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ABSTRACT

Spiral ganglion neurons (SGNs) are auditory neurons that relay sound signals from the inner ear to the
brainstem. The ototoxic drug cisplatin can damage SGNs and thus lead to sensorineural hearing loss
(SNHL), and there are currently no methods for preventing or treating this. Macroautophagy/autophagy
plays a critical role in SGN development, but the effect of autophagy on cisplatin-induced SGN injury is
unclear. Here, we first found that autophagic flux was activated in SGNs after cisplatin damage. The SGN
apoptosis and related hearing loss induced by cisplatin were alleviated after co-treatment with the
autophagy activator rapamycin, whereas these were exacerbated by the autophagy inhibitor 3-methy-
ladenine, indicating that instead of inducing SGN death, autophagy played a neuroprotective role in
SGNs treated with cisplatin both in vitro and in vivo. We further demonstrated that autophagy attenu-
ated reactive oxygen species (ROS) accumulation and alleviated cisplatin-induced oxidative stress in
SGNs to mediate its protective effects. Notably, the role of the antioxidant enzyme PRDX1 (peroxire-
doxin 1) in modulating autophagy in SGNs was first identified. Deficiency in PRDX1 suppressed
autophagy and increased SGN loss after cisplatin exposure, while upregulating PRDX1 pharmacologically
or by adeno-associated virus activated autophagy and thus inhibited ROS accumulation and apoptosis
and attenuated SGN loss induced by cisplatin. Finally, we showed that the underlying mechanism
through which PRDX1 triggers autophagy in SGNs was, at least partially, through activation of the PTEN-
AKT signaling pathway. These findings suggest potential therapeutic targets for the amelioration of
drug-induced SNHL through autophagy activation.

Abbreviations: 3-MA: 3-methyladenine; AAV : adeno-associated virus; ABR: auditory brainstem
responses; AKT/protein kinase B: thymoma viral proto-oncogene; Baf: bafilomycin A;; CAP: compound
action potential; COX4l1: cytochrome c oxidase subunit 411; Cys: cysteine; ER: endoplasmic reticulum; H,
O,: hydrogen peroxide; HC: hair cell; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3
beta; NAC: N-acetylcysteine; PRDX1: peroxiredoxin 1; PTEN: phosphatase and tensin homolog; RAP:
rapamycin; ROS: reactive oxygen species; SGNs: spiral ganglion neurons; SNHL: sensorineural hearing
loss; SQSTM1/p62: sequestosome 1; TOMM20: translocase of outer mitochondrial membrane 20; TUNEL:
terminal deoxynucleotidyl transferase-mediated dUTP nick-end-labeling; WT: wild type.
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Introduction number of intact SGNs is necessary for the function of

cochlear implants, which are currently the only effective tool
for restoring hearing in patients with severe SNHL [4].
Therefore, a better understanding of the molecular mechan-
isms that mediate the damage and restoration of SGNs could
provide novel treatment and prevention strategies.

Cisplatin is a chemotherapeutic agent widely used against
many tumor types [5]. However, cisplatin has ototoxic side
effects in about 62% of chemotherapy patients [6-8], and it
causes bilateral, progressive, and irreversible SNHL [9] by

Sensorineural hearing loss (SNHL) is a common sensory
deficit worldwide and has severe impacts on patients” quality
of life and is a burden on society. Although the disorder is
multifactorial, SNHL can be associated, in large part, with the
impairment of spiral ganglion neurons (SGNs) [1,2]. SGNs
are the inner-ear auditory neurons that transmit sound signals
transduced by hair cells (HCs) to the cochlear nuclei in the
brainstem [3]. SGNs are indispensable for hearing, and loss of
SGNss contributes to irreversible SNHL. Moreover, a required
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directly damaging the HCs, the stria vascularis, and SGNs
[10,11]. Studies have demonstrated that cisplatin interferes
with SGN function and causes SGN loss, resulting in elevation
of compound action potential (CAP) and auditory brainstem
response (ABR) thresholds [8,10]. It has been suggested that
reactive oxygen species (ROS) production plays an important
role in the pathogenesis of cisplatin-induced ototoxicity
[8,9,12], and recent data show that cisplatin increases ROS
generation in cochlear cells via several signaling molecules,
including enhancing the activity of NADPH oxidase [13,14]
and XDH/xanthine oxidase [15], interfering with antioxidant
defense systems [16,17], and stimulating inflammation
[18,19], which is one of the first events triggered by exposure
to cisplatin. ROS might then cause auditory cell damage and
eventually cell death via lipid peroxidation [20], protein nitra-
tion [21,22], DNA damage [23], and the amplification of
inflammatory processes. Nevertheless, the mechanism of cis-
platin-induced ototoxicity has not been fully clarified yet, and
methods for hearing preservation during cisplatin-based che-
motherapy in patients are lacking.

Autophagy is essential for cellular survival by eliminat-
ing dysfunctional organelles, protein aggregates, and
damaged macromolecules and by recycling the breakdown
products [24,25]. Basal levels of autophagy occur in all
eukaryotic cells for quality control of cytoplasmic compo-
nents and to maintain cell homeostasis, and autophagy is
rapidly upregulated under many pathological conditions
such as starvation, oxidative stress, etc [25]. In the auditory
system, autophagy has been shown to be essential for the
development of the cochlea and for the maintenance of
hearing [26,27], as well as for SGN function [28].
However, limited research on autophagy in the hearing
field has been reported, and most such studies have focused
on utilizing autophagic mechanisms to treat SNHL caused
by HC damage, and the role of autophagy in SGN injury
induced by cisplatin as well as the underlying molecular
mechanisms remain unclear.

PRDX1 (peroxiredoxin 1) is a typical 2-cysteine (Cys)
peroxiredoxin that catalyzes reduction reactions, converting
hydrogen peroxide (H,0,) to water, and works as
a multifunctional anti-oxidant [29]. The upregulation of
PRDXI in cells and tissues under oxidative stress is believed
to be one of the cellular recovery reactions after oxidative
damage [29-31]. Although a previous report showed that
PRDXI1 is universally expressed in the cochlea, including the
HCs, the lateral wall, and the spiral ganglion region, little
information exists regarding the function of PRDX1 in the
cochlea [32], and direct evidence that PRDX1 plays a role in
SGN damage has been lacking.

In this study, we first measured the autophagic flux in
SGNs after cisplatin treatment, and we then conducted
a full investigation of the neuroprotective effects of auto-
phagy against cisplatin-induced SGN damage both in vitro
and in vivo. Finally, we identified the role of the specific
antioxidant enzyme PRDX1 in modulating autophagy in
SGNs after cisplatin injury. We found that PRDX1
enhanced autophagy by activating the PTEN (phosphatase
and tensin homolog)-AKT/protein kinase B signaling path-
way in SGNs that were incubated with cisplatin, and the

activation of autophagy protected SGNs against cisplatin-
induced damage by reducing oxidative stress and apoptosis
in SGNs.

Results

Cisplatin injury increases autophagy and activates
autophagic flux in the cultured cochlear SGNs

We first determined changes in autophagy in SGNs after
cisplatin treatment. The middle-turn cochlear explants
from postnatal day (P) 3 wild-type (WT) C57BL/6 mice
were cultured and treated with 50 pm cisplatin for 48 h
and harvested for further analysis. The treatment was
based on our previously published data [33], which
shows significant apoptosis and SGN loss under this con-
dition. Representative images of transmission electron
microscopy (TEM) analysis in Figure 1A showed that the
endoplasmic reticulum (ER) and Golgi apparatus took on
a circular structure that enveloped the targeted cytoplas-
mic constituents and formed double-membrane vesicles,
i.e. autophagosomes (red arrows), that eventually fused
with lysosomes and formed autolysosomes (yellow arrows)
in which the contents were degraded and recycled.
Statistical analysis demonstrated that there were signifi-
cantly more autophagosomes and autolysosomes in the
SGNs after cisplatin treatment compared with the controls
(Figure 1B). The expression of the autophagy marker
MAPILC3B/LC3B (microtubule-associated protein 1 light
chain 3 beta) in SGNs in response to cisplatin injury was
examined, and the LC3B puncta in the damaged SGNs
were significantly increased (Figures 1C and 1D). The
protein expression of LC3B-II (Figure 1E) was signifi-
cantly enhanced in SGNs after cisplatin administration
compared to control cultures. Together, these results
showed that autophagy was increased in SGNs after cis-
platin treatment.

Next, given that autophagy is a dynamic process with
multiple steps, we used several approaches to detect the
autophagic flux in SGNGs after cisplatin treatment. Bafilomycin
A, (Baf) treatment is a well-established assay for monitoring
autophagosome biogenesis [34,35]. Baf inhibits the fusion of
autophagosomes with lysosomes, thus blocking the degrada-
tion of autophagosomes. When cells are treated with Baf, the
content of LC3B-II will be further increased if the autophagic
flux is activated. Because the change in LC3B-II protein level
or LC3B puncta reflects both autophagosome biogenesis and
degradation, we used Baf treatment in SGNs to detect the
effect of cisplatin on autophagosome biogenesis upon inhibi-
tion of autophagosomal degradation by Baf. As illustrated in
Figure 2A-C, LC3B puncta were more abundant and the
protein expression of LC3B-II was much higher in the Cis +
Baf group than in the Baf-alone group or cisplatin-alone
group (Figure 2A-C), suggesting that autophagosome synth-
esis in SGNs was enhanced by cisplatin injury even when the
fusion of autophagosomes and lysosomes was blocked by Baf.

