Bonferroni’s corrections for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. ASO-123 delivery improves OHC survival and function in Kcnq4 W277S/+ mice

(A) Representative confocal images of MYO7A staining in whole-mount cochleae from Kcnq4 +/+ , untreated Kcnq4 W277S/+ , and ASO-123-treated Kcnq4 W277S/+ mice at age

7 weeks. Scale bars, 20 μm. (B) Number of IHCs (left) and OHCs (right) across three cochlear turns in the three groups (n = 3–4 per group). Data are presented as mean ± SD. 

Statistical significance was determined via two-way ANOVA with Bonferroni’s corrections for multiple comparisons. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. (C) 

Representative image of a dissected organ of Corti in which KCNQ4 currents were measured at age 4 weeks. (D) Representative current traces from voltage-gated K + 

channels in OHCs. The characteristic I K,n that appears in WT OHCs is absent in Kcnq4 W277S/+ OHCs and partially recovered in ASO-123-treated Kcnq4 W277S/+ OHCs. 

Currents were evoked by 200-ms test pulses at − 120 to 40 mV and by a 100-ms post-pulse at − 40 mV. (E) Current-voltage relationships for the K + currents. The current

(legend continued on next page)
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and ipsilateral brain hemispheres collected at 1, 7, 14, 28, and 49 days 
post-injection from WT mice that had received 15 μg of ASO-123 at 
P1–P3 (Figure 3F). We found a rapid decline in ASO concentrations 
in the cochlea during the first 2 weeks, followed by a more modest 
decrease thereafter, which gave an estimated half-life of 6.198 days 
(95% confidence interval [CI], 3.186–14.23 days). Notably, we found 
that ASO-123 remained detectable in the inner ear for up to 49 days 
post-injection. In the brain, we were able to detect ASO-123 deliv-
ered via RWM injection until 14 days post-injection at concentra-
tions comparable with those in the cochlea, but this disappeared 
from 28 days onward. Thus, we estimated the half-life of ASO-123 
in the brain to be 8.794 days (95% CI, 3.859–32.25 days). To further 
assess ASO localization in target cells, we performed immunofluo-
rescent staining of the organ of Corti from WT mice injected with 
15 μg of 5 ′ -fluorescein-labeled ASO-123 (FAM-ASO-123) via the 
RWM at P1–P3 (Figure 3G). This allowed us to confirm efficient de-
livery to the OHCs at 2 weeks that remained up to 7 weeks post-in-
jection (Figure 3H).

To further evaluate the potential ototoxicity of ASO-123 in vivo, we 
injected ASO-123 into WT mice (Kcnq4 +/+ ) with the same genetic 
background (C57BL/6N) as Kcnq4 W277S/+ mice and examined audi-
tory function using the auditory brainstem response (ABR) test at 
age 4 weeks. Since we could not detect any changes in the ABR thresh-
olds to click or tone stimuli at any frequency in mice injected with 
either 15 or 30 μg of ASO-123 compared with non-injected mice or 
mice injected with NT-ASO (Figure S8A), we concluded that the 
ASO-123 injections did not induce appreciable hearing loss. We 
next measured the 7-day survival of ASO-injected Kcnq4 W277S/+ 

pups following injection at P1–P3 (Figure S8B). Unexpectedly, 
although pups subjected to the 15 μg ASO-123 and 30 μg NT-ASO in-
jections exhibited comparable survival rates with non-injected pups, 
the 30 μg ASO-123 injections significantly reduced survival. We did 
not detect any other notable abnormalities in the mice injected with 
15 μg of ASO-123 throughout the 7-week study period, up to P49. 
As ASOs delivered through the RWM can distribute to the central ner-
vous system via the cochlear aqueduct (Figures S5B and 3F), by scaling 
cerebrospinal fluid volumes between humans and mice (adult mouse: 
human ≈ 1:3,000–4,000), 49–51 we estimate that a 30-μg dose in 
neonatal mice would be equivalent to a dose of 90–120 mg in humans. 
This may approach or exceed the upper end of the generally well-toler-
ated range (typically 10–120 mg) reported for intrathecally delivered
2 ′ -MOE gapmer ASOs in humans. 36 While the exact mechanism by 
which the 30 μg ASO-123 injections reduced viability remains unclear, 
we concluded that this dose both exceeded the maximal tolerable level 
and exhibited impaired allelic preference for Kcnq4 W277S. Thus, we 
used only the 15-μg dose in subsequent phenotypic evaluations.

ASO-123 injection ameliorates progressive hearing loss in 

Kcnq4 W277S/+ mice

We injected Kcnq4 W277S/+ mice at P1–P3 with 15 μg of ASO-123 
via the RWM and then serially evaluated their ABR thresholds to 
click and tone stimuli at frequencies ranging from 6 to 30 kHz at
4 and 7 weeks (Figures 4A and 4B). By 7 weeks, non-injected 
Kcnq4 W277S/+ mice exhibited severe hearing loss, with no discern-
ible response to mid- to high-frequency stimuli (18–30 kHz) of up 
to 90 dB SPL. ASO-123-injected Kcnq4 W277S/+ mice, in contrast, 
showed a significant reduction in the ABR thresholds across all 
tested frequencies, including click stimuli, with improvements 
ranging from 12.5 to 18.67 dB SPL at 4 weeks. At 7 weeks, we 
observed a significant deceleration of the expected progressive 
hearing loss with 10.06–15.91 dB SPL improvements in the ABR 
thresholds to all click and tone stimuli. We next compared the 
wave I (P1) amplitude and latency stimulated by click, and 6-
and 12-kHz tone stimuli at 90 dB SPL in 3 groups of mice at
7 weeks, with 9 of 16 untreated Kcnq4 W277S/+ mice excluded 
from the analysis because they showed no discernible waves at 
90 dB SPL. This comparison revealed a significant increase in 
wave I amplitudes of ASO-123-treated Kcnq4 W277S/+ mice in 
response to click stimuli compared with untreated Kcnq4 W277S/+ 

mice, such that they were even comparable with those of WT 
mice. Moreover, the wave I amplitudes of ASO-123-treated 
mice in response to 6- and 12-kHz tone stimuli also showed an 
increasing trend when compared with those of untreated mice 
(Figure S9A), and the wave I latency of ASO-123-treated mice 
showed a decreasing trend compared with that of non-injected 
Kcnq4 W277S/+ mice (Figure S9B).

