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1 | INTRODUCTION

Abstract

Background: Auditory neuropathy is a cause of hearing loss that has been studied
in a number of animal models. Signal transmission from hair cells to spiral ganglion
neurons plays an important role in normal hearing. CYLD is a microtubule-binding
protein, and deubiquitinase involved in the regulation of various cellular processes. In
this study, we used Cyld knockout (KO) mice and nerve cell lines to examine whether
CYLD is associated with auditory neuropathy.

Methods: Hearing of Cyld KO mice was studied using the TDT RZ6 auditory physiology
workstation. The expression and localization of CYLD in mouse cochlea and cell lines were
examined by RT-PCR, immunoblotting, and immunofluorescence. CYLD expression was
knocked down in SH-SY5Y cells by shRNAs and in PC12 and N2A cells by siRNAs. Nerve
growth factor and retinoic acid were used to induce neurite outgrowth, and the occurrence
and length of neurites were statistically analyzed between knockdown and control groups.
Results: Cyld KO mice had mild hearing impairment. Moreover, CYLD was widely ex-
pressed in mouse cochlear tissues and different nerve cell lines. Knocking down CYLD
significantly reduced the length and proportion of neurites growing from nerve cells.
Conclusions: The abnormal hearing of Cyld KO mice might be caused by a decrease in
the length and number of neurites growing from auditory nerve cells in the cochlea,
suggesting that CYLD is a key protein affecting hearing.
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commonly used devices to assist hearing and cochlear implants the

Hearing occurs through the coordinated functions of the ear, au-
ditory nerve, and auditory center. Hearing impairment is a serious
disability that can seriously affect social function and lead to de-
pression and social isolation.}™> About 360 million people, ~5% of
the world's population, suffer from hearing impairment. There are

few effective cures for hearing loss, with hearing aids the most

only option for conductive hearing loss due to severe middle ear
disease.®”? Therefore, basic research on the mechanisms of hearing
regulation is important for the prevention and treatment of hearing
impairment.

In mammalian hearing, hair cells in the sensory epithelium of
the cochlea receive information that is transmitted via spiral gan-

glion neurons to the brain's hearing center.}°'? Problems in any of
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these connections will cause irreversible damage, and conditions
such as aging, genetic defects, and ototoxic drugs can cause neu-
rological hearing loss.315 In particular, hair cell injury can cause
the primary or secondary degeneration of spiral ganglion neurons,
leading to the loss of auditory nerve function and acoustic neu-
ropathy.’%%% Studying the genes that affect the auditory nerve
can provide information on underlying mechanisms that can be
exploited to reduce or avoid the damage or degeneration of nor-
mal neurons and protect the vitality and function of the auditory
nerve.

CYLD is a tumor suppressor protein with deubiquitinase activity
that specifically removes K63-linked polyubiquitin chains. 21 CYLD
has three glycine-rich domains (Cap-Gly) and a C-terminal-specific
deubiquitinase domain (USP). CYLD can bind to microtubules or
microtubule-binding proteins, such as EB1, to affect microtubule
function.???* CYLD has been shown to regulate angiogenesis by
mediating the migration of vascular endothelial cells, mediate cilio-
genesis in multiple organs through deubiquitination of CEP70 and

25,26

inactivation of HDAC6, and regulate spindle orientation. It re-

mains elusive whether abnormal expression or deubiquitinase activ-
ity of CYLD can affect the length of primary nerve axons in mice.?”
A few studies have reported the molecular mechanisms by which
different post-translational modifications of proteins affect hear-

ing.282? However, there have been relatively few reports describing
the role of CYLD in hearing and neurology.

2 | MATERIALS AND METHODS

2.1 | Mice

All mouse use was approved by the Animal Care and Use
Committee of Nankai University. Mice were cared for and oper-
ated on in accordance with relevant regulations. The reproduc-
tion and genotyping of Cyld knockout (KO) mice constructed under
the mixed genetic background of C57BL6/DBA are described in
previous research.3® Cyld heterozygous mice were intercrossed
to generate Cyld wild-type and knockout littermates. Hearing
was detected using a TDT RZ6 auditory physiology workstation
(Tucker-David Technologies).

2.2 | Cell culture and in vitro experiments

SH-SY5Y cells were maintained in RPMI 1640 medium (Gibco,
Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS).
PC12 cells were maintained in F12 medium (Gibco) supplemented
with 12.5% horse serum (Gibco) and 2.5% FBS. N2A cells were main-
tained in DMEM medium (Gibco) with 10% FBS. These media were
supplemented with 100 U/mL penicillin and 100 mg/mL strepto-
mycin (Solarbio Life Science). All cells were incubated in 5% CO, at
37°C.