The cargo receptor protein SQSTMI1/p62 (sequesto-
some 1), which interacts with ubiquitin and triggers the
degradation of proteins in the proteasome or lysosome [36],
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Figure 1. Increased autophagy in cochlear SGNs after cisplatin treatment in vitro. The middle-turn cochleae and SGNs from P3 C57BL/6 WT mice were cultured and
incubated with cisplatin for 48 h. (A) TEM analysis evaluated the autophagy in SGNs. Representative images showed that the ER and Golgi apparatus took on
a circular structure, which enveloped the targeted cytoplasmic constituents and formed double membrane vesicles, i.e. autophagosomes (red arrows), that eventually
fused with lysosomes and formed autolysosomes (yellow arrows) in which the contents are degraded and recycled by lysosome enzymes, n = 4. Scale bars: 2 pm. (B)
Statistical analysis demonstrated that there were significantly more autophagosomes and autolysosomes in the SGNs after cisplatin treatment compared with the
controls. (C) Immunostaining demonstrated that the LC3B puncta (LC3B-labeling, red) in the damaged SGNs (TUBB3-labeling, green) were significantly increased after
cisplatin administration, n = 6. Scale bars: 5 um. (D) Quantification of the LC3B fluorescent puncta. (E) The protein expression of LC3B-Il in SGNs treated with cisplatin
was significantly increased compared to the control group, n = 6. All data are presented as the mean + SEM, * P < 0.05, ** P < 0.01.

is an indicator of the autophagic degradation level. The
protein expression of SQSTMI1 was significantly decreased
in cisplatin-treated SGNs compared with control SGNs
(Figure 2D), confirming that the degradation of SQSTM1
was intensified in SGNs treated with cisplatin. However, the
protein level of SQSTM1 was not significantly changed in
SGNs co-treated with cisplatin and Baf compared with
SGNs treated with Baf alone, which might be because the
fusion of autophagosomes with lysosomes was blocked by
Baf (Figure 2D). The co-localized LC3B and SQSTMI1

puncta were found in the cytoplasm of SGNs after cisplatin
treatment, indicating that the fusion of autophagosome-
lysosome complexes was enhanced in SGNs after cisplatin
injury (Figure 2E).

mRFP-GFP-LC3B is a dual-fluorescence fusion protein used to
measure the level of autophagic flux in cells, and the yellow signal
(the overlapping of red and green fluorescence) indicates autop-
hagosomes that have not fused with lysosomes, while the red
signal corresponds to autolysosomes. In this experiment, SGNs
were transfected with the mRFP-GFP-LC3B adenovirus (Ad-
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Figure 2. Cisplatin injury activates autophagic flux in the cultured cochlear SGNs. The middle-turn cochlear and SGN explants were cultured in vitro and treated with
cisplatin (50 uM) alone or together with Baf (100 nM) for 48 h. (A) Immunostaining showed significantly more LC3B puncta in the Cis + Baf group compared with the
Baf-alone group or cisplatin-alone group. Scale bars: 5 pm. (B) Quantification of the LC3B puncta in SGNs. (C) The expression of LC3B-Il was significantly increased in
the Cis + Baf group compared with Baf alone or cisplatin alone. (D) The protein levels of SQSTM1 were significantly decreased in cisplatin-treated SGNs and increased
after Baf treatment compared with control SGNs. (E) Immunostaining showed anti-LC3B (green) and anti-SQSTM1 (red) labeling in SGNs. The colocalization puncta
(white arrows) appeared after cisplatin treatment. Scale bars: 5 um. (F) The cultured cochlear SGNs were incubated with Ad-mRFP-GFP-LC3B for 24 h, and then the
medium was replaced with normal medium and the cultured SGNs were further treated with 50 uM cisplatin for 48 h. Immunostaining analysis showed that both the
numbers of autophagosomes (yellow puncta, yellow arrows) and autolysosomes (red puncta, red arrows) were significantly increased in cisplatin-treated SGNs
compared with the control group, n = 6 for each subtype. Scale bars: 5 pm. All data are presented as the mean + SEM, * P < 0.05, ** P < 0.01, *** P < 0.001.

mRFP-GFP-LC3B), and the numbers of both yellow puncta and
red puncta were significantly increased in cisplatin-treated SGNs
compared with the control group (Figure 2F), suggesting that both
autophagosomes and autolysosomes were significantly increased
in SGNss after cisplatin treatment. Taken together, all of the above
results demonstrated that cisplatin could enhance both autopha-
gosome synthesis and autophagosome-lysosome fusion, thus acti-
vating autophagic flux in SGNs.

Autophagy inhibits apoptosis and promotes the
survival of SGNs after cisplatin injury in vitro

To examine the role of activated autophagy in the process
of SGN damage induced by cisplatin, we performed
experiments with upregulating or downregulating auto-
phagy by the autophagy activator rapamycin (RAP) or
the autophagy inhibitor 3-methyladenine (3-MA) in



SGNss treated with cisplatin. The doses of RAP and 3-MA
were determined according to our previous publication
[37] and our preliminary results of dose response
(Figures S1A and S1B, Figures S1E and SI1F), which
showed that pretreatment of 0.1 puM RAP or 5 mM
3-MA effectively increased or decreased the number of
surviving SGNs after cisplatin damage in vitro. First, we
detected the effect of RAP and 3-MA on the expression of
LC3B in SGNs exposed to cisplatin (Figure 3A-C, Figure
S2A). The numbers of LC3B puncta and the LC3B-II
protein expression level were both increased in the Cis +
RAP group, while they were both decreased significantly
in the Cis + 3-MA group compared with the cisplatin-only
group (Figure 3A-C), validating that autophagosome for-
mation was upregulated in SGNs treated with the auto-
phagy activator and was downregulated with the
autophagy inhibitor. The survival of SGNs was then deter-
mined, and it was shown that activating autophagy with
RAP significantly increased the number of surviving
SGNs, while inhibiting autophagy with 3-MA significantly
decreased it after co-treatment with cisplatin (Figures 3D
and 3E). However, the number of SGNs was not signifi-
cantly changed when cells were treated with 0.1 uM RAP
or 5 mM 3-MA alone without cisplatin (Figures 3D and
3E), demonstrating that the survival of SGNs was not
affected by RAP or 3-MA alone at the concentration that
we used in this study. We further investigated the effect of
autophagy on regulating cisplatin-induced apoptosis of
SGNs in vitro. After the drug treatment, cleaved-CASP3
(caspase 3) immunostaining showed that distinct cleaved-
CASP3-positive SGNs were found in the cisplatin-treated
group, while they were decreased in the Cis + RAP group
but further increased in the Cis + 3-MA group compared
to the cisplatin-only group (Figure 3F). Western blot
assessment and statistical analysis of cleaved-CASP3 pro-
tein levels (Figure 3G) were consistent with the immunos-
taining results, demonstrating that the CASP3-related
apoptosis was reduced by RAP and increased by 3-MA
in SGNs treated with cisplatin. Apoptosis analysis by
TUNEL and flow cytometry assay were also similar to
the results of cleaved-CASP3 detection, and the immunos-
taining signals of TUNEL in SGNs and the proportions of
apoptotic cells were significantly reduced in the Cis +
RAP group, while they were further increased in the Cis
+ 3-MA group (Figure S3A and S3B). The expression of
apoptosis-related genes was also used to assess apoptosis
in SGNs. The higher mRNA levels of the proapoptotic
genes Casp3, Casp8, Casp9, and Bax induced by cisplatin
were significantly decreased in the Cis + RAP group and
increased in the Cis + 3-MA group compared with the
cisplatin-only group, while the lower mRNA expression of
the antiapoptotic gene Bcl2 was enhanced in the Cis +
RAP group (Figure 3H). Taken together, these results
suggest that the activation of autophagy promoted SGN
survival and alleviated SGN apoptosis induced by cispla-
tin, while inhibition of autophagy attenuated SGN survival
and enhanced cisplatin-induced SGN apoptosis.

