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Fasudil prevents neomycin-induced hair cell damage
by inhibiting autophagy through the miR-489/NDP52
signaling pathway in HEI-OC1 cells
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Abstract. Hearing loss is a common sensory disorder that is
mainly caused by the loss of hair cells (HCs). Drug-induced
deafness, for which there is currently no effective treatment,
is mainly caused by the inappropriate use of aminoglycoside
antibiotics. Fasudil (Fas), a novel isoquinoline sulfonamide
derivative, has exhibited antioxidant abilities in a number of
previous studies. The aim of the present study was to investigate
the potential effects of Fas against neomycin (Neo)-induced
hair cell damage and elucidate the underlying mechanism.
Flow cytometry and western blot analysis were used to detect
the effects of Fas on cell apoptosis and to determine the
expression levels of autophagy-related proteins, LC3B and
Beclin 1, induced by Neo. Mitochondrial membrane poten-
tial and reactive oxygen species (ROS) levels were detected
using fluorescent probes. The effect of Fas on Neo-induced
hair cell injury marker, GFP-LC3B, was also examined using
the immunofluorescence technique. Fas was found to inhibit
Neo-induced mitochondrial autophagy and mitochondrial
membrane potential decline, in addition to reducing ROS
levels and cell apoptosis caused by Neo treatment. However,
Fas failed to inhibit the Neo-induced these above changes
in cells with NDP52 overexpression. The putative binding
sites of microRNA (miR)-489 on the 3'-untranslated region
of nuclear dot protein 52 (NDP52) were predicted using the
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TargetScan 7.0 online tool, and this association was further
verified using a dual-luciferase reporter assay. Moreover, the
expression of miR-489 negatively regulated the expression of
NDP52. Fas and miR-489 mimic inhibited the Neo-induced
mitochondrial autophagy and mitochondrial membrane
potential decline, in addition to reducing ROS levels and
cell apoptosis. Knockdown of miR-489 expression using a
miR-489 inhibitor blocked the inhibitory effects of Fas on the
mitochondrial membrane potential, cell apoptosis and ROS
production. Therefore, Fas may upregulate the expression of
miR-489 to negatively regulate the expression of NDP52 at the
post-transcriptional level, which in turn inhibits the activation
of mitophagy and cell injury induced by Neo. Thus, Fas may
act as a novel therapeutic option in the clinical treatment of
hearing loss in the future.

Introduction

Sensorineural hearing loss is a type of auditory impairment
that is caused by congenital genetics, such as SCN11A gene
deletion impairing the ribbon synapses and auditory nerves,
or acquired factors, such as ototoxic drugs (1-3). As a result,
the hearing system abnormally perceive and process sound (4).
The main pathological manifestation of this condition is
damage to the inner ear cochlear hair cells (5). In total, >30%
patients who are deaf are afflicted with drug-induced deafness,
which is mainly caused by the improper use of aminoglycoside
antibiotics, such as neomycin (Neo) and streptomycin, with
~5% of patients exhibiting significant hearing loss using such
antibiotics (6-8). In particular, Neo has a high incidence of
hearing loss worldwide, compared with other aminoglycoside
antibiotics (3). Since aminoglycoside antibiotics are widely
used in developed countries (9), protecting hair cells and
reducing the damage caused by aminoglycoside antibiotics
currently represents a challenge.

Hair cells are receptors in the ear that produce auditory
impulses (2), which cannot regenerate if destroyed (10). Ear
damage can lead to irreversible injury of cochlear hair cells
and auditory neurons, leading to permanent sensorineural
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deafness (11). Common environmental factors that cause
sensorineural deafness include perinatal infection, excessive
noise, aging and ototoxic drugs (3,12). Specifically, noise,
aging and ototoxic drugs can induce hair cell death through
oxidative stress or activation of apoptotic pathways (13,14).
It has been previously demonstrated that the mechanism
underlying ototoxicity of aminoglycoside antibiotics is
mainly through damage and apoptosis of hair cells, resulting
in permanent hearing loss and vestibular dysfunction (15).
After the drugs enter the cochlea, the increase in reactive
oxygen species (ROS) and calcium ions in sensory cells and
neurons of the inner ear disrupts physiological mitochondrial
protein synthesis and reduces the mitochondrial membrane
potential, in turn promoting the release of cytochrome c into
the cytosol (16). Therefore, local or systemic application of
ROS scavengers may protect the cochlea from aminoglycoside
antibiotics (17). Calcium-activated protease, such as Calpain,
also served an important role in the destruction of hair
cells caused by aminoglycoside antibiotics (18). Therefore,
inhibiting the activity of calcium-activated proteases may
also effectively protect cochlear hair cells from drug-induced
damage (15).

