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Abstract
The clinical use of aminoglycoside antibiotics is partly limited by their ototoxicity. The pathogenesis of aminoglycoside-induced
ototoxicity still remains unknown. Here, RNA-sequencing was conducted to identify differentially expressed genes in rat
cochlear organotypic cultures treated with gentamicin (GM), and 232 and 43 genes were commonly up- and downregulated,
respectively, at day 1 and 2 after exposure. Ubiquitin carboxyl-terminal hydrolase isozyme L1 (Uchl1) was one of the down-
regulated genes whose expression was prominent in spiral ganglion cells (SGCs), lateral walls, as well as efferent nerve terminal
and nerve fibers. We further investigated if a deficit ofUchl1 in organotypic cochlea and the House Ear Institute-Organ of Corti 1
(HEI-OC1) cells accelerates ototoxicity. We found that a deficit in Uchl1 accelerated GM-induced ototoxicity by showing a
decreased number of SGCs and nerve fibers in organotypic cochlear cultures and HEI-OC1 cells. Furthermore, Uchl1-depleted
HEI-OC1 cells revealed an increased number of autophagosomes accompanied by decreased lysosomal fusion. These data
indicate that the downregulation of Uchl1 following GM treatment is deleterious to auditory cell survival, which results from
the impaired autophagic flux. Our results provide evidence that UCHL1-dependent autophagic flux may have a potential as an
otoprotective target for the treatment of GM-induced auditory cell death.
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Introduction

Gentamicin (GM) is still one of the most widely used amino-
glycoside antibiotics for the treatment of various bacterial

infections. However, aminoglycosides can also cause adverse
effects such as ototoxicity [1] and nephrotoxicity [2]. In par-
ticular, ototoxicity has been reported to occur in about 2–25%
of patients treated with aminoglycosides [3], and has been
shown to have irreversible and permanent characteristics. In
addition, the onset of symptoms may not be observed during
the acute phase, and may be delayed for days or months [4].
Despite the delayed symptoms, GM seems to rapidly enter the
sensory hair cells (HCs) via endocytosis on the apical mem-
brane, basolateral membrane [5, 6], or mechanoelectrical
transducer (MET) channel located at the top of HC stereocilia
[6]. Earlier studies demonstrated that labeled GM started to
increase 1 h after systemic injection in the organ of Corti, and
was detected in the HCs after 3 h [7].

GM, a strong cationic drug, is taken up into sensory HCs
through receptor-mediated endocytosis forming complexes with
iron. This GM-iron complex catalyzes the oxidation, thereby
inducing formation of reactive oxygen species [8] and activates
c-Jun N-terminal kinase, which in turn induces apoptosis. The
endocytosis of GMhas been identified by the appearances of the
vesicles in the subcuticular region and cytoplasm of HCs [5, 9],
especially with the cationic ferritin observed in the vesicle
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membrane [5]. In the HCs, denser, more heterogeneous, and
more pleomorphic lysosomes are also induced. Cytoplasmic
vacuoles in the spiral ganglion cells (SGCs) also increased with
increasing GM concentration. However, it is not clear whether
these lysosomal characteristics are the result of active pinocyto-
sis or phagocytosis or autophagy [10].

Our previous study showed an increased number of autopha-
gic vacuoles in HCs following systemic administration of GM,
and reported that autophagic flux participated in the mechanism
of delayedGM-induced ototoxicity [11]. However, themolecular
mechanism underlying this is not fully understood.

In the past, GM was thought to be preferentially taken up by
HCs in the cochlea. Therefore, death of SGCs was considered to
be a secondary effect of downstream damage by GM-induced
HC death. However, a few recent studies have suggested that
SGCs can be directly affected by aminoglycoside without HC
loss. For example, in the chinchilla inner ear, SGCs were found
to have high levels of GM [12], and direct protection of these
cells has alleviated the GM-induced hearing loss [13, 14].

In the present study, we have attempted to discover novel
genes related to the pathogenesis of GM using the entire
length of the organ of Corti and SGCs. High-throughput
RNA sequencing (RNA-seq) and bioinformatics technologies
were applied to characterize differences in levels of gene tran-
scription between GM-treated and untreated cochlear ex-
plants. The objectives of this study were to identify differen-
tially expressed genes (DEGs) in the cochlea tissues in the
presence and absence of GM, to discover the novel protein
interaction network modules related with the pathogenesis of
GM treatment, to identify the distribution of proteins encoded
by the DEGs, and to provide a functional relationship between
the identified proteins and GM treatment.

Materials and Methods

Cochlear Organotypic Culture

All animal procedures were approved by the institutional re-
view board of the Ajou University School of Medicine
(AJIRB-MED-SMP-11-002). Sprague-Dawley rats (SD-rat,
Daehan Bio-link, Cheongju, Korea) were decapitated on post-
natal day 7. The cochlea was carefully removed, the lateral
wall was dissected away, and the organs of Corti containing
the entire basilar membrane and SGCs were placed in a tissue
culture plate. Explants were maintained in Dulbecco’s modi-
fied Eagle medium (DMEM; Gibco-BRL, Grand Island, NY,
USA) including 10% fetal bovine serum (FBS; Gibco-BRL)
and 0.06 mg/ml penicillin (Sigma-Aldrich, Steinheim,
Germany) at 37 °C with 5% CO2. The next day, a total of 24
cochleae were randomly divided into 3 groups (n = 8 per
group), and medium was exchanged with or without 50 μM
GM (Sigma-Aldrich).