Since KCNQ4 plays a crucial role in the function of OHCs, we also 
conducted distortion product otoacoustic emission (DPOAE) tests, 
which more specifically reflect OHC function than ABR tests 
(Figure 4C). We found an 11.21-dB SPL improvement in the 
DPOAE threshold in response to a 12-kHz stimulus and a 12-dB 
SPL improvement in the response to an 18-kHz stimulus at 4 weeks. 
The significant improvement in the 12-kHz threshold even 
persisted until 7 weeks. To verify that this alleviation of the pro-
gressive hearing loss of Kcnq4 W277S/+ mice was mediated by an 
on-target effect of ASO-123, we also evaluated the auditory pheno-
types of Kcnq4 W277S/+ mice injected with NT-ASO (30 μg) at the 
same time points (P1–P3). We found that NT-ASO injection did not 
improve ABR or DPOAE results at 4 or 7 weeks, indicating no rescue 
of hearing loss (Figure S10). Together, these results confirm that the 
preferential on-target knockdown of Kcnq4 W277S transcripts by
ASO-123 led to an amelioration of the progressive hearing loss of 
Kcnq4 W277S/+ mice.

amplitude was analyzed at the 150 ms point during the test pulse. (F) Quantification of I K,n amplitudes (n = 4 per group). The current amplitude was analyzed at the 20 ms point 

during the test pulse at − 120 mV. (G) Conductance-voltage relationships for the K + currents. Conductance was measured by analyzing tail current amplitudes. (H) Half-

maximal activation voltage (V 1/2 ). Curves were fitted to the Boltzmann equation (n = 4 per group). (I) Comparison of OHC resting membrane potentials (RMPs). Data are 

presented as mean ± SD (n = 4 per group). Statistical significance was assessed via one-way ANOVA with Bonferroni’s corrections for multiple comparisons. ns, not 

significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Transcriptomic alterations following ASO treatment in Kcnq4 W277S/+ mice

(A) Principal-component analysis (PCA) plot of RNA sequencing data from the four groups (Kcnq4 +/+ , Kcnq4 W277S/+ , Kcnq4 W277S/+ + NT-ASO 15 μg, and Kcnq4 W277S/+ + 

ASO-123 15 μg) (n = 3–4 per group). NT-ASO indicates NT-ASO1 in Table S1. (B) Bar plot showing the number of significant differentially expressed genes (DEGs) (Benjamini-

Hochberg-adjusted p < 0.05) between the indicated groups. NT-ASO, Kcnq4 W277S/+ + NT-ASO 15 μg; ASO-123, Kcnq4 W277S/+ + ASO-123 15 μg. (C) Heatmap of Z-scored, 

normalized expression levels for the significant DEGs (Benjamini-Hochberg-adjusted p < 0.05) across all comparisons. Hierarchical clustering was performed to identify DEG 

clusters. (D) The 10 most significantly enriched Gene Ontology (GO) terms (Benjamini-Hochberg-adjusted p < 0.05) for each DEG cluster, as ranked according to gene ratio

(legend continued on next page)
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ASO-123 delivery into the inner ear of Kcnq4 W277S/+ mice 

promotes OHC survival and function

We and others previously demonstrated that hearing loss of mice 
harboring dominant-negative Kcnq4 mutations is primarily due to 
the degeneration of OHCs, without prominent deterioration of 
IHCs or SGNs. 7,13,52,53 Since ASO-123 prevented hearing loss in 
Kcnq4 W277S/+ mice, we used the hair cell marker MYO7A to evaluate 
OHC survival in 7-week-old Kcnq4 W277S/+ mice injected with 15 μg 
of ASO-123 (Figures 5A and 5B). As expected, untreated 
Kcnq4 W277S/+ mice showed marked OHC degeneration at 7 weeks, 
particularly in the mid and basal turns of the cochlea. We did not 
observe any significant differences in the number of IHCs between 
WT and Kcnq4 W277S/+ mice. In Kcnq4 W277S/+ mice injected with 
ASO-123, we observed a significant increase in OHC survival in 
the apical and mid-turns compared with untreated Kcnq4 W277S/+ 

mice. The limited improvement in OHC survival in the basal turn 
may explain the minimal enhancement of high-frequency DPOAE 
thresholds at 7 weeks. Additionally, we did not find any significant 
changes in the number of surviving SGNs in Rosenthal’s canal or 
neurofilaments from type II SGNs innervating the OHCs in any of 
the three cochlear turns across any of the three groups, indicating 
that SGN degeneration did not occur substantially up to P49 in 
Kcnq4 W277S/+ mice (Figure S11). Overall, these results indicate that 
in vivo ASO-123 delivery facilitated OHC survival in the low- and 
mid-frequency regions of the cochlea.

To determine whether ASO-123 can rescue KCNQ4 currents in 
OHCs, we used the voltage-clamp technique to compare KCNQ4 
currents in OHCs across WT, untreated, and 15-μg ASO-123-treated 
Kcnq4 W277S/+ mice at P28 (Figure 5C). Consistent with previous re-
ports, 7,54,55 OHCs from WT mice exhibited a characteristic I K,n cur-
rent in response to a hyperpolarizing step pulse of − 120 mV 
(Figure 5D). The OHCs of Kcnq4 W277S/+ mice, however, lacked 
this current, confirming that KCNQ4 mediates I K,n . Notably, when 
we examined the OHCs of ASO-123-treated Kcnq4 W277S/+ mice, 
we observed a partial recovery of the I K,n current (Figure 5D). We 
then analyzed the properties of K + channels in OHCs in greater 
detail. While WT OHCs showed I K,n currents with an amplitude of
− 840 ± 142 pA (n = 4), Kcnq4 W277S/+ OHCs showed a significantly 
reduced amplitude of 5.11 ± 9.92 pA (n = 4) (Figures 5E and 5F). 
ASO-123 treatment partially restored this I K,n current to − 96.7 ± 
49.1 pA (n = 4) (Figures 5E and 5F). Furthermore, when we per-
formed tail current amplitude measurements to assess voltage-acti-
vated K + channel gating and conductance, we observed a pro-
nounced rightward-shift in the activation curve of Kcnq4 W277S/+ 

OHCs compared with WT (Figure 5G). WT OHCs exhibited a 
half-maximal activation voltage (V 1/2 ) of − 81.3 ± 0.72 mV (n = 4),

while Kcnq4 W277S/+ OHCs had a V 1/2 of − 18.9 ± 1.68 mV (n = 4) 
(Figure 5H). Kcnq4 W277S/+ OHCs treated with ASO-123, however, 
showed a leftward-shift in their activation curve compared with un-
treated Kcnq4 W277S/+ OHCs and a significantly improved V 1/2 of
− 38.4 ± 1.65 mV (n = 4) (Figures 5G and 5H). Finally, we measured 
resting membrane potential (RMP) because it is a critical parameter 
associated with OHC stress under physiological conditions and 
because prolonged membrane depolarization can lead to OHC 
degeneration in both mice and humans carrying pathogenic 
KCNQ4 mutations. 4,6,7,55 Consistent with previous reports, WT 
OHCs exhibited an RMP of − 67.7 ± 2.17 mV (n = 4) (Figure 5I). 
In contrast, Kcnq4 W277S/+ OHCs showed a significantly depolarized 
RMP of − 40.4 ± 4.50 mV (n = 4). Remarkably, ASO-123-treated 
Kcnq4 W277S/+ OHCs showed an RMP of − 59.9 ± 3.03 mV (n = 4), 
which represented a significant recovery toward that of WT OHCs 
(Figure 5I). These RMP changes were directly linked to a rescue of 
OHC electromotility, which we confirmed by OHC circuit modeling 
(Figure S12). Compared with Kcnq4 W277S/+ OHCs, ASO-123-treated 
Kcnq4 W277S/+ OHCs exhibited a 2-fold increase in electromotility 
across all tested frequencies (Figure S12H). Together, these electro-
physiological findings indicate that ASO-123 treatment partially 
restored KCNQ4 function and RMP in OHCs, validating its thera-
peutic efficacy.

