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Inner ear hair cells detect sound vibration through the deflection
of mechanosensory stereocilia. Cytoplasmic protein TPRN has
been shown to localize at the taper region of the stereocilia,
and mutations in TPRN cause hereditary hearing loss through
an unknown mechanism. Here, using biochemistry and dual
stimulated emission depletion microscopy imaging, we show
that the TPRN, together with its binding proteins CLIC5 and
PTPRQ, forms concentric rings in the taper region of stereocilia.
The disruption of TPRN rings, triggered by the competitive in-
hibition of the interaction of TPRN and CLIC5 or exogenous
TPRN overexpression, leads to stereocilia degeneration and se-
vere hearing loss. Most importantly, restoration of the TPRN
rings can rescue the damaged auditory function of Tprn
knockout mice by exogenously expressing TPRN at an appro-
priate level in HCs via promoter recombinant adeno-associated
virus (AAV). In summary, our results reveal highly structured
TPRN rings near the taper region of stereocilia that are crucial
for stereocilia function and hearing. Also, TPRN ring restora-
tion in stereocilia by AAV-Tprn effectively repairs damaged
hearing, which lays the foundation for the clinical application
of AAV-mediated gene therapy in patients with TPRN mutation.

INTRODUCTION

According to the WHO report on hearing in 2020, human sensorineural
hearing loss, one of the most common sensory disabilities, affects over
5% of the world’s population. About half of all cases of sensorineural
hearing loss are due to genetic mutations in hair cells (HCs) and sup-
porting cells, and mutations in over 100 deafness genes have been iden-
tified."* Among these, mutations in stereocilia-associated genes cause
severe defects in hair bundles.” In the auditory system, highly differen-
tiated sensory HCs sense and convert sound vibrations into electrical
signals. Each HC has a hair bundle that consists of three rows of
actin-based protrusions called stereocilia that have increasing heights
to form a staircase-like appearance. These stereocilia function as the pri-
mary mechanosensory detectors and are responsible for converting me-
chanical force from sound waves into electrical signals. Stereocilia are
deflected in response to sound stimulation, resulting in the opening of
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mechanical transduction channels in the membrane of the stereocilia
tips and the subsequent depolarization of HCs. Neurotransmitters are
released after cell depolarization, and signal-receiving auditory nerves
conduct the associated action potential to the auditory cortex.” The ster-
eocilia are formed by skeletal elements consisting of parallel actin bun-
dles and their associated proteins.5 At the basal ends of the stereocilia, a
conical taper connects the stereocilia and the apical surface of HCs,’
which serves as the pivot point against the mechanical stimuli of sound
waves.”®

Pedigree analyses have identified several mutations in proteins concen-
trated at or near the taper region that are linked to inherited deaf-
ness.”'® In the taper region, the human deafness-related proteins
RADIXIN, TPRN, CLIC5, MYO6, PTPRQ, and GRXCR2 may form
a protein complex that appears to be involved in the actin-membrane

linkage in the basal taper region of the aging stereocilia.'” ' The
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transmembrane protein PTPRQ, which binds MYO6, is required for
the formation of the shaft connectors of the hair bundle.’® PTPRQ-
deficient mice show severe fusion and degeneration of stereocilia in
HCs and lack the ankle link structures between stereocilia®' and have
abnormal hearing sensitivity,”> which is similar to what was observed
in the previous study in Myo6 knockout mice. Radixin, which plays
a role in regulating actin dynamics, is concentrated near the taper re-
gion as well”>** and anchors the actin cytoskeleton to the plasma mem-
brane and is the only detectable species of ezrin/radixin/moesin in the
stereocilia.”> Loss of RADIXIN in mice causes increased stereocilia
deflection, dramatic stereocilia disruption, and reduced hearing sensi-
tivity.”>*® CLIC5 directly interacts with the N terminus of GRXCR2,"”
and GRXCR2 binds and restricts TPRN to the base of the stereocilia,'”
which are vital for the morphogenesis of stereocilia and auditory
perception. The lack of CLIC5 or GRXCR2 causes submembrane
TPRN to diffuse along the whole length of the stereocilia and leads
to morphological defects in the stereocilia and subsequent hearing
impairment.'””'® However, it has not been clearly described how
TPRN is involved in the specific organization and function of the pro-
tein complex at the taper region of stereocilia.

Here, we use super-resolution imaging with stimulated emission
depletion microscopy (STED) and found that TPRN formed ring-
like structures near the basal taper of the stereocilia, and these ring-
like structures were shown to be critical for stereocilia maintenance
and normal hearing. Disruption of the TPRN rings showed stereocilia
disruption, HC loss, and hearing impairment. Moreover, when Tprn
was exogenously expressed by the adeno-associated virus (AAV) vec-
tor in Tprn®® neonatal mice, a moderate amount of exogenous
TPRN via a modified type I hammerhead ribozyme (HHR) or a
weaker enhancer promoter CMV173 was capable of restoring
TPRN rings and the auditory brain stem responses (auditory brain-
stem responses [ABRs]). Our findings thus provide a highlighted
insight into how TPRN molecules are organized in the taper region,
revealing a critical role of TPRN rings in stereocilia maintenance
and hearing, and suggest that gene therapy has the potential to pre-
vent hearing loss in humans with TPRN mutations.

RESULTS

TPRN forms a ring around the taper region of the stereocilia

To gain insights into the role of TPRN in mouse hearing, we first
examined the location of TPRN in the organ of Corti by immunoflu-
orescence. TPRN was distributed in both HCs and supporting cells
and gave strong signals in the taper region of the stereocilia in HCs
from postnatal day 6 (P6) mice (Figures 1A and 1B), which was
consistent with a previous study.””

Recent advances in super-resolution fluorescence microscopy have al-
lowed the visualization of molecules with pinpoint accuracy,”® and
STED techniques have been developed that have improved the effec-
tive resolution down to less than 25 nm, thus overcoming the diffrac-
tion limit of visible light.”” STED has been successfully used to obtain
high spatial resolution of protein distributions in cellular compart-
ments, such as the circumferential ring of spectrin in the cuticular

plate of HCs that we observed previously.”” To obtain higher spatial
resolution of TPRN distribution in the stereocilia, especially in the ta-
per region, we used STED imaging to characterize the distribution of
TPRN. Under a confocal microscope at 100x magnification, we
observed dot-like foci of TPRN in the stereocilia in both outer hair
cells (OHCs) and inner hair cells (IHCs) (Figure 1C). STED showed
that TPRN formed organized ring-like structures with diameters
ranging from 150 to 200 nm outlining the edges of each stereocilium
(Figure 1C).