Fasudil (Fas) is a novel isoquinoline sulfonamide derivative
that was originally developed as an effective Rho kinase
(ROCK) inhibitor and calcium ion antagonist (19). Fas is the
only ROCK inhibitor currently approved for a number of brain
disorders in humans, including ischemia-reperfusion injury,
brain edema, and cerebral microthrombosis (20). It has few
side effects and was approved by Japan in 1995 for the clinical
treatment of subarachnoid hemorrhage caused by cerebral
vasospasm (21). Vasoconstriction and Ca** sensitization
induced by ROCK can both be alleviated and eliminated by
Fas, where the pharmacological effects of this ROCK inhibitor
are proposed to be mediated by the downregulation of ROCK
expression/activity under pathobiological conditions (22,23).
Studies have previously shown that ROS can cause the
activation of the RhoA/ROCK signaling pathway (24-27).
Therefore, using Fas to inhibit RhoA/ROCK signaling reduced
oxidative stress in Neo-induced hair cell damage (7,28),
suggesting that Fas may exert a protective effect against
aminoglycoside-induced damage of the inner ear hair cells.
Zhang et al (7) previously found that Fas pre-treatment can
significantly inhibit the Rho signaling pathway after exposure
to Neo in hair cells, further reducing the accumulation of ROS
and cell apoptosis induced by Neo.

MicroRNAs (miRNAs/miRs) are a class of non-coding
single-stranded RNA molecules with a length of
22 nucleotides (29). They are involved in the regulation of
gene expression on a post-transcriptional level in plants and
animals, and can therefore regulate various physiological and
pathological processes, including antibacterial resistance,
cell proliferation, autophagy and apoptosis (30-32). miRNAs
recognize and bind to complementary target sequences in
the 3'-untranslated region (UTR) region of target mRNA
sequences, leading to mRNA degradation and inhibition of
target gene translation (33). miR-489 has been shown to inhibit
anumber of different cancers, including osteosarcoma, gastric,
lung, ovarian, liver and bladder cancer (34-36). Soni et al (37)
previously reported that miR-489 could affect the expression
of several genes, such as LAPTM4B involved in autophagy

in breast cancer cells. Liao et al (38) pointed out miR-489
specifically by inhibiting autophagy by targeting Unc-51
like autophagy activating kinase and lysosomal protein
transmembrane 43 in ovarian cancer cells.

Therefore, the present study was undertaken to investigate
the effects of Fas on the cochlear hair cell line HEI-OCI
following induction by Neo. In addition, the present study
determined whether its effects were mediated by regulating
the expression of miR-489 and the autophagy-related nuclear
dot protein 52 (NDP52) en route to regulating Neo-induced
autophagy and hair cell injury.

Materials and methods

Cell culture. The HEI-OC1 mouse inner ear hair cell line,
originated from House Ear Institute (https://houseinstitute.
com/), was purchased from Biofeng (cat. no. CVCL_D899;
http://www.biofeng.com/xibao/xibaozhu/HEI-OC1.html) and
cultured in high-glucose DMEM supplemented with 10%
FBS. All cell culture media and reagents were purchased from
Gibco; Thermo Fisher Scientific, Inc. All cells were incubated
in 5% CO, at 37°C. When the cell confluence reached 80%,
subculture was conducted.

Flow cytometry. Flow cytometry was performed with a
PI/Annexin V Cell Apoptosis Detection kit (Sigma-Aldrich;
Merck KGaA) according to the manufacturer's protocols.
Briefly, the HEI-OCI cells were inoculated into 6-well plates
and divided into Control, Neo, Neo + Fas/Low, Neo + Fas/Mid
and Neo + Fas/High groups. When the cells grew to ~70%
confluence, 5 mM Neo was added. Fas was administered at
5, 10 and 20 uM doses for low, medium and high groups,
respectively. Fas was added to the treatment groups for
1 h prior to Neo induction. After 24 h of treatment at room
temperature, the cells at a density of 1x10° cell/well were
collected and washed with binding buffer prior to staining with
Annexin V-FITC and PI (5 ul). The percentage of both early
and late apoptotic cells was calculated using flow cytometry
(BD FASCanto™ II; BD Biosciences). The apoptosis analysis
was performed by FlowJo V10 software (version 10; Emerald
Biotech Co., Ltd).

Celltreatment.Cells were cultured at a density of 1x10° cell/well
and 5 mM Neo was added to each well. The medium dose
of Fas (10 uM) was administered to the treatment groups for
1 h prior to Neo induction, which was used in the following
experiments.

