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ABSTRACT

The role of the unfolded protein response in noise-induced hearing loss
and the identification of therapeutic targets

Noise-induced hearing loss can be temporary (transient threshold shift, TTS) or permanent
(permanent threshold shift, PTS), depending on the intensity and duration of exposure. Prolonged
exposure to excessive noise activates various cellular mechanisms within the cochlea, such as
oxidative stress, immune response, and apoptosis. urrently, no study has thoroughly investigated the
temporal alterations of cochlear transcriptome following exposure to temporary threshold shift
(TTS)- or permanent threshold shift (PTS)-inducing noise to identify pathogenic mechanisms and
therapeutic targets for noise-induced hearing loss. We analyzed the longitudinal alterations in the
cochlear transcriptome of adult mice exposed to noise in two distinct conditions, revealing variations
in hearing recovery. We found that endoplasmic reticulum stress induced by noise exposure
activated the unfolded protein response (UPR), specifically activating inositol-requiring enzyme
type la (IREla) and protein kinase R-like endoplasmic reticulum kinase (PERK) among the three
UPR branches. Additionally, the PERK branch exhibited sustained activation in the permanent
threshold shift (PTS) up to 2 weeks after noise exposure, but it returned to baseline levels in the
transient threshold shift (TTS). The pro-apoptotic factor CHOP, subfactor of the PERK branch, was
significantly induced in hair cells during PTS. However, treatment with a PERK inhibitor before
noise exposure did not restore hearing, indicating that PERK activation is necessary for hearing
recovery. Interestingly, pharmacological chaperone treatments such as tauroursodeoxycholic acid
(TUDCA) and 4-phenylbutyric acid (4-PBA) have achieved hearing protection even in cases of
noise-induced permanent threshold shift (PTS). Overall, PERK branch of the unfolded protein



response is closely associated with the mechanism of NIHL. Initial activation of PERK is necessary
for hearing recovery after noise exposure, while persistent activation hinders hearing recovery.
Furthermore, the hearing recovery effect of pharmacological chaperones suggests a new therapeutic

target in NIHL that was previously unknown.

Key words : Noise-induced hearing loss; RNA-segeuncing; Endoplasmic reticulum stress; Unfolded
protein response; PERK; CHOP; Pharmacological chaperone; TUDCA; 4-PBA



1. Introduction

Noise-induced hearing loss (NIHL) is a significant global health concern that is rapidly
increasing due to exposure to occupational and environmental noise. According to the World Health
Organization (WHO), one out of three instances of hearing impairment is linked to noise exposure,
putting over 1 billion individuals aged 12 to young adults worldwide at risk of noise-induced hearing
loss.:

The cochlea, a spiral-shaped structure situated in the inner ear, is tonotopically arranged along
its axis, playing a vital role in transforming sound vibrations into electrical signals and transmitting
them to the brain.* The intricate cellular structure known as the organ of Corti, located within the
cochlea, contains a single row of inner hair cells (IHCs) and three rows of outer hair cells (OHCs).
OHCs amplify sound vibrations and transmit them to the auditory cortex of the brain through the
auditory nerve fibers (ANFs) associated with IHCs, allowing us to perceive sound.>*

The noise causing noise-induced hearing loss (NIHL) is classified into Temporary Threshold
Shift (TTS), where the hearing threshold changes temporarily, and Permanent Threshold Shift (PTS),
where the changes are permanent, based on intensity and duration of the noise. Noise that induces
TTS is commonly encountered in daily life, causing a temporary increase in the hearing threshold
that recovers to the basal level over time. In contrast, exposure to noise that induces PTS results in
a sudden and irreversible increase in the hearing threshold, leading to non-recoverable changes in
hearing and adversely affecting the quality of life.>2 The noise that causes PTS has been shown to
result in structural collapse like the abnormalities of stereocilia®®, loss of OHCs#*% and fusion of
IHCs.*® Additionally, noise inducing PTS stimulates processes such as apoptosis®’, autophagy®®,
inflammation'®%, oxidative stress?*?, calcium overload®*?, and glutamate excitotoxicity.?® PTS-
inducing noise might also increase the production of lipid peroxidation products and decrease blood
flow in the cochlea.?’

In recent RiboTag and single-cell RNA sequencing, an immediate upregulation of immune-
related genes, along with transcription factors STAT3 and IRF7, was observed in nearly all cell
types following noise exposure.? Unlike PTS, TTS-inducing noise stimuli do not result in OHC loss
even over time after noise exposure.'® As far as currently known, it only causes damage to stereocilia
and a reduction in ribbon synapses.?® In a recent study, the proteome in the cochlea was compared

and analyzed immediately after exposure to TTS- and PTS-inducing noise and two weeks later. The



findings suggest the potential role of the protein translation machinery in hearing recovery.?
Nevertheless, the mechanisms of hearing recovery and therapeutic targets for noise-induced hearing
loss are not clear. This study investigated longitudinal changes in the mouse cochlear transcriptome
following TTS- and PTS-inducing noise stimuli using RNA-sequencing. Additionally, we identified
therapeutic targets based on the longitudinal analysis and investigated the effects of pharmacological

intervention on noise-induced hearing loss, as well as its preventive capabilities.

2. Materials and Methods

2.1 Mice

C57BL/6N mice were purchased from Orient Bio (Seongnam, Korea). After transportation, all
the mice were allowed to acclimatise for one week. The animal experimental protocols were
reviewed and approved by the Institutional Animal Care and Use Committee of Yonsei University
College of Medicine. All mice were handled in accordance with the Guidelines for the Care and
Use of Laboratory Animals. Mice were maintained in a temperature- and humidity-controlled,
specific pathogen-free (SPF) environment with a light cycle from 8:00 AM to 8:00 PM and
unlimited access to water and irradiated rodent food (LabDiet, 0006972).

2.2 Noise exposure
C57BL/6N mice at the age of 8 weeks were exposed to 105 dB SPL for 1 hour to induce TTS

and to 110 dB SPL for 2 hours to induce PTS. The mice were placed in a circular wire mesh
exposure cage with eight compartments inside a soundproof booth. Noise signals were transmitted
from a computer through an amplifier (INTER-M R300 Plus power amplifier; Canford Audio PLC,
Washington, UK) to a loudspeaker (ElectroVVoice DH1A-WP; Sonic Electronix, Inc., Los Angeles,
CA, USA). The noise level was measured using a 1/2-inch Electret condenser microphone (TES-
1350A).