Recently, Zhao et al. used stochastic optical reconstruction micro-
scopy (STORM) microscopy and found that TPRN appeared as dense
puncta extending into the core of the stereocilia,”’ which was not
consistent with our results. To exclude the influence of non-specific
antibody binding, we inserted a hemagglutinin (HA) tag coding
sequence at the C terminus of mouse TPRN immediately prior to
the stop codon using CRISPR-Cas9 genome editing (Figure 1D).
SpCas9 exceeds the packaging limit of a single AAV. An intein-medi-
ated protein trans-splicing facilitated the large gene transfer capacity
mediated by AAV, such as SpCas9.”” Thus, the split-intein-Cas9 sys-
tem along with a recombination donor was packaged into three AAV
vectors and delivered into HCs via the AAV vector Anc80L65> (Fig-
ure 1E). Genomic PCR was performed 11 days after injection of virus
to confirm that the HA tag was inserted into the genome (Figures S1A-
S1D) with a relatively low efficiency (Figure S1E). Consistent with the
results above, the HA signal showed similar ring-like structures in
three dimensions (Figure 1F), which verified the results obtained
with the TPRN antibody. Taken together, these results show that
TPRN forms cylindrical structures in the taper region of stereocilia.

The taper region is at the basal end of the stereocilium, where parallel
actin filaments begin to narrow and terminate in an ordered manner.’
The actin in the stereocilia is comprised of B-actin and y-actin.”* We
visualized the correlation between TPRN and actin in situ by dual
STED imaging in which actin was labeled with phalloidin-conjugated
organic dyes. The STED images showed that each TPRN ring sur-
rounded an actin dot (Figure 1G), supporting the observation that
TPRN formed a circumferential ring outlining the cross-sectional
edge of individual stereocilia. The spatial proximity suggests that
TPRN interacts with actin. Liu et al. have shown that TPRN could
modulate the actin cytoskeleton and also put some effort into map-
ping the region of TPRN needed to cause changes in the actin cyto-
skeleton.'” Here, we constructed Tprun-overexpression plasmids for
performing co-immunoprecipitation (coIP) in vitro to verify its inter-
action with B-actin (Figure 1H). Also, rod-like aggregates of actin
were obtained in full-length Tprn transduced HeLa cells (Figure 1I),
which was consistent with previous report.'” Taken together, TPRN
molecules form neat rings and bind actin filaments in the stereocilia,
which may stabilize the stereocilia.

TPRN-CLIC5-PTPRAQ rings anchor actin filaments beneath the
cytomembrane

As a cytoplasmic protein, how the TPRN ring is formed and anchored
in the taper region is unknown. According to a previous study,
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Figure 1. TPRN formed a ring-like structure in the taper region of the stereocilia

(A) Representative confocal images of TPRN (red) and phalloidin (cyan) in the HCs from P6 mice. Scale bar, 5 um. (B) Dual-color confocal images of TPRN in an OHC or IHC
from (A). Intensity profiles corresponding to the dashed lines are shown. Scale bar, 1 um. (C) Conventional confocal and STED images of TPRN in a mouse OHC and IHC,
respectively, with magnification of the yellow boxed regions shown below. Intensity profiles corresponding to the dashed lines (1-6) are shown at the bottom. Scale bars, 1 um
and 500 nm (in the OHC) and 1 um and 400 nm (in the IHC). (D) Strategy of HA insertion at the end of the Tprn coding sequence via AAV and CRISPR-Cas9-mediated
homology-directed repair (HDR) in HCs. (E) Depiction of the experimental paradigm for Tprn-HA knockin (KI) in mouse cochleae with Anc80L65. The cochleae were collected
at P12-13 for further PCR, genomic sequencing, and STED imaging. (F) Conventional STED images of TPRN-HA in an AAV-infected IHC. The HA sequence was inserted at
the end of the Tprm coding sequence via AAV and CRISPR-Cas9-mediated HDR in IHCs, with a dose of 9 x 10'° GCs in the left ear. Representative serial optical sections
(interval = 0.319 um) of STED images along the z axis magnified from the yellow boxed regions are shown. The rings are numerically labeled, and intensity profiles corre-
sponding to the dashed lines (1-3) are shown. Scale bars, 1 um and 250 nm. (G) Conventional confocal and STED images of TPRN (red) and phalloidin (cyan) in mouse OHCs
at P14. Intensity profiles corresponding to the dashed lines (1-4) are shown beneath. Scale bar, 200 nm. (H) colP between TPRN and actin. Mouse N2A cells were transfected
with the FLAG, Tprn-FLAG, Tprn-HA, or Actb-FLAG constructs. Immunoprecipitations were carried out with FLAG antibodies followed by western blotting to detect co-
expressed proteins by using B-actin or HA antibodies. The image is representative of three independent experiments. (I) HelLa cells were transfected with the TPRN-HA
construct. TPRN-HA (red), phalloidin (cyan), and DAPI (blue) were stained and imaged after 2 days of transfection. DAPI indicates the nucleus. Scale bar, 20 um.
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Figure 2. TPRN-CLIC5-PTPRQ formed ring-like complexes in the taper region of stereocilia

(A) HEK293T cells were co-transfected with the FLAG, Tporm-FLAG, or Clic5-HA constructs. Immunoprecipitations were carried out with FLAG antibodies followed by western
blotting to detect co-expressed proteins by using HA antibody. Representative data from three independent experiments. (B) Representative STED image of CLIC5-HA in an
IHC at P17 from an Anc80L65-Clic5-HA-infected cochlea. Scale bar, 1 um. (C) Magnified regions in (B) indicated by the arrows. Intensity profiles corresponding to the dashed
lines are shown. (D) Representative dual-STED images of CLIC5-HA (magenta) and TPRN (green) in an IHC at P17 from Anc80L65-Clic5-HA-infected cochleae at a dose of
4.5 x 10'"° GCs at day 17 after surgery at P3. Three-dimensional dual-STED images of the xz and yz axes are shown. Scale bar, 400 nm. (E) HEK293T cells were transfected
with the FLAG, Tprn-FLAG, Clic5-FLAG, or Ptprg®°-HA construct. Immunoprecipitations were carried out with FLAG antibodies, followed by western blotting to detect co-
expressed proteins by using FLAG or HA antibodies. The images are representative of three independent experiments. (F) Conventional confocal and STED images of
PTPRQ-HA in an AAV-infected IHC. The HA sequence was inserted at the end of the Ptprq coding sequence via AAV and CRISPR-Cas9-mediated HDR in IHCs with a dose
of 9 x 10'° GCs in the left ear. Scale bar, 1 um. (G) Model of the ring-like complex localization pattern in hair cells. In this model, TPRN molecules bind to cytoplasmic CLIC5
and the transmembrane PTPRQ to form polymeric and concentric rings around the actin filaments in the taper region of the stereocilia.