RNA Isolation and Sequencing

Total RNAwas extracted from eight cochlear explants on days
1 and 2 after GM or DW treatment using the RNAprep Pure
Kit for tissue (Tiangen Biotech, Beijing, China) according to
the manufacturer’s instructions. Preparation of the RNA li-
brary and sequencing were performed by Macrogen (Seoul,
Korea). To construct cDNA libraries with the TruSeq RNA
library kit, 1μg of total RNAwas used. The protocol consisted
of polyA-selected RNA extraction, RNA fragmentation, ran-
dom hexamer primed reverse transcription, and 100 nucleo-
tide (nt) paired-end sequencing by Illumina HiSeq2000
(Illumina, San Diego, CA, USA). The libraries were quanti-
fied using qPCR according to the qPCR Quantification
Protocol Guide (Illumina), and qualified using an Agilent
Technologies 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA).

To estimate expression levels and to identify alternatively
spliced transcripts, the RNA-seq reads were mapped to the
genome of mouse or Drosophila melanogaster using TopHat
[15], which is capable of reporting split-read alignments
across splice junctions and determined using Cufflinks soft-
ware [16] with default options. The reference genome se-
quence of rat (Rattus norvegicus [rn4]) and annotation data
were downloaded from the University of California, Santa
Cruz website (http://genome.uscs.edu). The transcript counts
at the isoform level and gene level were calculated, and the
relative transcript abundances were measured in FPKM
(fragments per kilobase of exon per million fragments
mapped) using Cufflinks.

Gene Ontology Term Enrichment Analysis

Gene functional annotation analysis for the DEG list was
performed using the Database for annotation, visualiza-
tion, and integrated discovery (DAVID) tool (http://
david.abcc.ncifcrf.gov/) [17] to understand biological
meanings behind a large list of genes. The DAVID tool
provides the functional annotation for over 40 annotation
categories, including gene ontology (GO) terms, protein-
protein interactions, protein functional domains, disease
associations, bio-pathways, general sequence features, ho-
mologies, gene functional summaries, gene tissue expres-
sions, and literatures.

In the DAVID annotation system, modified Fisher
Exact p value (EASE score) was adopted to measure the
gene-enrichment in annotation terms. If the EASE Score
was lower than 0.05 for the specific GO-term, the given
gene list is specifically associated with the GO term more
than random chance. All data analysis and visualization of
differentially expressed genes was conducted using R
3.0.2 (www.r-project.org).
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Hierarchical Clustering

Hierarchical clustering analysis was performed using com-
plete linkage and Euclidean distance as a measure of similarity
to display the expression patterns of DEGs, which are satisfied
with a fold change ≥ 1.5 and raw p value < 0.05 in the inde-
pendent t test.

Analysis of the Protein-Protein Interaction Network

For human protein–protein interaction networks, we compiled
data from well-known open databases, including HPRD [18],
BioGRID [19], IntAct [20], MINT [21], Reactome [22],
iRefWeb, [23] as well as the previous result of Lee et al.
[24]. A total of 136,489 interactions among 14,216 human
proteins were prepared. To identify and visualize the GM-
induced auditory cell death-related protein network modules,
we used Cytoscape [25]. The Molecular Complex Detection
(MCODE) plugin of Cytoscape [26] was used to find highly
interconnected regions in a protein-protein interaction (PPI)
network, which are known as the hubs.

Quantitative Reverse-Transcriptase Polymerase Chain
Reaction

Total cochlear RNA was extracted with the RNA prep pure
tissue kit (Tiangen Biotech) according to the manufacturer’s
instructions. Standard RT was performed with the amfiRivert
cDNA Synthesis kit (GenDEPOT, Barker, TX, USA) accord-
ing to the manufacturer’s instructions. Quantitative reverse-
transcriptase polymerase chain reaction (qRT-PCR) measure-
ments were performed using the ABI Prism 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA,
USA) and a SYBR Green I qPCR kit (Takara, Otsu, Japan)
according to the manufacturer’s instructions. The cDNAwas
ampli f ied with the fol lowing primers : 5 ′ -CCCC
GAAGATAGAGCCAAG-3′ and 5′-ATGGTTCACTGGAA
AGGG-3′ for rat Uchl1 B; 5′-ACAAGGCTCTGAGT
GACCACCATG-3′ and 5′-ACGGTTGCCATGGCAATTTC
CTC-3′ for rat Kif5b; 5′-ACCTGCCTTCCTCAGATAAG-3′
and 5′-ACTGAGAAGCTGTCTGCTG-3′ for rat CPNE3; 5′-
AGTCCGAGGCCACTGTCAATGTG-3′ and 5′-CGGC
CTTTGTGTTTCCAGATG-3′ for rat Ncam1; 5′-TTGC
GGGTCTTGACATGAAT-3′ and 5′-AACTTGTGGCGGTG
TCCATA-3′ for rat Tnks; 5′-CCGGCTGATTGAGTCCCTC-
3′ and 5′-CCCCGATGTCGTAATTCTTGG-3′ for mouse
Sqstm1/p62; 5′-GGTTGCAGGGCTTCGAGAAGCAG-3′
and 5′-GCTTCCCGTTCATACCACACC-3′ for rat Gusb;
and 5′-AACGGGAAGCCCATCACC-3′ and 5′-CAGC
CTTGGCAGCACCAG-3′ for mouse Gapdh. Normalizing
toGusb andGapdh, the relative gene expressionwas analyzed
by the comparative threshold cycle (CT) method (Applied
Biosystems). The Ct values of the reference genes were

around 20–25, and were consistent across all biological repli-
cates. Gusb and Gapdh were used as the reference genes for
the rat organ of Cortis due to their stable expression [27, 28].
The expression of the genes of interest was expressed as fold
change over the control.

Cell Culture and Transfection

House Ear Institute-organ of Corti 1 (HEI-OC1) cells were
grown in DMEM (Gibco-BRL, Grand Island, NY, USA) sup-
plemented with 10% FBS (Sigma-Aldrich, St. Louis, MO,
USA). HEI-OC1 cells were incubated at 33 °C with 10%
CO2. Plasmid DNA transfection was performed using
Lipofectamine 3000 transfection reagent (Life Technologies,
Carlsbad, CA, USA). The mRFP-GFP tandem fluorescence-
tagged LC3B (tfLC3B) was kindly provided by Dr. T.
Yoshimori (Osaka University) [29], and the pcDNA3.1-
Myc/His(−)A-Uchl1 plasmid was kindly provided by Prof.
K. J. Lee (Ewha Womans University, Korea).