Transient transfection assay. Recombinant adenovirus vector
plasmid of NDP52 overexpression (Ad5-EGFP-NDP52 OE)
and control plasmid (Ad5-EGFP) were synthesized by Beijing
SinoGenoMax Research Center Co., Ltd. miR-489 mimic
(5-GUGACAUCACAUAUACGGCAGC-3'), miR-negative
control(NC)mimic(5'-UUGUCCGAACGUGUCACGUTT-3"),
miR-489 inhibitor (5'- GCTGCCGTATATGTGATGTCAC-3')
and miR-NC inhibitor (5'-CAGUACUUUUGUGUAGUA
CAA-3") were purchased from Guangzhou RiboBio Co., Ltd.
For adenovirus infection, HEI-OC1 cells were seeded in
6-well plates at a density of 1x10° cell/well and infected with
100 MOI adenovirus for 2 days. When ~80% confluence was
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reached, HEI-OCI1 cells were transfected with 30 nM plasmid
overexpression vectors, miR-489 mimic, miR-489 inhibitor
or the negative control using Lipofectamine® 2000 (Thermo
Fisher Scientific, Inc.) for 2 days at 37°C, according to the
manufacturer's protocols. Subsequently, cells were treated
with 5 mM Neo and/or 10 uM Fas.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from cultured cells by using TRIzol®
reagent (Thermo Fisher Scientific, Inc.) and 1 ug total RNA
was reverse-transcribed into cDNA by using AMV Reverse
Transcriptase XL'1 (5 U/ul; Takara Bio, Inc.) and a RT primer
according to the manufacturer's protocols. The temperature
protocol was as follows: 16°C for 30 min, 42°C for 30 min and
85°C for 5 min. qPCR was performed using a VetMAX™ -Plus
One-Step RT-PCR kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.) by following the manufacturer's protocols with
U6 as the internal control. GAPDH was used as reference
control for NDP52. The sequences of the primers were as
follows: miR-9 forward, 5~ AGCTTGCTGCACCTTAGTCT-3'
and reverse, 5"-TGTGTGCGGCTAGAACATCC-3"; miR-34a
forward, 5'-GCGCGCAATCAGCAAGTATAC-3' and reverse,
5'-AGTGCAGGGTCCGAGGTATT-3"; miR-489 forward,
5'-ACACTCCAGCTGGGGTGACATCACATA-3' and
reverse, 5S"TGGTGTCGTGGAGTCG-3"; miR-23a forward,
5'-GGGGGTTCCTGGGGATG-3' and reverse, 5"AGTGCAG
GGTCCGAGGTATT-3"; miR-494 forward, 5-CGCGTG
AAACATACACGGGA-3' and reverse, 5'-AGTGCAGGG
TCCGAGGTATT-3"; miR-93 forward, 5'-CAAAGUGCU
GUUCGUGCAGGUAG-3' and 5-AGTGCAGGGTCCGAG
GTATT-3"; miR-214 forward, 5'-GCGACAGCAGGCACA
GACA-3' and reverse, 5-AGTGCAGGGTCCGAGGTATT-3";
NDP52 forward, 5'-GACAACCCGTGAGTATTACACC-3'
and reverse, 5"TGGAAAGGAATACTTGCTCCC-3"; U6
forward, 5'-GCTTCGGCAGCACATATACTAAAAT-3' and
reverse, 5'-CGCTTCACGAATTTGCGTGTCAT-3"; and
GAPDH forward, 5-"AGCAGTCCCGTACACTGGCAAAC-3'
and reverse, 5S"-TCTGTGGTGATGTAAATGTCCTCT-3. The
reactions were performed in a 96-well plate at 95°C for 10 min,
followed by 40 cycles at 95°C for 10 sec and 60°C for 1 min.
The relative gene expression levels were normalized to the
level of the endogenous control GAPDH, and were calculated
using the 22T method (39).

Western blot analysis. Total protein was extracted from cells
with RIPA lysis buffer (Beyotime Institute of Biotechnology).
After measuring the protein concentrations using the Bradford
assay, 40 ug protein was loaded, separated by using 10%
SDS-PAGE and then transferred onto PVDF membranes
(Merck KGaA). Next, the membranes were incubated
with 0.5% bovine serum albumin (Gibco; Thermo Fisher
Scientific, Inc.) for 1 h at room temperature, followed by
washing in PBS. The membranes were then incubated with
primary antibodies at 4°C overnight, followed by washing and
incubation in HRP-conjugated secondary antibodies (1:2,000;
cat. no. A0208; Beyotime Institute of Biotechnology) at room
temperature for 1-2 h. The primary antibodies used were
anti-NDP52 (1:1,000, cat. no. ab68588; Abcam), anti-LC3B
(1:1,000, cat. no. ab51520; Abcam) and anti-Beclin 1 (1:1,000,
cat. no. ab210498; Abcam). GAPDH (1:2,000, cat. no. ab9485;

Abcam) served as a loading control. Finally, the bands were
evaluated using scanning densitometry (ImageQuant™
LAS4000; Cytiva) and analyzed using Imagel] software
(version V1.0.8; National Institutes of Health) following
Pierce™ ECL Plus Western Blotting Substrate treatment
(Thermo Fisher Scientific, Inc.).

Dual-luciferase reporter assay. HEI-OC1 cells were
cultured in six-well plates at a density of 1x10° cell/well.
TargetScan (http:/www.targetscan.org/vert_70/), miRWalk
(http://mirwalk.umm.uni-heidelberg.de/), miRNet
(https://www.mirnet.ca/miRNet/home.xhtml), miRDB
(http://mirdb.org/), microT-CDS (http://diana.imis.
athena-innovation.gr/DianaTools/index.php?r=microT_
CDS/index), miRSystem (https://toolsd4mirs.
org/software/target_functional_analysis/mirsystem/) and
miRNA MAP (http:/mirnamap.mbc.nctu.edu.tw./) were used
to predict microRNAs that may target the NDP52 mRNA
3'-UTR.The putative binding sites of miR-489 on the NDP52
3'-UTR were predicted using the TargetScan 7.0 (http:/www.
targetscan.org/vert_70/) online tool. The NDP52 3'-UTR
sequences were chemically synthesized by Guangzhou
RiboBio Co., Ltd. and introduced into the luciferase reporter
vector (pGL3-Basic) to construct wild-type (WT) luciferase
reporter plasmids (NDP52 WT), and the seed regions of
miR-489 in the 3'-UTR of NDP52 were mutated to construct
mutant (MUT) luciferase reporter plasmids (NDP52
MUT). HEI-OCI1 cells were co-transfected with 0.5 pg/ul
luciferase reporter plasmids (NDP52 WT or NDP52 MUT
in the pGL3-Basic vector; Guangzhou RiboBio Co., Ltd.),
miR-489 mimics or inhibitors, and their negative control
using Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.).
After 48 h, the cells were collected and measured using the
Dual-Luciferase Reporter Assay (Promega Corporation)
according to the manufacturer's protocols. The dual-luciferase
activity of the target gene was normalized to Renilla luciferase
activity.

