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ABSTRACT
Aminoglycosides exhibit ototoxicity by damaging mitochondria, which in turn generate reactive 
oxygen species that induce hair cell death and subsequent hearing loss. It is well known that 
damaged mitochondria are degraded by mitophagy, an important mitochondrial quality control 
system that maintains mitochondrial homeostasis and ensures cell survival. However, it is unclear 
whether dysregulation of mitophagy contributes to aminoglycoside-induced hair cell injury. In the 
current study, we found that PINK1-PRKN-mediated mitophagy was impaired in neomycin-treated 
hair cells. Our data suggested that mitochondrial recruitment of PRKN and phagophore recognition 
of damaged mitochondria during mitophagy were blocked following neomycin treatment. In addi-
tion, the degradation of damaged mitochondria by lysosomes was significantly decreased as indi-
cated by the mitophagic flux reporter mt-mKeima. Moreover, we demonstrated that neomycin 
disrupted mitophagy through transcriptional inhibition of Pink1 expression, the key initiator of 
mitophagy. Moreover, we found that neomycin impaired mitophagy by inducing ATF3 expression. 
Importantly, treatment with a mitophagy activator could rescue neomycin-treated hair cells by 
increasing mitophagy, indicating that genetic modulation or drug intervention in mitophagy may 
have therapeutic potential for aminoglycoside-induced hearing loss.
Abbreviations: AAV: adeno-associated virus; ABR: auditory brainstem response; ATF3: activating 
transcription factor 3; ATOH1/MATH1: atonal bHLH transcription factor 1; BafA1: bafilomycin A1; 
CCCP: carbonyl cyanide m-chlorophenyl hydrazone; COX4I1/COXIV: cytochrome c oxidase subunit 
4I1; CTBP2/RIBEYE: C-terminal binding protein 2; DFP: deferiprone; EGFP: enhanced green fluorescent 
protein; FOXO3: forkhead box O3; GRIA2/GLUR2: glutamate receptor, ionotropic, AMPA2 (alpha 2); 
HC: hair cell; HSPD1/HSP60: heat shock protein 1 (chaperonin); IHC: inner hair cell; MAP1LC3B/LC3B: 
microtubule-associated protein 1 light chain 3 beta; MYO7A: myosin VIIA; OPTN: optineurin; OMM: 
outer mitochondrial membrane; PRKN: parkin RBR E3 ubiquitin protein ligase; PINK1: PTEN induced 
putative kinase 1; RT-qPCR: real-time quantitative polymerase chain reaction; TOMM20/TOM20: 
translocase of outer mitochondrial membrane 20; TUNEL: Terminal deoxynucleotidyl transferase 
(TdT) dUTP nick-end labeling; USP30: ubiquitin specific peptidase 30; XBP1: X-box binding protein 1.
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Introduction

Sensorineural hearing loss is one of the most common sensory 
disorders, and it is estimated that over 360 million people 
globally have disabling hearing loss [1]. Hair cell (HC) injury

is one of the main causes of aging-related, drug-related, and 
noise-related sensorineural hearing loss. Aminoglycoside anti-
biotics such as neomycin and kanamycin show similar mole-
cular structures and are widely used all over the world [2], but
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it has been demonstrated that aminoglycoside antibiotics can 
be toxic to sensory HCs [3]. Aminoglycoside co-treatment 
with a loop diuretic such as furosemide is an effective method 
for modeling acute HC damage. The addition of furosemide 
disrupts the blood labyrinth barrier, greatly elevating the 
accumulation of aminoglycoside but not directly damaging 
HCs in the cochlea [4]. Although the molecular mechanisms 
that result in ototoxicity are still poorly understood, inner ear 
HCs have been shown to be the targets of aminoglycosides 
[5], and aminoglycoside-induced HC damage is commonly 
linked to mitochondrial damage [6]. The accumulation of 
harmful reactive oxygen species and cell apoptosis can be 
induced by impaired mitochondria, and therefore the clear-
ance of damaged mitochondria is very important for main-
taining cell survival [7]. Previous studies have shown that 
damaged mitochondria are eliminated by mitophagy, which 
is the mitochondria-specific form of autophagy that selectively 
degrades damaged mitochondria through the actions of lyso-
somes [8], and defective mitophagy has been shown to lead to 
several human diseases, including neurodegenerative diseases, 
cancers, and metabolic diseases [9,10].

The mitochondrial protein kinase PINK1 (PTEN induced 
putative kinase 1) and the cytoplasmic PRKN (parkin RBR E3 
ubiquitin protein ligase) are involved in the process of mito-
phagy [11]. PINK1 is a Ser-Thr kinase that accumulates spe-
cifically on impaired mitochondria [12] where it acts as 
a primary factor involved in mitochondria degradation. In 
healthy mitochondria, it can translocate into the mitochon-
dria where it is processed into a 52-kDa form and subse-
quently degraded, thus resulting in low levels of PINK1 
[13,14]. PRKN is an E3 ubiquitin ligase [15], and both 
PRKN and ubiquitin are phosphorylated by PINK1 [16,17], 
which triggers the recruitment of PRKN to the outer mito-
chondrial membrane (OMM) and activates the E3 ligase 
activity of PRKN [18]. PRKN subsequently ubiquitinates 
numerous OMM proteins and leads to the recruitment of 
different MAP1LC3/LC3 (microtubule-associated protein 1 
light chain 3)-interacting region (LIR)-containing autophagy 
receptors, including OPTN (optineurin) and CALCOCO2/ 
NDP52 (calcium binding and coiled-coil domain 2) [19,20]. 
These receptors then bind the autophagosome protein LC3 to 
promote autophagosome assembly [20].

Recent studies have shown that the overproduction of reactive 
oxygen species and lack of mitochondrial integrity in cochlear 
HCs are critical mechanisms behind aminoglycoside-induced 
hearing loss [6,21,22]. However, whether mitophagy is involved 
in the clearance of mitochondria in cochlear HCs or if dysfunc-
tional mitophagy contributes to neomycin-induced HC injury 
remains poorly understood. Thus, we sought to measure PINK1- 
PRKN-mediated mitophagy in HEI-OC1 cells with or without 
neomycin treatment. We found that in HEI-OC1 cells mitophagic 
flux and the gene transcription of Pink1 were reduced after 
neomycin treatment and that the damaged cochlear HCs could 
be partially rescued when mitophagy was restored by the mito-
phagy inducer deferiprone (DFP) and the PINK1 activator kinetin 
or siRNA against the mitochondria-localized deubiquitinating 
enzyme Usp30 (ubiquitin specific peptidase 30). In conclusion, 
our results indicate that mitophagy can be considered as a new 
therapeutic target for the prevention of HC death.

