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a b s t r a c t

This study aimed to evaluate the therapeutic potential of inhibiting protein arginine methyltransferase 5
(PRMT5) in cisplatin-induced hearing loss. The effects of PRMT5 inhibition on cisplatin-induced auditory
injury were determined using immunohistochemistry, apoptosis assays, and auditory brainstem
response. The mechanism of PRMT5 inhibition on hair cell survival was assessed using RNA-seq and
Cleavage Under Targets and Tagment-quantitative polymerase chain reaction (CUT&Tag-qPCR) analyses
in the HEI-OC1 cell line. Pharmacological inhibition of PRMT5 significantly alleviated cisplatin-induced
damage to hair cells and spiral ganglion neurons in the cochlea and decreased apoptosis by protecting
mitochondrial function and preventing the accumulation of reactive oxygen species. CUT&Tag-qPCR
analysis demonstrated that inhibition of PRMT5 in HEI-OC1 cells reduced the accumulation of
H4R3me2s/H3R8me2s marks at the promoter region of the Pik3ca gene, thus activating the expression of
Pik3ca. These findings suggest that PRMT5 inhibitors have strong potential as agents against cisplatin-
induced ototoxicity and can lay the foundation for further research on treatment strategies of hearing
loss.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hearing loss caused by damage to cochlear hair cells (HCs) or
spiral ganglion neurons (SGNs) is a common side-effect for patients
treated with various ototoxic insults, thereby often resulting in
irreversible, accumulative, bilateral, and sensorineural hearing loss.
Currently, many otoprotective agents are being investigated, and
various types of protectants have been identified in animal studies
for preventing deafness induced by cisplatin, carboplatin,
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aminoglycoside, or noise exposure. In recent years, epigenetic
modifications, particularly those catalyzed by histone-modifying
enzymes, have been shown to play a crucial role in inner ear
morphogenesis and HC differentiation [1e7]. These modifications
regulate HC survival [8] and are associated with the induction of
sensorineural hearing loss [9,10]. Epigenetic modifications are
posttranslational modifications (PTM), and thus do not alter the
intrinsic DNA sequence or structure [11e13]. Therefore, epigenetic
regulators and associated mechanisms might provide a perfect
strategy for managing ototoxic insult-induced auditory damage.

Arginine methylation, which is catalyzed by protein arginine
methyltransferases (PRMTs), is a frequently occurring post-
translational modification (PTM) involved in transcriptional acti-
vation and repression [14]. PRMTs are divided into type I and type II
enzymes, producing asymmetric and symmetric dimethylarginine,
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respectively [14]. Our previous study demonstrated that protein
arginine methyltransferase 6 (PRMT6) mediates ototoxic insult-
induced hair cell death [15]. However, little is known about the
actions of other members of the PRMT family and the mechanisms
that regulate the survival of sensory HCs.

As a type II PRMT, PRMT5 induces the symmetric dimethylation
of histone H3 residue arginine 8 (H3R8me2s) and H4 residue
arginine 3 (H4R3me2s), thereby controlling gene transcription
[16,17]. PRMT5-mediated argininemethylation has been implicated
in many cellular processes, including cell growth [17,18], metastasis
[19], ribosome biogenesis [20], cell differentiation [21], and gene
transcription [22,23]. Interestingly, PRMT5 has been involved in the
development of various human tumors, such as leukemia, glio-
blastoma, lymphoma, and gastric and breast cancer, making it an
attractive target for the treatment of these diseases [13,24e26].
Furthermore, PRMT5 is essential for maintaining the pluripotency
of both embryonic and neural stem cells [27,28], and its absence can
disrupt normal hematopoiesis [29]. Additionally, PRMT5 was
shown to regulate the activity of nuclear transcription factor-kB
(NF-kB) through tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) and methylation of the p65 subunit,
thereby affecting NF-kB-dependent gene expression [30,31]. Recent
studies suggested that PRMT1 and PRMT5 are activated during
hypoxia- and ischemia-induced apoptosis, while inhibition of the
activation of PRMT1, PRMT5, or mitogen-activated protein kinase
(MAPK) (p38 and c-Jun N-terminal kinase (JNK)) can reduce
apoptosis [32]. PRMT5 was also reported to be highly expressed in
the renal tubular epithelium of an ischemic/reperfusion injury
animal model [33]. However, the role of PRMT5 in hearing loss,
particularly that induced by cisplatin, has not been investigated.

This study aimed to explore the function of PRMT5 in the sur-
vival of HCs and SGNs under cisplatin-induced stimulus and the
possible mechanisms underlying this process. A better under-
standing of the role of PRMT5 in hearing loss could provide new
therapeutic strategies for clinicians.

2. Materials and methods

2.1. Compounds, HEI-OC1 cell culture, and cochlear explants

LLY-283, EPZ015666, and LY294002 were purchased from Sell-
eckchem (Houston, TX, USA) and diluted in dimethyl sulfoxide
(DMSO). HEI-OC1 cells were cultured in high-glucose Dulbecco's
modified Eagle's medium (DMEM) (Gibco BRL, Grand Island, NY,
USA) supplemented with 5% fetal bovine serum (FBS; Gibco BRL) at
33 �C and 10% CO2.