[30]. For gene knockdown, small interfering RNA (siRNA)
was transfected into HEI-OC1 cells using Lipofectamine
RNAi Max reagent (Invitrogen, Carlsbad, CA, USA). The
siRNAs were synthesized by Genolution Pharmaceuticals,
Inc. (Seoul, South Korea). The target sequences of the
siRNAs are 5′-GUUAGCCCUAAAGUUUACUUCUU-3′
and 5′-GAAGUAAACUUUAGGGCUAACUU-3′ for ubiq-
uitin carboxyl-terminal hydrolase isozyme L1 (Uchl1), the
nonspecific negative control (siControl). Cells transfected
with plasmid DNA and siRNAwere maintained for 24 h be-
fore GM treatment.

Primary SGC Culture

Dissociated SGCs were prepared as described previously [31].
In brief, the cochlea was dissected from SD rats on postnatal
day 7. Lateral wall and organ of Corti tissues were removed,
and SGCs were pooled and enzymatically digested with
0.25% trypsin/EDTA (Gendepot, Barker, TX USA) in
phosphate-buffered saline (PBS) for 5 min at 37 °C. After
centrifugation at 3000 rpm for 3 min to remove the superna-
tant, SGCs were plated on poly-D-lysine-coated coverslips
(Superior-Marienfeld, Germany) in individual wells of 24-
well culture plates and incubated in DMEM supplemented
with 10% FBS (Gibco-BRL) and 0.06 mg/ml penicillin
(Sigma-Aldrich, Steinheim, Germany) at 37 °C with 5% CO2.

In Vivo GM Injection

Six-week-old male SD-rats were purchased from Daehan Bio
Line (Chungbuk, South Korea). Eight rats were divided into
two groups, normal saline-treated (n = 4) and GM-treated (n =
4) groups. GM at a dose of 220 mg/kg was administered
intraperitoneally for five consecutive days. After day 10, all
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rats were sacrificed, and the cochleae were harvested for his-
tological evaluation. The Ajou University School of Medicine
Institutional Animal Care and Use Committee approved the
surgical procedures, which were performed in accordance
with guidelines on the care and use of animals for experimen-
tal procedures.

Western Blot

Cells were lysed in radioimmunoprecipitation buffer (25 mM
Tris HCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate [SDS]) with
a protease inhibitor cocktail (GenDEPOT). After extracting
the proteins by centrifugation (13,000 rpm, 30 min), equal
amounts of protein were loaded onto each lane of a gel, sep-
arated by SDS-polyacrylamide gel electrophoresis, and trans-
ferred onto a polyvinylidene difluoride (Millipore, Bedford,
MA, USA) membrane using an electroblotting apparatus.
Membranes were blocked for 1 h with 5% skim milk in PBS
+ 0.05% Tween 20. Subsequently, the membranes were
probed with a primary antibody overnight at 4 °C. After that,
the membranes were incubated with horseradish peroxidase
conjugated secondary antibodies (1:5000, GenDEPOT, Katy,
TX, USA) for 1 h at room temperature. Specific proteins were
detected by Pierce ECL Western blotting substrate (Thermo
Scientific, Pierce Biotechnology, Waltham, MA, USA).
Proteins levels were quantified with densitometry analysis
using ImageJ. The following primary antibodies were used:
anti-UCHL1 (1:1000, Cell Signaling, Danvers, MA, USA;
#13179), anti-microtubule-associated protein 1 light chain 3
(LC3) (1:2000, Sigma-Aldrich; L7543), anti-caspase 3
(1:1000, Cell Signaling; #9662), anti-SQSTM1/p62 (1:1000,
Cell Signaling; #5114), anti-β-catenin (1:1000, Cell
Signaling; #9562), anti-GAPDH (1:5000, Cell Signaling;
#5174), and anti-β-actin (1:5000, Cell Signaling, #4970).

Immunofluorescence

Explants or cells were fixed in 4% paraformaldehyde
(Biosesang, Gyeonggi-do, Korea) for 10 min at room temper-
ature, washed, permeabilized, and blocked in PBS containing
0.2% Triton X-100 (1× PBST) and 1% bovine serum albumin
in 1× PBST. Primary antibodies were dissolved in the same
blocking solution at 4 °C overnight. The primary antibodies
were anti-UCHL1 (1:500, Cell Signaling; #13179), anti-
SOX2 (1:500, Cell Signaling; #4900), anti-TUJ1 (1:500,
Cell Signaling; #5666), anti-myo7a (1:500, Proteus
BioSciences, Proteus Biosciences Inc., Ramona, CA; 25-
6700), and anti-lysosomal-associated membrane protein 1
(LAMP1) (1:200, Abcam, Cambridge, UK; ab24170).
Samples were washed thoroughly and incubated with second-
ary antibodies tagged with fluorescein isothiocyanate (FITC)
or cyanine 3 (Cy3) for 1 h at room temperature. F-actin was

stained with phalloidin-Texas Red (Invitrogen), and nuclei
were counterstained with 4′6,-diamidino-2-phenylindole
(DAPI; Invitrogen). Coverslips were mounted onto slides with
mounting medium (Vector Laboratories, Burlingame, CA,
USA). The immunostained cells were observed using a
Zeiss LSM 700 confocal microscope (Carl Zeiss Meditec,
Jena, Germany).