Results

Damaged mitochondria were removed through PINK1- 
PRKN-mediated mitophagy in HEI-OC1 cells

To study PINK1-PRKN-mediated mitophagy in HCs, we 
used HEI-OC1 cells, which are commonly used to study 
HC injury and protection. First, mitochondria damage was 
induced in mCherry-PRKN-expressing HEI-OC1 cells 
using the protonophore carbonyl cyanide m-chlorophenyl 
hydrazone (CCCP), which is a mitochondrial proton gra-
dient uncoupler. After CCCP treatment, the translocation 
of PRKN on mitochondria was increased in more than 
50% of the HEI-OC1 cells (Figure S1A, B). The immuno-
cytochemistry results showed that almost all of the mito-
chondria were “eaten” in the PRKN-positive HEI-OC1 
cells after long-term CCCP treatment (Figure S1A, D). 
Also, the levels of the mitochondrial proteins TOMM20/ 
TOM20 (translocase of outer mitochondrial membrane 
20), COX4I1/COXIV (cytochrome c oxidase subunit 4I1), 
and HSPD1/HSP60 (heat shock protein 1 (chaperonin)) 
were strongly reduced (Figure S1C, E). These results indi-
cated that the mitochondria damaged by CCCP treatment 
had been efficiently removed.

Next, to test if the damaged mitochondria were removed 
via autophagy (mitophagy), bafilomycin A1 (BafA1) was used 
to block the autophagic flux. The mitochondrial mass was 
assessed using the mitochondrial proteins described above. 
The immunofluorescence results showed that the mitochon-
drial proteins were still present when BafA1 was added along 
with CCCP (Figure S1F), and the mitochondrial proteins were 
rescued by BafA1 in the western blot results (Figure S1G-J). 
These results were consistent with our hypothesis that PINK1- 
PRKN-mediated mitophagy is triggered by CCCP treatment 
in HEI-OC1 cells and that this process removes the damaged 
mitochondria.

Neomycin prevented PRKN recruitment and the 
subsequent removal of damaged mitochondria

To further study the mechanism behind the effects of neomy-
cin on PINK1-PRKN-mediated mitophagy, the changes in 
mitochondrial mass were followed over time. Most cells 
were again cleared of damaged mitochondria after 24 h of 
CCCP treatment (Figure 1A, B). Significantly enhanced mito-
chondrial protein levels (Figure 1C, E) and reduced mCherry- 
PRKN on the mitochondria (Figure 1D, F) were seen in cells 
co-treated with CCCP and neomycin compared to CCCP 
alone, suggesting that neomycin disrupted PRKN accumula-
tion, thus impairing the elimination of mitochondrial pro-
teins. The biochemical fraction assay also showed that the 
accumulation of PINK1 and PRKN on mitochondria was 
reduced after neomycin exposure (Figure S2A, B, and D). 
To further confirm the effect of neomycin on PINK1-PRKN- 
mediated mitophagy, we used antimycin/oligomycin treat-
ment and obtained similar results (Figure S3).

To gain greater insight into the effects of neomycin on 
PRKN-mediated mitophagy, we carefully examined PRKN 
recruitment after we treated cells with different concentra-
tions of neomycin at various times. The results showed that
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Figure 1. PINK1-PRKN-mediated mitophagy is inhibited after neomycin treatment. (A) Immunofluorescence staining with TOMM20 antibody showed that neomycin 
treatment repressed mitochondria (green) clearance induced by CCCP in mCherry-PRKN-expressing HEI-OC1 cells. Cells were treated with neomycin (0.5 mM) and 
CCCP (20 μM) for 24 h. (B) Quantification of the cells without mitochondria in A, n = 3. (C) Western blot showing changes in mitochondrial proteins (HSPD1 and 
TOMM20) in HEI-OC1 cells. Cells were treated with neomycin (0.5 mM) and CCCP (20 µM) for 24 h, and GAPDH was used as the control protein. (D) 
Immunofluorescence staining with TOMM20 showed that neomycin treatment inhibited PRKN (red) accumulation on mitochondria (gray) induced by CCCP in 
mCherry-PRKN-expressing HEI-OC1 cells. Cells were treated with neomycin (0.5 mM) and CCCP (20 μM) for 6 h. (E) Quantification of the western blot results in C, 
n = 3. (F) Quantification of the cells with mCherry-PRKN accumulation on mitochondria in D, scored for ≥100 cells per condition, n = 5. For all experiments, ** 
p < 0.01 and **** p < 0.0001. Data are shown as means ± S.D.
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PRKN recruitment on mitochondria was inhibited by neo-
mycin in a time and dose-dependent manner (Figure S4A- 
C). The reduction of TOMM20, COX4I1, and HSPD1 was 
prevented after neomycin exposure (Figure S4D-G). 
Because the effect of neomycin on mitochondria restoration 
did not increase at concentrations greater than 0.5 mM, 
0.5 mM neomycin was used in the follow-up experiments 
in HEI-OC1 cells.

In addition, the protein level of PRKN was not affected 
after neomycin treatment for 6 h (Figure S2F), while the 
PRKN protein level was increased after neomycin exposure 
for 24 h compared to CCCP treatment alone (Figure S2G). 
These results suggest that the clearance of PRKN (along with 
the damaged mitochondria) was repressed by neomycin.

The mitophagic flux was disrupted after neomycin 
treatment

The ubiquitin-labeled OMM has been shown to recruit the 
autophagosome protein LC3 via OPTN when mitochondria 
are damaged [20]. To determine whether the connection 
between the autophagosome and damaged mitochondria was 
affected in neomycin-treated cells, we examined the colocali-
zation of HA-ubiquitin and TOMM20. We found that the 
ubiquitination of the OMM induced by CCCP exposure was 
significantly inhibited in the CCCP+neomycin group 
(Figure 2A, B). Moreover, the colocalization of OPTN with 
TOMM20 and MAP1LC3B/LC3B (microtubule-associated 
protein 1 light chain 3 beta) was decreased in the CCCP 
+neomycin treatment group compared to CCCP alone 
(Figure 2C-F). In addition, the colocalization of endogenous 
LC3B or OPTN with HSPD1 was reduced after neomycin 
damage and showed consistent results with Figure 2 (Figure 
S2C, E). These results indicated that the recruitment of ubi-
quitin on mitochondria was impaired by neomycin, further 
leading to the failure of OPTN receptor and phagophore 
recruitment.

mKeima is a pH-sensitive dual-excitation fluorescent pro-
tein that specifically targets mitochondria [23]. At physiolo-
gical pH, a shorter wavelength (440 nm) is the predominant 
excitation wavelength, but when it is exposed to an acidic 
environment, such as within the lysosome, the wavelength of 
mKeima shifts to a longer wavelength (586 nm) [24,25]. 
Therefore, when connected with a mitochondrial-targeting 
sequence, this probe can provide information on the number 
of mitochondria in the cytosol or in lysosomes, which reflects 
the level of mitophagic flux [26]. HEI-OC1 cells were trans-
fected with the mt-mKeima plasmids and then subjected to 
live-cell imaging to study the effect of neomycin injury on 
mitophagic flux. Our results showed that mt-mKeima dis-
played the shorter-wavelength excitation range (green) after 
6 h neomycin treatment, while exposure to CCCP for 6 h 
resulted in a significant increase of the longer-wavelength 
signal (red), which reflected the uptake of mitochondria into 
lysosomes (mitophagy). The mitophagy induced by CCCP 
was inhibited after the cells were co-treated with neomycin 
for 6 h (Figure 3A, C). When the cells were exposed to CCCP 
for 20 h, all of the autophagosomes with mitochondria inside 
were taken up into lysosomes. However, the fusion of the

mitochondria with lysosomes (red signal) induced by CCCP 
was partially rescued by co-exposure to neomycin (Figure 3B, 
D). Collectively, these results suggested that neomycin delayed 
the uptake of mitochondria into lysosomes.