The Institutional Animal Care and Use Committee of Fudan Uni-
versity approved all animal experiments (Approval number: IACUC-
DWZX-2023-031). Cochleae were dissected from C57BL/6J mice at
postnatal day 2 (P2) and placed inphosphate buffered solution (PBS).
Coverslips were flattened and coated with Cell-Tak (BD Biosciences,
San Jose, CA, USA). The cochlear explants were stuck onto them and
incubated at 37 �C in DMEM/F12 medium supplemented with N2/
B27 (Gibco BRL) and ampicillin. All explants were maintained in a 5%
CO2 air atmosphere overnight before each experiment.

2.2. In vivo model of cisplatin-induced hearing impairment

Wild-type adult C57BL/6J mice, aged 7e8 weeks, were used for
in vivo experiments. Briefly, a hearing loss model was induced by
administering 30mg/kg cisplatin (Sigma-Aldrich, St. Louis, MO, USA)
via intraperitoneal (i.p.) injection. The LLY-283 treatment group
received LLY-283 (10 mg/kg) via i.p. injection 2 h before cisplatin
administration. To attenuate the potential kidney injury caused by
cisplatin,1 mL heated salinewas injected subcutaneously twice daily
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for 7 consecutive days after cisplatin administration. Following the
final saline injection, mice were allowed to recover for an additional
7 days before undergoing auditory brainstem response (ABR) tests.

2.3. ABR test

The ABR test was used to measure the hearing thresholds of
mice. Details of the ABR test procedure have been provided previ-
ously [34]. Briefly, mice were given i.p. anesthesia with a mixed
solution of 100 mg/kg ketamine and 25 mg/kg xylazine sodium.
Tucker-Davis Technology (TDT) system III (Tucker-Davies Technol-
ogies, TDT, Gainesville, FL, USA) was used for signal collection, with
5 frequencies (4 kHz, 8 kHz, 16 kHz, 24 kHz, and 32 kHz) being
employed to assess the hearing threshold of mice.

2.4. Immunohistochemistry

Each cochlear was dissected into three turns (apex, middle, and
base turn) and then blocked in 0.01 M PBS with 10% normal goat
serum. Next, cochlear segments were incubated with primary an-
tibodies, including anti-myosin 7a (25-6790; Proteus Biosciences,
Ramona, CA, USA), anti-Tuj-1 (801202; BioLegend, San Diego, CA,
USA), anti-neurofilament (ab72996; Abcam, Cambridge, UK), anti-
parvalbumin (32895; Abcam), anti-cleaved caspase-3 (9664s; Cell
Signaling Technology, Danvers, MA, USA), and anti-CtBP2 IgG1
(612044; BD Biosciences, Franklin Lakes, NJ, USA). After washing
with PBS, samples were incubated with secondary antibodies
(Invitrogen Corporation, Carlsbad, CA, USA) at 4 �C overnight. Image
acquisition was performed using the TCS SP8 confocal microscope
from Leica (Hamburg, Germany).

2.5. Western blotting

Total protein was extracted using the radioimmunoprecipitation
assay (RIPA) lysis buffer according to themanufacturer's instructions.
Equal amounts of protein samples were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
blotted onto polyvinylidene fluoride (PVDF) membranes, and then
incubated with the following primary antibodies: anti-PRMT5
(ab109451; Abcam), anti-H4R3me2s (SAB4300870; Sigma Aldrich),
anti-H3R8me2s (A-3706; Epigentek, Farmingdale, NY, USA), anti-
PI3K (4249; Cell Signaling Technology, Danvers, MA, USA), anti-p-
phosphatidylinositol 3-kinase (PI3K) (17366; Cell Signaling Tech-
nology, Inc (CST), Boston,MA,USA), anti-AKT (9272; CST), anti-p-AKT
(4060; CST), and anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). All primary antibodies were diluted to concentrations be-
tween 1:500 and 1:10,000. Membranes were then incubated with
appropriate secondary antibodies for 1 h, followed by detection of
protein signals using the ECL kit (Millipore, Billerica, MA, USA).

2.6. Cholecystokinin octapeptide (CCK-8) assay

To assess the viability ofHEI-OC1 cells, the CCK-8Cell CountingKit
(96992; Sigma, Saint Louis, MO, USA) was used. Briefly, cells were
seeded at a density of 2 � 104 cells/mL in 96-well plates. After
different treatments, the optical density (OD450) of cultured cells in
eachwellwasmonitored following the addition of the CCK-8 reagent.