Immunohistochemistry

Dissected cochleae were perfused with 4% paraformaldehyde
and kept in the fixative overnight at 4 °C. They were washed
with PBS, and decalcified with Calci-Clear Rapid (National
Diagnostics, Atlanta, GA, USA) for 5 days. Following decal-
cification, cochleae were embedded in paraffin using a spe-
cialized automated tissue processing system. For paraffin-
embedded tissues, cochleae were deparaffinized, rehydrated
in graded alcohols, and processed for antigen retrieval using
citrate buffer (pH 6.0) at 95 °C for 40 min. After cooling
down, endogenous peroxidase was blocked in 3% H2O2 in
methanol at room temperature for 10 min. Slides were incu-
bated with 1% bovine serum albumin in PBST for 1 h.
Primary antibodies and anti-UCHL1 (1:200, Cell Signaling;
#13179) were applied overnight at 4 °C. Slides were washed
and incubated with FITC-conjugated secondary antibody at
room temperature for 1 h. The nuclei were counterstained with
DAPI (1:10,000; Invitrogen). Images were taken with a Zeiss
LSM 700 confocal microscope (Carl Zeiss Meditec).

Analysis of Cell Viability

HEI-OC1 cells were cultured into 96-well plates at a density
of 3 × 103 cells/well for 24 h. After 24-h transfection of siRNA
or plasmid DNA, cells were treated with GM for 48 h. Cell
viability was determined using the water-soluble tetrazolium
salt (WST-1) assay (Takara Bio, Shiga, Japan). At the end of
the incubation, WST-1 solution was added to each well, and
the cells were incubated for 4 h. Absorbance was measured
using a microplate reader (Model 680; Bio-Rad, Hercules,
CA, USA) at 450 nm. All assays were performed at least three
times, and viability was normalized to the control.

Statistical Analysis

For the analysis of RNA-seq data, raw data were calculated as
FPKM of each transcript in each sample by Cufflinks soft-
ware. We excluded transcripts with more than one zeroed
FPKM value for total samples. We added one to the FPKM
value of the filtered transcript to facilitate log2 transformation.
Filtered data was transformed by the logarithm and normal-
ized by the quantile normalization method. For each tran-
script, we conducted an independent t test between the case
and control. We finally determined the significant result by
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adjusting |fold change| ≥ 1.5 and independent t test raw p val-
ue < 0.05.

All values are expressed as the mean (± standard devia-
tion). The statistical significance between the two groups
was calculated by the Mann–Whitney U test and Kruskal–
Wallis test for comparison of three groups using SPSS soft-
ware version 12.0 (SPSS, Inc., Chicago, IL, USA). Probability
values (P value) < 0.05 were considered statistically
significant.

Results

Gene Expression Profiling During GM Treatment
by RNA-Seq

Cochlear explants treated with 50 μMGM showed a decrease
in HC viability to 97.1 ± 5.8%, 84.0 ± 10.0%, and 44.2 ±
19.8% on days 1, 2, and 3, respectively, compared with day
0 (100 ± 0.0%) (Fig. 1a). To identify DEGs between the con-
trol and GM, RNA-seq analyses were performed on day 1 and
2 after GM treatment. The heat map of the hierarchical clus-
tering method shows significant changes in levels of genes
among three groups (Fig. 1b). There were 273 and 444 upreg-
ulated genes and 79 and 483 downregulated genes identified
at day 1 and 2 post-GM treatment, respectively. There were
232 and 43 commonly up- and downregulated genes, respec-
tively (Fig. 1c). The expression levels of known HC genes
were also changed (Fig. S1). The results suggested the DEG
patterns at day 1 and 2 post-GM treatment of cochleae were
consistent with HC death in response to GM. GO analysis
showed that genes related to the response of endogenous stim-
ulus, vesicles, and the plasma membrane were preferentially
up- or downregulated at day 1 post-GM treatment (Fig. 1d). At
day 2 post-GM treatment, genes involved in the extracellular
region, response to hormone stimulus, and vesicles were
changed (Fig. 1e). In particular, genes related to vesicles were
commonly affected at both day 1 and 2 post-GM treatment
(Fig. 1f). The top ten genes associated with vesicles are listed
in Table 1.

Protein Network Analysis of DEGs Indicated
GM-Related Functional Modules

Most proteins do not operate alone but rather cooperate with
other proteins to perform their functions. The study of PPI
networks is not only important to predict the function of un-
identified proteins from the evidence of already known PPIs
but also to identify core candidate genes [32]. To identify the
target genes putatively regulated by GM, we assessed the bio-
informatics PPI for the common set of 275 significant genes at
day 1 and 2 post-GM treatment (Fig. 1c). A total of 22 PPIs
were constructed with the DEGs, and we selected the PPIs

based on the highest node value. This PPI network consisted
of 280 nodes and 556 edges (Fig. 2a). We constructed a sub-
network with nodes that are in a first neighborhood (direct
interaction) relationship with the DEGs. In the subnetwork,
Uchl1, kinesin family member 5B (Kif5b), cyclin T1
(Ccnt1), copine 3 (Cpne3), tankyrase (Tnks), and neural cell
adhesion molecule 1 (Ncam1) were identified as the central
genes (Fig. 2b). To validate our RNA-seq data, we performed
qRT-PCR using new cochlear samples. A positive correlation
between the RNA-seq analysis and qRT-PCRwas observed as
shown in Fig. 2c. This data indicates that our RNA-seq anal-
ysis was highly reliable.

Expression of the UCHL1 Protein in the Cochlea

UCHL1 is expressed predominantly in the brain and neuroen-
docrine system, and accounts for 1–2% of total brain soluble
proteins [33]. Interestingly, cochlear tissue showed a predom-
inant expression of UCHL1, as did brain tissue in both
Western blot analyses with β-actin and GAPDH as relative
controls (Fig. S2), and its expression was highest in SGCs, as
expected (Fig. 3b). We further performed immunohistochem-
ical staining of UCHL1 in adult rat cochlea. The double stain-
ing of antibodies against UCHL1 and TUJ1, a SGC specific
marker, revealed that UCHL1 was predominantly expressed
in SGCs, as well as efferent nerve terminal and nerve fibers
connected to the HCs from the SGCs (Fig. 3a). To determine
whether GM treatment could downregulate the levels of
UCHL1, we compared UCHL1 expression differences be-
tween the GM-injected and non-injected SD-rats. The GM-
injected rats showed downregulation of UCHL1 in both SGCs
and efferent nerve terminals (Fig. 3c).