MitoTracker mitochondrial staining. MitoTracker (Thermo
Fisher Scientific, Inc.) was added to serum-free DMEM (Gibco;
Thermo Fisher Scientific, Inc.) and diluted to a concentration
of 200 nM, before the cell culture medium was replaced with
this serum-free medium containing 200 nM MitoTracker,
followed by incubation at 37°C for 25 min. After incubation,
the cells were washed with serum-free medium and staining
was observed under a fluorescence microscope (magnification,
x200; Zeiss 710; Carl Zeiss AG).

Mitochondrial membrane potential detection. The
mitochondrial membrane potential was detected using
JC-1 fluorescence mitochondrial imaging (40). JC-1 (200X;
cat. no. C2006; Beyotime Institute of Biotechnology) was
diluted by adding ultra-pure water (ddH,O) following the
addition of JC-1 buffer (5X) to prepare JC-1 staining buffer
(1X). The cells at a density of 1x10° cell/well were incubated
with JC-1 staining solution (1X) at 37°C for 20 min. After
incubation, the supernatant was removed and cells were
washed with JC-1 staining buffer (1X) for two times. DAPI
(100 ng/ml; Beijing Solarbio Science & Technology Co.,
Ltd.) was used for counterstaining of the cell nuclei at 37°C
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for 10 min and the cells were observed under a fluorescence
microscope (magnification, x200; ZEISS 710; Carl Zeiss
AG). When detecting JC-1 monomer (green), excitation was
set at 490 nm and the emission was set at 530 nm. For the
detection of JC-1 aggregation (red), excitation light was set at
525 nm and the emission was set at 590 nm. The ratio of red to
green fluorescence represented the mitochondrial membrane
potential.

Mitochondrial autophagy detection. Mitochondrial autophagy
was detected by transfection of the green fluorescent protein
GFP-LC3B plasmid synthesized by Nanjing GenScript
Biotechnology Co., Ltd. and combined with MitoTracker Red
(Beyotime Institute of Biotechnology) fluorescence staining.
HEI-OCI cells at a density of 1x10° cell/well were cultured in
24-well plates. The cells were divided into the following three
groups: Control group, Neo group and Neo + Fas group. The
GFP-LC3B plasmid (500 ng), P3000™ reagent (1 ul; Thermo
Fisher Scientific, Inc.; used to enhance the cell transfection
efficiency of Lipofectamine 3000) and Lipofectamine 3000
(1 pl; Thermo Fisher Scientific, Inc.) were added into the fresh
culture medium (50 ul) for 20 min at room temperature and
the aforementioned medium was added into each well, and
cultured for a further 8 h, according to the manufacturer's
protocol. MitoTracker Red working solution (PBS diluted) with
a concentration of 25 nM was prepared and put into the cell
culture incubator for preheating. After rinsing the cells with
PBS three times, the MitoTracker Red working solution was
added to the cells at 500 ul/well (final concentration, 12.5 M)
and incubated at 37°C for 20 min. After the incubation, the
cells were washed three times with pre-cooled PBS, and DAPI
(100 ng/ml; Beijing Solarbio Science & Technology Co.,
Ltd.) was used for counterstaining of the cell nuclei at 37°C
for 10 min. Then, cells were observed under a fluorescence
microscope at x200 magnification (ZEISS 710; Carl Zeiss AG).
Green light represents the position of GFP-LCB and red light
represents the position of mitochondria. The superposition
of green fluorescence and red fluorescence is regarded as
autophagy in mitochondria.

Fluorescence detection of intracellular ROS levels.
The intracellular ROS levels were examined using
2,7-dichlorfluoresceindiacetate staining (DCFH-DA;
Beyotime Institute of Biotechnology) according to the
manufacturer's protocols. Briefly, the number of cells in
each group after drug treatment was adjusted to 1x10%-2x107.
DCFH-DA was diluted in serum-free DMEM at 1:1,000 to
a final concentration of 10 yuM. The cells were collected and
suspended in the DCFH-DA-containing serum-free medium
to a cell concentration of 1x10%-2x10”/ml. The cells were
incubated at 37°C for 20 min. The cells were then washed three
times with serum-free DMEM to fully remove DCFH-DA that
did not enter the cells. Flow cytometry (BD Biosciences) was
used for detection of the fluorescence intensity of intracellular
ROS using 488 nm excitation wavelength and 525 nm emission
wavelength. The fluorescence analysis was performed by
FlowJo V10 software (version 10; Emerald Biotech Co., Ltd)

Statistical analysis. All values are presented as the
mean + SEM from three independent experiments. Statistical

analysis was performed by using one-way ANOVA followed
by Bonferroni's test for selected pairs using the GraphPad
Prism 5 statistical software (GraphPad Software, Inc.). P<0.05
was considered to indicate statistically significant difference.