AUTOPHAGY 4163

Autophagy inhibits apoptosis, promotes the survival of
SGNs, and protects hearing function after
cisplatin-induced hearing loss in mice

To determine whether autophagy can effectively protect
SGNs and thus maintain hearing function after cisplatin-
induced damage in vivo, RAP or 3-MA was co-injected
with cisplatin in mice and the changes in hearing func-
tion, SGN survival, and SGN apoptosis were assessed.
Before drug treatment, ABR tests were performed to
make sure that all of the experimental mice had normal
auditory function (Figure S4A). The cisplatin administra-
tion was performed according to our previous report [33]
showing that 3 mg/kg cisplatin intraperitoneal (i.p.) injec-
tion for 7 days leads to significant hearing loss and SGN
loss in mice. The protocol for RAP treatment was based
on our previous study [38], and the method of 3-MA
treatment was modified from the published report [39].
First, the hearing function in mice after drug treatment
was monitored by ABR and CAP. The ABR thresholds of
all frequencies were increased in the cisplatin-treated
group compared with the control group, and the shifts
in thresholds were significantly lower in the Cis + RAP
group, while they were much higher in the Cis + 3-MA
group compared to those in the cisplatin-only mice
(Figure 4A, Figure S4A). Treatment with RAP or 3-MA
alone did not cause any significant ABR threshold shifts
in the mice (Figure S4A). Given that the ABR tests the
whole auditory transduction pathway, including the HCs,
the auditory neurons, and the auditory cortex, we further
measured the hearing function in mice after drug treat-
ment by determining the CAP, which is the synchronized
activity of the auditory nerve fibers. As illustrated in
Figure 4B, a clear elevation in CAP threshold was
observed across all tested frequencies after cisplatin
administration, to some degree reflecting disturbed audi-
tory nerve function by the ototoxic exposure. CAP input/
output functions provide a more comprehensive view of
neural activity at suprathreshold intensities, and Figure 4C
shows the CAP amplitude measured at 90 dB SPL across
frequencies demonstrating a significant reduction in the
cisplatin group compared to the control group. Co-
treatment with RAP significantly decreased the CAP
threshold and increased the amplitudes compared with
the cisplatin-only treatment in mice, whereas 3-MA
administration had the opposite effect (Figures 4B and
4C). Together, these auditory function results suggest
that the administration of RAP rescued the cisplatin-
induced hearing loss, whereas 3-MA accelerated it in
mice in vivo.

After physiological investigations, the cochleae were pro-
cessed for immunostaining or western blot. The numbers of
LC3B puncta and the LC3B-II protein expression level were
increased significantly after cisplatin administration in SGNs
compared to the control group (Figures 4D and 4F), indicat-
ing that cisplatin treatment also triggered autophagy activa-
tion in SGNs in vivo. In addition, both the numbers of LC3B
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Figure 3. Autophagy inhibits apoptosis and promotes the survival of SGNs after cisplatin injury in vitro. The cultured cochlear SGNs were pretreated with RAP
(0.1 uM) or 3-MA (5 mM) for 6 h and then co-treated with 50 puM cisplatin for 48 h. (A and B) Immunostaining and quantification showed that the number of LC3B
puncta (red) was significantly increased in the Cis + RAP group and decreased in the Cis + 3-MA group compared with cisplatin treatment alone. Scale bars: 5 pm. (C)
The LC3B-II protein expression was significantly increased in the Cis + RAP group and decreased in the Cis + 3-MA group compared with cisplatin treatment alone. (D
and E) SGN counting showed that RAP co-treatment promoted SGN survival compared with cisplatin exposure alone, while 3-MA accelerated SGN loss after cisplatin
injury, and the number of SGNs was not significantly changed when cells were treated with 0.1 uM RAP or 5 mM 3-MA alone without cisplatin. Scale bars: 25 pm. (F
and G) Fewer cleaved-CASP3-positive SGNs and lower protein levels of cleaved-CASP3were found in the Cis + RAP group, whereas the 3-MA co-treated SGNs had
significantly more cleaved-CASP3-positive SGNs and higher cleaved-CASP3 protein expression compared with the cisplatin-only group. Scale bars: 25 um. (H) The
mRNA expression of Casp3, Casp8, Casp9, and Bax was significantly reduced in the Cis + RAP group and was significantly increased in the Cis + 3-MA SGNs compared
to the cisplatin-only group, while the lower mRNA expression of the antiapoptotic gene Bcl-2 was enhanced in the Cis + RAP group. C-CASP3, cleaved-CASP3.n =6
for each subgroup. All data are presented as the mean + SEM, * P < 0.05, ** P < 0.01, *** P < 0.001.
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further upregulated these, while 3-MA further downregulated them compared with the cisplatin-only group. Scale bars: 5 um. (E and G) There were fewer cleaved-
CASP3-positive SGNs and the protein level of cleaved-CASP3 was reduced in the Cis + RAP group compared with the cisplatin-only controls, while they were both
increased in the Cis + 3-MA group. Scale bars: 12.5 pm. (H and I) Pretreatment with RAP protected SGN survival compared with the cisplatin-only group, while 3-MA
accelerated SGN loss after cisplatin injury, and RAP or 3-MA treatment alone did not cause any significant differences in SGN numbers compared to the control group
in the absence of cisplatin damage. Scale bars: 25 um. n = 6 for each group. All data are presented as the mean + SEM, * P < 0.05, ** P < 0.01.

puncta and the LC3B-II protein expression levels were sig-
nificantly upregulated in the Cis + RAP group, whereas both
were significantly downregulated in the Cis + 3-MA group
compared with the cisplatin-only group (Figures 4D and 4F).
Similar to the results in the in vitro experiment, cell counting
showed that there were significantly more surviving SGNs in
the Cis + RAP group but significantly fewer SGNs in the Cis +
3-MA group compared with the cisplatin-only group (Figures
4H and 4I). Treatment with RAP or 3-MA alone did not cause
any significant differences in SGN numbers compared to the
control group in the absence of cisplatin damage (Figures 4H
and 4I). In addition, the cleaved-CASP3-positive SGNs and
the protein level of cleaved-CASP3 were both reduced in the
Cis + RAP group compared with the cisplatin-only controls,
while they were both increased in the Cis + 3-MA group
(Figures 4E and 4G). Together, these results demonstrated
that activation of autophagy prevented SGN apoptosis, pro-
moted SGN survival, and protected hearing function in vivo,
while inhibition of autophagy made SGNs more vulnerable to
the ototoxicity induced by cisplatin.

In addition, a previous study demonstrates that RAP treat-
ment alleviates cisplatin-induced ototoxicity in rats in vivo
[40], and considering that cisplatin is well known to cause
partial or complete death of the outer hair cells (OHCs), and
to a lesser extent damage SGNs [8], we therefore also analyzed
the OHC loss after drug treatments in the mice to further
evaluate the effect of autophagy on OHC survival after cispla-
tin damage in vivo. Because the OHCs in the basal turn are
the most vulnerable to cisplatin injury [6], the basal turn
cochlear HCs were separated and stained with MYO7A/myo-
sin 7a to measure the OHC loss in the different groups.
Cisplatin treatment induced significant OHC loss in the
basal turn of the cochlea, which was largely reduced after
the RAP co-treatment, whereas it was significantly increased
after co-treatment with 3-MA compared with the cisplatin-
only group (Figure S4C). These results suggested that auto-
phagy also plays a protective role against HC damage induced
by cisplatin in vivo.

Autophagy attenuates cisplatin-induced oxidative stress
in SGNs

Recent studies of hearing loss reveal that autophagy can
serve in an anti-oxidative capacity by eliminating ROS in
auditory HCs [37,41,42]. In this study, we measured the
changes in 4-HNE expression in order to evaluate the
oxidative stress levels in SGNs. Compared with the cispla-
tin-only group, the immunostaining of 4-HNE (Figure 5A)
and the protein level of 4-HNE in SGNs (Figure 5B) were
significantly reduced after RAP cotreatment, while they
were further increased in the cisplatin + 3-MA group,
indicating that the level of oxidative stress was decreased

in damaged SGNs by upregulating autophagy and was
increased by inhibiting autophagy after cisplatin exposure.
The accumulation of ROS was also demonstrated by the
intensified immunostaining signals of MitoSOX Red in
SGNis after cisplatin treatment (Figure S5A), and the immu-
nostaining of MitoSOX Red was significantly reduced after
RAP cotreatment, while it was increased in the Cis + 3-MA
group. We also found that RAP significantly enhanced the
mRNA expression of four antioxidant genes (Sodl, Gsr,
Glrx, and Cat), while 3-MA significantly downregulated
the expression of five antioxidant genes (Sodl, Gsr, Glrx,
Tmx3, and Ngol) compared with the cisplatin-only group
(Figure 5C). Because autophagy can reduce oxidative
damage and ROS levels through the removal of protein
aggregates and damaged organelles such as mitochondria
[43], we also determined the efficiency of autophagy in
removing and degrading damaged mitochondria in SGNs
after cisplatin treatment. However, the protein expression
of mitochondrial proteins, including the TOMM20 (translo-
case of outer mitochondrial membrane 20), which is an
outer mitochondrial membrane protein, and the COX4I1/
COX IV (cytochrome c oxidase subunit 4I1), which is an
inner mitochondrial membrane protein, were not statisti-
cally changed in our experiments (Figure 5D), suggesting
that the mitochondria are not eliminated by autophagy
(mitophagy) in SGNs after cisplatin treatment.

