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Otof gene transfer in DFNB9 mice carrying *®
human founder non-truncating alleles

Gene therapy has shown promise for treating sensorineural
hearing loss, supported by numerous successful preclinical
studies. From the perspective of translation to humans,
researchers have focused more on the genetic causes of
profound sensorineural hearing loss, where the sensory
epithelium remains viable and intact for a considerable
time after birth in humans. A key human deafness gene that
best fits such a context is OTOF (GenBank AF183185.1), of
which protein products, otoferlin, is essential for synaptic
exocytosis and vesicle replenishment at the inner hair cell
level in the cochlea." Several preclinical studies where Otof
cDNA was transferred into the cochlea of adult Otof null
allele mice, including both Otof*’* and OtofP-@39+/P-Q39x
successfully achieved near-normal thresholds,” and
furthermore, relatively successful human clinical trials of
gene therapy have been conducted for DFNB9 (OMIM 60381)
patients showing auditory neuropathy.>* One important
consideration is that, to date, there has not been a single
case in any preclinical study or human clinical trial where
both alleles of OTOF/Otof were non-truncating. However,
many human patients with DFNB9 carry non-truncating
missense variants in OTOF, indicating that their inner hair
cells express some mutant RNA/proteins. This raises ques-
tions about how these mutant RNA/proteins might interact
with exogenous transgene products, affect the function of
newly expressed otoferlin, and influence the outcome of
gene therapy. To address this, research on wild-type Otof
cDNA transfer in mouse models with two copies of common
founder missense variants, like p.Arg1939Glu (p.R1939Q),
prevalent in Korean and Japanese populations,” is essential.

We generated OtofP-R1#34UP-R1939Q mice harbouring a
variant (Otof p.R1934Q) corresponding to a founder human
variant (p.R1939Q) in Korean and Japanese DFNB9 patients.
Among 81 FO pups born to the injected egg (Fig. 1A), two
carried the mutagenized knock-in allele (Fig. S1). In F2 lines,
Otof '+ and Otof™'P-R"934Q2 pups showed normal auditory

Peer review under the responsibility of the Genes & Diseases
Editorial Office, in alliance with the Association of Chinese Amer-
icans in Cancer Research (ACACR, Baltimore, MD, USA)

https://doi.org/10.1016/j.gendis.2025.101590

Check for
updates

brainstem response (ABR) thresholds, while OtofP-R"%34¢/
P-R1934Q2 mice had minimal responses, even at 100 dB at 1—3
months (Fig. 1B; Fig. S4). These mice retained DPOAE re-
sponses similar to Otof™'* controls at 5 weeks (Fig. 1C),
mimicking the human DFNB9 phenotype caused by
p.R1934Q.  Immunohistochemistry  assays  quantified
p.R1934Q Otof mRNA and protein across genotypes (Fig. 1D).
Normalized fluorescence intensity revealed that otoferlin
decreased to 26% and Vglut3 to 65% of Otof*’* controls
(Fig. 1E). This decrease was more prominent in the inner hair
cell’s basal part than the apical portion (Fig. 1F), suggesting
an apical shift of remaining mutant otoferlin (Fig. 1G and H).
Otof mRNA levels, measured by RNAscope and real-time
PCR, showed no significant difference between Otof*’* and
OtofP-R1934Q/P-R1934Q (Fig  52). To determine whether the
apically shifted, unstable mutant otoferlin impacted hair
cell survival, hair cells in Otof*™’* and OtofP-R1934X/p-R1934Q
mice were stained and counted (Fig. 1l; Fig. S3). No signifi-
cant difference in inner hair cell or outer hair cell numbers
was found between 4-month-old Otof*/* and OtofP-R1%34¥/
P-R1934Q mice (Fig. 1J), suggesting hair cell survival was not
significantly affected by Otof p.R1934Q. DPOAE tests on
OtOfp'R1934Q/p'R1934Q, Ot0f+/p'R1934Q, and Otof+/+ mice
examined DPOAE maintenance over time (n = 6, 12 ears for
Otofp.R1934Q/p,R1934Q; n = 5, 10 ears for Otof+/p.R1934Q;
n = 5, 10 ears for Otof*’™ mice). DPOAEs were generally
preserved in OtofP-R1934Q/P-R1934Q pjce except for 16—19 kHz
responses at 2 months. Most otoacoustic emissions remained
intact up to 5 months. However, from 6 months, significant
decreases were seen at 6, 8, and 10 kHz compared with
Otof t/P-R19342 and Otof*’* mice (Fig. 1K).