Results

Fas inhibits Neo-induced ototoxicity at the cellular level. Neo
exhibits strong ototoxicity and can induce hair cell death (41).
To investigate the effect of Fas on ototoxicity induced by Neo at
the cellular level, flow cytometry was used to analyze Fas- and
Neo-treated HEI-OCI hair cells. The results demonstrated that
Neo significantly increased HEI-OC1 cell apoptosis, whilst
Fas significantly inhibited Neo-induced apoptosis of HEI-OC1
cells in a dose-dependent manner (Fig. 1A and B). Since Fas
at 5, 10 and 20 M all exerted satisfactory effects, the medium
dose of Fas (10 M) was selected for subsequent experiments.
Previous studies have shown that Neo induces
autophagy in hair cells, which plays an important role in
their survival (42,43). In addition, Fas has been reported to
inhibit angiotensin-II-induced autophagy of podocytes as a
ROCK inhibitor (44). Therefore, the effects of Neo and Fas
on autophagy in hair cells of the inner ear were examined.
Western blotting was used to detect the protein expression
of the autophagy-related markers LC3B and Beclin 1. Neo
significantly increased the LC3B-II/LC3B-I ratio and Beclin 1
expression in HEI-OC1 cells, suggesting that Neo induced
activation of inner ear hair cell autophagy (Fig. 1C and D). Fas
markedly reversed Neo-induced increases of LC3B-II/LC3B-I
ratio and Beclin 1 expression (Fig. 1C and D), suggesting
that Fas inhibited Neo-induced activation of autophagy in
hair cells. Cell autophagy can be divided into non-selective
autophagy or the specific autophagy of organelles, including
mitochondrial, peroxidase, endoplasmic reticulum and
ribosomal autophagy (45-47). Furthermore, it has been
previously reported that mitochondrial fragmentation and
reductions in the membrane potential are conditions for
mitochondrial autophagy (48-50). Therefore, it was explored
in the present study whether the effect of Fas on Neo-induced
autophagy was selective or non-selective. As displayed in
Fig. 1E, following Neo treatment, GFP-LC3B was increased
and co-localized with the mitochondria, highlighted by Mito
Tracker, compared with the control group. These findings
suggested mitochondrial autophagy was activated. However,
green fluorescence was reduced in the Neo + Fas group
compared with the Neo group, suggesting that Neo-induced
mitochondrial autophagy was suppressed by Fas.
Subsequently, JC-1 and the fluorescent probe DCFH-DA
were used to detect the effects of Neo and Fas on the
mitochondrial membrane potential and the level of ROS in
hair cells, respectively. Following treatment with Neo, green
fluorescence increased and red fluorescence decreased,
suggesting that Neo induced a reduction in the mitochondrial
membrane potential of hair cells (Fig. 1F). By contrast, in
cells treated with Fas, the effect of Neo on the mitochondrial
membrane potential of hair cells was reversed (Fig. 1F). The
fluorescent probe DCFH-DA was then used to detect the
effects of Neo and Fas on ROS levels in hair cells. As shown
in Fig. 1G, Neo increased ROS levels in hair cells, but Fas
inhibited the Neo-induced increase in ROS levels (Fig. 1G).
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Fas inhibits Neo-induced autophagy and cellular injury by
reducing NDP52 expression. In the present study, the effect of
Neo on the expression of the NDP52 protein in hair cells was
investigated. Results of western blotting demonstrated that
Neo induced a significant increase in NDP52 protein expres-
sion, but Fas significantly inhibited the Neo-induced increase
in NDP52 protein levels (Fig. 2A).

To determine whether Fas regulated mitochondrial
autophagy by regulating NDP52, NDP52 was overexpressed
in hair cells. As shown in Fig. 2B, the results demonstrated
that NDP52 expression was significantly increased in cells
following transfection with NDP52 overexpression plasmids.
The effect of NDP52 overexpression on mitochondrial
autophagy was then investigated. As shown in Fig. 2C, over-
expression of NDP52 or Neo treatment significantly promoted
the activation of autophagy, characterized as the increase
of Beclin-1 expression and LC3B II/LC3B I ratio, but Fas
significantly inhibited Neo-induced activation of autophagy
(Fig. 2C). However, following overexpression of NDP52, the

P<0.001. Neo, neomycin; Fas, fasudil; GFP, green fluorescent protein.

inhibitory effect of Fas on autophagy was weakened or even
lost (Fig. 2C).