Next, a rescue experiment was performed using the
antioxidant N-acetylcysteine (NAC) to further confirm the
effect of autophagy on suppressing ROS accumulation in
SGNs after cisplatin treatment. The dose of NAC was
chosen according to our published study [33] which
shows that 2 mM NAC treatment successfully rescues the
SGN loss from cisplatin damage in vitro. After NAC treat-
ment, the immunofluorescence of 4-HNE (Figure 6A) was
weaker in the Cis + NAC group compared to the cisplatin-
only group, and it was also lower in the Cis + 3-MA +
NAC group compared to the Cis + 3-MA group (Figure
6A). Statistical analysis of the protein expression levels of
4-HNE in Figure 6B was consistent with the immunostain-
ing results. The results of the MitoSOX assay also showed
that the ROS levels were reduced in the Cis + NAC group
compared to the cisplatin-only group, and they were
decreased in the Cis + 3-MA + NAC group compared to
the Cis + 3-MA group (Figure S5B). Accordingly, we found
that the NAC treatment significantly increased the number
of surviving SGNs (Figure 6C) and decreased the expres-
sion of cleaved-CASP3 (Figures 6D and 6E) in the Cis +
NAC group compared to the cisplatin-only group, as well
as in the Cis + 3-MA + NAC group versus the Cis + 3-MA
group. Apoptosis analysis by TUNEL and flow cytometry
assay also revealed that the immunofluorescence signals of
TUNEL and the apoptotic cell percentages were reduced in
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the Cis + NAC group compared to the cisplatin-only group, S3D). The NAC treatment alone without cisplatin did not
and they were also decreased in the Cis + 3-MA + NAC cause significant differences in 4-HNE expression or SGN
group compared to the Cis + 3-MA group (Figure S3C and number (Figure S2B and S2C). Collectively, these



4168 W. LIU ET AL.

o

CistNAC Cis+3-MA Cis

Cis+3-MA+NAC

RBFOX3

Cis+tNAC Cist+3-MA Cis

Cis+3-MA+NAC

{

Figure 6. Antioxidant treatment successfully rescued the increased SGN loss induced by autophagy inhibition after cisplatin injury. The cultured middle turn cochleae
were treated with cisplatin (50 uM) alone, cotreated with NAC (2 mM), or pretreated with 3-MA (5 mM) for 6 h then cotreated with NAC for 48 h. (A and B)
Immunofluorescence signals (A) and the protein expression levels (B) of 4-HNE were lower in the Cis + NAC group compared to the cisplatin-only group, and they
were also reduced in the Cis + 3-MA + NAC group compared to the Cis + 3-MA group. Scale bars: 12.5 um. (C-E) The NAC treatment significantly increased the
number of surviving SGNs (C) and decreased the expression of cleaved-CASP3 (D and E) in the Cis + NAC group compared to the cisplatin-only group, as well as in Cis
+ 3-MA + NAC group versus the Cis + 3-MA group. Scale bars: 25 pm. n = 6 for each subgroup. All data are presented as the mean + SEM, * P < 0.05, ** P < 0.01.

D TUBB3

C-CASP3

B cCis
3-MA
NAC

+ + + +
_ _ +
— = + + kDa

4-HNE - S o s - 60

ACTE s S S S - 42

4-HNE protein expression

SGN number/0.01mm?2

mm Cis

om Cis+3-MA

X Cis+NAC

E=a Cis+3-MA+NAC

*k

*k

e

)

O
.

O
®
o

85
&

*
0

704
604
50+
404
304
20+
104

Cis
3-MA
NAC

C-CASP3

ACTB

C-CASP3 protein expression

0:0
0,

mm Cis

mm Cis+3-MA

Exl Cis+NAC

Ex Cis+3-MA+NAC

*
*

B

<

o7

+ + + +

— — +

mm Cis

o Cis+3-MA

X1 Cis+NAC

E=a Cis+3-MA+NAC

*%

kDa

e G e -]

—— — — e~ £} D)



observations suggest that antioxidant treatment successfully
rescued the exacerbated apoptosis and SGN loss induced by
autophagy inhibition after cisplatin injury.

PRDX1 is activated and regulates the autophagy activity
in SGNs after cisplatin injury

To understand whether PRDXI1 plays a role in SGNs after
cisplatin damage, we investigated the expression changes of
PRDX1 in cisplatin-treated SGNs. PRDX1 expression in cul-
tured SGNs from P3 WT mice was significantly enhanced,
even though the surviving SGN number was decreased after
cisplatin treatment (Figures 7A and 7B). This result confirmed
that PRDXI1 signaling was activated in response to cisplatin-
induced SGN damage. The experiments in prdxI~~ mice, in
which PRDXI1 expression was absent (Figures S6A and S6B),
showed that there was no difference in the SGN numbers in
prdxI™" mice compared to the WT control mice without
cisplatin damage, but the number of surviving SGNs was
significantly reduced in the prdx1™~'~ mice compared to WT
mice after cisplatin injury (Figures 7C and 7D), suggesting
that PRDX1 deficiency aggravated SGN loss after cisplatin
injury in vitro. In addition, a previous study reported that
PRDXI1 is also highly expressed in cochlear HCs, so we also
measured the effect of PRDX1 on HC damage induced by
cisplatin. However, our results suggest that PRDX1 was not
effective in preventing HC damage-induced by cisplatin as the
immunolabeling intensity of PRDX1 in cultured HCs of P3
WT mice exposed to cisplatin was similar to that in control
HCs (Figure S6C), and there was no significant difference in
HC loss between the prdx1™'~ mice and WT mice after cis-
platin treatment (Figures S6D and S6E).

We then studied the role of PRDX1-dificiency in regulating
autophagy in SGNs after cisplatin injury. Without cisplatin
damage, there were no significant differences in either the
numbers of LC3B puncta or in the protein expression level
of LC3B-II in prdxI™'~ mice compared to the control mice,
but both of them were significantly decreased after cisplatin
treatment in the Cis + prdx]1~~ group compared with the
cisplatin-treated WT group (Figure 7E-G), thus validating
that deficiency in PRDX1 effectively suppressed autophagy
in cisplatin-damaged SGNs, and indicating that PRDX1
might be involved in activating autophagy in SGNGs.

The 2-Cys PRDX mimic ebselen and overexpression of
PRDX1 protect against cisplatin-induced oxidative stress
and apoptosis and reduce SGN loss by activating
autophagy in SGNs

To further investigate the effect of PRDX1 on autophagy as
well as subsequent neuroprotection in SGNs, we used two
different methods to overexpress PRDX1 in SGNs treated
with cisplatin. One way was to use the 2-Cys PRDX-mimic
ebselen, which blocks intracellular H,O, through 2-Cys
PRDX-like mechanisms so as to mimic the effect of PRDX1.
The other way was to use the adeno-associated virus (AAV)
Anc80L65, which is reported to efficiently infect SGNs [44], to
construct the AAV virus Anc80L65-mNeonGreen-Prdx1-HA
(Anc80-Prdx1) that overexpresses PRDX1 in SGNs after virus
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transfection. The efficiencies of virus transfection showed that
about 65% of SGNs were transfected as indicated by the
mNeonGreen reporter (Figure S6F), and the expression of
PRDX1 was increased significantly in SGNs after transfection
with Anc80-Prdx] compared with the control group (Figure
S6G). The dose of ebselen was determined according to
a previous publication [45] and to our preliminary dose
response results (Figure S1C and S1G), which showed that
pretreatment with 30 uM ebselen for 1 h significantly
increased the number of surviving SGNs after cisplatin
damage in vitro. It also showed that neither the number of
SGNs nor the LC3B expression were significantly changed
after SGNs were treated with 30 uM ebselen or Anc80-Prdxl
alone without cisplatin (Figure S2D and S2E), thus validating
that the survival and autophagy of SGNs was not affected by
ebselen or Anc80-PrdxI alone at the dose that we used in this
study. Next, the effect of PRDX1 on autophagy in SGNs after
cisplatin damage was tested. RT-PCR results showed that the
mRNA expressions of the autophagy-related genes Atg5,
Becnl, and Lc3b and the lysosome-related genes Ctsb and
Lampl were all upregulated in SGNs induced by cisplatin,
and the overexpression of PRDX1 further enhanced the above
gene transcription compared to the cisplatin-only group
(Figure 8A). These above results together indicated that the
upregulation of PRDX1 in SGNs after cisplatin exposure
results in further activation of autophagic flux in SGNs.
Moreover, ebselen and Anc80-Prdxl both significantly
increased the protein expression of LC3B-II in SGNs after
cisplatin damage compared to the cisplatin-only group
(Figure 8B), whereas the inhibition of autophagy by 3-MA
effectively prevented the upregulation of LC3B-II expression
induced by ebselen or Anc80-Prdx1. We further found that
the expression of both 4-HNE (Figures 8C and 8D) and
cleaved-CASP3 (Figures 8F and 8G) were significantly
decreased and the number of surviving SGNs (Figure 8E)
was significantly increased in the Cis + ebselen group and
Cis + Anc80-Prdxl group compared to the cisplatin-only
group, while co-treatment with 3-MA significantly reduced
the effects of both ebselen and Anc80-Prdxl on SGN ROS
production, survival, and apoptosis. Collectively, these results
show that both ebselen and PRDXI1 overexpression could
effectively activate autophagy, which further reduced oxida-
tive stress and apoptosis in SGNs and increased the survival of
SGNss after cisplatin injury.