Neomycin repressed the transcription of Pink1

To further explore the mechanism underlying neomycin- 
mediated impairment of mitophagy, we evaluated the effect 
of neomycin on PINK1 protein level and phosphorylation. 
Western blot showed that the PINK1 protein level was 
reduced in both HEI-OC1 cells and the cochlea after neomy-
cin treatment (Figure 4A, B, Figure S2H, I, and Figure S5A- 
C). We also found that the phosphorylation of PINK1 was not 
affected after neomycin treatment (Figure 4A, C). 
Phosphorylation of PINK1 was validated by CCCP treatment 
(Figure S5A). In addition, the immunoblotting of exogenous 
PINK1 using phos-tag gels showed that the phosphorylation 
of PINK1 was not affected after neomycin treatment 
(Figure 4D). The level of phosphorylated ubiquitin (Ser65) 
was also reduced after neomycin treatment (Figure 4E). The 
turnover of PINK1 protein was not affected by neomycin 
treatment (Figure 4G). These results suggested that neomycin 
did not directly affect the activity or degradation of PINK1 
protein but may repress PINK1 expression through other 
mechanisms. Notably, we found that the Pink1 mRNA level 
was significantly decreased after neomycin treatment in both 
HEI-OC1 cells and the cochlea (Figure 4F, H, and Figure S5D, 
E), suggesting that neomycin impaired mitophagy by repres-
sing the transcription of the Pink1 gene.

To explore the mechanism by which neomycin inhibits 
mitophagy, we further tested several known regulators of 
Pink1 transcription. According to previous studies, Pink1 
transcription is regulated by ATF3 (activating transcription 
factor 3), XBP1 (X- box binding protein 1), FOXO3 (forkhead 
box O3), and other transcription factors [27–29].

Western blot results showed that the protein level of ATF3, 
but not XBP1 and FOXO3, was increased after neomycin 
damage (Figure 5A, B). In addition, neomycin treatment sig-
nificantly increased the mRNA level of Atf3 (Figure 5C). The 
protein level of PINK1 was elevated after Atf3 depletion 
(Figure 5D, E, and Figure S6A-C). Moreover, the Pink1 dual- 
luciferase reporter system was used to detect the interaction of 
endogenous ATF3 with the 200 bp Pink1 promoter on HEI- 
OC1 cells as indicated in Figure 5G, and the reduction of 
Pink1 promoter activity induced by neomycin was rescued by 
Atf3 silencing (Figure 5F, H, and I). These results showed that 
neomycin repressed Pink1 transcription by activating ATF3.

Restored mitophagy promoted cochlear HC survival after 
aminoglycoside damage

Anc80L65 is an ancestor of several adeno-associated virus 
(AAV) serotypes and has demonstrated excellent infection 
efficiency in various cochlear cell types, including inner hair 
cells (IHCs) and outer hair cells [30,31]. We also measured 
the mitophagy in explant cultures of ATOH1/MATH1 (atonal 
bHLH transcription factor 1)-EGFP (enhanced green fluores-
cent protein) mouse HCs, which were infected with
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Figure 2. The recognition of damaged mitochondria by the autophagosome is impaired after neomycin exposure. (A) Immunofluorescence with TOMM20 and HA 
antibody showing changes in the colocalization of ubiquitin (red) and TOMM20 (gray) after co-treatment with 20 µM CCCP and 0.5 mM neomycin for 6 h. HEI-OC1 
cells were transfected with EGFP-PRKN and HA-ubiquitin. (B) Quantification of the percentage of EGFP-PRKN-positive HEI-OC1 cells with ubiquitin on the 
mitochondria in A, n = 4. (C) The colocalization of EGFP-OPTN and TOMM20 (gray) after the FLAG-PRKN-expressing HEI-OC1 cells were co-treated with 20 μM 
CCCP and 0.5 mM neomycin for 6 h. (D) Quantification of the number of EGFP-OPTN puncta on the mitochondria in FLAG-PRKN-expressing HEI-OC1 cells. At least 20 
cells were counted in each experiment. (E) Immunofluorescence using FLAG-PRKN-expressing HEI-OC1 cells showing changes in the colocalization of EGFP-OPTN and 
mCherry-LC3B after the cells were co-treated with 20 μM CCCP and 0.5 mM neomycin for 6 h. (F) Quantification of the number of mCherry-LC3B puncta co-localized 
with OPTN in E, n = 3. For all experiments, ***p < 0.001 and ****p < 0.0001. Data are shown as means ± S.D.
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Anc80L65-mt-mKeima (AAV), and the results showed that 
the mitophagy level was decreased after neomycin treatment 
(Figure 6A). DFP, an iron chelator that can induce mitophagy 
without harming mitochondria [32], was used to see if it 
could rescue cochlear HCs damaged by neomycin. The immu-
nofluorescence results showed that HC loss was decreased in 
the middle and basal turns of the cochlea when pretreated 
with DFP (Figure 6B, C, F, and G), whereas no differences 
were shown in the apical turn (Figure S7A). Terminal deox-
ynucleotidyl transferase (TdT) dUTP nick-end labeling 
(TUNEL) staining was performed to identify the apoptotic 
HCs. The results showed that MYO7A (myosin VIIA) and 
TUNEL double-positive cells were significantly reduced in the 
middle and basal turns of the cochlea when pretreated with 
DFP (Figure 6D, E, H, and I). We further found that damaged 
mitochondria were removed after DFP treatment by

measuring the protein levels of TOMM20, COX4I1, and 
HSPD1 (Figure S7C, D).

USP30 is a deubiquitinating enzyme that localizes on the 
mitochondria and removes the ubiquitin modification on 
damaged mitochondria [33]. Overexpression of USP30 can 
delay mitophagy [34], whereas depletion of USP30 
enhances damaged mitochondrial clearance in neurons 
[35]. We tested whether Usp30 siRNAs could rescue the 
neomycin-induced HC damage, and we found that the 
number of HCs was increased significantly (Figure S6D-J) 
and the number of TUNEL-positive HCs was reduced in 
the middle and basal turns (Figure 6J-O) in the Usp30 
silenced groups, while there were no differences in the 
apical turn (Figure S7B). These results demonstrated that 
knockdown of Usp30 successfully prevented HC apoptosis 
induced by neomycin exposure.