CLIC5, which stabilizes membrane-actin filament linkages at the
taper region of stereocilia, interacts directly with TPRN.””> We
confirmed this observation in our colP experiments (Figure 2A).
To visualize their correlation in situ we packaged a Clic5-HA expres-
sion cassette into the AAV vector and delivered it into the cochlea via
round window membrane (RWM) injection at P3. Cochleae were
harvested at P17 and immunostained with HA and TPRN antibodies
together. The CLIC5-HA puncta in the confocal imaging also pre-
sented similar ring-like structures in the STED images (Figures 2B

and 2C). In addition, CLIC5 showed concentric rings with TPRN,
and the three-dimensional STED imaging confirmed this observation
(Figure 2D), indicating that the proper localization of TPRN and the
formation of the ring-like structure may require CLIC5. As cyto-
plasmic proteins, the TPRN-CLIC5 complex might need to be
anchored to the cell membrane in order to hold the actin filaments
in place. PTPRQ is a membrane protein in the taper region,”®’
and we found that TPRN, not CLIC5, interacted with the C terminus
of PTPRQ (Figure 2E). To visualize the structure of PTPRQ, we used
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Figure 3. In vivo disruption of the interaction between TPRN and CLIC5 resulted in impaired hearing and disrupted sensory epithelia

(A) Diagram of the TPRN fragment constructs used to identify the binding domain with CLIC5. Binding regions are shown by the symbol “+.” (B) HEK293T cells were co-
transfected with the TPRN fragment constructs and Clic5-FLAG constructs. Immunoprecipitations were carried out with FLAG antibodies followed by western blotting to detect
co-expressed proteins by using HA antibody. The images are representative of three independent experiments. (C) TPRN fragments no. 5 and no. 6 competitively weakened the
interaction between TPRN and CLIC5. HEK293T cells were co-transfected with the TPRN fragments (no. 5 or no. 6) and Clic5-FLAG constructs. Immunoprecipitations were
carried out with FLAG antibodies followed by western blotting to detect co-expressed proteins by using HA antibody. The images are representative of two independent ex-
periments. (D) Relative signal intensity of immunoprecipitated TPRN-HA in (C). (E) Depiction of the experimental paradigm for the competitive inhibition with TPRN peptide via
Anc80L65. All mice were injected with corresponding virus at a dose of 5.25 x 10° or 7.5 x 10° GCs in the left ear. ABR tests were performed and cochleae were collected for
further morphology analyses about 4 weeks after injection. (F) Representative confocal images of the cochlea injected with Anc80L65-Tprn no. 5-HA or Anc80L65-Tprn no. 6-HA.
Cyan, Myo7a; red, HA. Scale bar, 10 um. (G) Representative STED images of PTPRQ-HA and CLIC5-HA in HCs from Anc80L65-Tprn no. 5-mNeoGreen-injected cochlea. HA
was inserted at the end of the Ptprq or Clics coding sequence via AAV and CRISPR-Cas9-mediated homology directed repair. Arrows indicate the rings. Scale bar, 1 um.

(legend continued on next page)
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Cas9-mediated homologous recombination to insert an HA tag onto
the end of the Ptprq gene coding region and imaged PTPRQ-HA by
STED microscopy. PTPRQ showed similar ring structures in cochlear
HCs (Figure 2F), thus these results indicate that TPRN, CLIC5, and
PTPRQ might form a ring-like cluster complex in the taper region
(Figure 2G).

Disruption of TPRN rings leads to severe stereocilia disorders
and deafness

We next sought to determine the potential role of the TPRN rings in
normal hearing. We first generated several TPRN truncations fused to
an HA tag (Figure 3A) to map the protein domains that are critical for
the TPRN-CLIC5 interaction. Fragments no. 5 and no. 6 containing
amino acids 106-506 in TPRN (TPRN!?*?! and TPRN?*1-3%)
both had strong affinity for CLIC5 (Figure 3B). Consistent with
this, overexpression of TPRN'%2! or TPRN>*!"*% could competi-
tively inhibit the binding of full-length exogenous TPRN to CLIC5
(Figures 3C and 3D). We next packaged TPRN'%5-32! or TPRN3?!
% with a 3x HA tag into Anc80L65 (transduced HCs with near
100% efﬁciency”), and delivered them into the cochleae of P2 mouse
pups. Successful delivery into the HCs was verified by HA and Myo7a
(HCs marker) immunostaining (Figures 3E and 3F). Using the similar
knockin strategy shown in Figure 1D, the HA tag was inserted at the
end of the Ptprq or Clic5 coding sequence via Anc80L65 and CRISPR-
Cas9-mediated homology-directed repair, and AAV-TPRN!06-321_
mNeonGreen was delivered simultaneously. We utilized HA and
TPRN antibodies for STED imaging. TPRN'"*?! was successfully
expressed in the stereocilia (Figure 3G), and the dual-color imaging
showed that TPRN rings were no longer localized to the taper region
in the HCs transduced by TPRN'%*?!, while there was no effect on
the CLIC5 and PTPRQ rings (Figure 3G). An antibody against amino
acids 350-520 was used to detect endogenous TPRN, and the imaging
results showed that endogenous TPRN was dispersed along the entire
shaft of the stereocilium instead of concentrating in the taper region
(Figure 3H), indicating that the truncated protein is competitively ex-
pressed in the taper of the stereocilia. Furthermore, the expression of
TPRN truncations led to a significant increase in hearing thresholds
(Figures 3I and 3]). Next, we used a scanning electron microscope
(SEM) to image the stereocilia after TPRN"'%**2! injection and found
that disruption of the TPRN-CLIC5 interaction led to occasional HC
loss (Figure 3K) and to stereocilia degeneration in OHCs and stereo-
cilia fusion in IHCs (Figures 3L and M), which might explain why
expression of the truncated proteins resulted in hearing loss.
Together, these results suggest that, although peptides 5 and 6 interact
with Clic5, the cause of hearing loss is not related to CLIC5. Also, we
further demonstrated that the ring structure is still detectable in

PTPRQ or CLICS5 staining by deleting the TPRN"'%>"%, while no rings
of TPRN were observed (Figure S2). Taken together, we propose that
the TPRN rings are necessary for stabilizing the stereocilia and there-
fore for normal hearing.