Knockdown or Inactivation of UCHL1 Accelerates
GM-Induced Cell Death

UCHL1 has been reported to be upregulated in various tumor
tissues and has been suggested to function as an oncogene in
the progression of many cancers [34]. However, the results
indicating whether UCHL1 facilitates cell death or survival
in normal cells are controversial [35–37]. Therefore, we in-
vestigated whether reduced UCHL1 activity was able to affect
GM-induced SGC death. For these experiments, we used the
UCHL1 inhibitor, 3-amino-2-benzoyl-6-oxo-6,7-
dihydrothieno[2,3-b]pyridine-5-carboxylic acid (LDN-
91946), which is known to specifically inhibit UCHL1 activ-
ity [38]. After 50 μM GM treatment for 48 h, the number of
SGCs was decreased to 53 ± 7% compared with the control
(100 ± 18%), and the decrease in SGCs was enhanced signif-
icantly by LDN-91946 treatment (30 ± 5%) (Fig. 4a, b).

Next, we observed the accumulation of LC3-II puncta in
primary-cultured SGCs treated with GM compared to the con-
t r o l ( t r e a t e d w i t h d i s t i l l e d w a t e r (DW) ) b y
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immunofluorescence (Fig. 4c). However, unlike the immuno-
fluorescence results, Western blot analysis did not show any
change in LC3 lipidation, because primary SGCs did not pro-
liferate and were highly differentiated, whereas other cells,
including SCs and lateral wall fibrocytes, continuously prolif-
erated (Fig. S3). Therefore, we used the auditory cell line HEI-
OC1 in the following experiment. GM treatment temporarily
increased the expression of UCHL1, which decreased in a
time-dependent manner at 24 and 48 h, concomitant with an
increase in LC3-II (Fig. 4d). Uchl1 was down- or upregulated
by siRNA, LDN-91946, or Myc-Uchl1 overexpression plas-
mids to evaluate the effect ofUchl1 on GM-induced cell death
in HEI-OC1 cells. The transfection efficiency of siRNA and
plasmid DNAwas around 50 and 80%, respectively, as shown
in supplementary Fig. S4. Cell viability was evaluated by
WST-1 assay and counting of DAPI-positive cells. HEI-OC1
cells treated with Uchl1 siRNA and LDN-91946 were

significantly accelerated cell death following GM treatment
(Fig. 4e, f and S5a), compared to control siRNA-transfected
or DMSO-treated cells, respectively. In contrast, cells overex-
pressing Myc-Uchl1 exhibited increased cell viability com-
pared to cells overexpressing Myc (Fig. 4g and S5b). We ad-
ditionally investigated whether Uchl1 decrease-induced cell
death depends on autophagy. Double knockdown of Uchl1
and autophagy-related 5 (Atg5) shows no additive effect on
GM-induced cell death, compared to either Uchl1 or Atg5
knockdown alone (Fig. S6).

Knockdown of Uchl1 Impaired Autophagosome
Clearance and Stabilized Sequestosome 1
(SQSTM1/p62) and β-Catenin

UCHL1 is a member of the UCH deubiquitinating enzyme
(DUB) family. Earlier studies showed that several DUB

Fig. 1 Gene expression changes in the cochlea. a Confocal microscope
images show the expression ofmyo7a and phalloidin in themiddle turn of
the organ of Corti treated with distilled water (DW) (control, n = 3) and
gentamicin (GM, days 1, 2, and 3, n = 3, respectively). Histogram shows
themean viability of the hair cells. The data represent themean ± standard
deviation of three independent organ of Corti samples (left panel)
(*P < 0.05 vs day 0). bHeat maps of gene expression changes for control,
day 1, and day 2 GM-treatment groups. c Venn diagrams summarizing

differentially expressed genes (DEGs) at day 1 (left circle) and day 2
(right circle) following GM treatment. The number in the area of overlap
of the two circles indicates the number of genes whose expression
changed at both time points. d Gene ontology (GO)-based functional
enrichment analysis. GO terms significantly (*P < 0.05) enriched at day
1 (e), day 2 (f), and both time points (g). Log10-transformed P values are
shown on the Y-axis
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family enzymes can regulate autophagy under normal growth
or stress conditions [39]. Therefore, we investigated whether
downregulation of Uchl1 was able to affect GM-induced au-
tophagy. The level of autophagy was monitored by the levels
of LC3-II, an autophagosome marker. As shown in Fig. 5a,
Uchl1-knockdown cells showed markedly increased LC3-II
under both normal and GM conditions by Western blot. In
contrast, Uchl1overexpression decreases the LC3-II under
GM condition (Fig. 5b). To illuminate whether the increase
of autophagosomes was a result of increased formation or
decreased fusion of autophagosomes with lysosomes, we per-
formed tandem mRFP-GFP-tfLC3B construct fluorescence
analysis. The RFP fluorescence is more stable in acidic com-
partments, whereas GFP fluorescence is rapidly quenched.
Therefore, when autophagic flux is increased, the GFP/RFP
ratio is decreased [27]. In the siControl cells, the GFP/RFP
ratio was decreased, indicating that autophagic flux proceeds
normally. In contrast, the GFP/RFP ratio was increased in
siUchl1-knockdown cells, suggesting that the autophagosome
is not efficiently degraded (Fig. 5c, e). We subsequently ana-
lyzed the effect of Uchl1 overexpression on autophagic flux.
As shown in Fig. 5d, f, the GFP/RFP ratio was considerably
decreased in cells transfected with Uchl1, compared to Myc-
transfected cells, in response GM. To evaluate inhibition of

autophagosome-lysosome fusion, we used LAMP1 as a lyso-
somal marker. As expected, LAMP1 did not co-localize with
LC3 in the UCHL1-knockdown cells, regardless of GM treat-
ment (Fig. S7). These results show that downregulation of
Uchl1 results in a blockade of the autophagic flux by impaired
autophagosome clearance.