A viral-Otof cDNA vector was created to rescue the
phenotype of OtofP-R1934QP-R1934Q mjce through gene
transfer therapy. The murine otoferlin cDNA was divided
into a 5 fragment (Otof NT) and a 3’ fragment (Otof CT),
which were inserted into separate AAV vectors containing a
recombinogenic bridging sequence. The AAV-Otof NT re-
combinant vector was designed to carry the mouse Myo15
promoter sequence, a Myc tag, and the 5 part of the cDNA
followed by a splice donor site. The AAV-Otof CT
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Figure 1

Audiological phenotype of OtofP-R1934Q/P-R1934Q K| mice and gene transfer therapy for treatment of auditory neuropathy

spectrum disorder due to the Otof p.R1934Q. (A) Schematic depiction of the targeting strategy for the generation of Otof?-R'3¢/
P-R1934Q K| mice. (B) OtofP-R1934Q/P-R1934Q mice did not show any meaningful ABR, while Otof*/* and Otof*/P-R9392 mice still showed
normal ABR threshold at 3 months of age. (C) OtofP-R7934Q/P-R1934Q mice exhibited comparable DPOAE responses to that of Otof™/*

and Otof */P-R1939Q mice at 5 weeks of age. (D) Z-projected confocal images of cochlear IHCs of indicated genotypes of Otof ™+ an

d

OtofP-R1934Q/p-R1934Q mjce were analyzed for comparison of normalized fluorescence intensity of otoferlin and Vglut3. (E) The level
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recombinant vector was constructed to include a splice
acceptor site followed by the 3’ part of the cDNA (Fig. 1L).

These recombinant vectors were then packaged into
AAV1 capsids for delivery. A single unilateral injection
(2 pL) of the AAV-Otof NT plus AAV-Otof CT recombinant
vector pair was administered to OtofP-R1#34Q/P-R1934Q mjce
aged 5 weeks through the left posterior semicircular canal
(n = 8 for AAV; n = 4 for vehicle) (Fig. 1M). Four weeks
after the injection of the recombinant vector pair, the
sensory epithelium of the treated cochleae of OtofP-R'34Y/
P-R1934Q mice were micro-dissected and immunolabeled for
anti-Myc and Myo7A to estimate the inner hair cell trans-
duction rate (Fig. 1N). Anti-Myc labeling was detected in
the inner hair cells of the five mice, which showed better
ABR restoration. Up to 5 weeks of age, the otoacoustic
emissions in OtofP-R1934/P-R1934Q mjce were perfectly pre-
served, identical to those in Otof*’* mice. In these five
mice, otoferlin expression was detected in more than 90%
of the inner hair cells (mean =+ standard deviation:
97% + 5%; n = 5 cochleae; Fig. 10). No Myc-signal was
detected in three mice which showed less ABR restoration,
presumably due to low levels of otoferlin expression. The
cochlear wholemounts were co-immunolabeled with anti-
Homer to evaluate the recovery of postsynaptic compo-
nents after treatment. The number of Homer-positive
puncta per inner hair cell of the AAV-injected group

different from the vehicle-injected group (8.54% + 1.52%)
(Fig. 1P).

ABR recordings 4 weeks after the injection of dual Myc-
Otof AAV demonstrated a substantial restoration of hearing
thresholds (4, 5.7, 8, 11.3, 16, 22.6, and 32 kHz) in all of the
treated mice (n = 8), but no restoration in the OtofP-R1%34/
P-R1934Q mice receiving only vehicle (n = 4; Fig. 1R). The
ABR thresholds of all treated mice showed restoration of
cochlear function, with the majority in the normal hearing
range (Fig. 1Q; Fig. S5). Out of eight mice, five showed high
levels of Myc-otoferlin overexpression, leading to signifi-
cant hearing improvement; the remaining three did not
exhibit Myc-otoferlin transduction, resulting in smaller
hearing recovery (Fig. S5). This highlights the crucial role of
otoferlin overexpression in hearing restoration. In the mice
with high levels of Myc-otoferlin expression, the amplitudes
of ABR wave |, which reflect the electrical responses of
primary auditory neurons to the sound stimulus, were
53.7% + 24.9% (mean =+ standard deviation; n = 5) of the
mean value for Otof'’" mice, showing a significantly
reduced wave | amplitude despite the near normal
thresholds (Fig. 1S). The amplitudes of ABR wave Il were
closer to the mean value for Otof™’* mice (n = 5;
mean =+ standard deviation: 77.0% + 40.5%) than were the
amplitudes of ABR wave | (Fig. 1T), which may be attrib-
uted to the previously proposed central auditory compen-

(mean =+ standard deviation: 6.71% =+ 1.42%) was not sation mechanism.?