Transcriptomic changes reflect the efficacy of ASO treatment in 

Kcnq4 W277S/+ mice

To comprehensively evaluate the transcriptomic changes in 
Kcnq4 W277S/+ mice induced by ASO administration, we conducted
RNA sequencing of cochleae from non-injected Kcnq4 +/+ ,
Kcnq4 W277S/+ , NT-ASO (15 μg)-treated, and ASO-123 (15 μg)- 
treated Kcnq4 W277S/+ mice at P28. ASO injections were performed 
between P1 and P3 via the RWM. After performing a principal-
component analysis on the resulting RNA sequencing data, we found 
that Kcnq4 W277S/+ mice injected with ASO-123 clustered closer to 
Kcnq4 +/+ mice than to untreated or NT-ASO-injected Kcnq4 W277S/+ 

mice (Figure 6A). In a differentially expressed gene (DEG) analysis 
(significance determined as Benjamini-Hochberg adjusted 
p < 0.05), we found substantial transcriptomic changes in ASO-
123-treated Kcnq4 W277S/+ mice compared with untreated and NT-
ASO-treated controls. We observed minimal DEGs in the compari-
son between ASO-123-treated Kcnq4 W277S/+ and Kcnq4 +/+ mice 
(Figure 6B). These findings suggest that ASO-123 effectively restores 
the transcriptomic profile of Kcnq4 W277S/+ mice. To identify relevant 
biological processes implicated by DEGs, we performed a hierarchi-
cal clustering of significant DEGs and identified four specific clusters 
(Figure 6C). Table S5 contains the full list of DEGs for each cluster. 
The five genes in Cluster1 (Dio2, Atg4a-ps, Ccrl2, Col20a1, and Fst)

(gene count within a term divided by total genes). Colors represent adjusted p values, and sizes correspond to the number of DEGs associated with each GO term. (E) 

Heatmap representing the gene set variation analysis (GSVA) results. Columns represent samples, and rows indicate tested gene sets. Colors indicate normalized 

enrichment scores (NES). (F) Bar plots displaying the transcripts per million (TPM) values of representative target genes from the Toll-like receptor 3, 7, and 9 signaling 

pathways across the four groups. Data are shown as mean ± SD. Statistical significance was determined via two-way ANOVA with Bonferroni’s corrections for multiple 

comparisons. ns, not significant. (G) Bar plots showing TPM values for candidate off-target genes across the four groups. Data are presented as mean ± SD. Statistical 

significance was determined via two-way ANOVA with Bonferroni’s corrections for multiple comparisons. ns, not significant.
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were not enough to allow us to detect any significantly enriched bio-
logical processes. Cluster 2 DEGs were upregulated in untreated and 
NT-ASO-treated Kcnq4 W277S/+ mice but downregulated following 
ASO-123 treatment, approaching levels observed in WT mice. These 
genes were associated with cell cycle and nuclear division, suggesting 
a compensatory response to cellular degeneration. Cluster 3 DEGs, 
which were downregulated in untreated and NT-ASO-treated 
Kcnq4 W277S/+ mice, encompass genes restored following ASO-123 
treatment. These genes are involved in cilium assembly, microtubule 
bundle formation, and membrane potential regulation. Proper 
cilium assembly and microtubule bundle formation are associated 
with hair cell polarity and OHC electromotility, 56,57 while KCNQ4 
function is essential for OHC membrane potential regulation. 
Cluster 4 DEGs, which were expressed at similar levels between un-
treated and ASO-123-treated Kcnq4 W277S/+ mice, are involved in 
innate immune responses and anti-viral responses. This suggests 
that ASO-123 did not evoke a significant innate immune response 
(Figure 6D). We also performed a gene set variation analysis 
(GSVA) to confirm the functional restoration at the individual sam-
ple level (Figure 6E). This revealed that genes involved in potassium 

ion transport and hearing maintenance were coordinately downre-
gulated in untreated and NT-ASO-treated Kcnq4 W277S/+ mice and 
restored in response to ASO-123 treatment. Collectively, these find-
ings confirm that ASO-123 restores various biological processes 
required for hearing maintenance without triggering a significant 
innate immune response.

Since ASOs can elicit in vivo toxicity by activating the innate immune 
system, particularly via the Toll-like receptor (TLR) 3, 7, and 9 
signaling pathways, 58–60 we examined the expression of representa-
tive target genes from these pathways. We did not, however, observe 
any significant differences in TLR target gene expression across un-
treated, NT-ASO-treated, and ASO-123-treated Kcnq4 W277S/+ mice 
(Figure 6F). We also examined the expression levels of several candi-
date off-target genes identified via in silico prediction, including 
Habp4 (Table S2) and four genes from the Kcnq family. The expres-
sion of these genes remained similar across untreated, NT-ASO-
treated, and ASO-123-treated Kcnq4 W277S/+ mice (Figure 6G). 
Furthermore, we conducted a detailed analysis of 284 significantly 
downregulated DEGs (Benjamini-Hochberg adjusted p < 0.05) in 
ASO-123-treated Kcnq4 W277S/+ mice compared with NT-ASO-
treated mice. These DEGs were categorized into two groups 
(Figure S13A). The first group included genes that were significantly 
upregulated in NT-ASO-injected Kcnq4 W277S/+ mice relative to WT 
mice, but whose expression was reversed by ASO-123 treatment in 
Kcnq4 W277S/+ mice. We designated these as “rescued genes” (141 
genes). The second group contained genes that were not differen-
tially expressed between NT-ASO-treated Kcnq4 W277S/+ and WT 
mice. We designated these as “potential off-target genes” (143 genes). 
When we compared their log 2 (fold change) (log 2 FC) values, we 
found more pronounced downregulation in the Rescued gene group 
than in the potential off-target gene group (average log 2 FC:
− 0.410406 vs. − 0.292258, respectively). Notably, in the Rescued 
gene group, one gene exhibited a greater than 75% reduction in

expression (log 2 FC < − 2), and 10 genes exhibited greater than 
50% reductions in expression (log 2 FC < − 1). In contrast, no gene 
in the potential off-target group showed a greater than 50% reduc-
tion, and only three genes showed a greater than 30% reduction 
(log 2 FC < − 0.5). This suggests ASO-123 administration 
triggered minimal off-target effects (Figure S13B). Overall, these 
findings indicate that ASO-123 treatment in the inner ear did not 
activate TLR 3, 7, or 9 signaling pathways and induced minimal 
off-target effects.