Figure 3. Mitophagic flux is impaired after neomycin treatment. (A) Representative confocal image of mt-mKeima showing that the number of mitochondria- 
containing lysosomes was reduced in EGFP-PRKN-expressing HEI-OC1 cells after neomycin treatment for 6 h. (B) Similar experiments as in A were performed, but the 
HEI-OC1 cells were treated with neomycin for 20 h. (C-D) Quantification of the intensity of the red mt-mKeima fluorescence, which reflected mitophagic flux. At least 
36 cells per experiment were counted. n = 3. For all experiments, ** p < 0.01 and **** p < 0.0001. Data are shown as means ± S.D.
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As a PINK1 activator, kinetin treatment leads to accelerated 
PRKN recruitment to depolarized mitochondria [36–38]. 
Accordingly, to determine whether restoring mitophagy with 
kinetin could protect against hearing loss and HC death induced 
by neomycin sulfate and furosemide (Figure 7A-C), we mea-
sured the auditory thresholds and the number of HCs 
(Figure 7D-F), and the results showed that auditory function 
was improved and the number of surviving HCs increased after 
kinetin treatment, indicating that kinetin administration pro-
tected the cochlear HCs against neomycin-induced hearing loss.

In the mouse inner ear, the ribbon synapse is a critical 
linker between IHCs and spiral ganglion neurons and plays an 
important role in sound encoding and neurotransmitter 
release. The ribbon synapse is the primary target in the 
aminoglycoside-damaged model [39]. To investigate whether 
loss of ribbon synapses can also be prevented after neomycin 
exposure in vivo, we used antibodies against CTBP2/RIBEYE 
(C-terminal binding protein 2) and GRIA2/GLUR2

(glutamate receptor, ionotropic, AMPA2 (alpha 2)), which 
together make up the post-synaptic density (Figure 8A). The 
juxtaposed spots stained by double immunofluorescence were 
identified as ribbon synapses [40]. The number of ribbon 
synapses was significantly decreased after neomycin damage 
in the middle and basal turns of the cochlea, and pre- 
treatment with kinetin partially protected against loss of rib-
bon synapses as indicated by both the pre-synaptic dots and 
post-synaptic puncta (Figure 8B, C). The spiral ganglion neu-
ron will not trigger an action potential when the pre-synaptic 
signal is disconnected from post-synaptic puncta, and thus the 
number of orphan ribbons was also quantified. In the neo-
mycin treatment group, the number of orphan ribbons 
increased significantly compared with the kinetin group 
(Figure 8D).

In addition, transmission electron microscopy of cochlear 
HCs showed that autophagosomes containing mitochondria 
appeared after kinetin treatment, indicating that mitophagy
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2 mM, and 5 mM) for 6 h, n = 4. (G) Western blot showing the degradation of PINK1 in HEK 293 cells, which were treated with 20 μM CCCP and 0.5 mM neomycin for 
3 h followed by CCCP washout (W/O) at the indicated times. PINK1 protein was detected at the indicated times after CCCP washout. (H) RT-qPCR analysis of Pink1 
transcription in HEI-OC1 cells treated with 0.5 mM neomycin (6 h, 12 h, and 24 h), n = 4. For all experiments, *p < 0.05, ** p < 0.01, and ***p < 0.001. Data are shown 
as means ± S.D.
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was activated by kinetin treatment (Figure S7E). A similar 
protective role for DFP in the kanamycin-damaged model 
was also observed (Figure S8).

PRKNF146A is a hyperactive PRKN mutant that has been shown 
to increase PRKN auto-ubiquitination activity [41,42]. We found 
that expression of EGFP-PRKNF146A could rescue neomycin- 
damaged cells by increasing mitophagy (Figure S9A-C). These 
results demonstrated that activation of mitophagy could prevent 
aminoglycoside-induced HC death and subsequent hearing loss.

Discussion

Macroautophagy/autophagy is a common cellular response to 
stress or starvation that degrades dysfunctional or

unnecessary cellular components and misfolded proteins 
through the lysosome pathway [43], and it is involved in 
both cell survival and cell death processes [44]. Autophagy 
has also been shown to protect HCs after aminoglycoside 
injury [45]. We and others have previously shown that the 
mitochondria are the main target of ototoxic agents. However, 
the role of mitochondrial quality control in HC-damaging 
processes is poorly understood despite the fact that mitophagy 
is linked to the maintenance of HC morphology [46,47].

This study fully explored the role of PINK1-PRKN-mediated 
mitophagy in neomycin-induced HC death. PINK1-PRKN- 
mediated mitophagy is one of the classic mitophagy pathways, 
and it plays an important role in mitochondrial quality control 
[48,49]. Because the basal levels of mitophagy were too weak to 
remove damaged mitochondria after neomycin treatment
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Figure 5. Neomycin activates ATF3 protein expression to repress Pink1 transcription. (A) Western blot results showing the protein levels of three transcription factors 
(ATF3, XBP1, and FOXO3) in HEI-OC1 cells after CCCP (20 μM) treatment for 6 h, with or without neomycin (0.5 mM). (B) Analysis of the protein levels of ATF3, XBP1, 
and FOXO3 in A, n = 3. (C) Atf3 mRNA level in HEI-OC1 cells treated with neomycin for 6 h and 24 h. Atf3 mRNA gradually increased over time. (D) HEI-OC1 cells were 
transfected with Atf3 siRNA for 24 h and then treated with CCCP (20 μM) for 6 h, and western blot results showing protein levels of ATF3 and PINK1. After knockdown 
of Atf3, PINK1 levels were increased. (E) Quantification of the western blot results in D, n = 3. (F) Pink1 promoter activity after HEI-OC1 cells treated with neomycin 
(0.5 mM) for 24 h. Cells were transfected with a Pink1 luciferase promoter reporter plasmid and Renilla reniformis luciferase plasmid. n = 3. (G) Schematic diagram of 
the Pink1 promoter luciferase reporter plasmid. The arrow indicates the direction of Pink1 transcription. (H) The Pink1 promoter activity assay after knockdown of Atf3 
in which HEI-OC1 cells were transfected with plasmids as described in F, n = 3. (I) Analysis of promoter activity after HEI-OC1 cells were exposed to neomycin 
(0.5 mM) in the absence or presence of Atf3 siRNA, the control siRNA and undamaged groups were normalized as 100%, n = 4. For all experiments, *p < 0.05, 
**p < 0.01, and ***p < 0.001. Data are shown as means ± S.D.
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Figure 6. Promoting mitophagy prevents HC death after neomycin treatment in vitro. (A) Confocal image of ATOH1-EGFP mouse cochleae expressing Anc80L65-CAG- 
mt-mkeima-mNeonGreen-P2A (AAV). The signal of mitophagic flux indicated by mt-mKeima (red) was excited by a 561 nm laser. Note that the EGFP signal that was 
used to mark HCs (green) was excited by a 488 nm laser. Cochlear explants (middle turn) were treated with 0.5 mM neomycin and 20 μM CCCP for 24 h and observed 
immediately. White arrows indicate damaged mitochondria in a lysosomal acidic environment. (B) Schematic of the explant culture with neomycin and DFP 
treatment experiments. (C) Immunofluorescence with MYO7A showing the HC loss after neomycin exposure. The explants were pre-treated with 0.25 mM DFP for 
48 h. MYO7A (red) antibody was used to mark HCs. (D-E) Immunofluorescence showing TUNEL (green) and MYO7A (red) double-positive cells in the middle and basal 
turns of the cochlea. Explants were pretreated with 0.25 mM DFP for 48 h, followed by 0.5 mM neomycin treatment for 20 h. Scale bar: 20 μm. (F-G) Quantification of 
HCs (MYO7A-positive cells) in the middle and basal turns of the cochlea in C, n = 3. (H-I) Quantification of TUNEL and MYO7A double-positive cells in the middle and 
basal turns of the cochlear explants in D and E, n = 3. (J-K) Immunofluorescence staining showing TUNEL (green) and MYO7A (red) double-positive cells in the middle 
and basal turns of the cochlea after different treatments as indicated for 20 h. Scale bar: 20 μm. (L-M) Quantification of MYO7A-positive HCs in the middle and basal 
turns after treatment with Usp30 siRNAs and neomycin, n = 3. (N-O) Quantification of TUNEL and MYO7A double-positive HCs in the middle and basal turns of the 
cochlea in J and K, n = 3. For all experiments, * p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data are shown as means ± S.D.
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(Figure 3 and Figure S9D-H), CCCP was used to induce PINK1- 
PRKN-mediated mitophagy. We observed a reduction in PRKN 
translocation on the mitochondria in CCCP-induced and anti-
mycin/oligomycin-induced mitophagy after neomycin exposure 
(Figure 1D, F, and Figure S3A, B, E), indicating that the key 
player in mitophagy was reduced after aminoglycoside-induced 
HC damage. The main steps of mitophagic flux are 1) the 
initiation of mitophagy by PINK1 accumulation on the 
OMM, 2) the translocation of PRKN onto the mitochondria 
and ubiquitination of the mitochondria, 3) recognition of the 
autophagosome, and 4) the fusion of the lysosome and the 
autophagosome with the damaged mitochondria inside. We 
sought to clarify which step was the primary target of neomycin, 
and we found that the fusion of the autophagosome and lyso-
some was decreased upon neomycin exposure, as indicated by 
mt-mKeima fluorescence (Figure 3 and Figure 6A). In addition, 
the recognition of mitochondria by PRKN, the ubiquitination of 
the mitochondria, the binding of the OPTN receptor, and the 
formation of the autophagosome were all inhibited by neomycin