2.7. Detection of reactive oxygen species (ROS)

The levels of ROS were detected using MitoSOX-Red (Molecular
Probes, Eugene, OR, USA). Cochlear explants were washed several
times and stained with 5 mM MitoSOX-Red for 30 min in the dark.
Images were captured using a confocal fluorescence microscope
(Leica SP8, Leica, Hamburg, Germany).
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2.8. RNA sequencing analysis and real-time polymerase chain
reaction (PCR) quantification

Total RNA isolated from HEI-OC1 cells was used to perform RNA
sequencing analysis. The RNA-Seq reads from the FASTQ files were
aligned tomm10 using a standard STAR aligner and thenmapped to
the mouse reference genome (NCBI37). The DESeq (2012) R pack-
agewas used for differential expression analysis, and the significant
difference was set to P-value <0.05, fold change >2, and FDR <0.01.
Further, Gene Ontology (GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses were
performed using the R package based on the hypergeometric
distribution.

Total RNA was extracted from samples using the TRIzol re-
agent (15596018; Thermo Fisher Scientific Waltham, MA, USA).
RNA concentration and purity were determined by evaluating the
absorbance ratios of A260/A280 and A260/A230 using a Nano-
Drop 2000 Spectrophotometer (Thermo Fisher Scientific). RNA
samples with values between 1.8e2.0 and 2.0e2.2 were used for
subsequent analysis. cDNA was synthesized from the extracted
RNA using the Transcriptor First Strand cDNA Synthesis Kit
(4897030001; Roche, Indianapolis, IN, USA). Gene-specific
primers that spanned intron-exon boundaries to avoid ampli-
fying genomic DNA were designed using the Primer 5.0 software.
Primer sequences are listed in Table S1. Real-time PCR was per-
formed using SYBR Premix Ex Taq II (Takara Biomedical Tech-
nology Co., Ltd., Kusatsu, Shiga, Japan) on a quantitative real-time
PCR system (CFX 96, Bio-Rad, Hercules, CA, USA). The levels of
expression were normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) and quantified using the
2�DDCQ method. To prevent contamination, strict measures
were taken during all experimental processes, including using
aerosol-resistant pipette tips and gloves, as well as the physical
and temporal separation of nucleic acid extraction, reaction
setup, and post-PCR processing. Each run included a positive
control sample with a known Ct value and a negative control
sample containing only nuclease-free water (no DNA). The effi-
ciency of the PCR reaction was calculated from the slope of a
standard curve generated from a serial dilution of cDNA
templates.
2.9. CUT&Tag assay

CUT&Tag was performed using 1 million cells, as previously re-
ported [35]. Primary antibodies used were anti-H4R3me2s or anti-
H3R8me2s. The secondary antibody was goat anti-rabbit IgG
(AS070;ABclonal,Wuhan, China) at a dilutionof1:100. TotalDNAwas
extracted and subjected to PCR. The following primers were used to
amplify the indicated region surrounding the transcription start sites
of Pik3ca: (forward 50-CCTCAGTTTCAGGTTCCCCA-30 and reverse 50-
GCGGGTACAGAAGCAAGAAG-30). All experiments were repeated
thrice independently, and the obtained datawere normalized to that
of the IgG control.
2.10. HC, SGN, and presynaptic ribbon counts

The surviving HCs labeled with myosin 7a and normal nuclei
were counted in 200 mm long strips at the region from base to apex.
For analysis of apoptotic HCs, only the middle turn of each explant
(40%e60% from the apex) was selected for quantification. SGNs
were immunolabeled with an anti-Tuj-1 antibody, and all present
in the middle portion of each explant were quantified. Presynaptic
ribbons were stained with anti-CtBP2 antibody, and the number of
CtBP2 per IHC was quantified.
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2.11. Data statistics and analysis

Statistical analyses were conducted using the GraphPad Prism
8.0 software (GraphPad Software, La Jolla, CA, USA). Analysis of
variance (ANOVA) analysis was performed for differentiation
comparison; data were exhibited as the mean ± standard error of
the mean (SEM), and P < 0.05 was considered statistical significant.

3. Results

3.1. Pharmacological inhibition of PRMT5 prevented cisplatin-
induced cochlear HCs loss in vitro

To determine the potential role of PRMT5 in cisplatin-induced
ototoxicity, we first measured the expression of PRMT5 in
cochlear explant cultures from P2 WT C57BL/6J mice treated with
or without cisplatin by western blotting. We found that the protein
level of PRMT5 was significantly increased after cisplatin treatment
compared with that in the control group (Figs. 1AeC). However,
pharmacological inhibition of PRMT5 using the selective and potent
inhibitor LLY-283 remarkably reduced the cisplatin-induced
elevation in the expression of PRMT5. To assess whether LLY-283
altered the function of PRMT5, we performed western blot anal-
ysis of symmetrical dimethyl arginine modifications catalyzed by
PRMT5. We observed that the expression of symmetric H4R3me2s
and H3R8me2s was significantly decreased in LLY-283-pretreated
explants after cisplatin exposure compared with that in
cisplatin treated explants (Figs. 1AeC).