The dose of expressed TPRN is crucial for TPRN rings formation
and auditory function

We next generated Tprn®'® mice by deleting all of the Tprn exons us-
ing the CRISPR-Cas9 system (Figure S3A) to partially evaluate the ef-
fect of TPRN ring deficiency in HCs. Immunostaining showed that
TPRN was completely absent in HCs in Tprn®/® mice (Figure S3B).
We analyzed the hearing ability of Tprn®/* mice by ABR and found
that adult Tprn®/® mice showed almost complete deafness (Figure 4A)
with slight to severe HC loss with aging (Figure S3C). High-magnifi-
cation SEM images showed that hair bundles in OHCs were disor-
dered in the apical region of the cochlea and that stereocilia were
missing in the middle and basal regions of the cochlea in Tprn®/*
mice (Figures 4B and 4C). In addition, fused stereocilia were observed
in IHCs (Figure 4D). To exclude the possibility that genomic elements
in the deleted region of Tprn™/® mice might contribute to the pheno-
type, we designed shRNAs to knockdown Tprn mRNA in the HCs of
wild-type mice. The knockdown efficiencies of Tprn shRNAs were
validated by western blotting and immunofluorescence (Figures S4A
and S4B). Next, validated Tprn-shRNA was packaged into Anc80L65
with the red fluorescence protein Scarlet’® under the control ofa CAG
promoter. Using RWM injection, we delivered Tprn-shRNA and
scrambled-shRNA into the cochleae of P3 mouse pups. The infection
efficiency was indicated by Scarlet fluorescence. Compared with the
scrambled-shRNA group, only faint TPRN protein signals could be
detected in the HCs of the Tprn-shRNA group (Figure S4C). The
ABR thresholds were significantly increased in the Tprn-shRNA-in-
jected mice compared with the controls (Figure S4D). Taken together,
our results indicate that TPRN rings are crucial for normal hearing
ability.

Furthermore, we found that the overexpression of TPRN affected
normal hearing in a dose-dependent manner. We injected different
amounts of genomic copies (GCs) of Anc80L65-Tprn-HA
(0.75 x 10° GCs, 1.5 x 10° GCs, and 4 x 10° GCs) into wild-type
mice to evaluate changes in hearing thresholds and TPRN rings.
Higher transduction rates of HCs were observed with increased
dose of AAV-Tprn (Figures S5A and S5B), and the ABR results
showed that mice injected with different titers of virus all
showed increased hearing thresholds at all frequencies, and the
thresholds became higher as the amount of virus increased
(Figures 4E and 4F). The STED images showed that, in exogenous

(H) Representative confocal images of stereocilia injected with Anc80L65-Tprn no. 5-HA. Cyan, phalloidin; red, Tprn no. 5-HA. Scale bar, 1 um. (I) Representative ABR traces
recorded from control, Anc80L65-Tprn no. 5-HA-injected, and Anc80L65-Tprn no. 6-HA-injected mice, with a 16 kHz tone burst between 20 and 90 dB. (J) ABR results of control
(n = 4), Anc80LB5-Tprn no. 5-HA-injected (n = 6), and Anc80L65-Tprn no. 5-HA-injected (n = 6) mice, and statistical analyses was performed between control and Anc80L65-
Tprn no. 5 or no. 6-HA-injected ears. (K) SEM images of cochlear epithelia from control and Anc80L65-Tprn no. 5-HA-injected mice. Yellow triangles indicate the missing HCs.
Scale bar, 10 um. (L) SEM images of stereocilia from control and Anc80L65-Tprn no. 5-HA-infected HCs at day 35 after surgery at P2. Yellow arrows indicate the missing
stereocilia. Scale bar, 1 um. (M) The total stereocilia counts in control and Anc80L65-Tprn no. 5-HA-infected OHCs corresponding to (L). Error bars are the standard error of the
mean. The p value was calculated by Student’s t test or one-way ANOVA. *p < 0.05, *p < 0.01, **p < 0.001.
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Figure 4. The alterable TPRN expression levels lead to disrupted TPRN rings, degenerative stereocilia, and severe hearing loss

(A) ABR results of Torn™™WT (wild-type mice, 1-month, n = 3), Torn®’2 (1-month, n = 5), and Tporm™ (2-month, n = 3) mice. (B) Representative SEM images of stereocilia in
OHCs from control and Tprm®’® mice at P30. Numbers 1-3 represent the rows of stereocilia from tall to short. Yellow arrows indicate the missing stereocilia. Scale bar, 1 um.
(C) The total stereocilia count in Torn™™T and Tprm* OHCs at P30. (D) SEM images of stereocilia in IHCs from Tpr"V""T and Tpm/ mice at P30. Yellow arrows indicate
the fused stereocilia. Scale bar, 2 um. (E) Representative ABR traces recorded from Anc80 and different titers of Anc80-Tprn-HA-injected Torn" T mice at P30 with a 16
kHz tone burst between 20 and 90 dB. (F) ABR results from Tprn"VT/\'V-r mice injected with Anc80 and different doses of Anc80L65-Tprn-HA at P30. (G) Representative STED
image of TPRN (red) in stereocilia from an Anc80L65-Tprn-HA-infected OHC. The inset is the magnified region of the dashed box and the brightness of the TPRN signal is
linearly adjusted. AAV-TPRN is indicated by the HA (cyan) staining, and the stereocilia were stained by phalloidin (green). Scale bar, 2 um. (H) Representative SEM images of
the cochlear epithelia from TprnY™"T mice injected with control Anc80L65 and Anc80L65-Tpm-HA at a dose of 7.5 x 10° GCs, respectively. Scale bar, 10 um. Error bars are
the standard error of the mean. The p value was calculated by Student’s t test. n.s., no significant difference. *p < 0.05, **p < 0.01.

TPRN-HA-expressed HCs, TPRN signals were stronger and  with those in the AAV-negative HCs (Figures 4H and S5A), with
dispersed along the entire shaft of the stereocilium with no detected =~ more HC loss detected in the AAV-Tprn-injected cochlea at a dose
TPRN rings, while obvious TPRN rings could be observed in the  of 4 x 10° GCs (Figure S5C). Taken together, these observations
HCs without AAV-Tprn transduction (Figure 4G). Also, the stereoci-  indicate that TPRN rings anticipate the architecture maintenance of
lia looked disorganized in the TPRN overexpressed HCs compared  stereocilia and normal hearing function.
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Figure 5. The massive overdose of TPRN was not capable of restoring impaired hearing in Torn*’*
mice injected with empty vector (Tom""""T + Anc80), Tpom*2

A) ABR results of Torn"™™T mice, Torn"/™WT
e e

analyzed between Tpom™2

..