2.3 ABR and DPOAE

To measure ABR and DPOAE, the mice were anesthetized via intraperitoneal injection of 10



mg/kg xylazine (Rompun, Bayer Animal Health, Monheim, Germany) and 40 mg/kg zolazepam
HCI (Zoletil, Virbac Animal Health, Carros, France). ABR thresholds were assessed with the TDT
System-3 (Tucker Davis Technologies, Gainesville, FL, USA) before noise exposure and at 2
hours, 1 day, and 14 days post-exposure to TTS- or PTS-inducing noise. Subcutaneous needle
electrodes were placed around the infra-auricular regions and the skull vertex. Calibrated click
stimuli (10 us duration) or tone burst stimuli (5 ms duration) at 6, 8, 12, 18, 24, and 30 kHz were
generated using SigGenRZ software and the RZ6 digital signal processor, and delivered to the ear
canal via a multi-field 1 (MF1) magnetic speaker (TDT). Stimulus intensity ranged from 10 to 90
dB SPL in 5 dB increments. The ABR signals were captured by a low-impedance Medusa
Biological Amplifier System (RA4LI, TDT), processed by the RZ6 digital signal-processing
hardware, filtered with a 0.5-1 kHz band-pass filter, and averaged over responses to 256 tone
bursts. The DPOAE was measured with a TDT microphone-speaker system. Stimulus tones were
generated by the RZ6 digital signal processor with SigGenRZ software and delivered via a custom
probe with an ER 10B+ microphone (Etymotic, Elk Grove Village, IL, USA) and an MF1 speaker
in the ear canal. Primary tones were set at a frequency ratio (f2/f1) of 1.2 with target frequencies
of 6, 8, 12, 18, 24, and 30 kHz, and f2 intensity equal to fl1 intensity (L1 = L2). An ER 10B+
microphone captured the primary tones, recorded by the RZ6 digital signal processor. The DPOAE
input/output (1/0) function was determined at specific frequencies (6 to 30 kHz) with a frequency
ratio (f2/f1) of 1.2 and equal intensities (L1 = L2). Primary tone intensity increased from 20 to 80
dB SPL in 5 dB increments. The average spectra of the primary tones, 2f1-f2 distortion products,
and noise floors were determined using BioSigRZ's Fast Fourier transform (FFT) for each primary

tone and intensity.

2.4 RNA-sequencing and bioinformatics analyses

Total RNA from the cochlea was extracted using TRIzol, following the manufacturer’s protocol,
and then purified using an RNeasy Plus Mini kit (QIAGEN). Quality control reagents and libraries
were created according to Macrogen’s (Seoul, Korea) standard procedure for gene expression
analysis. Libraries were sequenced using an Illumina NovaSeq 6000 sequencing system. CLC
Genomics Workbench 9.5.3 software (Qiagen) was used to map the reads to the mouse genome
(mm10, build name GRCm38) and generate gene expression values in the normalised form of TPM

values. All differentially expressed genes (DEGs) were chosen using analysis of variance (ANOVA)



(P < 0.05, absolute 1.5-fold change, and TPM > 1). We visualised the RNA-seq analysis including
hierarchical clustering heatmaps and principal component analysis, and the bar graph of GO results
using R studio v3.6.3. Functional enrichment with Gene ontology was performed using g:Profiler
2, Enrichr, and Gene Set Enrichment Analysis (GSEA) v4.1.0 was performed using Hallmark gene
sets from the Molecular Signatures Database (MSigDB).

2.5 Western blotting

The dissected cochlear tissue was homogenised in a lysis buffer containing a protease and
phosphatase inhibitor cocktail (Thermo Scientific, cat. 78440). Four cochlear tissues (two mice)
were used for each western blot sample. Lysates were then incubated on ice for 10 min before
sonication using a QSonica Q700 Sonicator (M2 Scientific, cat Q700) with an amplitude set to 20
for 30 s. The lysates were centrifuged for 20 min at 15,000 rpm at 4 °C, and the supernatants were
collected. Protein concentrations were measured using the Protein Assay Dye Reagent (Bio-Rad,
cat. 5000006). Samples for electrophoresis were prepared by adding 5X SDS loading buffer to 40
ug of cochlear lysates and boiled at 100 °C for 10 min. SDS-PAGE was run on 4-15% gradient
mini-protein TGX gels (Bio-Rad) and proteins were transferred to nitrocellulose membranes using
the Bio-Rad Trans-Blot Turbo transfer system (250 mA-100 minutes). The membranes were
blocked with a 5% blocking reagent (Biopure, cat. 8110s) for 1 hour at room temperature, followed
by an overnight incubation at 4 °C with the primary antibody at a 1:1000 dilution. The membranes
were then washed three times with TBST and incubated with anti-rabbit IgG-HRP (Enzo, cat#
ADI-SAB-300-J) or anti-mouse 1gG-HRP (Enzo, cat# ADI-SAB-100-J) secondary antibodies
(1:1000) for 1 h at room temperature. After washing with TBST, antibody-antigen complexes were
captured using SuperSignal West Femto chemiluminescent substrates (Thermo, cat# 34096) and
bands were detected using the ImageQuant 800 System (Cytiva, Korea). The following primary
antibodies were used: PDI (Cell signalling, SC3501T), BIP (Abcam, ab21685), p-PERK (Sigma,
PA5-102853), PERK (Cell signalling, SC5683), p-IREla (Abcam, ab124945), IREla (Cell
signalling, SC3294T), CHOP (Cell signalling, T2895S), cleaved-ATF6 and ATF6 (Novus, NBPI-
40256), and B-actin (Cell signalling, SC3700). Protein bands were quantified using ImageJ

software.