Mitochondrial colocalization experiments revealed that
overexpression of NDP52 and Neo treatment promoted
the activation of autophagy. Fas inhibited the Neo-induced
activation of autophagy indicated by autophagosomes
(green fluorescence) colocalized with mitochondria (red
fluorescence). However, following overexpression of NDP52,
the inhibitory effect of Fas on autophagy was lost (Fig. 2D),
suggesting that Fas may inhibit mitochondrial autophagy by
inhibiting NDP52 expression. Measurements of mitochondrial
membrane potential revealed that green fluorescence was
enhanced after overexpression of NDP52 or Neo treatment,
whilst the red fluorescence was decreased, suggesting that
Neo induced a decrease in the mitochondrial membrane
potential of hair cells (Fig. 2E). Fas reversed the reduction in
mitochondrial membrane potential in hair cells induced by
Neo (Fig. 2E). However, in cells overexpressing NDP52, Fas
failed to inhibit the Neo-induced decrease in the mitochondrial
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Figure 2. Fas inhibits Neo-induced autophagy and cellular damage by reducing NDP52 expression. (A) Western blot analysis of NDP52 protein expression
and grayscale analysis. (B) NDP52 expression was measured in HEI-OC1 cells following transfection with NDP52 plasmids. (C) Western blot analysis
of autophagy-associated protein expression and grayscale analysis. The gray analysis of the control group was classified as 1 in western blot analysis.
(D) Fluorescence images of GFP-LC3B and mitochondria. Red, mitochondria; green, autophagosome; blue, nucleus. Scale bar, 4 ym. (E) Fluorescence images
of HEI-OC1 with JC-1. Red, JC-1 aggregates; green, JC-1 monomer; blue, nucleus. Scale bar, 10 ym. (F) Reactive oxygen species levels were detected with
flow cytometry after 2,7-dichlorfluoresceindiacetate staining. (G) Cell apoptosis was detected with flow cytometry after NDP52 plasmid-transfected HEI-OC1
cells were treated with Neo and Fas. n=6 in each group, each independent experiment was repeated three times. Data are expressed as mean + SEM. "P<0.05,

membrane potential in hair cells (Fig. 2E). Therefore, these
observations suggested that overexpression of NDP52 blocked
the inhibitory effects of Fas on the Neo-induced reduction of
hair cell mitochondrial membrane potential.

To verify that Fas inhibited Neo-induced hair cell injury
by upregulating the expression of NDP52, ROS levels were
measured and the results demonstrated that the overexpression
of NDP52 or Neo treatment increased the intracellular ROS
levels (Fig. 2F). By contrast, ROS levels in cells treated with
Fas were markedly lower compared with those induced by
Neo (Fig. 2F). However, Fas failed to inhibit the Neo-induced
increase in ROS in NDP52-overexpressing cells (Fig. 2F). To
verify that the overexpression of NDP52 blocked the inhibitory
effect of Fas on Neo-induced hair cell apoptosis, flow
cytometry was used to detect apoptosis. Compared with those

in the control group, the apoptosis of NDP52-overexpressing
and Neo-treated cells was increased significantly (Fig. 2G).
Compared with the Neo group, cell apoptosis in the Neo + Fas
group was significantly reduced. However, Fas could not
inhibit Neo-induced apoptosis in NDP52-overexpressing cells
(Fig. 2G).

Fas post-transcriptionally regulates NDP52 expression
through miR-489. Thus far, results from the present study
suggested that NDP52 is an important factor in mitochondrial
autophagy activation, whereas Fas could inhibit mitochondrial
autophagy activation by reducing the expression of NDP52. To
explore the mechanism through which Fas regulated NDP52
levels, RT-qPCR was used to detect the effect of Neo and Fas
on NDP52 mRNA expression. As shown in Fig. 3A, the mRNA
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Figure 3. Post-transcriptional regulation of NDP52 by Fas is at least in part mediated by miR-489. (A) Reverse transcription-quantitative PCR was used to
detect the effects of Neo and Fas on the mRNA level of NDP52. (B) Expression levels of a panel of miRNAs were detected by reverse transcription-quantitative
PCR. (C) Bioinformatics analysis predicted the 3’-UTR binding site of miR-489 on the NDP52 mRNA sequence. (D) Luciferase report assay was used to
assess the binding of miR-489 to the 3-UTR of NDP52 mRNA. (E) Transfection efficiency of the miR-489 mimic and miR-489 inhibitor. (F) Western blotting
was used to detect the expression of NDP52 after overexpression of miR-489 in HEI-OCI1 cells. The gray analysis of the control group was classified as 1.

n=6 in each group, each independent experiment was repeated three times. Data are expressed as mean + SEM. "P<0.05, “'P<0.01,

"P<0.001. NDP52, nuclear

dot protein 52; UTR, untranslated region; WT, wild-type; MUT, mutant; NC mimic, negative control mimic; miR, microRNA; Neo, neomycin; Fas, fasudil.

levels of NDP52 both in the Neo and Neo + Fas groups did not
change significantly compared with those in control group. As
western blotting results (Fig. 2A) demonstrated that Fas could
inhibit the Neo-induced increase of NDP52 protein expres-
sion, Fas is suggested to regulate the expression of NDP52 at
the post-transcriptional level.

Inhibition of target gene expression by miRNAs is a
common post-transcriptional regulatory mechanism (51). It
is known that the expression level of the miRNA is inversely
associated with the expression level of the target protein (31).
Therefore, TargetScan, miRWalk, miRNet, miRDB,
microT-CDS, miRSystem and miRNA MAP were used
to predict microRNAs that may target the NDP52 mRNA
3'-UTR. In total, seven miRNAs (miR-9, miR-34a, miR-489,
miR-23a, miR-494, miR-93 and miR-214) were screened out
by intersecting with the reported articles associated with
deafness and autophagy (31,52-55). RT-qPCR was then used
to detect the effect of Fas and Neo on miRNA expression in
HEI-OCI cells. The results shown in Fig. 3B demonstrated
that Neo significantly inhibited the expression of miR-489
compared with that in the control group, whilst Fas inhibited
the effect of Neo on miR-489 expression. However, the expres-

sions of miR-9, miR-34a, miR-23a, miR-93, and miR-214 were
not in accordance with the above trend.