Cytoplasm  Stereocilia

Nucleus

mice
mice, and Tprn®/»
(Tprn®® +ANnc80-Tprn), respectively. All mice were injected with virus at P1—-P2 at a dose of 4.5 x 10° GCs and harvested after 4 weeks. The statistical differences were

mice injected with exogenous Tprn-HA

and Tprm®’® + Anc80-Tprn mice. (B) Representative SEM images of cochlear epithelia from Tprn®’®, Torn®’® + Anc80, and Tprn®’® + Anc80-Tpm

mice at 4 weeks after surgery at P2. Yellow triangles indicate the missing OHCs. Scale bar, 10 um. (C) Magnified SEM images from (B). Yellow arrows indicate the fused
stereocilia (FS). Scale bar, 5 um. (D) Fused stereocilia counting in Torm®’2 and Tom™» + Anc80L65-Tprm HCs. (E) Representative confocal images of exogenous TPRN

signals in stereocilia from Tpm"/TWT
TPRN-HA signal in OHC and IHC from Tprn®/2
error of the mean. The p value was calculated by Student’s t test. “*p < 0.01.

Lower expression of TPRN partially restores the hearing
function of Tprn deficiency mice

To further investigate the role of TPRN rings in hearing, we re-expressed
TPRN in Tprn™™* mice to evaluate the restoration of auditory function.
RWM injection of Anc80L65-CAG-Tprn-HA was performed at PO-P1
and the ABRs were measured at P30, a stage at which Tprn®'® mice
showed profound deafness (Figure 4A). Unexpectedly, the injected
mice showed more serious hearing loss at medium and high frequencies
compared with the control mice (Figure 5A). The stereocilia in AAV-
Tprn-injected HCs from Tprn™™ mice seemed to be more disordered
along the whole cochlea than in untreated Tprn®'® mice by SEM imaging,
and greater HC loss was seen in treated Tprn™'® mice (Figures 5B-5D).

We wondered why Tprn overexpression not only failed to rescue hear-
ing loss but exacerbated the damage to the auditory epithelia in Tprn®/*

and Tprn®2 + Anc80-Tprm infected HCs. Cyan: F-actin, magenta: TPRN, red: HA. Scale bars, 1 um. (F) The localization of the exogenous
+ Anc80L65-Tprn-HA mice. Red, HA; gray, parvalbumin (PV), an HC marker. Scale bars, 2 um. Error bars are the standard

mice. We speculated that the expression level of exogenous TPRN under
the control of the CAG promoter (an enhanced promoter that drives
strong expression of the target gene) was too high to function correctly.
Considering that endogenous TPRN was only obviously detected in the
taper region, we imaged the exogenous Tprn-HA signal and found that
TPRN and HA signals were detected along the whole shaft of the stereo-
cilium rather than in the taper region (Figure 5E), which was similar to
that in AAV-Tprn-transduced HCs in wild-type mice and thus might
lead to the defects in the stereocilia. In addition, we observed barely
any TPRN-HA signals in the cytoplasm or nucleus of HCs in three-
dimensional stack images (Figure 5F), indicating that exogenous
TPRN was mostly transported to the stereocilia. Therefore, these results
verified our speculation that the misallocation of exogenous TPRN
4’2 mice caused the more
severe collapse of stereocilia and increased hearing loss.

in the stereocilia by overexpression in Tprn
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The heterozygous mice (Tprn'¥"/2) with an insufficient haplo-dose

of Tprn showed normal hearing and normal sensory epithelia
morphology with TPRN rings in the stereocilia (Figure S6), which
means that small amounts of the TPRN molecules maintain TPRN
rings and normal hearing. We tried to significantly reduce the amount
of exogenous TPRN by using HHR. HHR is a type of small self-
cleaving ribozymes that is widely used in the reversible cleavage of
transcriptional RNA in order to regulate gene expression.”” Accord-
ing to a previous study, the type I HHR N107vl resulted in the
34-fold inhibition of the Gaussian luciferase reporter gene in
HEK293T cells.*” The introduction of N107v1 at the 3’ UTR of the
exogenous Tprn gene (Figure 6A) might be able to reduce gene
expression in the cochlea and thus restore hearing. We delivered
exogenous Tprn along with N107v1 at the 3’ UTR by Anc80L65 injec-
tion into the cochleae of P1-P2 TprnA’ A mice (Figure 6A). The TPRN-
HA expression and hearing thresholds of virus-injected Tprn®/*
were measured 30 days later. TPRN was successfully expressed in the
hair bundles at around P30 (Figure 6B). ABR experiments showed
that several Tprn®® mice injected with low-dose N107v1 (6 x 10°
GCs) had improved hearing thresholds (Figures 6C and 6D) with
the greatest rescue of about 30 dB in the middle frequencies (Fig-
ure 6C), and about half of the injected Tprn®* mice showed varying
degrees of hearing recovery at different frequencies (Figure 6D).

mice

We thus evaluated the expression of Tprn in the Tprn-N107v1-in-
jected mice at both the transcriptional and translational levels. The
Anc80-Tprn-N107v1-injected cochlea and the contralateral cochlea
showed fewer Tprn mRNA transcripts compared with the Anc80-
Tprn-injected mice, with approximately 100- and 3-fold inhibition,
respectively (Figure 6E). Besides, the expression level of Tprn in the
injected cochlea was more than 15-fold greater than that in contralat-
eral cochlea (Figure 6F). Similar tendencies were verified by western
blotting and immunostaining of TPRN-HA at the translational level
(Figures 6G and 6H). More importantly, TPRN-HA at a lower expres-
sion level in the Tprn®'® mice showed the ring-like structure again
(Figure 6I), indicating that the restoration of the ring structure of
TPRN might be the basis of hearing recovery. This also indicated
the importance of the ring structure in the maintenance of normal
hearing. Also, the reduced exogenous TPRN in HCs driven by a
weaker promoter CMV173*"** partially lowered the hearing
threshold and restored the hearing with the greatest rescue of about
30 dB in the middle frequencies (Figures 6]-6M). Taken together,
these results suggest that moderate amounts of exogenous TPRN
via HHR and Anc80L65 virus in HCs at early developmental stages
can reproduce the disrupted rings and restore hearing ability. The
use of HHR or weaker promoter is expected to achieve a therapeutic
effect without introducing strong cytotoxicity in disease treatments,
thus improving the safety and effectiveness of gene therapy.