2.6 Immunofluorescence



Inner ears were dissected in phosphate-buffered saline (PBS) and fixed overnight at 4 °C in 4%
paraformaldehyde (PFA). The samples were decalcified by incubation in 0.5 M EDTA for 1 d at
4 °C. The cochlea was separated from the epithelium and tectorial membrane, microdissected, and
fixed in 4% paraformaldehyde for 1 h at 4 °C. The fixed cochleae were blocked and permeabilised
with 10% goat serum in 0.5% Triton X-100 for 1 h at room temperature. These samples were
incubated overnight at 4 °C with the primary antibody (1:500) (CHOP, Cell signal, T2895S)
diluted with 3% goat serum in 0.5% Triton X-100 with gentle agitation. After washing thrice with
1X PBS, the samples were incubated with Alexa Fluor 488-conjugated secondary antibodies
(1:500) (Thermo Fisher Scientific, Rockford, IL, USA) diluted in 3% goat serum in 0.5% Triton
X-100 at room temperature for 90 min. The samples were then counterstained with DAPI and
Alexa Fluor-conjugated Phalloidin 594 (Thermo Fisher Scientific, Rockford, IL, USA). The cells
were washed thrice with 1x PBS and mounted on a glass slide with ProLong Gold anti-fade reagent
(Thermo Fisher Scientific, Rockford, IL, USA), and imaged using an LSM 780 confocal
microscope (Carl Zeiss, Jena, Germany). The images were processed using ZEN (Blue edition)
software. Aggresome staining (PROTEOSTAT Aggresome Detection Kit; Enzo Life Sciences)

was performed according to the manufacturer's recommendations.

2.7 Pharmacological modulation of UPR by intraperitoneal injection

The PERK inhibitor GSK2656157 (Selleck Chem, S7033) was dissolved in dimethyl sulfoxide
(DMSO) as a 25 mg/ml stock solution. The GSK2656157 stock solution was diluted in 10%
DMSO before use. Mice in the PERK inhibitor treatment group were intraperitoneally injected
with a final dose of 40 mg/kg for a total of five times up to 3 days immediately before and after
the TTS-inducing noise exposure. Two types of chemical chaperones, 4-phenylbutyric acid (4-
PBA) (Medchem, HY-A0281) and sodium tauroursodeoxycholate (TUDCA) (Millipore, 14605-
22-2) were used. Further, 100 mg/ml 4-PBA was dissolved in DMSO as a stock solution. Before
use, the 4-PBA stock solution was diluted to the total volume in 1X PBS containing 10% DMSO.
TUDCA was dissolved in filtered 1X PBS as a 100 mg/ml stock solution. Before treatment, the
TUDCA stock solution was diluted with 1X PBS to the same volume as 4-PBA. Chemical
chaperones were intraperitoneally injected at a dose of 300 mg/kg daily for up to 2 weeks,
immediately after exposure to PTS-inducing noise. Control mice were injected with the same

volume of vehicle solution.



2.8 Scanning electron microscopy

Cochlear tissues were dissected and fixed overnight at 4 °C in Karnovsky's fixative (2%
Glutaraldehyde, 2% paraformaldehyde in 0.1M phosphate buffer, pH 7.4). Cochleae were
decalcified overnight at 4 °C with 0.5 M EDTA solution. After decalcification, the cochlear
epithelium and tectorial membrane were separated and fixed overnight at 4 °C with Karnovsky's
fixative. The fixed samples were washed thrice in 0.1 M phosphate buffer. Post-fixing was
performed in 1% OsO4 (Polysciences, Cat# 02236) for 2 hours followed by dehydration with an
increasing ethanol gradient (50-100%), and critical point drying (LEICA EM CPD300). The
samples were then coated with platinum by ion sputtering (LEICA EM ACE600) and observed

using a field-emission scanning electron microscope (MERLIN, ZEISS).

2.9 Statistical analysis
Statistical analyses were conducted using PRISM 8.0 (GraphPad, San Diego, CA, USA). All

graphed results are expressed as means + S.E.M. Statistical comparisons were made using two-
way analysis of variance (ANOVA) with Bonferroni’s corrections for multiple comparisons.
Statistical significance is indicated in the figures as n.s., non-significant (P > 0.05), *P < 0.05, **P
< 0.01, and ***P < 0.001. All other analyses were conducted with at least three independent

experiments or samples to minimise statistical errors.



3. Results

3.1 Noise exposure induces longitudinal alterations in the cochlear

transcriptome

To explore the temporal alterations in the transcriptome and distinctions between TTS and PTS,
we subjected 8-week-old C57BL/6N mice to noise-induced TTS (105 dB SPL for 60 min) or PTS
(110 dB SPL for 120 min). Subsequently, we harvested their cochlea at 2 hours, 1 day, and 2 weeks
after noise exposure, followed by conducting bulk RNA-sequencing (Figure 1). Before and after
exposure to noise, the auditory brainstem response (ABR) and distortion product otoacoustic
emission (DPOAE) were measured. After exposure to TTS-inducing noise, the hearing threshold at
30, 24, and 18 kHz increased abruptly to 80 dB SPL but returned to the original hearing threshold
after 2 weeks (Figure 2A). In contrast, in the PTS group, hearing at high frequencies was impaired
after 2 hours and 1 day, and did not recover to the original hearing threshold even after 2 weeks
(Figure 2B). The shift in hearing thresholds observed in both TTS and PTS was evident in the
response to click sounds (Figure 3A and 3B) and the amplitude of ABR wave 1 (Figure 3C and 3D).
Additionally, we assessed the OHCs and IHCs in each cochlear tonotopic region 1 day and 2 weeks
after exposure to TTS- and PTS-inducing noise (Figure 4). The observed loss of some OHCs showed
no significant difference between the TTS and PTS groups. We conducted temporal transcriptomic
analyses on mouse models of TTS and PTS, examining time points at 2 hours, 1 day, and 2 weeks
after noise exposure. The gene expression of each sample was adjusted through normalization using
the quantile method in log2 (Transcripts Per Kilobase Million (TPM) + 1) units (Figure 5A). The
correlation matrix showed that samples belonging to the same group exhibited comparable gene
expression patterns (Figure 5B).