DISCUSSION

Here, we employed an allele-specific ASO approach to mitigate pro-
gressive hearing loss in Kcnq4 W277S/+ mice, which are a model for hu-
man DFNA2. Through in vitro screening, we identified ASO-123, 
which preferentially knocks down the Kcnq4 W277S allele over the 
WT allele with demonstrated safety and a minimal off-target profile. 
Local delivery of this ASO to Kcnq4 W277S/+ mice at P1–P3 via RWM in-
jection significantly ameliorated progressive hearing loss, particularly 
in the low and mid-frequency regions, with improvements persisting 
up to 7 weeks post-injection. These therapeutic effects were accompa-
nied by enhanced OHC survival and function. Our study provides clear 
proof-of-concept for the therapeutic potential of RNase-H1-depen-
dent, allele-preferential ASOs for treating hereditary hearing loss.

Importantly, we observed that this gapmer ASO approach targeting 
the dominant-negative Kcnq4 mutation yielded functional outcomes 
comparable with our previous allele-specific CRISPR-Cas9-based 
approach. 13 Although SpCas9-mediated allele disruption generally 
results in permanent effects, the degree of hearing loss alleviation 
over a 7-week period and the durability of the therapeutic benefits 
were similar between the two strategies. Furthermore, since ASOs 
primarily target mRNA and exert their effects over relatively short 
periods, they can circumvent most of the safety concerns associated 
with unintended, permanent DNA modifications at both on-target 
and off-target sites that are inherent to CRISPR-Cas9 systems. 
Collectively, our findings indicate that ASOs are a promising and 
potentially safer alternative therapeutic strategy for autosomal domi-
nant hearing loss primarily affecting OHCs.

While our allele-preferential ASO significantly improved hearing 
loss in the low- and mid-frequency regions, we observed limited 
improvement in high-frequency regions. This regional variation 
likely reflects the spatiotemporal regulation of Kcnq4 expression. 
In mice, Kcnq4 expression begins in the basal cochlear turn at embry-
onic day 18.5, gradually progressing toward the apical turn. 48 Conse-
quently, ASO delivery during the P1–P3 window may be too late to 
effectively rescue OHC function and survival in the basal turn. Since 
OHC degeneration in Kcnq4 W277S/+ mice progresses from base to 
apex, it is also possible that the current ASO treatment was insuffi-
cient to overcome the dominant-negative effects of mutant Kcnq4 
in the basal turn. Future studies will be necessary to optimize ASO 

design using stereopure phosphorothioate bonds to enhance allelic 
discrimination 61 and by incorporating phosphodiester bonds in 
place of phosphorothioate bonds in specific wing positions to
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maximize gapmer ASO tolerability. 62 Such changes could improve 
outcomes related to high-frequency hearing, while concurrently ex-
panding the therapeutic index. Moreover, given that hearing loss in 
human DFNA2 patients typically begins in their 10s–30s as mild-to-
moderate hearing loss and does not progress to a severe level until 
their 40s–60s, 4,63,64 we expect that the therapeutic time window for 
human DFNA2 patients would be broader than that observed in 
our DFNA2 mouse model, which exhibits relatively rapid progres-
sion of hearing loss. This supports the potential for successful clinical 
translation of ASO therapy.

Our deep sequencing and RT-PCR analyses revealed that, while 
ASO-123 preferentially suppressed mutant transcripts, there was 
also some reduction in Kcnq4 WT transcripts, particularly at the 
higher dose. Fortunately, the Kcnq4 gene shows a low probability 
of loss-of-function intolerance (pLI) score (0.02; gnomAD 
v.4.1.0). 65 This, coupled with the absence of hearing loss in heterozy-
gous Kcnq4 knockout mice, 7 suggests that Kcnq4 is unlikely haploin-
sufficient and a partial reduction of WT transcripts might be well-
tolerated. Nonetheless, careful consideration of the dosage sensitivity 
or haploinsufficiency of the target gene, along with precise dose opti-
mization, remains crucial for successful and safe treatment. 66

The therapeutic effects of ASO-123 persisted for up to 7 weeks post-
injection but declined progressively, reflecting the gradual consump-
tion and degradation of RNase-H1-dependent ASOs bound to target 
transcripts (Figures 3F–3H). This temporal limitation will necessi-
tate regular dosing, as with other current clinical ASO drugs, which 
require maintenance therapy every 2–3 months. 30,31,36 In this study, 
we used RWM injection for local ASO delivery to the inner ear 
because this method gave greater therapeutic efficiency compared 
with other methods, such as intratympanic injection or topical-tym-
panic membrane application. 37 However, RWM injection is not ideal 
in a clinical setting for humans, because it would require repeated 
invasive surgical procedures either via a transcanal or transmastoid 
approach. For future clinical translation, the development of a reli-
able and less-invasive method for ASO delivery to the inner ear— 

such as strategies to transport systemically administered ASOs across 
the blood-labyrinth barrier—will be essential.

Our findings have broad implications for treating KCNQ4-associated 
DFNA2. Most deafness-associated mutations in KCNQ4 are missense 
variants caused by single nucleotide changes, the majority of which 
presumably operate via dominant-negative mechanisms rather than 
haploinsufficiency. 4,10 For the KCNQ4 p.W276S mutation specifically, 
population frequency data (0.000001695; gnomAD v.4.1.0) suggest 
that a considerable number of individuals may be at risk of developing 
hearing loss due to this mutation and could potentially benefit from 

the strategy demonstrated in this study. Moreover, in combination 
with long-read sequencing, allele-specific ASOs could be used to target 
various SNPs in cis configurations with individual pathogenic domi-
nant-negative or gain-of function mutations, offering multiple target 
options even for mutations in regions unfavorable for direct allele-spe-
cific targeting. 36 Our study provides a compelling proof-of-concept for

developing ASO therapies for genetic hearing loss, while also estab-
lishing important groundwork for future clinical translation.

MATERIALS AND METHODS

ASOs

The ASOs used in this study were synthesized and purified by Qmine 
(Suwon, Korea). These 16–18 base (16-18-mer) oligonucleotides 
have a gapmer structure, consisting of 7–8 bases of 2 ′ -deoxyribonu-
cleotides in the middle (gap) and 3–6 nucleotides at the 5 ′ and 3 ′ ends 
(wings) that are modified at the 2 ′ -O position of ribose with a MOE 
group. All nucleotides were linked by a phosphorothioate backbone, 
and all cytosine bases were methylated at the 5 ′ position. Oligonucle-
otides for both in vitro and in vivo experiments were reconstituted 
with sterile, filtered PBS (Thermo Fisher Scientific, catalog no. 
10010023) in a sterile hood and stored at − 20 ◦ C until use. The se-
quences and chemistry of the oligonucleotides used in this study 
are presented in Table S1. NT-ASO sequences that do not target 
any genes in either the mouse or human genomes were obtained 
from previously published studies (NT-ASO1 67 ; NT-ASO2 31,68 ).