DISCUSSION

Super-resolution imaging methods have been widely used to obtain
high spatial resolution images to analyze protein distributions in
cellular compartments and the interactions between compartments.
Here, STED imaging revealed a remarkably regular organization,
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with TPRN forming ring-like structures with diameters of 160-
170 nm in OHCs and 190-200 nm in IHCs, thus providing important
insights into TPRN structure and function in situ. Similarly, Famé5b,
another vital protein in the taper region of stereocilia, also forms ring-
like structures,”" and our previous study found that spectrin and actin
can form ring-like structures in the cuticular plate of HCs.”>*’ Here,
we also observed the ring-like structures of PTPRQ and CLIC5 (Fig-
ure 2). Together, these results suggest that ring-like structures may be
common in HCs. Notably, Zhao et al. detect a solid structure of TPRN
in IHCs rather than the ring-like structure by using STORM, which is
another super-resolution fluorescence method.”’ We believe that
STORM is superior when used on cultured cells* but that it has
some limitations when used on tissues, especially in the case of
semi-intact preparations like the dissected cochlea. This is due in
part to the tissue yielding high background noise relative to the single
molecule image, which leads to diminished spatial resolution. Most
importantly, we verified our results by TPRN-HA knockin strategy
(Figures 1 and S1), which ruled out any effects of the TPRN antibody.
Thus, we believe that TPRN indeed forms a ring-like structure, but
how the ring-like structure is formed and why TPRN protein is
restricted to the taper region are unknown.

Previous studies have suggested that TPRN might be a member of a
membrane-associated protein complex including PTPRQ, CLIC5, rad-
ixin, and MY06.'® In Clic5-deficient mouse HCs, TPRN and radixin
diffused along the shaft of the stereocilia with no change in expression
at the transcriptional level. '* CLIC5 has been shown to bind directly to
TPRN18, and we also confirmed this result (Figure 2A). Our data also
showed that TPRN has a strong binding affinity for actin and PTPRQ
(Figures 1H and 2E). Also, researchers have confirmed that CLIC5 can
interact with GRXCR219. All of these interactions indicate that
PTPRQ, CLIC5, TPRN, MYO6, GRXCR2, and actin may form a large
protein complex in the taper region. Moreover, we observed the ring-
like structures of PTPRQ and CLIC5 (Figure 2), which may partially
explain how the TPRN ring-like structure is formed in the taper region.

As a special structure for resisting mechanical stress, the taper region is
crucial for the proper functioning of stereocilia.”*>** Mutations in many
proteins enriched in or near the taper region lead to severe hereditary
hearing loss.”™' In this study, we found that several proteins in this re-
gion can form ring-like structures, which may also be important for
proper stereocilia function and thus for hearing. The lack of CLIC5
causes submembrane TPRN to diffuse along the whole length of the ster-
eocilia and leads to stereocilia defects.” Disruption of the structure of
TPRN rings results in severe stereocilia disorders and deafness with
no defects on the CLIC5 or PTPRQ rings (Figure 3). TPRN rings may
be involved in the maintenance of stereocilia by other pathways. Inter-
estingly, in the ClinVar database, three out of seven TPRN mutations
in patients are located in the identified interaction region, suggesting
that disruption of the ring-like structure may be the mechanism under-
lying the hearing loss caused by these three mutations.

In addition to its location and structure, the expression level of TPRN
is also critical for its proper function. Our study reflects that the
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Figure 6. Lower exogenous TPRN expression partially restored impaired hearing in Tprn“A mice

(A) Diagram of the HHR-mediated expression of exogenous Tpm-HA in P1-2 Tprn®’® mice. (B) Representative confocal images of TPRN-HA signals (red) in the cochlear
epithelia from Anc80-Tprn-HA-HHR N107v1-injected Tprm® mice at P30. Scale bar, 20 um. (C) Representative ABR traces recorded from P30 mice of Tprn"W™™WT, Tom®/2,
Tprm™2 + Anc80-Tprn-N107v1 (6 x 10° GCs), and Tprm™2 + Anc80-Tprn-N107v1 (1.5 x 10'° GCs) with a 16 kHz tone burst between 20 and 90 dB. (D) The corresponding
ABR resullts at different frequencies are shown, and statistical analysis was between untreated (Tprn®) and Anc80-Tprn-HA-N107v1-treated Tprm™'® ears. (E) gPCR results
of Tprn-HA expression at the transcriptional level from WT control, Anc80-Tprn-HA-N107v1 (N107v1, 6 x 10° GCs)- or Anc80-Tprn-HA (Tprn, 6 x 10° GCs)-injected
cochleae and the contralateral cochleae. (F) gPCR results of Tprn-HA expression at the transcriptional level from WT control, Anc80-Tpm-HA-N107v1 (6 x 10° GCs)-injected
cochlea (ipsilateral) and the contralateral cochleae. (G) Representative images of TPRN-HA immunostaining by western blot. Protein samples were collected from cochleae
injected with Anc80-Tprn-HA-N107v1 (6 x 10° GCs) or Anc80-Tprn-HA (6 x 10° GCs). (H) Representative confocal images of TPRN-HA (gray) signals in the cochlear
epithelia from Tprn®’® mice injected with Anc80-Tpm-HA-N107v1 (N107v1, 6 x 10° GCs) or Anc80-Tprm-HA (Tprn, 6 x 10° GCs). Scale bar, 5 um. () Conventional confocal
and STED images of TPRN-HA in a rescued IHC. The intensity profiles corresponding to the dashed lines (1-6) are shown to the right. Scale bar, 1 um. (J) Diagram of the
promoter CMV173-mediated expression of exogenous TPRN-HA in P1-2 T,ornA/A mice; and the gPCR results of Tprn expression at the transcriptional level from Anc80-
CMV'73-Tprn-HA- and Anc80-CAG-Tpr-HA-injected cochlea at the same dose. (K) Representative confocal images of TPRN-HA (red) and phalloidin (cyan) signals in
the cochlear epithelia from Tprm®’2 mice injected with Anc80-CMV173-Tprn-HA (9 x 10° GCs). Scale bar, 1 um. (L) Representative ABR traces recorded from P30 Tpm™/2
mice injected with Anc80-CMV173-Tprn-HA (9 x 10° GCs) with a 16 kHz tone burst between 10 and 90 dB. (M) The corresponding ABR results at different frequencies are
shown, and statistical analysis was between untreated (Tpm*/2) and Anc80-CMV173-Tprm-HA-treated Tprm™'2 ears. All mice were injected with virus in the left ear at P1-P2.
gPCR and western blotting data were collected at P8-P9. Confocal images and ABR were collected at P30-P32. Error bars are the standard error of the mean. The p value
was calculated by Student’s t test or one-way ANOVA. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.001.
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translated number of TPRN molecules needs to be maintained within
a reasonable range. The study shows that the stereocilia defects in
Grxcr2 mutant mice were caused by the mis-localization of TPRN
proteins, which was relieved by the translational reduction of
TPRN.'"” Here, we used Anc80L65 for exogenous TPRN expression
in the cochlea in vivo at P1 through RWM injection. The moderate
overexpression of exogenous TPRN profoundly affected the thera-
peutic effect (Figure 5). When choosing the isotypes of HHR, N79
was also a candidate variant. N79-mediated gene expression resulted
in a 16-fold reduction of Gaussian luciferase reporter gene expression
in HEK293T cells.*’ However, our ABR experiments showed that
both low-dose and high-dose N79 injection (6 x 10° GCs and
1.5 x 10'° GCs) in Tprn®? mice were ineffective at alleviating
impaired hearing (Figure S7). In fact, depleting one allele of Tprn
in the genome had no effect on the auditory epithelia or on normal
hearing (Figure S6), indicating that a small amount of exogenous
TPRN may also restore hearing. This is why HHR N107vl/
CMV'7-mediated Tprn delivery could rescue hearing loss. Also,
because of the high infection efficiency of Anc80L65 in utricular
HCs from adult humans, AAV-mediated gene therapy has promise
for the clinical treatment of progressive hereditary hearing loss.