Principal component analysis (PCA) showed that datasets of TTS- and PTS-inducing noise
stimulus were similar up to 1 day after noise exposure. However, after 2 weeks, the clusters of mice
exposed to PTS-inducing noise were closer to the control (no exposure) dataset than to the clusters
of mice exposed to TTS-inducing noise (Figure 6). Principal component analysis (PCA) revealed
that the datasets generated by TTS- and PTS-inducing noise stimuli exhibited similarities up to 1
day following noise exposure. However, at the 2-week, the clusters representing mice exposed to

PTS-inducing noise were more closely aligned with the control dataset (no exposure) than with the



clusters representing mice exposed to TTS-inducing noise (Figure 6). In the analysis of differentially
expressed genes (DEGs), a total of 468 genes were identified, showing upregulation or
downregulation in response to TTS- and PTS-induced noise exposure, respectively, compared to the
control (no exposure). Over the course of time following noise exposure, genes associated with
differentially expressed genes (DEGs) were primarily grouped into five clusters (Figure 7). Cluster
1 represented 38.5% of DEGs with elevated expression patterns one day after TTS- and PTS-
inducing noise stimulation. Cluster 2 and Cluster 3 accounted for 4.2% and 12.6% of all DEGs,
respectively, exhibiting expression patterns that increased immediately following TTS- and PTS-
inducing noise stimulation. Cluster 3 exhibited an increased expression pattern from 2 hours to 1
day, while Cluster 2 showed an increased expression pattern only 2 hours after noise exposure.
Cluster 4 (17%) showed an elevated level of expression 2 weeks after noise exposure in mice
exposed to TTS, unlike PTS samples. Cluster 5 (27.7%) had no discernible expression pattern. The
gene ontology (GO) analysis of DEGs using g:Profiler revealed a predominance of biological
processes related to external stimuli, immune, and defense responses (Figure 8). Analysis of
molecular function and cellular components also indicated a substantial number of DEGs linked to
chemokine activity, signaling receptor regulator activity, and protein binding, distributed in
extracellular regions and cytoplasm. Clusters 1, 2, and 3 exhibited similar transcriptional expression
patterns after exposure to TTS and PTS-induced noise, with enriched Gene Ontology terms
including responses to mechanical stimuli, ROS generation, response to hypoxia®, ERK signaling
pathways®!, ER stress®?, and Toll-like receptor signaling pathways.®®* These pathways were
previously identified to be activated by PTS-inducing noise exposure (Figure 9A). In contrast,
Clusters 4 and 5 showed differences in transcriptional expression patterns between TTS and PTS-
induced noise exposure samples, with an abundance of genes associated with tissue development,
protein homooligomerization and endothelial cell differentiation (Figure 9B). In brief, transcriptome
analysis over time following noise exposure revealed similarities but distinguishable changes in

cochlear gene expression induced by both TTS and PTS-inducing noise.
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Figure 1. Schematic representation of the experimental design. Cochleae were collected from
adult C57BL36N mice at 2 hours, 1 day, and 2 weeks after exposure to TTS and PTS-induced noise,

followed by RNA sequencing.
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3.2 Noise exposure inducing TTS and PTS triggers ER stress and

unfolded protein response

By utilizing Reactome and Enrichr, we performed pathway analysis of DEGs and discovered
that these could be categorized into four distinct groups (Figure 10A).
The majority of DEGs were associated with immune response (32.6%), primarily related to B cell
activation and cytokine signaling (Figure 10B).

Next, we investigated ER stress (31.7%) and Apoptosis (13.9%) pathways (Figure 10A). ER
stress showed enrichment of terms involved in the response to misfolded proteins and the unfolded
protein response (UPR) (Figure 10C). Terms categorized under apoptosis were associated with
neuron death and cell death (Figure 10D). Interestingly, apoptosis enriched due to the ER stress
response was revealed. Additionally, we quantified immune cell types through immune
deconvolution analysis (Figure 11). Most immune cell types were monocytes, but no significant
changes were observed due to noise exposure induced by TTS and PTS. Due to the cochlea’'s mosaic
cell composition, a substantial portion of the cells remains unidentified.

Based on the RNA-sequencing results, the heatmap shows an increase in the expression of ER
stress-related genes 1 day after noise exposure induced by TTS and PTS (Figure 12A). Additionally,
gene set enrichment analysis (GSEA) verified the upregulation of genes related to the unfolded
protein response (UPR) 1 day after exposure to noise inducing TTS and PTS (Figure 12B). The
UPR is activated in response to a disturbance in protein homeostasis, initiated by the production of
incorrectly folded proteins that fail to be properly degraded and accumulate within ER. To further
confirm the induction of ER stress in the cochlea due to noise exposure induced by TTS and PTS,
we conducted western blot analysis of cochlear lysates 3 days after each noise exposure. As a result,
we observed increased protein levels of the chaperones, protein disulfide isomerase (PDI), and
GRP78/BIP in the noise-exposed groups compared to the control group that was not exposed to
noise (Figure 12C and 12D). Additionally, we used single-cell RNA sequencing (SCRNA-seq) data
from gEAR to identify cell types showing noise-induced transcriptional changes. Analyzing
scRNA-seq datasets collected 1 day after exposure to noise inducing PTS?, we observed
upregulation of ER stress and UPR-related genes in the sensory epithelia and some type 1A spiral
ganglion neurons (Figure 13A and 13B).  An aggresome is formed when there is an accumulation
of misfolded and unfolded proteins within ER.** Previous studies have indicated that aggresomes

accumulate in the apical regions of cochlear hair cells.*® Three days after exposure to TTS- and
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PTS-inducing noise, increased aggresome formation was observed (Figure 14A), and quantitative
analysis revealed a significant accumulation compared to the control group in both OHCs (Figure
14B) and IHCs (Figure 14C).
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Figure 12. Exposure to TTS and PTS-induced noise triggers ER stress and UPR in the cochlea.
(A) A heatmap depicting the expression of endoplasmic reticulum (ER) stress-related genes in the
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data. Gene expression was normalized using z-score transformation on log2(TPM) values. (B) Gene
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Quantification of PDI (left) and BiP (right) western blot results.
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Figure 14. Exposure to TTS and PTS-induced noise induces aggresome formation in cochlear.
(A) After 3 days of TTS and PTS noise exposure, aggresome staining was performed in the base,
mid, and apex regions of the cochlea. The control group was not exposed to noise. (B) Quantitative
analysis of aggresomes in outer hair cells (OHCs) and (C) inner hair cells (IHCs). The yellow
horizontal line indicates the position of orthogonal sections. Scale bar, 10um. Data are represented

as mean £ SEM. *P < 0.05, **P < 0.01, one-way ANOVA with Bonferroni post hoc test.
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3.3 The protein kinase R-like endoplasmic reticulum kinase (PERK)
branch of UPR is continuously activated in response to PTS-inducing

noise
The Unfolded Protein Response (UPR) comprises three branches: PERK, IRE1a, and ATF6. BiP