Ebselen improves hearing function, promotes SGN
survival, and inhibits SGN apoptosis after
cisplatin-induced damage in vivo by activating
autophagy

To verify the role of PRDX1 in activating autophagy in SGNs
and consequently protecting SGNs against cisplatin damage
in vivo, we further examined the role of ebselen in SGNs and
hearing function in adult mice. The method of ebselen treat-
ment in vivo was modified from the published study [46], and
the treatment of ebselen alone or ebselen together with 3-MA
did not cause significant differences in ABR thresholds in
mice without cisplatin administration (Figure S4D). We first
compared the auditory neuron function by CAP assessments,
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and the CAP threshold shifts and amplitude changes of all
frequencies were both lower in the Cis + ebselen group than
in the cisplatin-only mice, while the CAP threshold shifts and
amplitude changes were significantly increased in the Cis +
ebselen + 3-MA group compared with the Cis + ebselen group
(Figures 9A and 9B). Consistent with the in vitro data, ebselen
administration significantly increased the protein expression
of LC3B-II in SGNs compared to the cisplatin-only group,
while 3-MA treatment inhibited the upregulation of LC3B in
the Cis + ebselen + 3-MA group compared to the Cis +
ebselen group (Figure 9C), indicating that ebselen treatment
also effectively induced autophagy activation in SGNs in vivo.
Accordingly, the mean density of middle-turn SGNs was
increased in mice after co-treatment with ebselen compared
to the cisplatin-only mice, whereas it decreased significantly
in the Cis + ebselen + 3-MA group compared with the Cis +
ebselen group (Figures 9D and 9E), but both the number of
SGNs and the LC3B expression were not significantly changed
after mice were treated with ebselen and 3-MA alone without
cisplatin injury (Figures 9D and 9E, Figure S4E).
Furthermore, the expression of cleaved-CASP3 was reduced
in the Cis + ebselen mice compared to the cisplatin-only mice,
while it was upregulated significantly in the Cis + ebselen +
3-MA group compared with the Cis + ebselen group (Figures
9F and 9G). Therefore, these results suggest that ebselen could
effectively improve hearing function, promote SGN survival,
and inhibit apoptosis by inducing autophagy in SGNs after
cisplatin-induced damage in vivo.

PRDX1 regulates the PTEN-AKT signaling pathway to
activate autophagy in SGNs after cisplatin treatment

The mechanisms by which PRDX1 is involved in the regula-
tion of autophagy remain unclear. Recent studies demonstrate
that the PTEN-AKT signaling pathway plays a critical role in
the regulation of autophagy [18,47,48], and PTEN is highly
expressed in auditory sensory neurons from embryonic day
(E)10.5 to P7 [49]. In addition, conditional depletion of PTEN
leads to defects in nerve innervation and SGN survival during
the development of the inner ear [50]. Interestingly, it is
showed that PRDXI1 can bind to PTEN to form a dimer that
inhibits PTEN’s phosphatase activity and thus maintains the
activity of the PTEN-AKT signaling pathway [51,52].
Therefore, we hypothesized that PRDX1 can activate autopha-
gy by regulating the PTEN-AKT signaling pathway. To test
our hypothesis, we first measured the effect of PRDX1 on
PTEN-AKT signaling in SGNs. The protein expression of
PTEN was significantly increased and the ratio of phosphory-
lated (p)-AKT:AKT was remarkably decreased in cultured
SGNss after cisplatin injury, and treatment with ebselen caused
a higher expression of PTEN and a lower ratio of p-AKT:AKT
in SGNs compared to the cisplatin-only group, while the lack
of PRDX1 in SGNs from prdxI~'~ mice led to an opposite
pattern (Figures 10A and 10B), indicating that PRDX1 might
upregulate PTEN-AKT signaling in SGNs. SF1670, a highly
potent and specific inhibitor of PTEN, was used to further
determine the upstream regulatory effect of PRDX1 on the
PTEN-AKT signaling pathway. The dose of SF1670 was cho-
sen based on our preliminary results of dose response, which

showed that 15 uM SF1670 significantly decreased the num-
ber of surviving SGNs after cisplatin damage in vitro (Figure
S1D and S1H), and treatment with SF1670 alone did not
cause significant differences in SGN numbers or LC3B expres-
sion in SGNs without cisplatin damage (Figures S2F and
S2G). Our results showed that SF1670 effectively inhibited
the expression of PTEN and enhanced the phosphorylation
of AKT in SGNis after cisplatin treatment, while co-treatment
with ebselen reversed the effect of SF1670 as the expression of
PTEN was increased and the ratio of p-AKT:AKT was
decreased in the Cis + ebselen + SF1670 group compared to
the Cis + SF1670 group (Figures 10C and 10D). In contrast,
treatment with SF1670 did not change the expression of
PRDXI1 in SGNs after cisplatin incubation (Figures 10C and
10D). Taken together, these results suggest that PRDX1 sti-
mulated the upstream PTEN-AKT signaling pathway in SGNs
after cisplatin injury.

To verify the role of PTEN-AKT in activating autophagy
and thus protecting SGNs against cisplatin damage, we
further analyzed the level of LC3B-II, SGN apoptosis, and
survival after inhibiting PTEN in SGNs. Inhibition of PTEN
by SF1670 significantly decreased the expression of LC3B-II
(Figure 10E and 10F), increased cleaved-CASP3 expression
(Figures 10G and 10H), and reduced the number of surviving
SGNs (Figure 10I) compared to the cisplatin-only group,
whereas co-treatment with ebselen rescued the above effect
of SF1670 in SGNs. Collectively, these data indicated that
PRDX1 activated autophagy and thus protected SGNs against
cisplatin damage by upregulating the PTEN-AKT signaling
pathway.

Discussion

Autophagy is a critical process involved in cochlear develop-
ment and functional maturation [26-28]. In the cochlea, the
labeling of the autophagy marker LC3B is primarily localized
in SGNs but not in glia cells, and the expression of LC3B
increases intensely from E18.5 to P90 in SGNs, suggesting that
autophagy might be a housekeeping mechanism necessary for
SGN activity [28]. In addition, several studies have reported
that autophagy is enhanced in injured SGNs treated with
aminoglycosides or lipopolysaccharide [53-55], indicating
that autophagy might also participate in auditory neuron
damage. In the present study, we show for the first time that
autophagy was significantly increased in the cochlear SGNs
after cisplatin damage both in vitro and in vivo (Figure 1 and
Figure 4). Moreover, we demonstrated that the autophagic
flux was effectively activated in SGNs treated with cisplatin,
as evidenced by increased autophagosome synthesis and
autophagosome-lysosome fusion as well as the intensified
degradation of the SQSTM1 protein (Figure 2). Our results
also suggested that treatment with Baf alone increased the
number of LC3B puncta more than cisplatin alone. We reason
that Baf treatment can inhibit autophagosomal degradation,
which in turn will lead to significant accumulation of autop-
hagosomes in SGNs (as indicated by the huge increases in the
number of LC3B puncta and in the LC3B-II protein level).
Therefore, Baf and cisplatin appear to affect LC3B through
different mechanisms, i.e. inhibition of macroautophagy (Baf
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4174 W. LIU ET AL.

A C E
Cis + + + + Cis + + + + Cis + +
ebselen - - + ebselen - - + + ebselen - -
prdx1” — + + - kDa gpqe70  — + + — kDa SF1670 - + + — kDa
PTEN st S SR S -4 DTEN s w— 54 LC3B-| - 1
- LC3B-|| S s S———— - | /.
_ Ee=N p— _ p-AKT W -— -60
p-AKT — s - 60 ACTB 42

AKT S e e e - GO
AKT s s SR s - 60
PRDX1 W s S - 22

ACTB s smmmms s s - D ACTB 42

: Il Cis
=3 Control D mm Cis F Cis+SF1670

w

Cis i
L Cis+SF1670 Ex Cis+ebselen+SF1670
Cistebselen

Cis+ebselen

; v B Cistebselen+SF1670
E3 C|§+prdx1/ - Cis+ebselen

2.5 2.57

%
— -

2.04 1

*k

*
*

1.5
1.01
0.5

Relative protein expression
Relative protein expression
LC3B-Il protein expression

SLIMMIMMMIMDMIJINIWN
77777777

PTN p-AKT:AKT PRDX1

H Cis + + + +
ebselen - - + +

(@)
—]
(=
w
oy,
w
%
O
>
n
0
w
<
]