Plasmid construction

WT cDNAs of mouse Kcnq4 (catalog no. MR223106) and human 
KCNQ4 (catalog no. RC220242) were purchased from OriGene 
Technologies and subcloned into the pENTR-D-TOPO vector (Invi-
trogen, catalog no. K240020). LR clonase (Invitrogen, catalog no. 
11791019) was used for mammalian expression vector construction, 
according to the manufacturer’s instructions. A FLAG tag was added 
to the N terminus of mouse Kcnq4 (pQCXIP-FLAG-mouse Kcnq4), 
and a Myctag was added to the N terminus of human KCNQ4 
(pRK5-Myc-human KCNQ4). The mouse Kcnq4 p.W277S and hu-
man KCNQ4 p.W276S mutant clones were generated via PCR-based 
site-directed mutagenesis using the Quick Change-II XL site-
directed mutagenesis kit (Agilent Technologies, catalog no. 200521).

Cell culture and transfection

HEK293T or HeLa cells were cultured in Dulbecco’s modified essen-
tial medium (Gibco BRL, catalog no. 11965092) supplemented with 
10% fetal bovine serum (Sigma, catalog no. F2442) and penicillin (50 
IU/mL)-streptomycin (50 μg/mL) (Gibco BRL, catalog no. GIB-
15410-122) at 37 ◦ C in a 5% CO 2 incubator.

Transfection of plasmids and ASOs was performed using Lipofect-
amine 2000 (Invitrogen, catalog no. 11668019) according to the 
manufacturer’s instructions. Briefly, HEK293T cells were seeded in 
6-well poly-D-lysine-coated plates at a density of 650,000–750,000 
cells per well. From 18 to 24 h post-seeding, a 250-μL mixture con-
taining 1 μg (human KCNQ4) or 2 μg (mouse Kcnq4) of target 
plasmid and candidate ASOs at the indicated final concentrations 
in culture medium and Opti-MEM reduced serum medium (Gibco 
BRL, catalog no. 31985070) was prepared. Separately, 5 μL (human 
KCNQ4) or 10 μL (mouse Kcnq4) of Lipofectamine 2000 was diluted 
in Opti-MEM to a total volume of 250 μL. Both mixtures were incu-
bated for 5 min. Then, the two mixtures were combined, incubated 
for an additional 20 min, and added to the cells. Cells were harvested
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48 h post-transfection for protein-level analysis or 24 h post-trans-
fection for RNA-level analysis.

Immunoblotting

Immunoblotting was performed as previously described. 69 Briefly, 
48 h after transfection, protein samples were harvested, suspended 
in a sodium dodecyl sulfate (SDS) buffer, and then separated by 
SDS-polyacrylamide gel electrophoresis. The separated proteins 
were transferred to a nitrocellulose membrane and blotted with 
appropriate primary and secondary antibodies after blocking with 
5% skim milk:anti-FLAG primary antibody (1:1,000, Cell Signaling 
Technology, catalog no. 8146), anti-Myc primary antibody 
(1:1,000, Cell Signaling Technology, catalog no. 2276), HRP anti-
β-actin primary antibody (1:2,000, Abcam, catalog no. ab49900), 
and HRP anti-isotype secondary antibody (1:2,000, Cell Signaling 
Technology, catalog no. 7076P2). Protein band signals were captured 
using the Super Signal West-Pico Kit (Thermo Scientific, catalog no. 
34579) and quantified using ImageJ.

In vitro ASO toxicity assay

We employed the Caspase-Glo 3/7 assay (Promega, catalog no. 
G8090) for high-throughput analysis of ASO-mediated caspase acti-
vation. Briefly, HeLa cells were seeded in 96-well plates at a density of 
16,000–18,000 cells per well, 18–24 h prior to transfection. Cells were 
then transfected with various concentrations of ASOs using 0.5 μL of 
Lipofectamine 2000 per well and incubated for an additional 8 h. Af-
ter the incubation, equal volumes of Caspase-Glo 3/7 reagent were 
added directly to the wells, incubated for 30 min, and the resulting 
luminescence was measured using a Centro XS 3 LB 960 Microplate 
Luminometer (Berthold). The background signal was measured in 
wells containing only medium without cells. The average back-
ground signal was then subtracted from the signal in the ASO- or 
mock-treated wells. Relative caspase activity was calculated as 
(ASO-treated sample signal – average background signal)/(average 
mock-treated sample signal – average background signal).

Off-target profiling

The ASO-123, nusinersen, and inotersen subsequences were compu-
tationally generated using a custom Python script by progressively 
trimming the ends from the full-length sequences until they reached 
15–16 nt in length. BWA (v.0.7.17) 70 was used to align the full-length 
sequences and subsequences to the reference genome of each corre-
sponding species (GRCm39 for ASO-123 and GRCh38 for nusi-
nersen and inotersen).

Mice

All animal experiments were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Yonsei University College 
of Medicine (no. 2020-0333). Mice were housed under pathogen-free 
conditions with a 12-h light cycle lasting from 8:00 a.m. to 8:00 p.m. 
with ad libitum access to water and irradiated rodent chow (LabDiet, 
catalog no. 0006972). The generation of the Kcnq4 p.W277S knockin 
mouse model (C57BL/6N) was previously described. 13 For mouse 
genotyping, genomic DNA was extracted from toe cut samples and

subjected to RFLP analysis. Briefly, PCR was performed using the 
appropriate primers (Kcnq4-genotype-fwd: 5 ′ -GCATTCCTAGGG 
GTCTTTCC-3 ′ ; Kcnq4-genotype-rev: 5 ′ -CATCAGGTTCTTGC-
GAACCT-3 ′ ). Then, the PCR products were digested with NdeI 
(NEB, catalog no. R0111S) for 1–2 h at 37 ◦ C and subjected to 1.5% 

agarose gel electrophoresis to determine genotype.

Inner ear injection

ASOs were injected into the inner ear of Kcnq4 p.W277S heterozy-
gous pups at P1–P3. After the pups were anesthetized by hypother-
mia, a post-auricular incision was made to expose the tympanic 
bulla. One microliter of ASO was injected into the cochlea through 
the round window using a glass pipette and a Nanoliter2020 Injector 
(World Precision Instruments, Hertfordshire, UK) at a steady rate of 
250 nL/min. Following the injection, the incision was sutured with 
Nylon 6-0, and the pup was placed on a heating pad for at least 
10 min until full recovery of consciousness.