binds to these receptors, and upon detecting unfolded or misfolded proteins, the receptors dissociate
from the chaperones, triggering downstream signaling through the mediator. These pathways
simultaneously regulate transcription, temporarily reduce protein import into the ER, and activate
apoptosis if ER stress persists without resolution. To investigate the branches activated by TTS- and
PTS-inducing noise exposure, the protein levels of the three receptors were examined 3 days and 2
weeks after noise exposure (Figure 15A).35-38 Remarkably, there were distinctions in the activation
of the PERK pathway between TTS- and PTS-inducing noise. By the 2-week mark, corresponding
to the period of hearing recovery, the increased expression of phosphorylated PERK (p-PERK)
induced by 3 days of exposure to TTS-inducing noise returned to its baseline level. Conversely, the
level of p-PERK, elevated by exposure to PTS-inducing noise, remained elevated for 2 weeks
(Figure 15B). In contrast to IRE1o and ATF6, which mainly work towards alleviating ER stress, the
PERK branch inhibits protein translation, thus concurrently mitigating ER stress and triggering
CHOP, a pro-apoptotic factor. Furthermore, we noticed differences in CHOP expression between
TTS-and PTS-inducing noise. Unlike p-PERK, which reverted to baseline expression levels 2 weeks
after exposure to TTS-inducing noise, CHOP expression was not induced by TTS.

The CHOP expression exhibited a significant increase from 3 days to 2 weeks after exposure to
PTS-inducing noise (Figure 15C). p-IRE1a showed elevation due to noise exposure compared to the
control and returned to the baseline level after 2 weeks in both TTS and PTS (Figure 15D), while
ATF6 remained unaffected by noise in both TTS and PTS (Figure 15E). Next, we investigated the
time course of CHOP expression in the cochlea following TTS- and PTS-inducing noise exposure
(Figure 16A). The gEAR database indicated a substantial rise in ER stress-related factors in cochlear
hair cells following exposure to PTS-inducing noise (Figure 13). The CHOP expression was detected
in IHCs and OHCs following exposure to TTS- and PTS-inducing noise (Figure 16A). Quantitative
analysis revealed that CHOP staining was exclusively present in the central cochlear OHCs two
weeks after noise exposure in the TTS group (Figure 16E-16G). Conversely, in the PTS group,

CHOP expression remained consistently elevated from 3 days to 2 weeks in both IHCs and OHCs
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across all cochlear regions, except for the apical IHCs after 3 days of noise exposure. Two weeks
following noise exposure in TTS group, quantitative analysis showed that CHOP staining was only
seen in the middle cochlear OHCs. In contrast, following 3 days of noise exposure, CHOP
expression in both IHCs and OHCs in every cochlear region—apart from the apical IHCs—remained
persistently higher in PTS group (Figure 16B—-16G). Prior research has shown that during 2 weeks
of noise exposure, there is no discernible change in the morphology of hair cells between TTS and
PTS (Figure 4). We investigated into whether the structure of hair cells was affected by the increased
expression of CHOP driven on by PTS-inducing noise (Figure 17A). Samples exposed to PTS-
inducing noise showed a significant rise in abnormal IHCs (Figure 17B) and OHCs (Figure 17C)
after 4 weeks of noise exposure. To summarize, noise that induces TTS and PTS increased the
expression of p-PERK and p-IREla in the cochlea. The PERK pathway is regulated differently in
TTS and PTS. In the TTS group, p-PERK and p-IRE1la reverted to baseline levels after 2 weeks,
when hearing was restored. Unlike the TTS group, in the PTS group, CHOP, a pro-apoptotic factor,

was increased and p-PERK was continuously activated.
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Figure 15. The PERK branch remains continuously activated up to 2 weeks following PTS-
induced noise exposure. (A) Representative Western blot images of proteins associated with
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Quantification of lane intensities for phosphorylated PERK (B), CHOP (C), phosphorylated IRE1a
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control. Data are shown as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant,

one-way ANOVA with Bonferroni’s post-hoc test.
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Figure 16. PTS-induced noise exposure induces the expression of CHOP in the hair cells of
the cochlea. (A) Whole-mount immunostaining of the cochlea from control and noise-exposed
mice with Phalloidin (red) and CHOP (green). Scale bars, 30 um. (A-G) Quantitative analysis of
CHOP-stained inner (B-D) and outer (E-G) hair cells. The percentage of CHOP-positive cells in
the 130 um region of the cochlea were counted and quantified as a percentage. Data are expressed
as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant, one-way ANOVA with

Bonferroni’s post-hoc analysis.
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Figure 17. Scanning Electron Microscope (SEM) images of adult mouse cochlea after 4 weeks
of TTS- and PTS-inducing noise exposure. (A) Representative SEM images of base, mid, apex
region of cochlea 4 weeks after exposure to TTS- and PTS-inducing noise. The bottom images
depict representative damaged outer hair cells (OHCs) in the base region. The yellow arrow
indicates the damaged hair cell. Scale bars, 1 pm. Scale bars, 10 um. (B-C) Quantitative analysis
of damaged OHCs (B) and IHCs (C). The damaged hair cells in the 100 um region of the cochlea
were counted and quantified. Values and error bars reflect means + S.E.M. Statistical comparisons
were determined using two-way ANOVA with Bonferroni post hoc analysis (*P < 0.05, **P <
0.01, ***P < 0.001, n.s. non-significant).
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3.4 Inhibition of PERK activity before and after TTS-inducing noise exposure interferes
with hearing recovery