treatment (Figure 2 and Figure S2C, E), thus suggesting that the 
neomycin-mediated impairment of mitophagy may occur at the 
initiation step.

PINK1 accumulation on damaged mitochondria is the 
initial step of the mitophagy pathway [12,50], and PINK1 
phosphorylates and recruits both ubiquitin and PRKN to the 
OMM [17]. As shown in Figure 4F, H, and Figure S5D, E, the 
transcription of Pink1 mRNA was repressed in both cochlear 
explant culture and HEI-OC1 cells upon neomycin treatment, 
which in turn led to the reduction of PINK1 protein 
(Figure 4A, B, and Figure S5B, C). In addition, the phosphor-
ylation of PINK1 was not affected after neomycin exposure 
(Figure 4A, C, and D). Therefore, the reduced level of phos-
pho-ubiquitin (Ser65) was due to decreased PINK1 protein 
level and not to changes in PINK1 phosphorylation 
(Figure 4E). These results indicated that the production of 
PINK1 was repressed after neomycin treatment, which 
resulted in the inhibition of PRKN translocation to the 
OMM and subsequent ubiquitination of the OMM.

Figure 7. Kinetin prevents neomycin-induced hearing loss in vivo. (A) Schematic of the animals treated with neomycin and kinetin. (B) ABR threshold analysis after 
mice were exposed to 30 mg/kg or 60 mg/kg kinetin for 7 days, n = 3. (C) ABR thresholds after 100 mg/kg neomycin exposure with different concentrations of 
furosemide (100 mg/kg, 200 mg/kg, and 300 mg/kg), n = 3. (D) Representative immunofluorescence of MYO7A images showing hair cells from the apical, middle, 
and basal turns of the cochlea. Eight-week-old mice were administrated with the following as indicated, control: saline, neo: 100 mg/kg neomycin, Furo: 200 mg/kg 
furosemide, and Kinetin: 30 mg/kg kinetin. (E) ABR thresholds after exposure to neomycin and furosemide with or without kinetin treatment. neo: 100 mg/kg 
neomycin, Furo: 200 mg/kg furosemide, and Kinetin: 30 mg /kg kinetin. n = 6. (F) Residual outer hair cell (OHC) numbers per 100 μm from mice with different 
treatments in D, n = 6. For all experiments, * p < 0.05, **p < 0.01, and ***p < 0.001. Data are shown as means ± S.D.
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Therefore, we concluded that neomycin stalls mitochondrial 
clearance by inhibiting the initiation step of mitophagy, which 
in turn affects the entire mitophagic flux.

How neomycin leads to reduced Pink1 transcription also 
needs to be addressed. Several elegant studies have shown 
that XBP1 and FOXO3 modulate PINK1 mRNA at the 
transcriptional level in the central neuron system [29,51], 
and the transcription of PINK1 is inhibited by the over-
expression of ATF3 (a member of the ATF/CREB family of 
transcription factors) in lung epithelial cells [27]. A recent 
study also investigated the transcription of Atf3 in the 
cochlea [52]. Our study verified the role of ATF3 in repres-
sing Pink1 transcription in HEI-OC1 cells (Figure 5F-I), 
indicating that ATF3 might play an important role in 
auditory function.

We found that restoring mitophagy by hyperactive PRKN 
(Figure S9A-C) or by treating the HCs with DFP or Usp30 
siRNAs (Figure 6) protected against neomycin-induced HC 
apoptosis. In the acute aminoglycoside model, HC death and 
hearing loss were partially rescued when the mice were pre- 
injected with kinetin or DFP (Figure 7 and Figure S8). DFP 
can be used as a mitophagy inducer for research and clinical 
application [32,53], and it triggers mitophagy by stimulating 
downstream receptor recruitment without affecting PINK1 
and PRKN or mitochondrial function [54,55]. As a PINK1 
enhancer, kinetin also can be used to activate mitophagy 
through PINK1 activity stimulation [56]. Therefore, mito-
phagy activators can be considered as potential drugs to 
protect HCs against aminoglycoside-induced damage. 
Transmission electron microscopy was used in the acute

Figure 8. Kinetin prevents neomycin-induced ribbon synapse damage in vivo. (A) Representative images of CTBP2-labeled pre-synapses and GRIA2-labeled post- 
synapses in cochlear apical, middle, and basal turns in C57BL/6 mice after exposure to neomycin for 7 days. Significant differences are evident between the control 
(saline), neomycin, and kinetin exposure groups. neo: 100 mg/kg neomycin, Furo: 200 mg/kg furosemide, Kinetin: 30 mg/kg kinetin. Scale bar: 10 µm. (B) 
Quantification of the CTBP2 puncta in A, n = 3. (C) Quantification of the GRIA2 puncta in A, n = 3. (D) The quantification of orphan ribbons after neomycin and 
kinetin treatment. All groups contained 4 mice. For all experiments, *p < 0.05, ** p < 0.01, and ***p < 0.001. Data are shown as means ± S.D.
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aminoglycoside model after kinetin and neomycin adminis-
tration for 24 h and showed that damaged mitochondria 
induced by neomycin were cleared by mitophagy after kinetin 
administration (Figure S7E). These results indicated that 
mitophagic flux was activated after kinetin treatment, but 
this needs to be further investigated.