We next assessed the levels of SQSTM1/p62 in Uchl1-
knockdown cells. p62, also known as SQSTM1, is an adaptor
protein that brings polyubiquitinated proteins into nascent
autophagosomes [40], and the disruption of autophagy results
in the accumulation of SQSTM1/p62. Contradictory to the
above results, siRNA knockdown of Uchl1 decreased
SQSTM1/p62 expression (Fig. 5a). Because the decreased
expression of Uchl1 might be associated with SQSTM1/p62
transcriptional regulation, we measured Sqstm1/p62 mRNA
levels using qRT-PCR. However, Uchl1 knockdown did not
decrease Sqstm1/p62mRNA expression (Fig. 5g). SomeDUB
enzymes can act as regulators of protein stability by removing
or editing ubiquitin chains that can be targets for proteasomal
degradation [41]. Several studies have reported that UCHL1
plays a role in regulating protein stability. In particular,
UCHL1 is required for stabilization of β-catenin through
deubiquitination and upregulation of β-catenin/TCF tran-
scriptional activity [36, 42, 43]. We also observed that Uchl1

Table 1 Top ten upregulated and downregulated vesicle-related genes at day 1 and 2 after GM

Gene Description Gene accession Fold change

GM-Day 1 GM-Day 2

Upregulated

Ibsp Integrin-binding sialoprotein NM_012587 5.19 5.75

Bglap Bone gamma-carboxyglutamate (gla) protein NM_013414 4.53 7.54

Slc4a7 Solute carrier family 4, sodium bicarbonate cotransporter, member 7 NM_058211 3.79 4.39

Mib1 Mindbomb E3 ubiquitin protein ligase 1 NM_001107405 3.56 3.72

Lnpep Leucyl/cystinyl aminopeptidase NM_001113403 2.90 4.54

Pdpk1 3-Phosphoinositide dependent protein kinase-1 NM_031081 2.83 3.40

Atp7a ATPase, Cu++ transporting, alpha polypeptide NM_052803 2.71 4.07

Kif1b Kinesin family member 1B NM_057200 2.50 2.78

Tmem33 Transmembrane protein 33 NM_001034198 2.49 2.64

Cd2ap CD2-associated protein NM_181475 2.48 3.30

Downregulated

Scg3 Secretogranin III NM_053856 − 1.64 − 2.40
Cfd Complement factor D (adipsin) NM_001077642 − 1.73 − 2.36
Vgf VGF nerve growth factor inducible NM_030997 − 1.76 − 2.09
Rab3b RAB3B, member RAS oncogene family NM_031091 − 1.82 − 2.52
Syt5 Synaptotagmin V NM_019350 − 1.83 − 2.98
Thbs4 Thrombospondin 4 NM_017133 − 1.94 − 2.93
Iapp Islet amyloid polypeptide NM_012586 − 2.22 − 2.15
Sphk1 Sphingosine kinase 1 NM_001270810 − 2.24 − 2.25
Cspg5 Chondroitin sulfate proteoglycan 5 (neuroglycan C) NM_019284 − 2.25 − 2.00
Gal Galanin/GMAP prepropeptide NM_033237 − 2.26 − 4.21
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knockdown downregulated the expression of β-catenin in
HEI-OC1 cells and upregulated caspase 3 activation against
GM (Fig. 5a), whereas overexpression of Uchl1 shows β-

catenin upregulation and caspase 3 downregulation in re-
sponse to GM (Fig. 5b). When Uchl1-knockdown cells were
treated for 4 h with the proteasome inhibitors MG132 and

Fig. 2 Protein-protein interaction (PPI) network of the cochlear DEGs. a
Overall PPI network of the DEGs. b Subnetwork clusters identified from
the PPI network. Color scales are shown in the upper right. A new RNA
sample was extracted from the cochlea at day 1 and day 2 (c) after gen-
tamicin treatment. Validation of gene expression patterns from the RNA-

seq analysis (gray bar) by relative quantification through qRT-PCR (black
bar). Relative expression levels of Uchl, Kif5b, Ccnt1, Cpne3, Tnks, and
Ncam1 are plotted on the Y-axis after normalization to control samples
(white bar). Error bars represent standard deviation; n = 3, *P < 0.05 vs
control
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lactacystin, the reduced expression of SQSTM1/p62 and β-
catenin, which was caused byUchl1 knockdown, was rescued
(Fig. 5h and S8). A slight but insignificant increase of
SQSTM1/p62 expression was observed following treatment
with chloroquine (Fig. 5h). This result shows that Uchl1 pre-
vents proteasomal degradation of SQSTM1/p62 and β-
catenin by using its deubiquitinating enzyme activity.

Discussion

A model of cochlear organotypic culture and next generation
sequencing techniques are powerful tools to identify genes
and pathways that contribute to the pathogenesis of GM-
induced auditory cell death. The RNA-seq procedure showed
that many genes were up- or downregulated in GM-treated
organotypic cultures. Current RNA-seq data support our pre-
vious finding that GM treatment results in autophagosome
accumulation due to impaired autophagy flux. GO analysis
showed that 275 DEGs were involved in vesicles. Among

the top ten up- or downregulated DEGs, a kinesin-like protein,
Kif1b, was previously reported to be co-localized with lyso-
somal markers and involved in lysosome transport. Moreover,
the knockdown of Kif1b impaired the nutrient-controlled ac-
tivation of mTORC1, a regulator of autophagy [44].
Upregulation of Kif1b was verified in the cochlea after noise
trauma [45]. Transmembrane protein 33 (Tmem33) has been
reported to be a novel regulator of the endoplasmic reticulum
stress-induced unfolded protein response signaling cascade in
cancer cells [46]. Ras-related protein, Rab3b, which is highly
expressed in the vesicle fraction [47], mediates endocytosis
and biosynthetic protein transport [48]. Significant decreases
of Rab3b mRNA levels following cisplatin treatment were
observed in rat organotypic culture [49]. These genes may
be involved in the GM-induced appearance of vesicles and
enlargement of lysosomes.