RNA extraction and RT-PCR

RT-PCR was performed as described previously. 71 For RNA extrac-
tion, mouse cochleae were dissected from temporal bone and the 
vestibule and semicircular canals were removed. Total RNA was ex-
tracted from cochleae or harvested cells using TRIzol (Invitrogen, 
catalog no. 15596026), and DNA contamination was eliminated via 
incubation of the total RNA with DNase I (Invitrogen, catalog no. 
18068015). Then, 1 μg of total RNA was reverse-transcribed using 
the RNA-to-cDNA EcoDry Premix (Double Primed) kit (Takara, 
catalog no. 639548) according to the manufacturer’s instructions. 
One microliter of the RT product was used for SYBR RT-PCR 
with the TB Green Premix Ex Taq II (Tli RNaseH Plus) qPCR Mix 
(Takara, catalog no. RR820A) and appropriate primers (Kcnq4-
RT-PCR-fwd: 5 ′ -GGAAACCCTTCTGTGTCATCGA-3 ′ ; Kcnq4-
RT-PCR-rev: 5 ′ -TGTGCCCGCAGCTATCACT-3 ′ ; Actb-RT-PCR-
fwd: 5 ′ -GAGACCTTCAACACCCCAGC-3 ′ ; Actb-RT-PCR-rev: 5 ′ -AT 
GTCACGCACGATTTCCC-3 ′ ; KCNQ4-RT-PCR-fwd: 5 ′ -TGCGACC 
GTACGACGTGAAG-3 ′ ; KCNQ4-RT-PCR-rev: 5 ′ -CAATTTGGTCC 
ACCCGAGTTTGC-3 ′ ; GAPDH-RT-PCR-fwd: 5 ′ -AAGGTGAAGGT 
CGGAGTCAACGG-3 ′ ; GAPDH-RT-PCR-rev: 5 ′ -CCACTTGATTTT 
GGAGGGATCTC-3 ′ ). The 2 − ΔΔCT method was used for relative 
quantification during RT-PCR data analysis with Actb (mouse 
cochleae) or GAPDH (HEK293T cells) as the housekeeping genes.

RFLP analysis

Total RNA was extracted from cochleae, and cDNA synthesis was con-
ducted as described above. The Kcnq4 target region, encompassing 
both the c.810C>A (synonymous) and c.830G>C (missense) muta-
tions, was amplified via PCR using Kcnq4-RFLP-fwd (5 ′ -AA 
CATCTTTGCTACGTCCGC-3 ′ ) and Kcnq4-RFLP-rev (5 ′ -GCAGGG 
CAAAGAAGGAGATG-3 ′ ). Then, the resulting PCR products were 
incubated with NdeI (NEB, catalog no. R0111S) for 1.5 h at 37 ◦ C. 
The digested products were then separated and visualized via 
1.5% agarose gel electrophoresis. Band intensities were quantified us-
ing ImageJ, with the intensity of the Actb band serving as a loading 
control.

Molecular Therapy

6492 Molecular Therapy Vol. 33 No 12 December 2025



Targeted deep sequencing

Total RNA was extracted from cochleae and used to produce cDNAs 
according to the methods described above. Amplification of 
target site sequences was carried out using a two-step nested PCR 
protocol with Kcnq4-deep-seq-fwd (5 ′ - ACACTCTTTCCCTACA 
CGACGCTCTTCCGATCTTATGCGCACAGTAAGGAGCT-3 ′ ) 
and Kcnq4-deep-seq-rev (5 ′ -GTGACTGGAGTTCAGACGTGTGCT 
CTTCCGATCTGCAGGGCAAAGAAGGAGATG-3 ′ ) primers for 
the first round (PCR1). Then, in the second round (PCR2), Illumina 
adapters and unique barcoding indices were added to the PCR1 prod-
ucts from each sample. Subsequently, pooled PCR2 products were 
visualized on 1.5% agarose gels and purified using a TIANGEN puri-
fication kit (catalog no. 4,992,197). A total of 150 bp paired-end reads 
was generated using the Illumina NovaSeq 6000 platform. Data anal-
ysis of the original sequencing fastq files was conducted with Cutadapt 
(v.5.1) 72 and DADA2 (v.1.26). 73 First, adaptor and primer sequences 
were trimmed using Cutadapt. Then, low-quality reads were filtered 
out, and forward and reverse reads were merged. Chimeric reads 
were removed to generate the final amplicon sequence variant 
(ASV) table using DADA2. For the calculation of read counts, 
WT reads (c.830G) not carrying the upstream synonymous 
mutation (c.810C) (5 ′ -CCTATGCCGACTCGCTCTGGTGGGGG-3 ′ ) 
and mutant reads (c.830G>C) harboring the upstream synonymous 
mutation (c.810C>A) (5 ′ -CATATGCCGACTCGCTCTGGTCGG 
GG-3 ′ ) were counted in the final ASV table.

RNA sequencing

After dissecting cochleae from the temporal bone and removing the 
vestibule and semicircular canals, the remaining tissues were homoge-
nized. Total RNA was extracted using TRIzol (Invitrogen, catalog no. 
15596026) and then cleaned with the RNeasy mini kit (QIAGEN, cat-
alog no. 74,106) according to the manufacturer’s instructions. The con-
centration of the resulting total RNA was measured using Quant-IT Ri-
boGreen (Invitrogen, catalog no. R11490). Total RNA integrity (RIN) 
was assessed with the TapeStation RNA ScreenTape device (Agilent 
Technologies, catalog no. 5067-5576). Only high-quality RNA prepa-
rations (RIN ≥ 7.0) were used for RNA library construction. RNA 
sequencing was performed by Macrogen (Seoul, Korea). Libraries 
were independently prepared from 1 μg of total RNA per sample using 
the Illumina TruSeq stranded mRNA sample prep kit (Illumina, cata-
log no. RS-122-2101). Then, poly(A)-containing mRNA molecules 
were purified using poly(T)-attached magnetic beads. Following puri-
fication, the mRNAs were fragmented using divalent cations and 
elevated temperature. The cleaved RNA fragments were then copied 
into first-strand cDNAs using SuperScript II reverse transcriptase (In-
vitrogen, catalog no. 18064014) and random primers. This was fol-
lowed by second-strand cDNA synthesis using DNA polymerase I, 
RNase H, and deoxynucleotide triphosphates. The resulting cDNA 
fragments were then subjected to an end-repair process, the addition 
of a single “A” base, and the ligation of adapter molecules. The products 
were then purified and PCR-enriched to create each final cDNA li-
brary. The libraries were quantified using KAPA library quantification 
kits for Illumina sequencing platforms according to the qPCR quanti-
fication protocol and qualified using the TapeStation D1000

ScreenTape device (Agilent Technologies, catalog no. 5067-5582). In-
dexed libraries were then read on the Illumina NovaSeq 6000 (Illu-
mina) platform via 2 × 101-bp paired-end sequencing.

RNA sequencing analysis was performed according to a previously 
published workflow. 74 Raw sequencing quality was assessed using 
FastQC (v.0.12.1). Adapter trimming and quality filtering were per-
formed via Trimmomatic (v.0.40). 75 Reads were aligned to GRCm39 
with HISAT2 (v.2.2.1), 76 retaining only those that were uniquely 
mapped. Total exon reads were counted by FeatureCounts 
(v.2.0.6). 77 Downstream analyses were performed in R (v.4.2.1). Dif-
ferential gene expression and Gene Ontology analysis were conduct-
ed with DESeq2 (v.1.38.3) 78 and ClusterProfiler (v.4.6.2), 79 respec-
tively. The GSVA package (v.1.46.0) 80 was used for GSVA. Gene 
lists related to potassium ion transport (GO:0006813) were obtained 
from the MSigDB database (MSigDB: https://www.gsea-msigdb.org/ 
gsea/msigdb), while gene lists associated with hearing maintenance 
were acquired from a previous publication (Table S6). 81