To examine the potential protective effect of inhibiting PRMT5
on cisplatin-induced ototoxicity, we pretreated mouse cochlear
explants in vitro with LLY-283 for 2 h, followed by coincubation
with cisplatin for 24 h. We found that cochlear explants cultured
with 20 mM cisplatin showed disarrayed HCs and severe injury,
with significantly reduced numbers of HCs in the basal, middle,
and apical turns (Fig. 1D). In contrast, exposure of explants to 100
or 200 mM LLY-283 for 2 h, followed by coincubation with
cisplatin for another 24 h, resulted in a higher number of sur-
viving HCs compared with that in cisplatin-treated only explants.
We noticed that the best protective effect against cisplatin-
induced ototoxicity was achieved with 200 mM LLY-283, which
did not induce any damage to HCs. Therefore, we used 200 mM
LLY-283 as the treatment dose for subsequent cochlear experi-
ments in vitro (Fig. 1E).

To further evaluate apoptosis, we costained cochlear explants
with TdT-mediated dUTP nick end labeling (TUNEL) and the hair
cell-specific marker myosin 7a (Fig. 1F). Immunofluorescence
staining and quantitative analysis revealed significantly lower
numbers of TUNEL-labeled HCs in LLY-283-pretreated cochlear
explants than in the cisplatin-treated only group (Fig. 1G). We also
used MitoSOX-Red, a mitochondrial superoxide probe, to detect the
levels of mitochondrial ROS (Fig. 1H). MitoSOX-Red staining of
cochlear HCs showed that the levels of mitochondrial ROS were
markedly reduced by LLY-283 pretreatment compared with those
in cisplatin treated cochlear explants (Fig. 1I).

3.2. Inhibition of PRMT5 reduced cisplatin-induced cochlear SGN
damage in vitro

To determine the effectiveness of inhibiting PRMT5 in promot-
ing the survival of SGNs, we treated middle turn cochlear explants
from P2 WT C57BL/6J mice with 20 mM cisplatin for 24 h. Repre-
sentative photomicrographs of cochlear explants are shown in
Figs. 2A and B. Tuj-1 staining revealed that the untreated cisplatin
control group had large SGNs, with round cell bodies and projecting
bursting auditory nerve fibers. However, we found that cisplatin
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Fig. 2. LLY-283 prevents cisplatin-induced damage in SGNs in vitro. (A, B) Immunolabeling for Tuj-1 (green), TUNEL (red), and myosin 7a (white) in dissected middle turns of
cochleae from each treatment group. (CeE) Quantification of the length of neurite outgrowth (C), neurite densities (D), and SGN soma densities (E) from the middle turns of cochlear
explants under all treatment conditions (n ¼ 10 SGN explants). Data are presented as the mean ± standard error of the mean (SEM). **P < 0.01 and ****P < 0.0001 vs. control;
####P < 0.0001 vs. cisplatin-treated only. Cis: cisplatin; SGN: spiral ganglion neuron; TUNEL: TdT-mediated dUTP nick end labeling.
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exposure significantly reduced the density of nerve fibers and SGNs
compared with those in the control group. Conversely, pretreat-
ment with LLY-283 protected nerve fibers and SGNs from cisplatin-
induced damage (Figs. 2CeE). These results suggested that inhibi-
tion of PRMT5 by LLY-283 protects cultured cochlear HCs and SGNs
from cisplatin-induced damage.
Fig. 1. Inhibition of PRMT5 by LLY-283 prevents cisplatin-induced cochlear HCs damage in
PRMT5, H4R3me2s, and H3R8me2s. Data are presented as the mean ± standard error of th
Immunofluorescence staining with the anti-myosin 7a (green) antibody in the basal, middle,
of myosin 7a-immunolabeled hair cells per 200 mm in the 3 turns of cochlea after different
control, ## P < 0.01 and #### P < 0.0001 vs. cisplatin-treated only. (F) Representative images
cochleae. (G) Quantification of the number of TUNEL-immunolabeled hair cells per 200 mm
control, #### P < 0.0001 vs. cisplatin-treated only. (H) Representative images showing immun
(I) Quantification of the number of MitoSOX-Red-immunolabeled hair cells per 200 mm in
control, #### P < 0.0001 vs. cisplatin-treated only. Cis: cisplatin; HC: hair cell; GAPDH: glyce
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3.3. Pharmacological inhibition of PRMT5 reduced cisplatin-
induced loss of cochlear HCs and nerves and attenuated hearing
impairment in vivo

To investigate the effects of LLY-283 on cisplatin-induced hear-
ing loss, we employed an in vivo cisplatin-injury model, as
vitro. (A) Chemical structure of LLY-283. (B, C) Western blot analysis and histograms of
e mean (SEM). ****P < 0.0001 vs. control, ####P < 0.0001 vs. cisplatin-treated only. (D)
and apical turns of cochleae after different treatments. (E) Quantification of the number
treatments (n ¼ 7e13 cochleae). Data are shown as the mean ± SEM. ****P < 0.0001 vs.
showing immunolabeling for myosin 7a (green) and TUNEL (red) in the middle turns of
in the middle turns of cochleae. Data are shown as the mean ± SEM. ****P < 0.0001 vs.
olabeling for MitoSOX-Red (red) and myosin 7a (green) in the middle turns of cochleae.
the middle turns of cochleae. Data are shown as the mean ± SEM. ****P < 0.0001 vs.
raldehyde 3-phosphate dehydrogenase; TUNEL: TdT-mediated dUTP nick end labeling.