Next, we investigated whether noise-induced PERK activation was beneficial or deleterious to
hearing recovery. Adult mice were administered intraperitoneal injections of GSK2656157 (40
mg/kg), a known p-PERK inhibitor, before noise exposure. Additionally, after the noise exposure,
six more injections were administered at 12-hour intervals (Figure 18A). Next, following 3 days
of exposure to TTS-inducing noise, we observed the expression of p-PERK in the brain lysates of
the vehicle and GSK2656157 treatment groups (Figure 18B). Western blot showed that 40 mg/kg
of GSK2656157 effectively inhibited PERK phosphorylation (Figure 18C). After 1 day of
exposure to TTS-inducing noise, no difference in ABR thresholds was observed between mice
treated with the vehicle and those treated with the p-PERK inhibitor. However, at the 2-week mark,
the mice treated with the p-PERK inhibitor showed a significant increase in ABR thresholds at
specific frequencies compared to mice treated with the vehicle, even though they were exposed to
TTS-inducing noise (Figure 19A). In the observation of responses to ABR click sounds, it was
shown that 2 weeks after exposure to TTS-inducing noise, mice treated with the vehicle exhibited
a response of approximately 40 dB to the click sound stimulus, which recovered to the pre-noise
exposure level. In contrast, mice treated with the p-PERK inhibitor showed an ABR threshold of
70 dB, indicating that hearing recovery did not occur (Figure 19B). The representative DPOAE
amplitudes at 12 kHz for mice treated with vehicle and PERK inhibitor are shown in Figure 19C.
The DPOAE thresholds showed no difference between the vehicle-treated mice and the p-PERK
inhibitor-treated mice one day after, but after 2 weeks of noise exposure, mice treated with the p-
PERK inhibitor exhibited significantly higher DPOAE thresholds at 24, 18, and 12 kHz compared
to mice treated with the vehicle (Figure 19D). We also conducted the experiment under PTS-
induced noise conditions. However, there were no significant differences observed in the groups
administered with the vehicle and PERK inhibitor (Figure 20A and 20B). Taken together, these

results imply that early PERK activation after noise exposure is required for hearing recovery.
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Figure 18. Treatment with the PERK inhibitor, GSK2656157 before and after exposure to
TTS-inducing noise leads to a decrease in p-PERK expression. (A) Schedule of intraperitoneal
injection of the PERK inhibitor. Intraperitoneal injections were performed at 12-hour intervals from
just before exposure to TTS-induced noise until 3 days after exposure. (B) Western blot image of p-
PERK in brain lysate treated with the PERK inhibitor, GSK2656157. (C) Quantitative analysis of
p-PERK in the GSK2656157-treated group compared to the vehicle-treated group. Each protein
expression was normalized to B-actin and then to the unexposed control. Data are shown as mean +
SEM, *P <0.05, **P < 0.01, ***P < 0.001, n.s. not significant, one-way ANOV A with Bonferroni’s

post-hoc test.
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Figure 19. Inhibition of PERK early after TTS-inducing noise exposure disrupts hearing
recovery. (A) Auditory Brainstem Response (ABR) thresholds in mice treated with vehicle (gray)
or PERK inhibitor (purple) at 1 day and 2 weeks after TTS-inducing noise exposure. (B)
Representative ABR waveforms including click stimuli recorded from mice treated with vehicle
(gray) and PERK inhibitor (purple) 2 weeks after TTS-inducing noise exposure. (C) Representative
12 kHz spectra of Distortion Product Otoacoustic Emissions (DPOAE) recordings from mice treated
with vehicle and PERK inhibitor. The spectral peaks of the two stimulus tones are indicated as f1
and f2, and the measured DPOAE is represented as 2f1-f2. (F) DPOAE threshold in mice treated
with vehicle (gray) or PERK inhibitor (purple). Values and error bars represent mean + S.E.M. *P
< 0.05, **P < 0.01, ***P < 0.001, n.s. Not significant by two-way ANOVA with Bonferroni post

hoc analysis.
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Figure 20. The initial inhibition of PERK activity following PTS-inducing noise exposure does
not affect in hearing recovery. (A) ABR and (B) DPOAE threshold of mice treated with vehicle
(gray) or PERK inhibitor (purple) 1 day and 2 weeks after PTS-inducing noise exposure. Values and
error bars are means £ S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant, two-way

ANOVA with Bonferroni post hoc analysis.
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3.5 The inhibition of persistent activation of PERK mitigates noise-induced hearing loss
Based on the previous findings confirming the necessity of initial PERK activation in the
hearing recovery process, we investigated the impact of inhibiting the persistent activation of
PERK observed in PTS on hearing. To explore this, we began at each of three time points and
intraperitoneally delivered the p-PERK inhibitor, GSK2656157, at 12-hour intervals: PTS-
inducing noise exposure can occurl) immediately,2) 1 day later, and 3) 3 days later, up to 2weeks
later (Figure 21A). For the following 2 weeks after noise exposure, injection of the p-PERK
inhibitor both immediately and 1 day after did not affect hearing loss due to PTS (Figure 21B and
21C). Surprisingly even though they were exposed to PTS-inducing noise, the group that received
the p-PERK inhibitor three days after noise exposure exhibited a significant improvement in ABR
thresholds at 30, 24, 18 kHz compared to the vehicle group (Figure 21D). The DPOAE threshold
did not significantly differ between the control group and the group that was given treatment after
3 days (Figure 21E). In summary, the initial activation of PERK after noise exposure is a necessary
step for hearing recovery. However, persistent activation of PERK up to 2 weeks after noise
exposure hinders hearing recovery and administering a PERK inhibitor starting from 3 days after

noise exposure suppresses PERK activity, contributing to hearing restoration.
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Figure 21. Inhibition of sustained activation of PERK following PTS-inducing noise exposure
is beneficial for hearing recovery. (A) Schedule of intraperitoneal PERK inhibitor administration.
(B) Auditory brainstem response (ABR) thresholds in mice treated with vehicle (gray) or PERK
inhibitor immediately (yellow) and 1 day (blue) after PTS-induced noise exposure. (C) Distortion
product otoacoustic emission (DPOAE) thresholds of mice treated with vehicle (gray) or PERK
inhibitor immediately (yellow) and 1 day (blue) after PTS-induced noise exposure. (D) ABR
threshold shifts of mice treated with vehicle (grey), 3 days (red) after PTS-induced noise exposure.
(E) DPOAE thresholds of mice treated vehicle (gray) and the group treated 3 days after exposure
to PTS-inducing noise (red). Values and error bars are means + S.E.M. *P < 0.05, **P < 0.01,