Hybridization ELISA

Cochleae and ipsilateral brain hemispheres from ASO-123-injected 
mice were snap-frozen in liquid nitrogen and stored at − 80 ◦ C until 
analysis. The tissues were subjected to hybridization ELISA as previ-
ously described, with minor modifications. 82,83 The capture probe 
was a 26-mer DNA oligonucleotide (5 ′ -GATAACCGTCTCGCTC 
TGGTCGGGGA-3 ′ ) biotinylated at the 3 ′ end, and the detection 
probe was a 9-mer DNA oligonucleotide (5 ′ -ACGGTTATC-3 ′ ) 
labeled with digoxigenin at the 5 ′ end. Both oligonucleotides were 
synthesized by Integrated DNA Technologies (Coralville, IA). Poly-
styrene plates were coated with NeutrAvidin (ThermoFisher Scienti-
fic, catalog no. 31000) in PBS and incubated overnight at room 

temperature. The plates were then blocked with SuperBlock T20 
(Thermo Fisher Scientific, catalog no. 37536). Capture probes and 
experimental samples were mixed and hybridized in solution at 
37 ◦ C for 1 h. A 150-μL aliquot of the hybridization mixture was 
transferred to the NeutrAvidin-coated wells and incubated for an 
additional 30 min at 37 ◦ C, followed by four washes with TBST. 
For detection, 75 units of T4 DNA ligase (5 U/μL, Thermo Fisher Sci-
entific, catalog no. EL0011) was combined with 50 nM detection 
probe in 100 μL of ligation buffer and added to each well. Then, 
the plates were incubated at room temperature for 2 h. After two 
washes with TBST and three washes with distilled water, anti-digox-
igenin alkaline phosphatase (AP)-conjugated antibody (Merck, 
catalog no. 11093274910) was added and incubated for 30 min. After 
four additional washes with TBST, AttoPhos AP fluorescent sub-
strate (Promega, catalog no. S1001) was added. The resulting fluores-
cence intensities were measured using a CLARIOstar plate reader 
(BMG Labtech, Ortenberg, Germany) at excitation and emission 
wavelengths of 435/10 and 560/10 nm, respectively.

ABRs and DPOAEs

ABR thresholds were assessed in a sound-proof chamber using 
Tucker-Davis Technologies (TDT) RZ6 digital signal processing 
hardware and BioSigRZ software (Alachua, FL). Electrodes were
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positioned at the vertex and ventrolateral to both ears of anesthetized 
mice. Click and tone burst stimuli were generated at different fre-
quencies (6, 12, 18, 24, and 30 kHz) using SigGenRZ software and 
an RZ6 digital signal processor. These stimuli were delivered to the 
ear canal using a multi-field 1 (MF1) magnetic speaker (TDT). 
The stimulus intensity was varied from 20 to 90 dB SPL in 5 dB in-
crements. The ABR signals were fed into a low-impedance Medusa 
Biological Amplifier System (RA4LI, TDT) and then to the RZ6 dig-
ital signal processing hardware. The recorded signals were filtered 
with a 0.5- to 1-kHz band-pass filter, and the ABR waveforms in 
response to 512 tone bursts were averaged. BioSigRZ software was 
used to determine ABR thresholds for each frequency, and peak am-
plitudes (mV) were calculated using click-evoked ABR waveforms 
as input/output (I/O) functions with an increasing stimulus level 
(20–90 dB SPL).

For DPOAE measurements, a combination of TDT microphone-
speaker systems was used. Primary stimulus tones were generated us-
ing an RZ6 digital signal processor with SigGenRZ software and 
delivered through a custom probe with an ER 10B+ microphone 
(Etymotic, IL) and MF1 speakers placed in the ear canal. The primary 
tones had a frequency ratio (f2/f1) of 1.2. Target frequencies included 
6, 12, 18, 24, and 30 kHz. The intensity of f2 was the same as f1 (L1 = 
L2). The resulting sounds from the primary tones were recorded us-
ing an RZ6 digital signal processor. DPOAE I/O functions were 
determined at specific frequencies with an f2/f1 ratio of 1.2 and 
L1 = L2. The intensity of the primary tones was increased from 20 
to 80 dB SPL in 5-dB SPL increments. Fast Fourier transform was 
performed for each primary tone using DP-grams. For the I/O func-
tion intensity, BioSigRZ software was used to determine the average 
spectra of the two primaries, the 2f1-f2 distortion products, and the 
noise floor.

Immunofluorescence and confocal microscopy

Mouse inner ear tissues were dissected from the temporal bone and 
fixed in 4% paraformaldehyde in PBS overnight at 4 ◦ C. Fixed 
cochleae were decalcified with 200 mM EDTA (iNtRON, catalog 
no. IBS-BE002) for 2–3 days at 4 ◦ C. Then, the samples were dissected 
under a microscope to separate the three turns (apex, mid, and base) 
of the organ of Corti. Simultaneously, the samples were permeabi-
lized and blocked with 5% donkey serum (Sigma, catalog no. 
D9663), 0.1% BSA (Sigma, catalog no. A7030), and 0.1% Triton 
X-100 (Biosesang, catalog no. TR1020-500) in PBS for 1 h at room 

temperature. Then, the samples were incubated with anti-MYO7A 
(Proteus, catalog no. PTS-25-6790, 1:200), anti-fluorescein (Abcam, 
catalog no. ab19491, 1:200), anti-parvalbumin (Sigma, catalog no. 
P3088, 1:250), or anti-neurofilament H (Sigma, catalog no. 
AB5539, 1:1,000) primary antibodies overnight at 4 ◦ C. After three 
washes in PBS, the samples were incubated with an appropriate flu-
orophore-tagged secondary antibody (1:1,000), Alexa Fluor 594 
phalloidin (Invitrogen, catalog no. A12381, 1:400), or DAPI (Bio-
Rad, catalog no. 1,351,303, 1:100) for 2 h at room temperature. After 
secondary antibody incubation, the samples were again washed three

times with PBS and mounted on slide glass with Dako Faramount 
Aqueous Mounting Medium (Dako, catalog no. S3023).

To make cross-sections, the fixed and decalcified cochleae or brains 
were embedded in paraffin, sectioned at 8 μm thickness, deparaffi-
nized, rehydrated, and subjected to antigen retrieval through boiling 
in a Retrieve-all Antigen unmasking buffer (BioLegend, catalog no. 
927,901, 1:100, Universal pH 8.0). The specimens were then permea-
bilized with 1% SDS in PBS for 10 min at room temperature and 
blocked in 5% donkey serum (Sigma, catalog no. D9663) and 0.1% 

BSA (Sigma, catalog no. A7030) in PBS for 1 h. Then, the samples 
were incubated at 4 ◦ C overnight in anti-fluorescein (Abcam, catalog 
no. ab19491, 1:200) and anti-Tuj1 (Tubb3) (BioLegend, catalog no. 
801,201, 1:300) primary antibodies diluted in blocking buffer. After 
three washes in PBS, the samples were incubated for 2 h at room tem-
perature in blocking buffer with the appropriate fluorophore-tagged 
secondary antibodies (1:1,000) and DAPI (Bio-Rad, catalog no. 
1,351,303, 1:100). Then, they were mounted in Dako Faramount 
Aqueous Mounting Medium (Agilent Dako, catalog no. S3025).