Fig. 3. LLY-283 attenuates cisplatin-induced hearing loss in vivo. (A) Experimental scheme. Mice were divided into 4 groups: control, LLY-283, cisplatin, cisplatin þ LLY-283 (LLY-
283-Cis). (B) Auditory brainstem response (ABR) thresholds were measured 2 day after cisplatin treatment (n ¼ 6 mice per group). Data are presented as the mean ± standard error
of the mean (SEM). ****P < 0.0001 vs. control; ####P < 0.0001 vs. cisplatin-treated only. (C) Representative images of immunostaining for myosin 7a (red) in the basal, middle, and
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Fig. 4. LLY-283 protects mice from cisplatin-induced injury of presynaptic ribbons and afferent fibers. (A) Representative immunolabeling images of NF (green), CtBP2 (red), and
myosin 7a (white) in the middle turns of cochleae from each treatment group. (B) Quantification of CtBP2-labeled presynaptic ribbons per IHC (n ¼ 16 IHCs from 4 cochleae in each
group). Data are presented as the mean ± standard error of the mean (SEM). ****P < 0.0001 vs. control; ####P < 0.0001 vs. cisplatin-treated only. (C, D) Typical Auditory brainstem
response (ABR) wave I latencies (C) and amplitudes (D) of mice at testing frequencies of 4, 8, 16, 24, and 32 kHz under each experimental condition (n ¼ 6 mice for each treatment).
Data are presented as the mean ± SEM. **P < 0.01 and ****P < 0.0001 vs. control; ####P < 0.0001 vs. cisplatin-treated only. Cis: cisplatin; NF: neurofilament; IHC: inner hair cell.
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previously described [15]. Briefly, we administered LLY-283 (10 mg/
kg) to C57mice 2 h before cisplatin (30mg/kg) injection, which was
followed by injection of saline for 7 consecutive days (twice per
day) after cisplatin stimulation (Fig. 3A). Then, we conducted an
ABR test 14 day later to evaluate hearing loss. As shown in Fig. 3B,
the ABR threshold shifts in response to cisplatin administration
were significantly elevated at all the tested frequencies (4 kHz,
8 kHz, 16 kHz, 24 kHz, and 32 kHz) compared with those in con-
trols. Interestingly, LLY-283 pretreatment significantly reduced
these ABR threshold shifts at 4e24 kHz compared with those in the
cisplatin-treated only group; however, the protective effects of LLY-
283 against these threshold elevations were not apparent at 32 kHz
(Fig. 3B). Furthermore, immunofluorescence staining with anti-
myosin 7a antibody revealed that cisplatin induced a significant
level of outer HC death comparedwith that in the control; however,
mice pretreated with LLY-283 had no considerable loss of outer HCs
(Figs. 3C and D), indicating that inhibition of PRMT5 alleviated
cisplatin-induced hearing loss and HC damage. Importantly, we
determined that LLY-283 administration alone did not significantly
alter ABR threshold, HC morphology, or HC number.

We next aimed to evaluate the effects of LLY-283 on the
cisplatin-induced loss of cochlear presynaptic ribbons and afferent
fibers. We costained cochlear sections with anti-CtBP2 and anti-
apical turns of cochleae from the control and experimental groups. (D) Quantification of my
****P < 0.0001 vs. control; ####P < 0.0001 vs. cisplatin-treated only. Cis: cisplatin; HC: hair
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neurofilament (NF) antibodies to visualize presynaptic ribbons
and afferent innervations, respectively (Fig. 4A). As expected, NF
staining revealed a loss of server afferent fibers in the cochleae of
cisplatin-damaged mice compared with that in untreated control
mice. In contrast, LLY-283 pretreatment significantly increased the
number of NF-positive cochlear afferent fibers in the presence of
cisplatin (Fig. 4A). Notably, we observed that after cisplatin
administration, cochleae from LLY-283-pretreated mice had a
significantly higher density of CtBP2-labeled presynaptic ribbons
than the cisplatin-treated only group (Fig. 4B). We also detected
that the counts of cochlear afferent fibers and presynaptic ribbons
were similar between the control and LLY-283-treated alone mice.
We then measured the mean ABR wave I latency and amplitude to
assess the activity of the remaining auditory nerves. As shown in
Fig. 4C, the ABR wave I latencies at all tested frequencies in
cisplatin-treated mice were significantly increased compared with
those in control mice; however, LLY-283 pretreatment significantly
attenuated this cisplatin-induced increase. ABR wave I amplitudes
are shown in Fig. 4D.We found that the ABR amplitudes in LLY-283-
pretreated mice were remarkably increased compared with those
in cisplatin-treated mice (Fig. 4D). Overall, LLY-283 pretreatment
effectively reduced the sensitivity to cisplatin-induced losses of
HCs, cochlear afferent fibers, and presynaptic ribbons.
osin 7a-immunolabeled HCs (n ¼ 8 cochleae). Data are presented as the mean ± SEM.
cell.