Of the six putative genes in the PPI subnetwork, Ncam1
and Uchl1 have been reported to be expressed in the cochlea.
The neural cell adhesion molecule, Ncam, is expressed along
the growth path of the nerve fibers for synaptogenesis and

Fig. 3 Expression of UCHL1 in the rat cochlea. a Immunohistochemistry
of SD-rat cochlea at 7 weeks. UCHL1 (green) is expressed in the SGCs,
nerve fibers under IHCs, type I and II efferent and afferent nerve termi-
nals, and LWs. The white square on merged images marks the magnified
area. b Representative western blot of lysates from OC, LW, and SGC
using anti-UCHL1. β-actin was used as the control for sample loading.

Error bars represent standard deviation; n = 3, *P < 0.05. c
Immunohistochemistry of UCHL1 (green) in the middle turn of the co-
chlea injected with DW (control, upper panel) and gentamicin (lower
panel). The white arrow indicates IHC and OHC. LW lateral wall, OC
organ of Corti, OHC outer hair cell, IHC inner hair cell, SGC spiral
ganglion cell
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axon guidance in the organ of Corti [50]. Furthermore, using
Lunatic Fringe (Lfng)-GFP transgenic mice, recent studies
showed that Uchl1 was expressed in a subpopulation of non-
sensory supporting cells (SCs), and it may contribute to HC or
neuron differentiation [51]. The UCHL1 protein was, howev-
er, also detectable in vestibular HCs [52]. In our study, Uchl1
was downregulated by GM in a time-dependent manner, and
deficiency of Uchl1 was found to be associated with the
autophagy/lysosomal pathway upon damage or pathological
condition [39, 53].

UCHL1 is a deubiquitinating enzyme that cleaves ubiquitin
from polyubiquitin chains at its carboxyl terminal, and stabi-
lizes monoubiquitin. Thus, UCHL1 may play an important
role in maintaining the free ubiquitin pool for the UPS [54].
UCHL1 is expressed predominantly in the brain and neuroen-
docrine system with functional roles in maintenance of syn-
aptic structures, ubiquitin stabilization and turnover, and reg-
ulation of proteasomal and lysosomal degradation [54].

Dysfunction of UCHL1 has been reported in many neurode-
generative diseases, including Alzheimer’s and Parkinson’s
diseases [55]. In addition to neurodegenerative disease, recent

Fig. 4 Downregulation of UCHL1 enhanced gentamicin (GM)-induced
auditory cell death. aOrganotypic cultures from the middle cochleae 48 h
after DW, 50 μM GM, 10 μM LDN-91946, and 50 μM GM + 10 μM
LDN-91946 treatment. LDN-91946was pre-treated for 4 h and co-treated
with GM. The spiral ganglion cells (SGCs) were stained with a TUJ1
(green) and NeuN (red) antibody. b The graph shows the quantitative
results of the cochlear SGC counts. Data represent the mean ± standard
deviation (n = 3) (*P < 0.05). c Representative confocal images con-
firmed TUJ1 (red) and LC3 (green)-expressing SGCs treated with DW
(control) and 50 μMGM for 48 h. d Time-dependent change of UCHL1
expression fromHEI-OC1 cells treated with 5mMGM.Western blot data
was quantified and normalized to GAPDH. Data represent the mean ±

standard deviation (n = 3) (*P < 0.05 vs day 0). e HEI-OC1 cells were
treated with the UCHL1 inhibitor, LDN-91946 (10 μM), during exposure
to 5 mMGM for 24 and 48 h. f Cells were transfected with control small
interfering RNA (siRNA) or Uchl1 siRNA for 24 h and subsequently
treated with or without 5 mMGM for 48 h. g Cells were transfected with
Myc orUchl1-Myc for 24 h andwere subsequently treated with or without
5 mM GM for 48 h. Cell viability was quantified using water-soluble
tetrazolium salt (WST-1) assays. The relative percent cell viability was
calculated by comparing samples with the viability of control HEI-OC1
cells. The bar graph is presented as mean ± standard deviation (n = 3).
Statistical analyses were performed using Mann–Whitney U tests
(*P < 0.05)

�Fig. 5 UCHL1 is required for autophagosome clearance. Western blot
analysis of Uchl1 knockdown (a) and overexpression (b) with or without
5 mM gentamicin (GM) for 48 h in HEI-OC1 cells. GAPDH levels were
determined as a loading control. c, d HEI-OC1 cells were co-transfected
with siControl, siUchl1, Myc, Uchl1_Myc, and tfLC3 plasmids. After
24 h, the cells were treated with GM for 48 h, fixed, and analyzed by
microscopy. The white square on merged images marks the magnified
area. e, f Statistical analysis of GFP/RFP ratio. Values were represented as
mean ± standard deviation (n = 3). g Quantitative RT-PCR of p62mRNA
level in siControl and siUchl1 knockdown cells. Gapdh and Gusb were
used as an internal control. Data represent the mean ± standard deviation
(n = 3). Statistical analyses were performed using Mann–Whitney U tests
(*P < 0.05). f UCHL1 knockdown cells were treated with GM. After
treatment with GM for 48 h, cells were treated with chloroquine (CQ,
50 μM) andMG132 (5 μM) for 4 h. GAPDH levels were determined as a
loading control
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reports suggest that UCHL1 plays a role in physiological and
pathological processes including development, aging, carci-
nogenesis, and cell death [56]. The functional significance of
the UCHL1 gene in hearing problems is currently not well