For knockdown experiments, SH-SY5Y cells were transfected
with pSUPER-CYLD plasmids expressing small hairpin RNAs using
Lipofectamine RNAIMAX (Invitrogen,). Knockdown of CYLD expres-
sion in SH-SY5Y and PC12 cells was performed using siRNAs. All
siRNAs were synthesized by Ribobio, Inc. SH-SY5Y and PC12 cells
were induced with nerve growth factor (NGF, Sigma Aldrich) for 60 h
and 48 h, respectively. N2A cells were induced to produce neurites
in differentiation medium supplemented with 20 pM retinoic acid
(RA, Sigma Aldrich) for 3 days.

2.3 | Immunofluorescence

Procedures for obtaining mouse cochlea and frozen sections were
as previously described.31:%2 Briefly, mouse cochlear tissues were
fixed with 4% paraformaldehyde (Sigma Aldrich), decalcified with
EDTA (Sigma Aldrich), embedded in Tissue-Tek OCT (Sakura), and
rapidly frozen in liquid nitrogen before obtaining frozen sections.
Immunofluorescence of cells and sections was performed by first
fixing in 4% paraformaldehyde for 30 min and then permeating with
0.5% Triton X-100 (Sigma Aldrich) for 20 min. Subsequently, 4% BSA
(Sigma Aldrich) was used as a blocking reagent at room temperature
for 1 h, slides were incubated with primary antibodies overnight at
4°C and with secondary antibodies for 1 h, and finally, slides were
stained with DAPI (Sigma Aldrich). A Zeiss LSM710 laser confocal
microscope was used for visualization and imaging. The CYLD anti-
body was purchased from Sigma Aldrich, and the SMI-312 antibody
was purchased from Abcam.

2.4 | Immunoblotting

Frozen cochleae were ground in a pestle under liquid nitrogen.
RIPA solution containing PMSF (Solarbio) was added, and after
cooling on ice for 30 min, samples were centrifuged at 12000 r/min
at 4°C for 20 min. Cells lysate proteins were cleaved using RIPA,
and protein samples were electrophoresed by 10% SDS-PAGE and
then transferred to a polyvinylidene fluoride (PVDF, Millipore,)
membrane. Membranes were blocked with 5% skimmed milk (BD,
Franklin Lakes, NJ) at room temperature for 2 h, incubated with
primary antibodies (same as above) overnight at 4°C, and then incu-
bated with secondary antibody (Solarbio) conjugated to horserad-
ish peroxidase (HRP) for 1 h at room temperature. HRP substrate
(WBKLS0500, Millipore) chemiluminescence was used to detect

protein bands.

2.5 | Real-time qPCR

Mouse cochlear tissue was processed as for immunoblotting. After
grinding in liquid nitrogen, TRIzol Reagent (Invitrogen) was added to
extract total RNA before being reverse transcribed into cDNA. Cyld
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primers were used for amplification as previously, and Actb primers
were as follows: forward, 5- CAGAAGGAGATTACTGCTCTGGCT-3';
reverse, 5-TACTCCTGCTTGCTGATCCACATC-3".%°

2.6 | Quantification and statistical analysis

Data were analyzed using the two-tailed unpaired Student's t test to
compare two groups or ANOVA to compare more than two groups
and expressed as mean + SEM. p-values less than 0.05 were con-
sidered significant. Quantitative statistics and mapping were com-
pleted using Image J software and GraphPad Prism software.

3 | RESULTS

3.1 | Cyld KO mice developed mild hearing loss

We first identified the genotype of mice, and found that there was
no CYLD expression in the cochleae of KO mice either by PCR
(Figure 1A) or immunoblotting (Figure 1B). In 3-6 month-old WT
mice and KO mice, KO mice showed mildly impaired hearing com-
pared to WT mice (Figure 1C).

3.2 | CYLD is expressed in mouse cochlea and
varies with age

We next quantified Cyld mRNA and protein expression in the coch-
lea of mice aged 1, 3, and 12 months. Semi-quantitative PCR showed
that Cyld mRNA expression increased with age (Figure 2A), and
RT-gPCR showed that this increase in expression was significant
(Figure 2B). Furthermore, CYLD protein expression was significantly
higher in older mice than in younger mice (Figure 2C,D).
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3.3 | CYLD is widely distributed in cochleae and
localizes to nerve cells and ear hair cells in vitro

The expression of CYLD in the cochlea has previously been assessed
in this study we explored. To localize CYLD expression in the mouse
cochlea, frozen sections of mouse cochleae were subjected to immu-
nofluorescence analysis using primary antibodies targeting CYLD.
CYLD was widely expressed in cochlear tissues (Figure 3A). CYLD
was also expressed in SH-SY5Y and PC-12 nerve cells and HEI-OC1
ear hair cells (Figure 3B).

3.4 | CYLD affects the neurite length of NGF-
induced neurons

Since normal neurite length is required for nerve signal transmis-
sion, we wanted to assess the effect of CYLD expression on neurite
length. SH-CYLD was used to knock down CYLD expression in SH-
SY5Y cells (Figure 4A), and neurite outgrowth was induced by NGF.
CYLD knockdown significantly reduced the length of SH-SY5Y cell
neurites induced by NGF (Figure 4B,C). Using siCYLD to knockdown
expression of CYLD in PC12 cells (Figure 4D), CYLD knockdown also
significantly reduced the neurite length induced by NGF in PC12
cells (Figure 4E,F).