Fig. 5. RNA-seq reveals the PI3K/Akt pathway as a key regulator following PRMT5 inhibition in cisplatin-treated HEI-OC1 cells. (A) A Venn diagram depicting the number of
differentially expressed genes (DEGs) between the 2 treatment groups. (B) A volcano plot representing the statistically significant DEGs from the cisplatin vs. LLY-283þcisplatin
groups, as determined by RNA-seq in HEI-OC1 cells. Each gene is marked as a dot in red or green color, indicating the differentially expressed transcripts that are significantly
enriched and perturbed, respectively, in LLY-283þcisplatin-treated cells. (C) Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis showing the distribution of
terms exhibiting statistically significant differences. (D) The relative mRNA levels of indicated genes were normalized to the level of Gapdh, as determined by quantitative real-time
reverse-transcription polymerase chain reaction (qRT-PCR). Data are expressed as the mean ± standard error of the mean (SEM) from 3 independent experiments. **P < 0.01,
***P < 0.001, and ****P < 0.0001 vs. control; ##P < 0.01, ####P < 0.0001 vs. cisplatin-treated only. (E, F) Western blot analysis and histograms of the expressions of PI3K, p-PI3K, AKT,
and p-AKT. Data are expressed as the mean ± SEM of 3 independent experiments. ****P < 0.0001 vs. control; ####P < 0.0001 vs. cisplatin-treated only. (G) The effect of PI3K inhibitor
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3.4. Inhibition of PRMT5 alleviated cisplatin-induced HC apoptosis
by suppressing activating PI3K/Akt pathway

To elucidate the genome-wide mechanisms underlying the
protective effects of inhibiting PRMT5 on HC survival, we isolated
total RNA from HEI-OC1 cells and conducted RNA sequencing. Our
analysis revealed that exposure to cisplatin with or without LLY-
283 pretreatment resulted in significant changes in the levels of
expression of thousands of genes. We selected the differentially
expressed genes (DEGs) among different groups with P-value
<0.05 and fold change �2. As shown in Fig. 5A, we identified a
total of 7522 genes as discriminatively expressed between LLY-
283þcisplatin-treated and cisplatin-treated cells, including 3778
upregulated and 3744 downregulated genes. The volcano plot in
Fig. 5B illustrates the gene expression patterns in cells treated
with LLY-283þcisplatin. KEGG pathway analysis based on DEGs
(Fig. 5C) revealed significant changes in several pathways, with
those in the PI3K/Akt signaling pathway being the most promi-
nent (Fig. S1). To validate the changes in the mRNA levels of
selected genes identified from the RNA-seq analysis (Fig. 5D), we
performed quantitative real-time reverse-transcription
polymerase chain reaction (qRT-PCR) analysis using primers lis-
ted in Table S1. Our results were consistent with the RNA-seq data,
showing that the levels of expression of Akt3, Pik3ca, Fgfr1, and
Sos1 were significantly decreased in cells exposed to cisplatin
compared with those in control cells; however, pretreatment with
LLY-283 effectively increased the levels of expression of these
genes relative to those in cells treated with cisplatin alone.
Additionally, we observed that the levels of transcripts of key
apoptosis-related proteins Trp53 and Bad were significantly
increased in cisplatin-treated cells compared with those in un-
treated cells; however, they were effectively decreased using LLY-
283 pretreatment.

To confirm the alterations in the PI3K/Akt pathway at the
posttranslational levels, we performed western blotting analysis on
HEI-OC1 cells. The expression of PI3K, p-PI3K, and p-AKT was
markedly downregulated in cells exposed to cisplatin compared
with that in control cells; however, pretreatment with LLY-283
reversed the effect in the expression of these proteins in
cisplatin-treated cells (Figs. 5E and F). Furthermore, we introduced
the potent PI3K inhibitor LY294002 to examine the underlying
function of PI3K in the LLY-283-mediated attenuation of ototoxicity
after cisplatin treatment. Interestingly, we observed that LY294002
treatment partly abolished the antiapoptotic effects of LLY-283 in
cisplatin-treated HEI-OC1 cells (Fig. 5G). These lines of evidence
suggested that LLY-283 activates the PI3K/Akt signaling pathway in
cisplatin-treated HEI-OC1 cells.