Due to obstruction by the blood labyrinth barrier, a single 
systemic administration of aminoglycosides does not cause 
damage to cochlear HCs. Thus, furosemide was used to dis-
rupt the blood labyrinth barrier to allow aminoglycoside 
accumulation in cochlear HCs. In our studies, neomycin 
showed higher ototoxicity than kanamycin after a single sys-
temic injection.

In summary, the present study shows that PINK1-PRKN- 
mediated mitophagy is involved in aminoglycoside-induced 
HC death. Furthermore, neomycin injury inhibited PINK1- 

PRKN-mediated mitophagy by repressing Pink1 transcription 
by activating ATF3 in HEI-OC1 cells and cochlear HCs 
(Figure 9), and our results provide new insights into potential 
therapies for irreversible sensorineural hearing loss.

Materials and methods

Mice and animal ethical statement

FVB/NJ postnatal day 3 (P3) mice (purchased from the Model 
Animal Research Center of Nanjing University) and ATOH1- 
EGFP mice (The Jackson Laboratory, Stock #013593) were 
used for explant cultures in this study. C57BL/6 mice at the 
age of 8 weeks were used for the in vivo experiment (pur-
chased from the Model Animal Research Center of Nanjing 
University). The protocols were approved by the Animal Care 
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and Use Committee of Southeast University. Accordingly, all 
animal experiments were consistent with the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals, and all efforts were made to minimize 
the number of animals used and to prevent their suffering.

Plasmids and AAV virus constructs

The 3× FLAG-PRKN, mCherry-PRKN, EGFP-PRKN, HA- 
Ubiquitin, EGFP-OPTN, mCherry-LC3B, PINK1-FLAG, and 
EGFP-PRKNF146A plasmids were described previously [42,57– 
60]. In brief, the mCherry-PRKN plasmid, EGFP-PRKN plas-
mid, and 3× FLAG-PRKN plasmid were used to examine the 
translocation of PRKN onto the mitochondria. The mt- 
mKeima plasmid was described previously [55]. The EGFP- 
OPTN plasmid was used to express the mitophagy receptor, 
which binds to ubiquitin and LC3B, and the mCherry-LC3B 
plasmid was used to observe the recruitment of the autopha-
gosomes to the mitochondria. All of the constructs used in 
this study were verified by sequencing. For AAV virus con-
structs, the mt-mKeima cDNA and P2A-mNeonGreen were 
cloned into the AAV plasmid, including the cytomegalovirus 
enhancer/chicken ACTB/β-actin (CAG) promoter and the 
woodchuck hepatitis virus post-transcriptional regulatory ele-
ment (WPRE) cassette flanked by AAV2 inverted terminal 
repeats [61]. The Anc80L65-CAG-mt-mKeima-mNeoGreen- 
P2A virus was produced in HEK 293T cells as previously 
reported in our lab [61]. Briefly, triple-plasmid co- 
transfection methods were used to produce the AAV vector. 
Purification of the AAV vector was performed using the 
discontinuous iodixanol density gradient centrifugation pro-
cedure, and the virus titer (GC/ml: genome-containing [par-
ticles]/ml) was calculated by the real-time quantitative 
polymerase chain reaction (RT-qPCR) using primers targeting 
the WPRE region. The RT-qPCR primers were as follows: 
forward, 5’-GTC AGG CAA CGT GGC GTG GTG TG-3’; 
reverse, 5’-GGC GAT GAG TTC CGC CGT GGC-3’. To 
estimate the quality of the virus, the transfection efficiency 
of AAV was tested in cochlear explants (data not shown).

Cell culture, transfection, and drug treatment

HEI-OC1 cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, 11,995,500) containing 10% (vol: 
vol) fetal bovine serum (FBS; Pansera, P30-2602) and 50 μg/ 
ml ampicillin (Sigma-Aldrich, A0166) at 33°C with 10% CO2 
[62]. Cells were digested using 0.05% trypsin-EDTA (Thermo 
Fisher Scientific, 25,200,054) and seeded at 1 × 104 cells/ml 
into 24-well plates (Greiner bio-one, 662,160). Cells were 
transfected with plasmids using Lipofectamine 2000 transfec-
tion reagent (Invitrogen, 11,668,027) and Opti-MEM (Gibco, 
31,985,062) according to the manufacturer’s instructions. 
CCCP (Sigma-Aldrich, C2759) at a final concentration of 
20 μM, 5 μg/ml antimycin (Sigma, A8674), and 5 μg/ml 
oligomycin (Sigma, 75,351) was added for 6 h or 24 h to 
induce mitophagy in HEI-OC1 cells, 100 nM BafA1 (Selleck, 
S1413) was added for 12 h, and neomycin (Sigma, N6386) was 
added at different concentrations and times to damage the 
cells.

Explant culture, AAV infection, and DFP treatment

Cochlear explants from P3 mice were extracted and cultured 
as previously reported [63]. In brief, cochleae were quickly 
removed from the wild-type FVB or ATOH1-EGFP C57BL/6 
mouse cochlear temporal bone. Cell-Tak (Corning, 354,240)- 
coated slides were used to attach the cochlea, and then the 
culture medium (97% DMEM, 2% B-27 [Gibco, 17,504,044], 
1% N-2 [Gibco, A1370701], and 0.1% ampicillin) was added. 
After 12 h recovery, 1 × 1010 GC AAV (Anc80L65-CAG-mt- 
mKeima-mNeonGreen-P2A) was added to the culture med-
ium for 24 h for mitophagic flux analyses. Before neomycin 
treatment, the medium was changed to the culture medium 
and then neomycin was added for 6 h to damage the HCs. For 
DFP rescue, neomycin was added after pretreatment with 
0.25 mM DFP (MedChemExpress, HY-B0568) for 48 h.

Small interfering RNA knockdown

Atf3 siRNA was synthesized by Shanghai Gene Pharma, and 
the siRNA sequences were as follows: Atf3-Mus-356, forward: 
5’-CAC CCU UUG UCA AGG AAG ATT-3’, reverse: 5’-UCU 
UCC UUG ACA AAG GGU GTT-3’; Atf3-Mus-546, forward: 
5’- CAA GUG UCG AAA CAA GAA ATT-3’, reverse: 5’- 
UUU CUU GUU UCG ACA CUU GTT-3’; Atf3-Mus-736, 
forward: 5’-GAC GAG AGG AAC CUC UUU ATT-3’, 
reverse: 5’- UAA AGA GGU UCC UCU CGU CTT-3’. Opti- 
MEM and Lipofectamine 2000 transfection reagent were used 
to transfect the siRNAs into HEI-OC1 cells. After transfection 
for 48 h, RT-qPCR and western blot were performed to 
confirm the knockdown efficiency. For explant culture, 
siRNAs targeting mouse Usp30 were synthesized by 
Shanghai Gene Pharma (we used the siRNA mixtures, and 
the efficiency of siRNA knockdown was shown in Figure S6D- 
F), and these were transfected with Opti-MEM and 
Lipofectamine 2000 transfection reagent following the manu-
facturer’s instructions. The Opti-MEM was replaced with the 
culture medium 6 h later. After transfection for 48 h, neomy-
cin was added for another 24 h. The siRNA sequences are 
listed as follows: Usp30-Mus-652, forward: 5’- CCA CUU 
GUU UGA UGU GCA UTT-3’, reverse: 5’-AUG CAC AUC 
AAA CAA GUG GTT-3’; Usp30-Mus-1389, forward: 5’-GCU 
CCU CCA CAU ACC UCU UTT-3’, reverse: 5’-AAG AGG 
UAU GUG GAG GAG CTT-3’; Usp30-Mus-1487, forward: 5’- 
GCC AAG AAC CCU CUC UCA ATT-3’, reverse: 5’-UUG 
AGA GAG GGU UCU UGG CTT. Negative control, forward: 
5’-UUC UCC GAA CGU GUC ACG UTT-3’, reverse: 5’-ACG 
UGA CAC GUU CGG AGA ATT-3’.