- 9]
@

SF1670

- +
: " kDa
C-CASP3 k- - _— 17

——— — — 42
Il Cis
Cis+SF1670

2 0n Cis+ebselen

| EA Cis+ebselen+SF1670

Cis
>
(@]
_|
w

Cis+SF1670

C-CASP3 protein expression

Il Cis
Cis+SF1670
704 Cis+ebselen
60 Em Cis+ebselen+SF1670

Cis+ebselen+SF1670 Cis+ebselen

SGN number/0.01mm?2

Figure 10. PRDX1 regulates the PTEN-AKT signaling pathway to activate autophagy in SGNs after cisplatin treatment. (A and B) The cultured cochleae and SGNs from
WT mice or prdxl’/’ mice were incubated with cisplatin (50 uM) for 48 h or cotreated with ebselen (30 puM, pretreated for 1 h) and cisplatin (50 uM) for 48 h. The
protein expression of PTEN was significantly increased and the ratio of p-AKT:AKT was significantly decreased in cultured SGNs after cisplatin injury. Treatment with
ebselen caused increased expression of PTEN and a lower ratio of p-AKT:AKT in SGNs compared to the cisplatin-only group, while the lack of PRDX1 in SGNs from
prdx1™"~ mice led to an opposite changing pattern. (C and D) The cultured cochleae and SGNs from WT mice were incubated with cisplatin (50 puM) alone, cotreated
with ebselen (30 pM, pretreated for 1 h), or cotreated with SF1670 (15 uM) for 48 h. SF1670 effectively inhibited the expression of PTEN and enhanced the
phosphorylation of AKT in SGNs after cisplatin treatment, and co-treatment with ebselen reversed the effect of SF1670 as the expression of PTEN was increased and
the ratio of p-AKT:AKT was decreased in the Cis + ebselen + SF1670 group compared to the Cis + SF1670 group. In contrast, treatment with SF1670 did not change
the expression of PRDX1 in SGNs after cisplatin incubation. (E-I) The inhibition of PTEN by SF1670 significantly decreased the expression of LC3B-II (E and F), increased
cleaved-CASP3 expression (G and H), and reduced the number of surviving SGNs (I) compared to the cisplatin-only group, whereas co-treatment with ebselen
rescued the above effect of SF1670 in SGNs. Scale bars: 25 pm. n = 6 for each group. All data are presented as the mean + SEM, * P < 0.05, ** P < 0.01.



alone treatment) that results in autophagosome accumulation
is differentiated from stimuli (cisplatin alone treatment) that
result in effectively activated autophagic flux. The state of
autophagic flux is important for revealing autophagy’s func-
tions and for identifying autophagy-related diseases. In inner
ear disorders, He et al. reported that activated autophagic flux
is seen in HCs after neomycin damage and that autophagy
plays a protective role against neomycin injury [37]. However,
in another mouse model treated with kanamycin and furose-
mide, impaired autophagic flux in SGNs, based on the accu-
mulated lipofuscin and higher level of SQSTM1 protein, leads
to SGN degeneration, and restoring autophagic flux attenu-
ated the degeneration of SGNs [55]. Our study is the first to
report that autophagic flux was activated during SGN injury
induced by cisplatin and suggests that autophagy might play
a role in the SGN damage process.

The role of autophagy can be paradoxical and dual in
suppressing and promoting cell survival, that is, autophagy
primarily acts as a protective mechanism that might prevent
cell death by providing energy and removing damaged mito-
chondria and misfolded proteins under stress conditions, but
uncontrolled upregulation of autophagy can lead to excessive
“self-digestion” and result in cell death [24,25,56]. In fact, the
“self-cleaning” mechanism of autophagy seems vital for SGN
survival and for maintaining physiological functions because
the regeneration of SGNs is impossible in vivo. However, to
date it is still not established as to whether autophagy plays
a protective role [40,57] or destructive role [58,59] in cisplatin
ototoxicity. In the current work, by manipulating autophagy
in SGNs using an autophagy activator and inhibitor, we dis-
covered that the further increase in autophagy significantly
alleviated SGN damage and attenuated hearing loss in mice
after cisplatin injury, while the inhibition of autophagy had
the opposite effect (Figure 3 and Figure 4). Therefore,
although the activated autophagy induced by cisplatin in
SGNs was accompanied by significant SGN impairment, we
conclude that the specific contribution of autophagy functions
as a pro-survival mechanism that protects SGNs against cis-
platin-induced ototoxicity rather than being responsible for
inducing apoptotic cell death in SGNs. Our results are also
consistent with reports that the apoptosis of H460 cells
induced by cisplatin is augmented by 3-MA treatment, possi-
bly mediated by TP53/p53 activation [60], that the inhibition
of autophagy promotes cisplatin-induced apoptotic cell death
through ATG5 and BECNI (beclin 1) in A549 cells [61], and
that PINKI1 protects HCs and SGNs from cisplatin-induced
ototoxicity by inducing autophagy [62], all of which prove
that autophagy induced by cisplatin plays a protective role in
cells against cisplatin damage, although through different
regulatory mechanisms.

There are close interactions between ROS and autophagy
as reflected in the fact that ROS can initiate autophagy by
acting as cellular signaling molecules [16,63-65] and that
autophagy in turn attenuates oxidative damage by engulfing
and degrading oxidized substances [66,67]. The current stu-
dies tend to support that the excessive production of ROS
could increase cell damage, while the role of autophagy could
exhibit duality - cell damage or cell survival - depending on
the activation level of autophagy. In terms of cisplatin-related
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results, inhibiting ROS production limits cisplatin-induced
apoptosis and autophagy in HEI-OCI cells, but apoptosis is
unaffected when autophagy is inhibited [58]. In this study, we
found that the increased autophagy suppressed the ROS accu-
mulation in SGNs induced by cisplatin, while blocking auto-
phagy by 3-MA significantly reduced the ROS generation, and
the NAC rescue experiments further confirmed the antioxi-
dative role of autophagy in protecting against cisplatin-
induced SGN damage (Figure 6). Our findings are consistent
with previous reports about hearing loss showing that auto-
phagy is capable of protecting HCs and hearing by reducing
oxidative stress after aminoglycoside injury [37] or noise
exposure [68]. However, our results suggest that autophagy
may attenuate cisplatin-induced oxidative stress in SGNs by
regulating oxidative stress-related genes (Figure 5C), but not
by directly degrading the damaged mitochondria (Figure 5D).
Autophagy has been shown to reduce levels of ROS through
pathways such as chaperone-mediated autophagy pathway
[69], the SQSTM1 delivery pathway [70], etc., and the key
step in how autophagy attenuates oxidative stress in SGNs
after cisplatin injury needs to be further explored.

PRDX1 is the most abundant and ubiquitously distributed
member of the peroxiredoxin family, the members of which
are considered to be the primary cellular guardians against
oxidative stress in all living organisms [71,72]. Studies indi-
cate that PRDX1 might be a biomarker of different kinds of
cell damage induced by cisplatin because cisplatin induces
a dramatic increase in PRDX1 expression in primary hepato-
cytes [73] and because deficiency of PRDX1 in murine
embryonic fibroblasts makes them more susceptible to cispla-
tin-induced cytotoxicity [74]. In our study, as expected, we
found that PRDX1 expression was significantly increased in
SGNs after cisplatin treatment, and deficiency of PRDXI
aggravated SGN loss after cisplatin injury in vitro (Figure 7),
indicating that PRDX1 might play a protective role in SGNs
against cisplatin injury. However, we did not observe upregu-
lation of PRDXI1 protein expression in HCs after cisplatin
treatment or a statistical difference in HC loss between the
prdxI™"~ and WT mice (Figure S6). This finding for HCs is
supported by the study of Le et al., who show that deficiency
of PRDXI1 is ineffective in protecting HCs against cisplatin-
induced injury [32]. Chen et al. show that peroxiredoxin 3,
another subtype in the peroxiredoxin family, regulates
cochlear HC survival in response to noise trauma and ami-
noglycoside treatment. Reports indicate that PRDX1 is
strongly expressed in the central nervous system, controls
neuronal differentiation [75], and provides neuroprotection
[76]. Thus, our finding is interesting in that it indicates that
the difference in cochlear cell origin leads to different roles for
the PRDX subtypes, and PRDX1 is important for protection
of auditory neurons in cisplatin ototoxicity. Although auto-
phagy also plays a protective role against HC damage induced
by cisplatin in vivo (Figure S4), we speculate that it is not
related to the cell protection and autophagy regulation effects
of PRDX1, and the molecular mechanisms need to be further
studied.