We also found that the mRNA levels of Pik3cawere significantly
increased in LLY-283þcisplatin cells compared with those in
cisplatin-treated only cells, as determined by RNA-Seq and qRT-PCR
analysis. H4R3me2s and H3R8me2s are known to function as
transcriptional repressors, while LLY-283 is known to repress these
histone modifications. To investigate the effect of LLY-283 on
H4R3me2s and H3R8me2s at the Pik3ca promoter in HEI-OC1 cells,
we performed CUT&Tag-qPCR analysis. We determined that LLY-
283 significantly decreased the levels of H3R8me2s and
LY294002 on cell viability. HEI-OC1 cells were pretreated with LY294002 and LLY-283 for 2 h
using CCK-8. Data are expressed as the mean ± SEM. ****P < 0.0001 vs. control; ####P < 0
tagment-quantitative polymerase chain reaction (CUT&Tag-qPCR) analyzed the enrichment o
of IgG controls and are expressed as the mean ± SEM of 3 independent experiments. **P < 0.
Cis: cisplatin; PI3K: phosphatidylinositol 3-kinase; GAPDH: glyceraldehyde 3-phosphate de
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H4R3me2s at the Pik3ca promoter region compared with those in
cisplatin-treated only cells (Fig. 5H). These findings suggested that
LLY-283 might protect HEI-OC1 cells against cisplatin-induced
injury and apoptosis by upregulating the activity of PI3K/Akt
through a reduction in the levels of repressive histone modifica-
tions at the promoter regions of the Pik3ca gene.We also confirmed
the protective effect of another PRMT5 inhibitor, EPZ015666, on
cisplatin-treated HCs and SGNs (Fig. 6), which was consistent with
the LLY-283 data.

4. Discussion

Our in vitro and in vivo results demonstrated that inhibition of
PRMT5 significantly reduced the extent of insult-induced ototox-
icity by decreasing apoptosis and promoting the recovery of
mitochondrial function. These findings highlight the requirement
for further investigation into the potential clinical use of PRMT5
inhibitors for the treatment of hearing loss.

PRMT5 plays a role in regulating various biological processes,
including transcription [36], RNA metabolism [37], signal trans-
duction [38], and cellular differentiation [39]. However, the
mechanisms underlying the effects of PRMT5 on these processes
are not fully understood. Previous studies have shown that PRMT5
maintains the pluripotency of mouse embryonic stem cells by
downregulating the expression of specific differentiation-related
genes [28]. Interestingly, embryonic lethality was observed in
Prmt5�/� murine embryos, obstructing the production of embry-
onic stem ES cells. Likewise, PRMT5 is essential for the proliferation
of human embryonic stem cells through the regulation of the
expression of the cell cycle protein P57 [40]. PRMT5 also plays a role
in tissue- or cell-specific differentiation processes, such as muscle,
primordial germ cells, and nerve cells [17,27,39,41e43]. Dacwag
et al. [39] reported that PRMT5 facilitates myogenesis through
interaction with ATP-dependent chromatin remodeling complexes.
Kanade et al. [43] showed that PRMT5 was involved in human
keratinocyte differentiation by reducing p38d phosphorylation and
asserting its role in p38d-ERK signaling. Additionally, PRMT5 and
PRMT3 were shown to bind to methylate NaV1.5, a new regulator
identified in cardiac pathophysiology, thus suggesting a potential
role for PRMT5 in the treatment of heart disease [44].

The significant role of PRMT5 in various cellular processes,
including its interaction with multiple pathways, shows that it is an
attractive target for drug development and diagnostics [36]. Recently,
several small molecule inhibitors targeting PRMT5 have been
discovered [45e47]. However, most of these inhibitors target the
SAM-binding domain, which interferes with the interaction between
PRMT5 and SAM and thus are often inefficient or lack cellular or
in vivo activity. Fortunately, EPZ015666, a PRMT5 inhibitor that
competes with its substrate and has cellular activity, has been shown
to have antiproliferative effects in both in vitro and invivomantle cell
lymphoma models [48,49]. Its discovery has provided new clues for
the development of non-SAM competitive inhibitors. Recently, a
newly screened inhibitor, LLY-283, was shown to inhibit the activity
of the PRMT5:MEP50 complex in vitro. Unlike EPZ015666, LLY-283
binds to and occupies the SAM pocket. Moreover, it is a low nano-
molar inhibitor of the PRMT5:MEP50 complex, with higher
, and then cotreated with cisplatin for 24 h. The cell viability of each group was tested
.0001 vs. cisplatin-treated only or LLY-283þcisplatin. (H) Cleavage under targets and
f H3R8me2s and H4R3me2s on the Pik3ca promoter. Data are normalized to the values
01, ***P < 0.001, and ****P < 0.0001 vs. control; ####P < 0.0001 vs. cisplatin-treated only.
hydrogenase.
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selectivity to PRMT5 than other methyltransferases [50]. This study
demonstrated that the expression of PRMT5 in HCs was increased
with the upregulation in the levels of H3R8me2s and H4R3me2s
after treatment with cisplatin, thereby indicating PRMT5 to be a
crucial target. Conversely, inhibiting the activity of PRMT5 with LLY-
283 exerted strong protective effects by attenuating cisplatin-
induced apoptosis. Moreover, experiments using mouse models
verified the antiapoptotic effect of LLY-283 in vivo.