Animal model of HC damage and chemical treatment

The in vivo experiment was performed with 8-week-old male 
C57BL/6 mice, and 30 mice were randomly divided into 5 groups 
after the auditory brainstem response (ABR) test. The DFP 
protection group was intraperitoneally injected with 100 mg/kg 
DFP (as previously reported [53,64]) dissolved in saline an hour 
before kanamycin treatment and 1 h after furosemide (Aladdin, 
F129560) injection, and after 1 h 600 mg/kg kanamycin (Aladdin, 
K103025) was injected subcutaneously. A total of 200 mg/kg
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furosemide was injected intraperitoneally after kanamycin 
administration for 1 h. The control group was injected with an 
equal dose of saline. ABR was measured on the seventh day after 
treatment. For the acute neomycin damage model, all chemicals 
were injected intraperitoneally. 30 mg/kg kinetin 
(MedChemExpress, HY-N0160) was injected 1 h before neomy-
cin treatment and 1 h after furosemide injection. Then 100 mg/ 
kg neomycin and 200 mg/kg furosemide were injected within 1 h 
after kinetin treatment. The control group was injected with an 
equal dose of saline. ABR was measured on the seventh day after 
treatment, and mice were sacrificed after ABR measurement.

Immunofluorescence and reagents

Cells or cochleae were fixed with 4% paraformaldehyde 
(Solarbio, P1110) at room temperature for 1 h and permea-
bilized with PBST (1× PBS [Gibco, 10,010,023] and 1% 
Triton X-100 [Sigma-Aldrich, T8787]), for 15 min. The sam-
ples were blocked with 10% donkey serum (Solarbio, SL050) 
for 1 h and then incubated with the primary antibodies 
overnight at 4°C. The anti-TOMM20 (Proteintech, 11,802- 
1-AP) and anti-HSPD1 (Proteintech, 66,041-1-Ig) antibodies 
were used to mark mitochondria. The HA probe (Santa Cruz 
Biotechnology, sc-7392) and monoclonal anti-FLAG M2 
antibody (Sigma, F3165) were used to mark ubiquitin and 
PRKN. Anti-MYO7A antibody (Proteus Bioscience, 25– 
6790) was used to mark HCs. Purified mouse anti-CTBP2 
(BD Biosciences, 612,004) and anti-GRIA2 (Millipore; 
MAB397) were used as ribbon synapse markers. DAPI 
(Solarbio, C0060) was used to stain the nuclei. Anti-LC3B 
antibody (Abcam, ab192890) was used to detect endogenous 
LC3B. The samples were washed with PBST for 5 min three 
times before being incubated with secondary antibodies at 
room temperature for 1 h. The secondary antibodies included 
the Alexa Fluor 647-conjugated donkey anti-rabbit or mouse 
IgG (Invitrogen, A-31573, A-31571), Alexa Fluor 488- 
conjugated donkey anti-rabbit or mouse IgG (Invitrogen, 
A-21206, R37114), Alexa Fluor 555-conjugated donkey anti- 
rabbit or mouse IgG (Invitrogen, A-31572, A-31570), Alexa 
Fluor 405-conjugated goat anti-mouse IgG (Invitrogen, 
A-31553), goat anti-mouse IgG1 secondary antibody, Alexa 
Fluor 568 (Invitrogen, A21124), and goat anti-mouse IgG2a 
secondary antibody, Alexa Fluor 488 (Invitrogen, A21131). 
After the samples were incubated with the secondary anti-
bodies and washed again with PBST, they were mounted with 
an antifade mounting medium. The cells and whole-mount 
staining were imaged by confocal microscopy (Zeiss, 
Heidenheim, Germany, LSM 700 and LSM 710). The ribbon 
synapse intensity (ribbon per IHC) was quantified in multi-
ple cochlear regions using ImageJ (NIH Bethesda, MD). In 
each region, ribbons made up of at least 20 IHCs were 
counted and averaged to determine the pre-synapse and 
post-synapse intensity. For the mt-mKeima imaging experi-
ment, the Zeiss LSM710 confocal microscope was equipped 
with an argon-ion multiline 458/488/514 nm laser. For ima-
ging EGFP-PRKN, the signal was excited with 488 nm lasers 
and detected at 480–550 nm. For imaging mt-mKeima

(green), the signal was excited with a 458 nm laser and 
detected at 580–680 nm, and thus the overlapping emission 
spectra were separated.

RNA extraction and RT-qPCR

For RT-qPCR, HEI-OC1 cells and cochlear explants were 
collected from the culture dish. Total RNA was extracted 
with Trizol Reagent (Life, 15,596–018) and then reverse- 
transcribed using a cDNA synthesis kit (Thermo Fisher 
Scientific, K1622). The primers used in this study were as 
follows: Usp30: forward, 5’-CCT CCA CTT TGC GAG CCT 
C-3’, reverse, 5’-CAA TCC CAC CGA TCA CTC CC-3’; 
Pink1: forward, 5’- TCT CAA GTC CGA CAA CAT CCT- 
3’, reverse, 5’-ATT GCC ACC ACG CTC TAC A-3’; Atf3, 
forward: 5’-GAG GAT TTT GCT AAC CTG ACA CC-3’, 
reverse: 5’-TTG ACG GTA ACT GAC TCC AGC-3’; Gapdh: 
forward, 5’-AGG TCG GTG TGA ACG GAT TTG-3’, reverse, 
5’-TGT AGA CCA TGT AGT TGA GGT CA-3’. The RT- 
qPCR was performed using an Applied Biosystems CFX96 
real-time PCR system (Bio-Rad, Hercules, USA) with the 
following sequence: initial denaturing at 95°C for 15s followed 
by 40 cycles of denaturation at 95°C for 15s, annealing at 60°C 
for 15s, and extension at 72°C for 20s. The mRNA level was 
normalized to Gapdh, and the results were calculated with the 
comparative cycle threshold (ΔΔCt).