As shown in Fig. 3C, the NDP52 gene was found to contain
two putative sites on the 3'-UTR that matched the miR-489 seed
region. As shown in Fig. 3D, the miR-489 mimic could inhibit
the luciferase activity compared with that transfected with
the mimic NC, while the miR-489 inhibitor group enhanced
the luciferase activity compared with that in the inhibitor NC
group. However, after mutating the binding site of miR-489 in
the 3'-UTR region of NDP52, neither the miR-489 mimic nor
the miR-489 inhibitor could significantly affect the luciferase
activity (Fig. 3D). These results suggested that miR-489 can
directly bind to the NDP52 3'-UTR region. The transfection
efficiency of the miR-489 mimic and inhibitor was verified by
RT-qPCR (Fig. 3E). Western blotting was then used to detect
the expression of NDP52 in HEI-OCI cells after miR-489 over-
expression. The results demonstrated that the miR-489 mimic
significantly reduced the protein expression of NDP52 compared
with that in cells transfected with the mimic NC (Fig. 3F).

Fas inhibits Neo-induced autophagy and cellular damage by
increasing miR-489 levels. To explore the role of miR-489
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Figure 4. Fas inhibits Neo-induced autophagy and cellular injury by increasing miR-489 levels. (A) miR-489 expression in each treatment group was detected
by reverse transcription-quantitative PCR. (B) Western blotting was used to detect the expression of autophagy-related proteins in HEI-OCI cells after overex-
pression or knockdown of miR-489. (C) ImagelJ software grayscale analysis. The gray analysis of the control group was classified as 1. (D) Fluorescence images
of GFP-LC3B and mitochondria. Red, mitochondria; green, autophagosome; blue, nucleus. Scale bar, 4 ym. (E) Fluorescence images of HEI-OCI cells with
JC-1.Red, JC-1 aggregates; green, JC-1 monomer; blue, nucleus. Scale bar, 10 ym. (F) Reactive oxygen species levels were detected with flow cytometry after
2,7-dichlorfluoresceindiacetate staining. (G) Cell apoptosis was detected with flow cytometry after NDP52 plasmid-transfected HEI-OC1 cells were treated
with Neo and Fas. (H) Statistical analysis of flow cytometry. n=6 in each group, each independent experiment was repeated three times. Data are expressed as
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in the regulation of autophagy by Fas, miR-489 expression
was either overexpressed (miR-489 mimic) or knocked down
(miR-489 inhibitor) in hair cells, before the cells were treated
with Neo and Fas. RT-qPCR was first used to detect the
expression of miR-489 in the cells. Neo treatment significantly
decreased the expression of miR-489, whereas both Fas and
miR-489 mimic significantly increased the level of miR-489
in Neo-treated cells (Fig. 4A). The level of miR-489 expression
was significantly decreased in the Neo + Fas + miR-489
inhibitor group compared with the Neo + Fas group. As shown
in Fig. 4B and C, the levels of LC3B-II/LC3B-I and Beclin 1
in Neo-treated cells were significantly increased compared
with the control group, suggesting enhanced autophagy.
Both miR-489 mimic and Fas inhibited the activation of
Neo-induced autophagy (Fig. 4B and C). However, compared
with the Neo + Fas group, following treatment with the miR-489
inhibitor, Fas could not inhibit Neo-activated autophagy in the
Fas + Neo + miR-489 inhibitor group (Fig. 4B and C).
Mitochondrial co-localization experiments demonstrated
that mitochondrial autophagy was enhanced in Neo-treated
cells, whereas overexpression of miR-489 using the miR-489

mimic and Fas could inhibit the activation of mitochondrial
autophagy (Fig. 4D). However, compared with the Neo + Fas
group, Fas could not inhibit the activation of mitochondrial
autophagy by Neo in the Neo + Fas + miR-489 inhibitor group
(Fig. 4D). These results suggested that Fas inhibited mitochon-
drial autophagy by increasing the level of miR-489 expression.
The detection results of mitochondrial membrane potential
suggested that both Fas and miR-489 mimic inhibited the
Neo-induced reduction in the mitochondrial membrane
potential (Fig. 4E). However, the mitochondrial membrane
potential in the Neo + Fas group was higher than that in in the
Neo + Fas + miR-489 inhibitor group (Fig. 4E).

ROS detection results demonstrated that intracellular ROS
levels increased after Neo treatment, whilst ROS levels in
cells treated with Fas or miR-489 mimic were markedly lower
compared with those induced by Neo alone (Fig. 4F). In the
Neo + Fas + miR-489 inhibitor group, Fas failed to inhibit
the Neo-induced increase in ROS levels in hair cells (Fig. 4F).
The results from flow cytometry showed that the level of
apoptosis after Neo treatment was significantly increased,
but the level of apoptosis of cells treated with Fas or miR-489



EXPERIMENTAL AND THERAPEUTIC MEDICINE 23: 43, 2022 9

mimic was significantly lower compared with that induced
by Neo (Fig. 4G and H). Furthermore, Fas could not inhibit
Neo-induced apoptosis in hair cells with miR-489 inhibitor
(Fig. 4G and H).