A critical discussion in this study is the safety and efficacy of ubiquitous
promoters. In addition to the potential genotoxicity caused by the
introduction of stronger gene re-expression, ubiquitous promoters
such as the CAG promoter can also cause hearing damage in adult
mice."” Cell-specific promoters tend to express proteins with weak ac-
tivity and may be applicable in this type of gene therapy studies that do
not require high expression of exogenous proteins. Currently, there are
no published studies utilizing specific promoters for gene therapy in-
herited deafness in mice. However, according to publicly available in-
formation, in the DB-OTO, an AAV gene therapy drug developed by
Decibel Therapeutics that targets the OTOF is driven by the HC-selec-
tive Myol5 promoter. Preclinical studies in OTOF mutant mice
demonstrated that DB-OTO administration resulted in sustained
improvement in auditory function for up to nearly 1 year. Studies in
non-human primates demonstrated full-length expression of OTOF
driven by Myol5 promoter in the cochlear basilar membrane. The
above study fully illustrated the effective application of HC-specific
promoters in deafness gene therapy. This is an important and prom-
ising research direction that deserves in-depth exploration.

In summary, we have identified the role of TPRN in cochlear struc-
ture and function. We characterized the organization and pattern
of TPRN-CLIC5-PTPRQ within the stereocilia using super-resolu-
tion imaging methods and showed that these proteins form ring-
like structures corresponding to each stereocilium. Within the struc-
tures, the proper spatial organization of TPRN rings in the stereocilia
appears to play a critical role in stereocilia stabilization and hearing
function in a dose-dependent manner. Ring disruption leads to
impaired hearing. In addition, TPRN could partially restore impaired
hearing, providing further support for the development of viral gene
transfer in the inner ear for treating sensory HC disorders caused by
TPRN mutation.
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MATERIALS AND METHODS

Animals

C57BL/6 mice and Tprn®'® mice of both genders were used in this
research. The day of birth was determined as P0. The genotyping
primers for Tprn™'® mice are listed in Table S1. Animals were housed
under a 12 h light/dark cycle at 22°C + 1°C with food and water avail-
able ad libitum. All experiments were approved by the Institutional
Animal Care and Use Committee of Southeast University and
ShanghaiTech University, China.

Immunofluorescence

The temporal bone was rapidly dissected out of the mouse pups. The
cochlear spiral was micro-dissected from the temporal bone and
adhered to a slide cover glass coated with tissue-adhesive Cell Tak
(BD Bioscience) in cold PBS (pH 7.2). Cochleae were fixed with 4%
paraformaldehyde in PBS (pH 7.2) at room temperature for 1 h.
For cochleae from mice older than P7, the temporal bone was fixed
with 4% paraformaldehyde in 1x PBS (pH 7.2) for 2 h at room tem-
perature before being cut into pieces after 0.5 mM EDTA (pH 8.0)
treatment. For cultured cells, cells were fixed with 4% paraformalde-
hyde in PBS (pH 7.2) at room temperature for 30 min. Samples were
immersed in blocking medium containing 10% donkey serum and
0.5% Triton X-100 in PBS (pH 7.2) for 1-2 h at room temperature
and then incubated with primary antibodies overnight followed by
secondary antibodies conjugated with Alexa Fluor dyes. The primary
antibodies were TPRN (rabbit, Sigma-Aldrich), myosin7a (rabbit,
Proteus Bioscience), parvalbumin (mouse, Swant), and HA (rat,
Roche). The secondary antibodies were conjugated with Alexa
Fluor-conjugated IgG (H + L) (1:500 dilution; Thermo Fisher Scien-
tific). Atto 488-conjugated phalloidin (1:1,000 dilution; ATTO-TEC)
was used to label actin, and DAPI (1:10,000 dilution; Thermo Fisher
Scientific) was used to label DNA.

STED imaging

STED images were acquired with a Leica TCS SP8 STED 3x micro-
scope equipped with a white light pulse laser (WLL2), STED depletion
lasers (592 and 660 nm were used in this study), an oil immersion
100x/NA 1.4 objective lens (HC PL APO CS2, Leica), and a TCS
SP8 time-gated system. Images (1,024 x 1,024 pixels) were obtained
in confocal mode or STED mode. Acquisition settings were optimized
to obtain high-quality images, including laser power, image size, scan-
ning speed, frame accumulation, and time-gating interval. Deconvolu-
tion of STED images was performed with Huygens software (Scientific
Volume Imaging) using the Huygens classical maximum likelihood
estimation deconvolution algorithm or the Lighting software (Leica).