Western blot and reagents

HEI-OC1 cells and cochlear explants were lysed using RIPA 
lysis buffer (Beyotime, P0013B) plus protease inhibitor cock-
tails (Roche, 04693132001), and the protein concentration 
was measured with the Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific, 23,227) according to the manu-
facturer’s instructions. GAPDH (Abcam, ab8245) and 
TUBA1B/α-tubulin (tubulin, alpha 1B) antibody (Cell 
Signaling Technology, 2144S) were used as the reference 
protein. The anti-TOMM20 antibody, anti-COX4I1 antibody 
(Proteintech, 11,242-1-AP), and anti-HSPD1 antibody were 
used to analyze the degradation of the mitochondria. PINK1 
antibody (Novus, BC100-494) and phospho-ubiquitin (Ser65) 
antibody (Cell Signaling Technology, 70973S) were used to 
detect PINK1 and phosphorylation of ubiquitin at Ser65 
(p-S65 Ub). Phospho-PINK1 (Ser228) antibody (Affinity, 
AF7081) was used to detect phosphorylation of PINK1 at 
Ser228 [60]. ATF3 antibody (Santa Cruz Biotechnology, sc- 
81,189) and anti-USP30 antibody (Sigma, SAB4503385). The 
secondary antibody was peroxidase-conjugated goat anti- 
mouse (or anti-rabbit) IgG (Abcam, ab672, or ab67891). 
The proteins on polyvinylidene fluoride membranes were 
detected using a SuperSignal West Dura Extended Duration 
Substrate (Thermo Fisher Scientific, 34,075). The semi- 
quantification of the western blot band was performed 
using ImageJ software, and when making calculations the 
background was subtracted and the band intensity was nor-
malized to GAPDH.
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Cell counting Kit-8 (CCK-8) assay

HEI-OC1 cells were treated with CCCP and neomycin for 
24 h in 96-well plates, and then the Cell Counting Kit reagent 
(100 μl/well; Protein Biotechnology, CC201-01) was added to 
measure the cell viability and the plates were further incu-
bated for 0.5 h at 37°C. Optical densities were determined on 
a microtiter plate reader (BIO-RAD, Hercules, USA) at 
450 nm.

ABR measurement

ABR is an objective measurement of auditory pathway func-
tion. To measure the auditory thresholds in aminoglycoside- 
induced hearing loss, a Tucker-Davis Technology System III 
(Tucker-Davis Technologies [TDT], Gainesville, FL, USA) 
was used to measure the hearing threshold as previously 
described [65,66]. Briefly, mice were put on the 37°C thermo-
static heating pad after being anesthetized using 10 mg/kg 
xylazine and 80 mg/kg ketamine. Electrodes were inserted 
into the vertex and subdermally behind the ears to record 
the ABRs, and a broadband speaker (MF1) placed in front of 
the mouse ear was used to produce the sound stimulus. Six 
frequencies (4 kHz, 8 kHz, 12 kHz, 16 kHz, 24 kHz, and 
32 kHz) were used for the ABR test, and the SigGen32 soft-
ware (Tucker-Davis Technologies, USA) was used to amplify 
and average the ABR signals. At each frequency, the test was 
measured beginning with 90 dB SPL and decreasing by 5 dB 
steps until wave III disappeared, and this SPL was defined as 
the ABR threshold in this experiment.

Transmission electron microscopy

After mice were exposed to kinetin and neomycin with fur-
osemide for 24 h, 2.5% glutaraldehyde (Sigma-Aldrich, 
G5882) was used to fix the cochleae for 24 h, and then the 
cochleae were placed in 1% osmic acid (Sigma-Aldrich, 
O5500) for 2 h, dehydrated with acetone (Nanjing Reagent, 
C0720110291), and embedded in epoxy resin (Agar Scientific, 
AGR1030). The ultrathin sections were stained with alcoholic 
uranyl acetate (Polysciences, 6159–44-0) and alkaline lead 
citrate (Sigma-Aldrich, 15,326), washed gently with distilled 
water, and observed with a JEM 1230 transmission electron 
microscope (JEOL Ltd, Tokyo, Japan).

Phos-tag assay

HEI-OC1 cells were transfected with PINK1-FLAG plasmid 
and exposed to neomycin and CCCP for 6 h. The cells were 
then subjected to SDS-PAGE, and 6% polyacrylamide gels 
containing 25 μM Phosbind Acrylamide (APExBIO, F4002) 
and 50 μM MnCl2 were used to analyze the PINK1 phosphor-
ylation [60,67]. Transfer buffer with 10 mM EDTA (Biosharp, 
BL518A) was used to wash the phos-tag acrylamide gels for 
20 min with gentle shaking after electrophoresis and then 
replaced with EDTA-free transfer buffer for 10 min. The 
proteins were then transferred to polyvinylidene difluoride 
membranes and immunoblotted with an anti-FLAG antibody.

Cellular mitochondria fractionation

For mitochondria isolation experiments, HEI-OC1 cells 
expressing mCherry-PRKN were treated with 20 μM CCCP 
and 0.5 mM neomycin for 6 h. According to the manufac-
turer’s protocol, cells were lysed using the Cell Mitochondria 
Isolation Kit (Beyotime, C3601). The cell suspension was 
homogenized 10–30 times, and the supernatant was carefully 
transferred to another centrifuge tube and centrifuged at 
11,000 × g at 4°C for 10 min. The resulting supernatant was 
the cytosol-rich fraction, and the precipitate consisted of 
separated cell mitochondria.

Mouse Pink1 promoter double luciferase reporter 
assay

The mouse Pink1 promoter/luciferase reporter plasmid was 
custom made using the pGL2 vector. The promoter length in 
the construct was 200 bp upstream of the transcription start-
ing site (TSS), as indicated in Figure 5G. To obtain Pink1 
promoter, Phanta Max Super-Fidelity DNA Polymerase 
(Vazyme, P505-d1) was used to obtain the DNA fragment. 
The fragment was inserted into the pGL2 plasmid by homo-
logous recombination. The primers used were as follows: 
Pink1 promoter-forward: 5’-ACA TAA CCC GGG AGG 
TAC CAT ATT AGT TTC CTG GCT CA-3’, Pink1 promoter- 
reverse: 5’-AGT ACC GGA ATG CCA AGC TTA ACA AAC 
TTC GGG GG-3’. For Pink1 promoter activity detection, 
HEI-OC1 cells were first seeded in a 96-well dish (WHB, 
WHB-96-01) and then transfected with each of the Pink1 
luciferase reporter plasmids and co-transfected with Atf3 
siRNA for 48 h. The Duo-Lite Luciferase Assay System Kit 
(Vazyme, DD1205-01) was used to detect the fluorescence 
intensity of the luciferin substrate following the manufac-
turer’s instructions. First, the Duo-Lite Luciferase Assay 
Reagent was used to detect Firefly luciferase, and then the 
Duo-Lite Stop and Lite reagent was used to detect Renilla 
luciferase. Both reactions were incubated for 10 min and then 
measured by a microtiter plate reader (BioTek, Cytation). 
Renilla luciferase was used as the internal reference for cor-
recting transfection efficiency.

Statistical analysis

The statistical significance was determined using two-tailed, 
unpaired Student’s t-tests or one-sample t-test when compar-
ing two groups, and one-way ANOVA was performed with 
Tukey’s posttest with 95% confidence intervals when compar-
ing more than two groups. All analyses were performed in 
GraphPad Prism7 and Microsoft Excel using at least three 
independently repeated experiments, and p < 0.05 was con-
sidered to be statistically significant. Data are shown as means 
± S.D.
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