known, but a recent study reported that UCHL1 may play an
important role in maintaining the level of monoubiquitin to
promote proteolysis by initiating the UPS system to protect
the auditory cortex from oxidative stress during aging [57].
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In the present study, Uchl1 was found to be downregulated
following GM treatment. Uchl1 inhibition by siRNA and the
pharmacological inhibitor, LDN-91946, in both cochlear ex-
plants and HEI-OC1 cells led to exacerbated GM-induced
auditory cell death. A recent study also indicated a significant
decrease of UCHL1 protein in the subventricular zone with
age-dependent neurodegenerative diseases [58]. The signifi-
cant role of UCHL1 has also been reported to be associated
with several human diseases, including type 2 diabetes [53,
59], epilepsy [60], nephropathy [61], and several malignan-
cies [62, 63]. Decreased UCHL1 can be harmful in normal
cells, but beneficial in cancer cells by potentiating sensitivity
in cancer cells against anti-cancer drugs. Some studies have
reported on the mechanistic links between UCHL1 and the
UPS, cell cycle, protein stabilization, and autophagy.

Our previous study reported that autophagic flux partici-
pates in delayed GM-induced ototoxicity [11], and rapamycin
attenuates GM-induced auditory cell death by stimulating au-
tophagy. Autophagy is normally able to regulate intracellular
protein turnover to maintain cellular homeostasis. However,
when autophagy is compromised, by GM for example, it can
be implicated in the pathogenesis. Interestingly, Reynolds JP
et al. reported that rapamycin can attenuate processes associ-
ated with epileptogenesis, including hippocampal cell death
and axonal sprouting through mammalian target of rapamycin
(mTOR) signaling-mediated upregulation of UCHL1 [60].
Recently, Yan C et al. did a genome-wide screen of 55 human
DUBs and found out that a certain number of the human
DUBs affected autophagy in diverse aspects. One of them,
UCHL1 interacts with LC3 and inhibits autophagosome for-
mation depending on its DUB activity [64]. In addition, recent
reports have shown that defective Uchl1 exacerbates the
autophagy/lysosomal degradation disruption caused by high
expression of human islet amyloid polypeptide [53]. In this
study, we also found that silencing of the Uchl1 protein
blocked autophagic flux using mRFP-GFP-tfLC3B and co-
localization of LAMP1 and LC3. This suggests that GM-
induced downregulation of UCHL1 might negatively regulate
the autophagosome and lysosome fusion step in response to
GM treatment.

The expression of SQSTM1/p62 in the regulation of GM-
induced impairment of autophagic flux has been controver-
sial. SQSTM1/p62 is a multifunctional adaptor protein that
possesses an ubiquitin-binding domain and LC3-interacting
region and is therefore able to interact with ubiquitinated car-
go in the core autophagic machinery [40]. Since SQSTM1/
p62 is degraded by autophagy, decreased levels of SQSTM1/
p62 may be used as an autophagic flux marker. However, in
the present study, the decreased expression of SQSTM1/p62
in cells with Uchl1 siRNAwas not accompanied by changes
in acridine orange, indicating an acidic vacuole in cells, in-
cluding lysosomes and autolysosomes. Acridine orange is a
nucleic acid, a lysosomotropic metachromatic green

fluorophore that accumulates in an acidic compartment,
shifting its emission to longer wavelengths (650 nm, red fluo-
rescence). It showed the accumulation of LC3 and an increase
in the ratio of GFP/RFP, indicating impairment of autophagic
flux (Fig. 5). Therefore, two possible hypotheses can be con-
sidered. First, HEI-OC1 cells treated with Uchl1 siRNA may
affect the autophagic flux via a SQSTM1/p62-independent
pathway (e.g., NBR1 and NDP52). Second, disruption of
SQSTM1/p62 protein stabilization by knockdown of Uchl1
can impair autophagic flux. In this context, β-catenin [36, 42,
43], p53 [65], and HIF-1α [66] have been suggested. Further
study is needed to understand the differential results of
SQSTM1/p62 on the impairment of autophagic flux.

The doses used are important in toxic mechanistic studies,
because the cell-death pathway (necrosis, apoptosis, or au-
tophagy) can differ according to the dose. In the present study,
the concentrations of gentamicin that reduced cell viability by
15–25% at 48 h and increased the expression of the
autophagosome marker LC3 were determined. The appropri-
ate concentrations of gentamicin were 50 μM in organotypic
culture and 5 mM in HEI-OC1 cells. The concentration of
gentamicin that is toxic is typically higher in cell lines cultured
in vitro than that in vivo because of the different environmen-
tal conditions.

An adult cochlea expresses UCHL1 in SGCs, nerve fibers
under inner hair cells, and type I and II efferent and afferent
nerve terminals as shown in Fig. 3. Another important role for
UCHL1 is the maintenance of neuronal health and synaptic
stability and integrity by providing a sufficient level of mono-
ubiquitin [67]. From the PPI network results, we observed an
interconnection between Uchl1 and Ncam. Ncam has been
reported to be important for SGC survival and neurite growth
in the organ of Corti [68]. Furthermore, recent studies in the
human fetal brain have also shown that Uchl1 is a novel in-
teraction partner of Ncam through the de-ubiquitination and
recycling of Ncam for normal functions in the nervous system
[52]. Therefore, we cannot rule out the possibility that the
inhibition of Uchl1 has some direct effect on SGCs. Uchl1
may be partly involved in the synaptic dysfunction between
HCs and SGCs.

In summary, downregulation of the UCHL1 gene is in-
volved in GM-induced ototoxicity. Further, our data indicate
that the dysregulation of Uchl1 is deleterious to auditory cell
survival through impaired autophagic flux. This is the first
report to demonstrate the role of UCHL1 in GM-induced au-
tophagic cell death, and we suggest that the involvement of
UCHL1 in drug-induced ototoxicity may be worth exploring.
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