Notably, we also observed a novel mechanism underlying
the neuroprotective role of PRDX1 in which PRDX1 activates
autophagy and subsequently alleviates ROS accumulation and
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apoptosis in SGNs as well as preserves SGN survival after
cisplatin injury. Only a few studies have reported the role of
PRDXI in regulating autophagy so far, which remains largely
elusive and poorly understood. One study reported that
PRDX1 deficiency induces excessive oxidative stress and
impaired autophagic flux in macrophages after treatment
with oxidized LDL [77], thereby promoting atherosclerosis
in mice. In addition, PRDX1 mimics could rescue the
impaired lipophagic efflux induced by excessive oxidative
stress. Consistent with these observations, our findings vali-
date that deficiency of PRDX1 suppresses autophagy in cis-
platin-damaged SGNs (Figure 7) and that the upregulation of
PRDX1 in SGNs after cisplatin exposure results in further
activation of autophagic flux in SGNs, which protects SGNs
from cisplatin injury (Figure 8). In contrast, however, another
study showed that PRDXI1 inhibits autophagy activation
through inhibition of TRAF6-mediated BECN1 ubiquitina-
tion in macrophages treated with lipopolysaccharide [78].
Therefore, the relationship between PRDXI1 and autophagy
appears to be complex and can be different under various
conditions, and thus it would be important to further eluci-
date the effects as well as the underlying mechanisms of
PRDXI1 on regulating autophagy in other disorders. In addi-
tion, the pharmacological agent ebselen, which reacts with the
thioredoxin system and has already been approved for clinical
use by the US Food and Drug Administration, was found to
effectively protect SGNs and improve hearing after cisplatin
injury by activating autophagy (Figure 8 and Figure 9).
A clinical trial published in The Lancet [79] showed that
ebselen efficiently provides otoprotection against noise-
induced hearing loss. Until now no clinical pharmacological
therapies against SGN damage have been verified, and our
study suggests that ebselen might be a potential candidate,
with a novel mechanism of activating autophagy in SGNs.
Finally, and most importantly, we investigated the possible
signaling pathways that might be regulated by PRDX1 when
activating autophagy in SGNs. PTEN is a lipid phosphatase
that negatively controls phosphoinositide 3 kinase/PI3K-AKT
signaling and contributes to cellular processes such as prolif-
eration, differentiation, migration [19,80], and autophagy
[18,47,48]. In our study, we found that the PTEN-AKT cas-
cade participates in autophagy activation in SGNs, which has
not been reported before, and this further supports that PTEN
might be essential for auditory neuronal maintenance and
survival and for accurate nerve innervations of HCs as pre-
viously reported [50]. In addition, we confirmed the hypoth-
esis that PRDXI1 activates autophagy and thus protects SGNs
against cisplatin damage, at least partially by regulating the
PTEN-AKT signaling pathway. Considering that both PRDX1
and PTEN are universally expressed in various cells and
tissues, our findings suggest that the regulation of autophagy
by the PRDX1-PTEN-AKT signaling cascade might also play
a role in other cell types, especially under conditions of
oxidative stress, and this is worthy of further investigation.
In summary, we showed in this study that autophagy was
activated in SGNs after cisplatin injury, and the activation of
autophagy inhibited ROS accumulation and oxidative stress-
induced apoptosis and thereby protected SGNs against cispla-
tin-induced injury. In contrast, the suppression of autophagy

in SGNs made them more vulnerable to cisplatin damage. We
demonstrated that PRDX1 could activate autophagy and thus
inhibit ROS accumulation and apoptosis and attenuate the
SGN damage induced by cisplatin, and the underlying
mechanism appears to be through activation of the PTEN-
AKT signaling pathways in SGNs. Additionally, our results
also indicate that the clinically approved drug ebselen might
be beneficial for treating SGN injury and SNHL caused by
ototoxic drugs. Our findings provide new insights into the
interplay between autophagy and cisplatin-induced oxidative
stress in SGNs and suggest potential therapeutic strategies for
the amelioration of drug-induced ototoxicity through auto-
phagy activation.

Materials and methods
Experimental animals

C57BL/6 ] WT mice were purchased from the Animal Center
of Shandong University (Jinan, China). The Prdxl knockout
mice (prdx1~'") in the C57BL/6 background were constructed
by Beijing Biocytogen Co., Ltd. (Beijing, China). The design
for the prdxI™'~ mice was based on the report by Neumann
et al. [29]. The genotyping for prdx1~~ mice with PCR was
performed using genomic DNA from tail tips incubated in
70 pL 50 mM NaOH at 98°C for 1 h, followed by neutraliza-
tion in 7 puL 1 M HCIL. The genotyping primers are listed in
Table S1. All animals were bred and housed in a climate-
controlled room with an ambient temperature of 23 + 2°C
and a 12/12-h light/dark cycle.

All animal procedures were performed according to pro-
tocols approved by the Animal Care Committee of Shandong
University, China (No. ECAESDUSM 20,123,011) and were
consistent with the National Institute of Health’s Guide for
the Care and Use of Laboratory Animals. All efforts were
made to minimize the number of animals used and to prevent
their suffering.

Organotypic culture of neonatal mouse cochlear SGNs
and drug treatments in vitro

To ensure consistency, only the middle turns of P3 mouse
cochleae were dissected out and cultured for all in vitro
experiments. Tissue dissection and culture procedures were
performed as described in published reports [33]. Briefly, WT
mice and prdxI”'~ mice were decapitated at P3, and the
cochlear capsule was removed from the temporal bones and
the stria vascularis was removed. The middle turns of the
cochlear explants containing the SGNs were then placed
onto 10-mm coverslips (Fisher Scientific, PA) pre-coated
with CellTaK (Corning, 354,241) and incubated in
Dulbecco’s Modified Eagle Medium/F12 (DMEM/F12;
Gibco, 11,330,032) supplemented with 10% fetal bovine
serum (FBS; Gibco, 10,099,133 C) and ampicillin (50 mg/ml;
Sigma-Aldrich, A5354) at 37°C in a 5% CO, atmosphere.
The next day, samples were changed into fresh culture
media containing 50 pM cisplatin (Sigma-Aldrich, P4394)
alone or with the following drugs for 48 h as described in
the text: Baf (100 nM; Abcam, ab120497); pretreated with



RAP (0.1 uM; Abcam, ab120224) or 3-MA (5 mM; Sigma-
Aldrich, M9281) for 6 h; NAC (2 mM; Sigma-Aldrich,
A7250); pretreated with ebselen (30 uM; Sigma-Aldrich,
E3520) for 1 h; SF1670 (15 puM; MedChemExpress, HY-
15,842).

In vivo drug treatments

All experiments were performed using age and sex-matched
C57BL/6 WT mice. Control mice were administered 0.9%
physiological saline (0.6 ml/100 g body weight by i.p. injec-
tion) for 7 consecutive days starting on P30. Cisplatin (3 mg/
kg) was i.p. injected to mice from P30 for 7 consecutive days
alone or with the following drugs treatments as described in
the text: 1 mg/kg RAP (Sigma-Aldrich, V900930) i.p. every
other day from P14 until P36; 15 mg/kg 3-MA i.p. every day
from P14 until P36; 15 mg/kg ebselen daily from P30 for
7 days.

TEM analysis

The cultured cochleae were fixed after drug treatment in
a mixture of 2.5% glutaraldehyde (Sigma-Aldrich, G5882)
and 2% paraformaldehyde (Servicebio, G1101). This was fol-
lowed by rinsing with PBS (Thermo Fisher Scientific,
10,010,023), fixing in 1% osmic acid for 2 h, rinsing again
with distilled water, dehydration with graded ethanol, and
soaking and embedding in epon812 (Sigma-Aldrich, 45,345).
Semi and ultra-thin radial sections were cut from the middle
turns and stained with lead citrate and uranyl acetate. Finally,
the sections were observed using a transmission electron
microscope (JEOL-1200EX) at JiNan WeiYa Bio-Technology
Co., Ltd., (Jinan, China).

Western blot

After the drug treatment, for in vitro groups the total protein
was obtained from cultured SGNs wusing radio-
immunoprecipitation assay lysis buffer (Sigma-Aldrich,
R0278). For the adult cochlear SGNs in the in vivo groups,
to ensure that the extracts were mainly from SGNs the basilar
membrane and stria vascularis as well as other tissues were
removed and only the modioli of the cochlea were collected
from 6 mice in each subgroup in pre-chilled 0.1 M PBS.
A grinding machine (Jingxin JXFSTPRP-48, Shanghai,
China) was used to triturate the modioli with bone in the
radio-immunoprecipitation assay lysis buffer, the mixture was
centrifuged at 14,200 x g, and the supernatant was collected.

A total of 30 ug of each protein sample was separated on
12% SDS-PAGE gels. The primary antibodies were anti-LC3B
(1:1,000 dilution; Cell Signaling Technology, 3868), anti-
SQSTM1/p62 (1:500 dilution; Abcam, ab91526), anti-
TOMM20 (1:1,000 dilution; Proteintech, 11,802-1-AP), anti-
COX4I1 (1:1,000 dilution; Abcam, ab16056), anti-4-HNE
(1:1000; Abcam, ab46545), anti-PRDX1 (1:1,000 dilution;
GeneTex, GTX101705), anti-PTEN (1:1,000 dilution; Cell
Signaling Technology, 9559), anti-p-AKT (1:1,000 dilution;
Cell Signaling Technology, 4060), anti-AKT (1:1,000 dilution;
Abcam, ab179463), and anti-ACTB/B-actin (1:2,000 dilution;

AUTOPHAGY 4177

ZSGB-BIO, TA-09). Semi-quantification of the western blot
results was performed using Image] software to measure the
intensities of the bands. The band densities were normalized
to background, and then the relative optical density ratio was
calculated by comparison to ACTB. Each experiment was
repeated at least three times.