***p < 0.001, n.s. not significant, two-way ANOVA with Bonferroni’s post-hoc analysis.
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3.6. Administration of pharmacological chaperones immediately after

noise exposure protects noise-induced hearing loss

We evaluated whether reducing the initial ER stress occurring after noise exposure could prevent
noise-induced hearing loss. We applied 4-phenylbutyric acid (4-PBA) and tauroursodeoxycholic
acid (TUDCA), two chemical chaperones that are known to reduce ER stress. Adult mice exposed
to PTS-inducing noise were given intraperitoneal injections of 300 mg/kg of each of the two
chemical chaperones as soon as possible, and they were thereafter given injections every day for up
to two weeks (Figure 22). Mice treated with TUDCA or 4-PBA had significantly lower ABR
thresholds at almost all frequencies 1 day after PTS-inducing noise exposure than mice treated with
vehicles. Two weeks after exposure to PTS-inducing noise, the reduced thresholds due to chemical
chaperone treatment remained sustained (Figure 23A). Mice treated with the vehicle showed a
response to click stimuli at approximately 60dB, while mice treated with TUDCA or 4-PBA
exhibited click thresholds 30dB lower than those of vehicle-treated mice despite exposure to PTS-
inducing noise (Figure 23B). The representative DPOAE amplitudes for the vehicle- and chemical
chaperone-treated groups are shown at 8 kHz in Figure 23C. One day after exposure to PTS-
inducing noise, the group treated with chemical chaperones showed a significant decrease in
DPOAE thresholds compared to the vehicle-treated group. Despite exposure to PTS-inducing noise,
the hearing threshold reduction in mice treated with pharmacological chaperones persisted for 2
weeks (Figure 23D).
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Figure 22. A strategy for treating noise-induced hearing loss using pharmacological
chaperones. The schedule for intraperitoneal injection of chemical chaperones before and after

PTS-induced noise exposure. Injections are once daily up to 2 weeks after noise exposure.
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Figure 23. Pharmacological chaperones have protective effects against hearing loss induced

by permanent threshold shift (PTS)-inducing noise exposure. (A) Auditory brainstem response
(ABR) thresholds of mice treated with vehicle (grey), TUDCA (red), or 4-PBA (blue). (B) ABR

waveform recordings with the click sound from vehicle and chemical chaperone-treated mice at 2

weeks after PTS-inducing noise exposure. (C) Representative 8 kHz spectra of DPOAE recordings

from vehicle- and PERK inhibitor-treated mice. The spectral peaks of the two stimulus tones are
labelled as f1 and f2. The measured DPOAE is labelled as 2f1-f2. (D) Distortion product otoacoustic
emission (DPOAE) thresholds of mice treated with vehicle (grey), TUDCA (red), or 4-PBA (blue).

Values and error bars are means = S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant,

two-way ANOVA with Bonferroni’s post-hoc analysis.

40



3.7 Pharmacological chaperones suppress the expression of CHOP

and aggresomes in hair cells following noise exposure

Given that PTS-induced noise has been demonstrated to markedly increase CHOP levels and
aggresome formation in cochlear hair cells, we investigated whether the pharmacological
chaperones' hearing-preserving properties also had an impact on aggresome or CHOP. The
expression of CHOP was evaluated in groups treated with TUDCA or 4-PBA compared to the
vehicle-treated group after two weeks of exposure to PTS-inducing noise (Figure 24A). In compare
OHCs and IHCs to the vehicle-treated group, a significant reduction in CHOP expression was
observed across tonotopic regions of the cochlea (Figure 24B and 24C). Furthermore, the
expression of aggresomes was examined in the TUDCA or 4-PBA treatment groups after 2 weeks
of exposure to PTS-inducing noise. As a result, it was observed that the aggregation staining in
the apical region of hair cells decreased in the pharmacological chaperone treatment groups
compared to the vehicle-treated group (Figure 25A). In comparison to the vehicle-treated group,
there was a significant decrease in the expression of aggresomes in both OHCs and IHCs (Figure
25B and 25B). And no significant difference was observed when compared to the TTS 2-week
condition. These findings indicate pharmacological chaperones provide a protective effect against
noise-induced hearing loss to decrease the expression of CHOP and aggresomes in OHCs and

IHCs of mice exposed to PTS-inducing noise.
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Figure 24. Pharmacological chaperones inhibit the expression of CHOP in the hair cells of the
cochlea after PTS-inducing noise exposure. (A) Whole-mount immunostaining of the cochlea
from vehicle-treated and pharmacological chaperones, TUDCA and 4-PBA treated mice with
Phalloidin (red) and CHOP (green). Scale bars, 30 um. (B-G) Quantitative analysis of CHOP-stained
inner (B-D) and outer (E-G) hair cells. The CHOP-positive cells in the 130 um region of the cochlea
were counted and quantified as a percentage. Data are expressed as means £ SEM. *P < 0.05, **P

< 0.01, ***P < 0.001, n.s. not significant, one-way ANOV A with Bonferroni’s post-hoc analysis.
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Figure 25. Pharmacological chaperones inhibit the accumulation of aggresome in the hair cells
of the cochlea after PTS-inducing noise exposure. (A) Whole-mount immunostaining of the
cochlea from vehicle-treated and pharmacological chaperones, TUDCA and 4-PBA treated mice
including those not exposed to noise and TTS 2 weeks, with Phalloidin (red) and CHOP (green).
Scale bars, 30 um. (B-C) Quantitative analysis of aggresomes in inner (B) and outer (C) hair cell.
After setting the apical region of each hair cell using phalloidin staining (green), the intensity of
aggresomes in the corresponding aggresome image (red) was measured. Scale bar, 10um. Data are
represented as mean + SEM. *P < 0.05, **P < 0.01, one-way ANOVA with Bonferroni post hoc test.
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Figure 26. Graphical summary of unfolded protein response (UPR) activation in the cochlea over time following TTS and PTS-
inducing noise exposure. Unlike TTS, PERK remains continuously activated up to 2 weeks after PTS exposure, and pharmacological
chaperones suppress the expression of CHOP and aggresome in hair cells, leading to auditory recovery.

45



4. Discussion

In this study, we investigated changes in cochlear transcriptome at 2 hours, 1 day, and 2 weeks
after exposure to TTS- and PTS-inducing noise. We found that exposure to both TTS- and PTS-
inducing noise activated ER stress and unfolded protein response. Exposure to TTS-inducing noise
activated the PERK and IRE1a branches of the unfolded protein response (UPR), and at the hearing
recovery point of 2 weeks, the levels of PERK and IRE1a returned to their original expression levels.
After exposure to PTS-inducing noise, like TTS, both the PERK and IRE1a branches were activated.
However, after 2 weeks, PERK remained activated, unlike in the case of TTS. The expression of
CHOP, a downstream pro-apoptotic factor in the PERK branch, increased significantly in OHCs and
IHCs in response to PTS-inducing noise compared to TTS-inducing noise. Furthermore,
pharmacological modulation using the PERK inhibitor, GSK2656157, validated the necessity of
PERK activation in the hearing recovery process following noise exposure. Our study demonstrates
that the administration of pharmacological chaperones such as TUDCA and 4-PBA effectively
reduces the expression of CHOP and aggresomes in hair cells induced by PTS-inducing noise,
offering protective effects against noise-induced hearing loss. A graphical summary of this
mechanism is illustrated in Figure 26.