Irreversible opening of the mitochondrial permeability transition
pore has been reported to induce loss of DJm [51], which in turn
triggers the release of cytochrome c into the cytoplasm and activates
the expression of Bcl2-associated X protein (Bax) and apoptosis-
related proteins (including APAF-1 and caspase-3/9), thereby ulti-
mately leading to apoptosis [52]. Consistent with these findings, our
study showed that cisplatin-induced hair cell apoptosis was related
to the increased levels of ROS. Treatment with LLY-283 resulted in a
significant reduction in the levels of ROS inHCs comparedwith those
in the cisplatin-treated alone group. Consistent with this study, Diao
et al. [53] reported that inhibition of PRMT5 decreased the levels of
proapoptotic proteins (including GSDMD-N, NLRP3, ASC, caspase-1/
11, and IL-1b) and attenuated the production of ROS in vitro.

To investigate the genome-wide mechanisms underlying the
protective effect of inhibiting PRMT5 on hair cells, we performed
RNA sequencing on HEI-OC1 cells treated with or without LLY-283
following cisplatin-induced damage. Our RNA-seq data showed
changes in the levels of complex apoptosis-related pathways in
HEI-OC1 cells, which is consistent with the observed decrease in
the number of apoptotic cells upon PRMT5 inhibition. The PI3K/Akt
pathway participates in many cellular processes, including cell
cycle regulation, proliferation, apoptosis, survival, and metabolism
[54]. Our RNA-seq analysis revealed that PRMT5 was involved in
the regulation of the PI3K/Akt signaling in HEI-OC1 cells, providing
new insights into previously reported mechanisms. For example, to
exert its oncogenic functions, PRMT5 was shown to promote AKT
signaling by directly methylating AKT1 at R391 [55]. In a diet-
induced obesity mouse model, knockdown or enzymatic inhibi-
tion of PRMT5 increased the expression of PPARa and levels of PGC-
1a by reducing the phosphorylation of AKT [56]. In this study, we
investigated the effect of the PRMT5 inhibitor LLY-283 on the PI3K/
Akt signaling in mouse HEI-OC1 cells. Our data revealed that the
level of PI3K in HEI-OC1 cells exposed to cisplatin was significantly
lower than that in normal control cells. However, inhibition of
PRMT5 rescued the cisplatin-induced reduction in the levels of p-
PI3K, PI3K, and p-AKT.

Furthermore, the PI3K inhibitor LY294002 partially blocked the
antiapoptotic function of LLY-283, indicating that the PI3K/Akt
pathway might play an important role in the protective effects of
LLY-283 against cisplatin-generated injury in HCs. Hence, the po-
tential relationship between PRMT5 and PI3K pathways is
intriguing and warrants further investigation. Future studies need
to explore the specific mechanisms by which inhibition of PRMT5
Fig. 6. Inhibition of PRMT5 by EPZ015666 prevents cisplatin-induced damage in HCs and S
parvalbumin antibody (green) in the basal, middle, and apical turns of cochleae after differen
three turns of cochleae after different treatments (n ¼ 7 cochleae). Data are expressed as the
####P < 0.0001 vs. cisplatin-treated only. (D) Representative images of immunolabeling for Tu
groups. (EeG) Quantification analysis of the length of neurite outgrowth (E), neurite densitie
experimental conditions (n¼ 8 SGNexplants). Data are expressed as themean± SEM. ***P<0.00
Cis: EPZ015666 þ cisplatin; HC: hair cell; SGN: spiral ganglion neuron.
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regulates the activation of PI3K and whether it can be exploited for
therapeutic purposes. In addition, investigating the role of PRMT5
and PI3K pathways in other cellular processes and disease states
might provide new insights and potential therapeutic approaches
for a broader spectrum of disorders.

It is widely accepted that the PRMT5-catalyzed histone arginine
methylation of H4R3me2s and H3R8me2s is generally associated
with transcriptional repression [57], although that of H3R8 has also
been linked to transcriptional activation [58]. Our study indicated
that inhibiting the activity of PRMT5 reduced the expression of
H4R3me2s and H3R8me2s and promoted the transcription of
Pik3ca. However, the epigenetic role of PRMT5 on other markers
cannot be ruled out. Further investigation of the role of histone
arginine methylation in regulating gene expression and the anti-
apoptotic mechanism of PRMT5 inhibition is essential for deter-
mining the therapeutic potential of targeting PRMT5 in ototoxic
injury-induced hearing loss. New models, such as cellular or
mouse models of PRMT5 overexpression or deletion, will be
indispensable for future investigations of the biological functions of
PRMT5. Comparing the effects of inhibiting or overexpressing
PRMT5 in these models might lead to a better understanding of the
role of PRMT5 in cellular processes and disease states and help
identify potential therapeutic targets.

Ourfindings collectively demonstrated that inhibiting PRMT5had
strong preventative effects on hearing deterioration. In vitro studies
using a PRMT5 inhibitor significantly attenuated cisplatin-induced
apoptosis in HCs and SGNs by reducing oxidative stress and acti-
vating the PI3K/Akt pathway. Furthermore, our proof-of-concept
in vivo data confirmed that the PRMT5 inhibitor reduced the
cisplatin-induced loss of HCs, cochlear afferent fibers, and presyn-
aptic ribbons, indicating its potential as an effective therapeutic
strategy. These findings suggested that PRMT5 inhibitors might be
powerful agents for preventing cisplatin-induced hearing loss.
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