of otoferlin and Vglut3 protein expression was significantly reduced in OtofP-R'%34Q/P-R1934Q mice, (G) The ratio of apical and basal
protein levels. The ratios of otoferlin in OtofP-R1934Q/P-R1934Q nice versus Otof"’* controls were significantly decreased. The
decreased level of otoferlin was more pronounced at the basal part of IHCs. (H) The ratio of apical/basal protein levels of otoferlin
and Vglut3. The ratio of apical otoferlin in OtofP-R134Q/P-R1934Q mice was significantly increased compared with Otof*’* controls,
indicating that remaining otoferlin shifted apically. (D—H) Otof*’*, 8 IHCs from n = 2; OtofP-R1#34QP-R1934Q 16 |HCs from n = 4;
scale bar = 20 um; the data were presented as mean + standard error; two-way analysis of variance with Bonferroni posttest;
***p < 0.001. (I) Representative images of hair cells in apical (10%—20% from the apex), middle (45%—55% from the apex), and basal
turns (75%—85% from the apex) from Otof ' and OtofP-R7934Q/P-R1934Q mice . IHCs and OHCs were immunolabeled with anti-myosin 6
(red). Scale bar = 10 um. (J) Numbers of hair cells in a segment spanning 1% of the whole cochlear length. No hair cell loss of either
[HCs or OHCs is shown in OtofP-R7934Q/P-R1934Q mijce at 4 months of age. n = 5 for Otof*'* and OtofP-R1934Q/P-R1934Q aach group. (K)
DPOAEs over time from each DFNB9 genotype. At 2 months of age, OAE responses still existed except those from 16 to 19 kHz. A
substantial portion of OAE responses from OtofP-R1%34Q/P-R1934Q mice was preserved until 5 months of age. The levels of the signals
were L1 = 65 dB and L2 = 55 dB. The stars indicate significant differences between OtofP-R'934Q/P-R1934Q and Otof*/*; one-way
ANOVA with Tukey’s multiple comparison test; *p < 0.05 and **p < 0.01. (L) Schematic of the dual hybrid vector system with mOtof
coding sequences. (M) Dual vectors were injected through the round window in mature mice (4—6 weeks of age). (N) Confocal
immunofluorescence imaging of IHCs in AAV- and vehicle-treated Otof”''”"’MQ/”'RW‘z mice with anti-Myc tag and Homer co-labeling.
Scale bar = 10 um. (0) Percentage of Myc™ IHCs across frequency regions. Most animals showed > 50% of IHCs with Myc signal. (P)
Homer puncta count per IHC. The horizontal bars indicate the median, and the open symbols reflect treated animals without Myc-
signal for (O) and (P). The open symbols indicate animals with no Myc-otoferlin detected. (Q) ABR thresholds of all individual
animals treated with dual AAV vectors (n = 8) and vehicle (n = 4). All animals treated with AAV vectors showed detectable ABR
thresholds, with most animals in normal hearing range (the grey shaded areas indicate the 90% interval of observed thresholds in
normal hearing C57BL/6 mice; the black line indicates the mean). In contrast, animals treated with the vehicle only show no
detectable ABRs below the equipment limit. (R) ABR at 4 weeks post-treatment in AAV- and vehicle-treated OtofP-R1934Q/p-R1934Q
mice. ABR waveforms in response to 16 kHz tone bursts were restored in AAV-treated mice, whereas vehicle-treated mice showed
no detectable ABRs. (S) ABR wave | amplitude growth curves of individual animals. (T) ABR wave Il amplitude growth curves of
individual animals. The grey shaded area in panels (R—T) indicates the mean and standard deviation of wave amplitudes in Otof ™+
mice. Wave | amplitudes were smaller than those of normal hearing mice, whereas wave |l amplitudes were comparable to those of
normal hearing mice. The dashed lines indicate mice (n = 3) with no Myc-otoferlin detection. ABR threshold and amplitude re-
covery in these mice were poorer than the mice with robust expression. gRNA, guide RNA; KI, knock-in; mRNA, messenger RNA;
mOtof, mouse otoferlin; ssODNs, single-stranded oligodeoxynucleotides; ABR, auditory brainstem response; DPOAE, distortion
product otoacoustic emission; SPL, sound pressure level; IHC, inner hair cell; SE, standard error; Vglut3, vesicular glutamate
transporter 3; OHC, outer hair cell; OAE, otoacoustic emission; AAV, adeno-associated virus.
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In summary, we first generated the Otof-R7934Q/p-R1934Q

mice modeling DFNB9 patients with two non-truncating
alleles with a founder effect. We conducted AAV-Otof gene
transfer in these mice to examine the possibility of hearing
recovery in the context of a residual mutant otoferlin RNA/
protein. We showed successful hearing recovery, with ABR
thresholds approaching those of normal mice. This finding is
in line with results from prior preclinical studies on trun-
cation variants, further extending the potential of gene
therapy to patients with missense variants. If translatable
to humans, OTOF gene therapy could be successful in
treating Korean and Japanese patients with DFNB9 who
carry the common East Asian founder allele. The preser-
vation of otoacoustic emission up to 5 months suggests that
the therapeutic window for gene therapy in DFNB9 patients
with this genotype may be longer than previously
anticipated.
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