Discussion

Fas is a new isoquinoline sulfonamide derivative, an effec-
tive ROCK-II inhibitor and a calcium antagonist (56). Fas is
mainly used for clinically treating subarachnoid hemorrhage
caused by cerebral vasospasm (57). The present study revealed
the inhibitory effects of Fas on Neo-induced inner ear hair
cell damage. Further mechanistic studies suggested that
Fas reduced the expression of the autophagy-related protein
NDP52 at the post-transcriptional level by upregulating the
expression of miR-489, thereby inhibiting the activation of
Neo-induced autophagy whilst preventing Neo-induced hair
cell injury.

The mechanism through which ototoxic drugs cause
hair cell damage and apoptosis is complex, though the
accumulation of ROS in the cell has been reported to activate
multiple signaling pathways associated with apoptosis, such as
the ROS/JNK pathway and the caspase-independent apoptosis
pathway (58,59), and can serve an important role in inducing
hair cell death. For example, mitochondrial calcium uptake
is based on ROS generation during aminoglycoside-induced
hair cell death (60). Cell survival requires the maintenance
of balance between oxidative stress and antioxidant defense
systems. When ROS production exceeds the limit of cell
repair, cell damage ensues, where ROS accumulation leads to
cell death (61,62).

Autophagy is a mechanism for the orderly degradation and
renewal of non-essential or damaged cellular components in
all eukaryotes (63,64). Autophagosomes engulf organelles or
other cytoplasmic components that must be degraded into a
bilayer membrane, which then fuse with lysosomes; the contents
are degraded through lysosomal hydrolysis (65-67). In certain
cases, autophagy can induce autophagic cell death, where the
overactivation of autophagy can cause cell death through a
variety of degradation pathways, such as macro-autophagy
and peroxisome degradation pathways (68). Autophagy
attenuates noise-induced hearing loss by reducing oxidative
stress (69). Neo can induce hair cell injury, possibly through
the increased levels of autophagy in hair cells (43,70). When
autophagy occurs, cytoplasmic LC3-I enzymatically cleaves
a small polypeptide fragment to become membrane-type
LC3-II (48). Therefore, the value of the LC3-1I/1 ratio may be
used to estimate changes in autophagy levels (71).

Results of a previous study demonstrated that Fas
regulates autophagy to alleviate cell damage. For example, Fas
suppressed TGF--mediated autophagy in urethra fibroblasts
of mice to attenuate traumatic urethral stricture (72).
Moreover, autophagy inhibition stimulated apoptosis in
oesophageal squamous cell carcinoma treated with Fas (73).
Thus, the present study aimed to further explore the potential
effects of Fas on ototoxicity induced by Neo, and determine
whether this was associated with autophagy. HEI-OC1
cells were divided into the control group, Neo group and
Neo + Fas group, following which the dose-dependent effects
of Fas on Neo-induced apoptosis in cells were assessed via

flow cytometry. Further experiments demonstrated that Fas
inhibited the increase of mitochondrial autophagy induced
by Neo, inhibited the decrease in mitochondrial membrane
potential induced by Neo, reduced ROS levels in HEI-OC1
cells and inhibited cell apoptosis.

The mechanism through which Fas regulates autophagy
was then investigated. NDP52 is a newly discovered
autophagy-related protein that can bind to the LC3 protein on
the surface of autophagosomes to promote autophagy (74,75).
Gibbings et al (75,76) previously found that the expression
level of miR-489 was decreased following induction by Neo.
The inhibitory effects of Fas on Neo-induced mitochondrial
autophagy, mitochondrial membrane potential decline, ROS
levels and apoptosis were blocked by the overexpression
of NDP52, which was verified in HEI-OCI1 cells. It was
subsequently explored further how Fas regulated the reduction
in NDP52 protein expression. Several bioinformatic analysis
software packages were used to predict miRNAs that may
target the NDP52 mRNA 3'-UTR. In total, seven miRNAs
(miR-9, miR-34a, miR-489, miR-23a, miR-494, miR-93 and
miR-214) were screened out by intersecting with previous
articles related to deafness and autophagy (31,52-55,77-79).
It was predicted and verified that miR-489 could bind to the
3'-UTR of NDP52 mRNA to negatively regulate the expression
of NDP52. A series of overexpression and knockdown
experiments were also conducted to verify that Fas can
inhibit Neo-induced autophagy activation by upregulating the
expression of miR-489. This reduced the expression of the
autophagy-related protein NDP52 at the post-transcriptional
level, thereby inhibiting Neo-induced autophagy activation
and preventing Neo-induced hair cell damage.

In conclusion, Fas is a low toxicity drug, which has been
widely used in the clinical treatment of postoperative cerebral
vasospasm in patients with subarachnoid hemorrhage and
acute ischemic stroke (80,81). The findings of the present
study suggested that Fas may hold promise as a candidate drug
for the prevention and treatment of sensorineural deafness
caused by Neo. Furthermore, investigation into the underlying
mechanism uncovered that miR-489 may be a potential target
for the treatment of drug-induced deafness.
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