Plasmid construction and transfection, colP, and western
blotting

Target cDNA sequences were cloned from mouse cochlear cDNA us-
ing Phanta Max Super-Fidelity DNA Polymerase (Vazyme) or were
synthesized by GenScript. Sequences were constructed into corre-
sponding vectors containing fluorescent proteins, and the C termini
of target proteins were linked to a 3x FLAG tag or a 3x HA tag
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for further colP. colP was performed in mouse N2A cells (American
Type Culture Collection) or human HEK293T cells (American Type
Culture Collection). Cells were cultured in Dulbecco’s modified
Eagle’s medium plus GlutaMAX (Thermo Fisher Scientific) supple-
mented with 10% (v/v) fetal bovine serum and 100 U/mL peni-
cillin/streptomycin (Thermo Fisher Scientific) at 37°C with 5%
CO,. Cells were homogenized in lysis buffer (50 mM Tris, 120 mM
NaCl, and 0.5% NP40) containing a mixture of protease inhibitors
(Roche) and PMSF (Sigma). After centrifugation, the protein super-
natant was incubated with Anti-FLAG M2 magnetic beads (mouse,
Sigma) at 4°C overnight. After immunoprecipitation, the protein
samples were separated on SDS-PAGE gels (Bio-Rad) and transferred
to nitrocellulose filter membranes (0.45 um, Millipore, Billerica, MA).
The membranes were blocked with 5% nonfat dry milk for 2 h at RT
and incubated overnight at 4°C with primary antibodies. The
following first antibodies were used in this study: FLAG (rabbit, Pro-
teintech), B-actin (rabbit, Abcam), and HA (rabbit, Proteintech).
Then, the membranes were then incubated with HRP-conjugated sec-
ondary antibody (1:10,000 dilution; Santa Cruz) for 2 h at room tem-
perature. Signals were visualized using an enhanced chemilumines-
cence kit (Pierce) and captured with an ImageQuant LAS4000 (GE
Healthcare Bioscience). Immunoprecipitation experiments were
repeated at least two times to verify the reproducibility of the data.

AAV

The target sequence was integrated into Anc80L65 containing
the cytomegalovirus enhancer/chicken B-actin promoter*® and the
woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) cassette flanked by AAV2 inverted terminal repeats. AAV
production, purification,” and titration®' were performed as previ-
ously reported. Anc80L65 was produced in HEK293T cells and puri-
fied by iodixanol gradient ultracentrifugation. In brief, culture me-
dium and HEK293T cells were collected at 96 h after plasmids were
co-transfected. Culture medium was concentrated by precipitation
with 10% PEG 8000 (Sigma) and 1.0 M NaCl (Sigma), and the cell
lysate was treated with 1 mM MgCl, (Thermo Fisher Scientific) and
0.25 mM KCI (Thermo Fisher Scientific). DNase I (10 U/mL, Thermo
Fisher Scientific) and RNase I (10 U/mL, Thermo Fisher Scientific)
were added to the combined mixture for 1-h incubation at 37°C. After
centrifugation, the Anc80L65 in the clarified supernatant was purified
by gradient iodixanol gradient (15%, 25%, 40%, and 60%) ultracentri-
fugation. The GC titers of Anc80L65 were determined by SYBR
(Roche)-based qPCR analysis using primers targeting the WPRE re-
gion with linearized genome plasmids as the standard. The primers
are listed in Table S1.

RWM injection

P0-P2 mouse pups were injected with corresponding AAVs via the
RWM using a microinjection spring needle as previously described.”
RWM injection was performed only on the left ear of each animal.
Mice pups were anesthetized in an ice bath for 2-3 min and then
put on a cold pad for subsequent surgical procedures. Upon anes-
thesia, a post-auricular incision was made to expose the otic bulla
and visualize the round window in the cochlea after degerming

with iodine and 70% ethanol. Injections were performed with a glass
micropipette controlled by a micromanipulator UltraMicroPump
(UMP3, World Precision Instruments). Approximately 1-1.5 uL of
virus at proper concentration was manually injected for 1 min. After
injection, the skin incision was closed by daubing veterinary tissue ad-
hesive (Millpledge) at the surgery site on the skin. The entire proced-
ure took less than 5 min, and the mouse pups were returned to the
38°C warming pad for 10-15 min and then placed back with their
mother for continued nursing.

ABR audiometry

Open-field ABR thresholds were assessed with a Tucker-Davis
Technology system III (Tucker-Davies Technologies). After anes-
thetized with pentobarbital sodium (100 mg/kg) intraperitoneally,
mice were placed on a 37°C heating pad to maintain their body
temperature. ABRs were recorded by using needle electrodes placed
over the scala to record the changes in the electrical activity of the
brain in response to sound. The ABR responses were elicited in tone
bursts between 10 and 90 dB (decibels SPL) at frequencies of 4, 8,
16, 24, and 32 kHz. Acquired response signals collected by the elec-
trodes were amplified 10,000 times, filtered at 0.1-2 kHz, averaged
512-1,024 times, and presented using BioSigRZ software (Tucker-
Davies Technologies).

SEM imaging

The temporal bone was rapidly dissected out in cold PBS (pH 7.2).
A hole was dug into the apical region of the temporal bone, and fresh
2.5% glutaraldehyde in PBS (pH 7.2) was infused from the hole into
the cochlear duct. The cochleae were incubated in the fixative solution
at 4°C overnight. After decalcifying in 0.5 M EDTA (pH 8) at room
temperature for 6-10 h, the cochlear specimens were dissected into
pieces and immersed in 2% osmium tetroxide for post-fixing for
3 h at 4°C. After washing three times in ultrapure water, the samples
were dehydrated through a graded ethanol series (30%, 50%, 70%
90%, and 100%). Each step lasted 10 min. The samples were crit-
ical-point dried (Leica, EMCPD300) and then placed carefully onto
a piece of conductive cloth tape and sputter-coated with 10 nm plat-
inum (JEC-3000FC, JEOL). The morphology was observed with a
field emission SEM at 10 kV (JSM-7800F prime, JEOL).

Data analysis

Images were exported in tiff format from origin software and further
processed by Fiji software (National Institutes of Health). The bright-
ness and contrast of the entire image were linearly adjusted. For quan-
titatively analyzing the distribution pattern of TPRN, lines across the
immunosignals were drawn and the intensity profiles were measured,
and autocorrelation was subsequently analyzed using MATLAB (The
MathWorks).

Statistical analysis

Statistical analyses were performed in GraphPad Prism 6.07 software
(GraphPad Software). Two-tailed unpaired Student’s t test or one-
way ANOVA were used to determine the statistical significance of dif-
ferences. p < 0.05 was considered statistically significant.
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