Auditory functional tests

The auditory function was measured in a soundproof cham-
ber. Prior to the recording, mice were anesthetized with
ketamine (50 mg/kg, intramuscular injection) and xylazine
(6 mg/kg, intramuscular injection). During the recording,
the body temperature of the mice was maintained at 38°C
with a thermal static heating device (FHC; USA). To record
ABRs, the non-inverting electrode was inserted at the vertex
of the skull, and the reference electrode and the grounding
electrode were inserted in the neck posterior to the auditory
bullas of both sides. The TDT System III (Tucker-Davis
Technologies, USA) hardware and software were used to
generate stimuli and record the responses, with 1,024 stimulus
repetitions per recording. The acoustic stimuli were 10 ms
tone bursts and were played through a broadband speaker
(MF1; TDT) that was placed 10 cm in front of the head of the
animal. The ABR thresholds were tested at 4, 8, 16, 24, and
32 kHz. At each frequency, the test was started at 90 dB SPL
and tracked in 5 dB steps before the response disappeared.
The thresholds of all three groups were judged by the same
person. To record CAPs, a silver ball electrode was placed at
the round window membrane via a small hole drilled in the
auditory bulla posterior-inferior to the external ear canal.
Tone bursts (4, 8, 16, 24, and 32 kHz, 10 ms duration,
0.5 ms rise/fall time) were generated using Tucker Davis
Technologies (TDT) System III (Tucker-Davis Technologies,
USA) hardware. Cochlear amplification (500 x) was achieved
via a preamplifier (RA16PA, TDT), averaged 512 times, and
filtered (cutoff frequency 3.5 kHz) to display the CAP of the
auditory nerve. Stimulus intensity was decreased in 5 dB steps
from 90 to 0 dB SPL. The focuses were the CAP amplitude
defined as the voltage difference between the first negative
peak (N1) and the following positive peak (P1) and plotted as
the stimulus intensity level to generate I/O functions at each
frequency, and the CAP threshold was defined as the sound
intensity that elicited a 3 pV CAP amplitude.

Immunostaining

After culturing or cryosectioning, the cochlear explants or
tissue sections were fixed with 4% paraformaldehyde, permea-
bilized with 1% Triton X-100 (Sigma-Aldrich, T8787) in PBS
(Thermo Fisher Scientific, 10,010,023), and immersed in
blocking solution (0.1% Triton X-100, 8% donkey serum
(Sigma-Aldrich, D9663), 1% bovine serum albumin (Sigma-
Aldrich, A1933), 0.02% sodium azide in PBS) at room tem-
perature for 1 h. After blocking, the samples were incubated
with primary antibodies against TUBB3/Tujl (1:1,000 dilu-
tion; Neuromics, MO15013), LC3B (1:400 dilution; Cell
Signaling Technology, 3868), SQSTMI1 (1:500 dilution;
Abcam, ab91526), and RBFOX3/NeuN (1:500; Cell Signaling
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Technology,12,943), 4-HNE (1:500; Abcam, ab48506),
cleaved-CASP3 (1:400 dilution; Cell Signaling Technology,
9664), PRDX1 (1:500 dilution; GeneTex, GTX101705), or
MYO7A (1:800 dilution; Proteus Biosciences, 25-6790)
diluted in blocking solution at 4°C overnight. The next day,
cells were incubated with secondary antibodies (Invitrogen,
A21202, A21206, A31571, A31573, A10040) along with DAPI
(Sigma-Aldrich, D9542) at room temperature for 1 h.
Coverslips were then mounted and the samples were observed
under a laser scanning confocal microscope (Leica SP8; Leica,
Germany).

Cryosectioning

Cochleae from adult mice were removed and fixed with
4% PFA in PBS at 4°C overnight. Tissues were then incu-
bated in 10%, 20%, and 30% sucrose (Sigma-Aldrich,
V900116) in 1x PBS, embedded in O.C.T compound
(Tissue-Tek; Sakura Finetek, 4583), snap frozen on dry
ice, and stored frozen at —80°C. Frozen sections were
then cut into 7-pm sections using a cryostat (Leica CM
1850; Leica, Germany).

Real time- polymerase chain reaction (RT-PCR)

TRIzol (Life Technologies, 15,596,026) was used to obtain
the total RNA following the manufacturer’s instructions.
The cDNA was synthesized by reverse transcription using
the Revert Aid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, K1622) following the manufacturer’s pro-
tocol. Quantitative RT-PCR was performed using SYBR
Premix Ex Taq (TaKaRa Bio, RR420A) with Gapdh as the
housekeeping gene. All data were analyzed using an
Eppendorf Realplex 2. PCR primers for the genes are listed
in Table S1.

Virus administration

The Ad-mCherry-GFP-LC3 was purchased from Shanghai
Genechem Co., Ltd. (GCD0165968). For adenovirus transduc-
tion, the cultured cochlear SGN's were incubated with 5 x 10
PFU/mL Ad-mRFP-GFP-LC3B for 24 h. The medium was
then replaced with normal medium, and the cultured SGNs
were further treated with 50 uM cisplatin and cultured for
48 h. Samples were then prepared for immunostaining and
imaged with a confocal microscope.

The PRDX1-overexpressing AAV was constructed with the
AAV vector Anc80L65 (Addgene, 92,307) containing the
mouse Prdxl gene. Briefly, the single-stranded AAV
Anc80L65 carrying the coding sequence of Prdxl driven by
a Cag promoter was generated using a virus-free helper sys-
tem and named Anc80L65-mNeonGreen-Prdx1-HA (Anc80-
Prdx1). Anc80-Prdxl was purified using an iodixanol
(BioVision, M1248-250) step with a titer of 3 x 10" GC/ml
[81]. Titers were calculated by qPCR with WPRE primers
listed in Table S1. Virus aliquots were stored at —80 °C. The
efficiencies of virus transfection and PRDX1 expression were
evaluated first. Cochlear samples from P3 C57BL/6 ] WT mice
were cultured and treated with 4 x 10'© GC/ml Anc80-PrdxI.

After incubation for 24 h, the medium was replaced with
normal medium and the cells were further cultured for 48 h
at 37°C in 5% CO,, and samples were then prepared for
immunostaining or western blotting. Then, to test the effect
of PRDX1 on autophagy, the cultured middle turn cochlea
was first incubated with 4 x 10'® GC/ml Anc80-PrdxI for
24 h, then the medium was replaced with normal medium and
SGN explants were further treated with cisplatin (50 pM) or
cisplatin (50 puM) + 3-MA (5 mM, pretreatment for 6 h) for
48 h at 37°C and 5% CO,. Samples were then prepared for
western blot.

SGN counting

Six cochlear samples from each subgroup were used for SGN
counting. As we previously reported [33] with slight modifi-
cation, SGNs were immunolabeled with the TUBB3 antibody
and the cultured middle-turn cochlear explants were imaged
using a confocal microscope using a 40 x oil-immersion lens.
The acquisition mode was XYZ, and in the SGN somas 20-40
image planes were typically acquired. SGNs in which the
nucleus comprised 40% of the soma area were counted in
each optical section using the NIH Image] software. The total
number of SGNs in each spiral ganglion explant was obtained
by summing the SGN counts in all consecutive sections. The
in vivo SGN counting was quantified from midmodiolar sec-
tions of cochleae dissected out of P30 mice. The number of
SGNs in each section was divided by the area of Rosenthal’s
canal, and the total number of SGNs was counted using NIH
Image] software. Finally, the SGN density per unit area
(0.01 mm?) was calculated.

Quantification of the autophagic structures and LC3B
immunofluorescence signals

NIH Image] software was used for quantitative analysis. The
autophagosomes and autolysosomes in each SGN were quan-
tified from the original TEM images under high magnifica-
tion. Autophagosomes are the double membrane vacuoles
formed by the ER, Golgi apparatus, etc., and these took on
a circular structure that enveloped the targeted cytoplasmic
constituents like fragments of ribosomes or mitochondria.
Autolysosomes are monolayer membrane structures that
arise from the fusion of autophagosomes with lysosomes
and contain undecomposed ER, mitochondria, and Golgi
complexes or lipids, glycogen, etc. Four independent cochleae
from each subgroup were used, and at least 10 SGNs were
counted to get an average number of autophagic vacuoles and
autolysosomes per SGN for each cochlea. The criteria for
counting LC3B puncta were as previously reported [37] with
modifications. LC3B fluorescent puncta were quantified from
the original confocal images taken under a confocal micro-
scope using a 100 x oil-immersion lens, 4 x zoom, and
a 0.5 um distance between each optical section. We counted
the LC3 fluorescent puncta in each SGN, which were labeled
by TUBB3 antibody, and at least 50 SGNs were counted to get
an average number of LC3B fluorescent puncta per SGN for
each cochlea. Six independent cochlear cultures from each
subgroup were counted.



Statistical analysis

Statistical analyses were conducted using Microsoft Excel
and GraphPad Prism software. Data are presented as the
mean + SEM (standard error of the mean). All experiments
were repeated at least three times, and n represents the
number of independent cochlear samples from each sub-
group. Two-tailed, unpaired Student’s t-tests were used to
determine statistical significance when comparing two
groups. Two-way ANOVA followed by a post-hoc Student-
Newman-Keuls test was used for comparing the effects of
more than one treatment as well as for functional hearing
assessments. A value of P < 0.05 was considered to be
statistically significant.
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