Currently NIHL requires a proven pharmaceutical intervention. Long-term noise exposure
frequently causes irreversible cochlear damage, making medicine useless and emphasizing the value
of prevention. So far, numerous studies have investigated the ability of anti-apoptotic and
antioxidant agents to prevent hearing loss. Antioxidant treatments like glutathione (GSH) 34, D-
methionine*!, resveratrol?, ascorbic acid*>*4, and water-soluble coenzyme Q10 have been shown
to reduce hearing loss in animal models when administered before noise exposure. It is also known
that NIHL can be prevented by inhibiting apoptotic cascades, such as the MAP kinase (MAPK)-c-
Jun-N-terminal kinase (JNK) pathway.*64° Additionally, it has been shown that blocking L-type
voltage-gated Ca2+ channels prevent NIHL.%® However, none of these efforts have demonstrated
effects, and the precise mode of action is yet unknown. The Food and Drug Administration (FDA)-
approved B-raf inhibitor dabrafenib was identified in a recent study to reduce NIHL without
compromising its anticancer properties. However, to reduce the risk of NIHL, this medication is
only administered to people who undergo chemotherapy. In this study, we investigated the potential
of applying a chemical chaperone as an NIHL treatment. Biliary cirrhosis and urea cycle

abnormalities are treated with the chemical chaperones TUDCA and 4-PBA, respectively.>! FDA-
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approved medications TUDCA and 4-PBA have very minor negative effects. TUDCA is also
frequently taken as a dietary supplement. Therefore, it is quite straightforward to repurpose these
drugs to prevent permanent hearing loss that may occur due to regular or unexpected exposure to
loud noises. In our transcriptomic analysis, most of the DEGs exhibited similar expression patterns
from the time of noise exposure to hearing recovery in both the TTS and PTS groups. This suggests
that noise exposure induces changes in gene expression consistently, but hearing recovery differs
between TTS and PTS. Therefore, we hypothesized that signaling pathways exhibiting dual effects
on hearing recovery are involved in response to both TTS and PTS-inducing noise. A recent study
analyzed cochlear proteomics after noise exposure using two models of noise-induced hearing loss
and suggested that protein synthesis may be associated with hearing recovery after noise exposure.?®
However, the mechanisms and therapeutic targets have not yet been fully elucidated. We found that
both TTS and PTS-inducing noise exposure activate ER stress and UPR. Particularly, we observed
an increase in the expression of CHOP, a downstream signal of PERK, in IHCs after 2 weeks of
TTS-inducing noise exposure. While ABR thresholds returned to baseline levels after 2 weeks of
TTS-inducing noise exposure, the amplitude of ABR wave | did not return to its original level,
indicating hidden hearing loss.* The increased expression of CHOP in IHCs after 2 weeks of noise
exposure may be one of the factors contributing to hidden hearing loss.

In this study, cell type-specific changes in the cochlea due to each noise exposure were not
confirmed through bulk RNA sequencing analysis. In the bulk RNA sequencing analysis, the
expression patterns of most genes were similar after TTS and PTS-induced noise exposure, which
may be due to the averaging of gene expression across various cell types. Milon et al. performed
single-cell RNA sequencing 1 day after PTS-induced noise exposure, but specific changes in gene
expression upon hearing recovery were not elucidated based on cochlear cell types. Single-cell RNA
sequencing enables the identification of gene expression changes at the single-cell level, surpassing
bulk RNA-sequencing. However, it loses spatial information during tissue dissociation, which is
essential for isolating cells. Moreover, this technique demands significant time, cost, and animal
sacrifice during sequencing. Spatial transcriptomics is a technology used to analyze gene expression
of individual cells while preserving spatial information in 2D tissue sections. Applying spatial
transcriptomics is crucial to accurately identify changes in important cell types with low proportions,
such as OHCs and IHCs, within the cochlea. Therefore, further research using spatial transcriptomics

is essential to identify specific cell types involved in ER stress and UPR induced by noise and
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accurately elucidate signaling pathways related to hearing recovery. Our research findings indicate
that the activation of PERK induced by noise exposure is essential for hearing recovery. However,
prolonged activation of PERK, as in the case of PTS-induced noise exposure, hinders hearing
recovery. Additionally, we observed that long-term inhibition of PERK through treatment with the
PERK inhibitor GSK2656157 3 days after PTS-induced noise exposure partially restores hearing.
Lastly, our study demonstrates that using chaperones such as TUDCA or 4-PBA to reduce chronic
PERK activation can partially reverse hearing loss due to PTS by suppressing the expression of
CHOP and aggresomes in OHCs and IHCs.
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5. Conclusion

The mechanism and therapeutic targets for hearing recovery after noise exposure have not been
fully elucidated. This study conducted longitudinal cochlear transcriptome analysis from noise
exposure to the period of hearing recovery in two different noise exposure models showing
differences in hearing recovery. This research provides new insights into the mechanism of noise-

induced hearing loss by demonstrating the following:

1 After noise exposure ER stress and UPR, especially the PERK and IRE1A branches, are
activated.

2 Unlike after TTS-induced noise exposure, the PERK branch remains persistently activated after
PTS-induced noise exposure, even at the time of hearing recovery 2 weeks later.

3 Initial PERK activation after noise exposure is necessary for hearing recovery, while persistent
PERK activation contributes to noise-induced hearing loss.

4 Alleviating ER stress caused by noise exposure using pharmacological chaperones has a

protective effect against noise-induced hearing loss.
Furthermore, this study may provide key information on longitudinal high-quality cochlear

transcriptome data up to the point of hearing recovery and new therapeutic strategies for noise-
induced hearing loss.
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Abstract in Korean

284 GRA BAZ v wge 4% % A=A A B4

AFoR Q% HY EHL AF =F AR Ve wep dAA (A HY
A2 olF, TTS) E= G714 (74 = dA o), PTS)Y & vk H=d &zl
71 wE:EW Abs 2Eda Wy wkg, AEAPE T odold W thekd Alx
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