Z-Stacked confocal images were obtained using a Carl Zeiss LSM780 
microscope and processed as maximal-intensity projections using 
ZEN software. To quantify hair cell survival, MYO7A-positive cells 
per 100 μm length were counted in the apical (6–8 kHz region), 
mid (16–18 kHz region), and basal (32–34 kHz region) cochlear 
turns. To quantify SGN survival, Tuj1-positive cells per 
10,000 μm 2 area were counted in Rosenthal’s canal within the apical, 
mid, and basal cochlear turns. To quantify FAM fluorescence inten-
sity in each cochlear region (apex, mid, and base), regions of interest 
(ROIs) were defined within the hair cells on reconstructed images. 
The mean fluorescence intensity of each ROI was measured using 
ImageJ. Background noise was estimated by measuring the mean 
fluorescence intensity in an area outside the hair cells and subtracted 
from the corresponding ROI values in each image.

OHC electrophysiology

Organs of Corti from P28 mice were acutely isolated and prepared 
for electrophysiology as previously described. 84 First, the animals 
were anesthetized using Isofluran (Sigma, catalog no. 792632) and 
killed by decapitation. The bone surrounding the apical cochlear 
turn was removed, and the apical turn was carefully detached using 
forceps. It was then separated from the lateral cochlear wall, stria vas-
cularis, modiolus, and tectorial membrane. The whole dissection 
procedure was performed in standard extracellular solution contain-
ing 144 mM NaCl, 5.8 mM KCl, 10 mM HEPES, 5.6 mM glucose, 
0.7 mM NaH 2 PO 4 , 1.3 mM CaCl 2 , 0.9 mM MgCl 2 , and 10 mM sor-
bitol, and adjusted to pH 7.4 using NaOH. The cochlea was immo-
bilized on a 12-mm diameter coverslip with a stainless-steel pin 
and Sylgard, before being mounted in an upright microscope 
ECLIPSE FN1 (Nikon, Japan).

Patch-clamp experiments were performed in standard whole-cell 
configurations as previously described. 85 All recordings were per-
formed at room temperature (22 ◦ C–25 ◦ C). Microglass pipettes
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(World Precision Instruments) were fabricated using a PP-830 sin-
gle-stage glass microelectrode puller (Narishige, Japan) with a resis-
tance of 2–5 MΩ. The liquid junction potential was rectified using an 
offset circuit prior to each recording. Currents were recorded using 
an Axopatch 700B amplifier and a Digidata 1550A interface, digi-
tized at 20 kHz, and low-pass-filtered at 1 kHz using pClamp soft-
ware 10.7 (Molecular Devices). The whole-cell voltage-clamp config-
uration was verified by measuring the series resistance to less than 10 
MΩ, which was then compensated before each recording. To ensure 
a stable voltage clamp and maintain data integrity, only recordings 
with a steady-state leak current <50 pA at − 80 mV and that 
met all of the following criteria were analyzed: seal resistance >4 
GΩ, series resistance <10 MΩ with <15% drift, and membrane capac-
itance between 8 and 15 pF.

In the whole-cell voltage-clamp configuration, cells were held at
− 80 mV. Currents were evoked by 200-ms test pulses at − 120 to 
40 mV, and then a 100-ms post-pulse at − 40 mV. The tail current 
amplitude was used to calculate the half-maximal activation voltage 
(V 1/2 ) by fitting it to the Boltzmann equation as follows:

G
G max

= A 2 + 
A 1 − A 2 

1+e (V h − V)=k 
(Equation 1)

wherein G/G max is the normalized conductance calculated from the 
tail currents, V is the applied voltage, V h is the half-maximal activation 
voltage denoted as V 1/2 in the article, and k is the slope factor. A 1 and 
A 2 are the maximum and minimum values of the curve, respectively.

RMP was determined in current-clamp mode by averaging a 20-s 
gap-free recording.

The whole-cell patch-clamp experiment was conducted using a stan-
dard extracellular bath solution containing 144 mM NaCl, 5.8 mM 

KCl, 10 mM HEPES, 5.6 mM glucose, 0.7 mM NaH 2 PO 4 , 1.3 mM 

CaCl 2 , 0.9 mM MgCl 2 , and 10 mM sorbitol and adjusted to pH 7.4 
using NaOH. The standard pipette solution contained 140 mM 

KCl, 10 mM HEPES, 2 mM EGTA, 3 mM Mg-ATP, and 1 mM 

MgCl 2 , and was adjusted to pH 7.2 using KOH.

OHC circuit modeling

The model of the OHC circuit was a slight modification of a previous 
model. 84 It assumes three main components underlie the major ionic 
conductance in OHCs: the mechanoelectrical transducer (MET) 
channel, the large-conductance K + channel I K,n identified as 
KCNQ4, and the capacitive current modulated by Prestin.

The closed OHC circuit can be expressed in the following equation:

C m
dV m 
dt 

+ I MET + I K = 0: (Equation 2)

The non-linear OHC membrane capacitance can be expressed as 
follows:

C m = C lin + 
Q max

αe
V − V h;Pres

α

( 

1+e
−
V − V h;Pres

α

) 2 : (Equation 3)

The gating of the MET channel can be expressed as follows 86,87 :

n MET;∞ =
1

1+e
− 

μ − x 0
s 1 

( 

1+e
− 

μ − x 0
s 0

) (Equation 4)

n MET + τ MET
dn MET
dt 

= n MET;∞ (Equation 5)

g MET (μ) = nG MET (Equation 6)

I MET = g MET (μ)(V m − EP): (Equation 7) 

The gating of the K + channel can be expressed as follows 54 :

n K;s=n;∞ =
1

1+e
−
V m − V h;K;s=n

s K;s=n

(Equation 8)

n K + τ K
dn K
dt

= n K;∞ (Equation 9)

g K = n K G K (Equation 10)

τ K;WT = − 0:1035 × V m + 9:563 (Equation 11)

τ K;Het = − 0:1969 × V m + 10:35 (Equation 12)

τ K;ASO = − 0:0780 × V m + 3:979 (Equation 13)

I K = g K (V m − E K ): (Equation 14)

The power of electromotility was calculated using the following 
equation:

ΔP =
1 
2 
ΔC m ΔV m 2 : (Equation 15)

The differential equations were solved using a custom Python script 
that incorporated the NumPy and SciPy modules. 88,89 The parame-
ters used in these equations appear in Table S7.

Statistical analyses

Statistical differences between two groups were assessed with Stu-
dent’s t tests. Comparisons involving more than two groups were as-
sessed via one- or two-way ANOVA using the GraphPad Prism 8.0 
software (GraphPad Software, CA). The appropriate corrections 
for multiple comparisons are specified in the figure legends.
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Two-sided p values of less than 0.05 were considered significant. All 
data in the figures are presented as mean ± SD.
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