3.5 | CYLD not only affects the neurite length in
NA-induced neurons but also the proportion of cells
with neurites

We next used N2A nerve cells, which can differentiate into neurons
under RA induction, to assess the impact of CYLD knockdown. After
siCYLD knockdown in N2A cells (Figure 5A) and RA-induced cell dif-
ferentiation, neurons were labeled with SMI-312 and the proportion

Hearing level
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FIGURE 1 Mild hearing loss in Cyld KO mice. (A) Mouse genotyping of wild-type (WT) and Cyld knockout (KO) mice. The progeny of
CYLD heterozygous mice were labeled 1, 2, 3, and 4, respectively. Mice numbered 1 and 3 were WT mice, number 4 was a KO mouse, and
number 3 was a CYLD heterozygous mouse. (B) Immunoblotting detection of CYLD expression in the cochlea of WT and KO mice. (C) The
TDT-RZ6 auditory physiology workstation was used to detect hearing in WT and KO mice.
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FIGURE 2 CYLD is expressed in the
mouse cochlea and expression varies
with age. (A) Expression of Cyld mRNA

in cochleae of mice of different ages was
detected by semi-quantitative PCR. (B)
Quantitative real-time PCR was used

to detect Cyld mRNA expression. (C-D)
Immunoblotting detection of CYLD
protein expression in mice of different
ages. Data are expressed as mean + SEM.
Error bars, absolute value of SEM.
Student's t test was performed for all
graphs. *p < 0.05, **p < 0.01, ***p < 0.001.

HEI-OC1 cells

FIGURE 3 CYLD is widely distributed in cochleae and is localized in nerve and ear hair cells in vitro. (A) Localization of CYLD in frozen
sections of cochleae was detected by immunofluorescence staining. Scale bar, 100 pm. (B) The localization of CYLD in SH-SY5Y cells, PC12

cells, and HEI-OC1 cells was detected by immunofluores

of cells with neurites and length of neurites were assessed

cence. Scale bar, 10 pm.

(Figure 5B). 4 |

CYLD knockdown not only reduced the length of neurites during the

transformation of N2A cells to neuronal cells but also significantly re-

duced the proportion of cells with neurites (Figure 5C,D).

DISCUSSION

The purpose of this study was to explore how CYLD affects hear-

ing, and here, we show that CYLD loss slightly impaired hearing in
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FIGURE 4 CYLD affects neurite length of NGF-induced neurons. (A) CYLD knockdown in SH-SY5Y cells protein by sh-CYLD was
detected by immunoblotting. (B-C) After CYLD expression was knocked down by sh-CYLD, SH-SY5Y neurite outgrowth was induced by
NFG and their length was analyzed. Scale bar, 5 pm. (D) CYLD knockdown in PC-12 cells by siCYLD was detected by immunoblotting. (E-F)
CYLD expression in PC-12 cells was knocked down by siRNA, neurite growth induced by NGF, and the length of neurites analyzed. Scale bar,
10 pm. Data are expressed as the mean = SEM. Error bars, absolute value of SEM. Student's t test was performed for all graphs. *p < 0.05,

**p < 0.01, ***p < 0.001.

mice. CYLD was widely expressed and localized in cochlear tissues
and different nerve cell models in vitro. Through cell experiments, it
was found that knockdown of CYLD expression reduced the length
and proportion of neurite in nerve cells, which may be the potential
cause of neurological hearing impairment. Further studies on the
molecular mechanism of how CYLD affects the normal function of
nerve cells could provide a theoretical basis for the treatment and
prevention of clinical hearing loss.

Hearing impairment caused by hereditary motor and sensory
neuropathy is known as auditory neuropathy. The cochlear nerve
is a branch of the auditory nerve originating from the spiral gan-
glion. 103334 Hajr cells are located in the cochlea and are regulated
by the vestibular, cochlear, or auditory nerves. Damage to the

inner hair cells of the cochlea leads to spiral ganglion degenera-
tion, while stimulation and damage to the auditory nerve results
in the bipolar cells of the cochlear ganglion not emitting neurites,
losing vitality and function, and leading to neurological deaf-
ness.®>38 We induced neurites in different nerve cell models in
vitro by adding NGF or NA and found that CYLD knockdown had a
significant effect on the proportion and length of neurite growth.
Therefore, this may be a mechanism by which CYLD causes au-
ditory neuropathy. Furthermore, Cyld KO mice have a variety of
ciliopathic phenotypes, and cochlea hair cells also have cilia that
perform motor and sensory functions.’?** Whether this affects
ear hair cells with a rich ciliated system will be the focus of future

research.
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FIGURE 5 CYLD not only affects the neurite length in NA-induced neurons but also their number. (A) CYLD knockdown in N2A cells

by siCYLD was detected by immunoblotting. (B) RA was used to induce neurite in N2A cells, and the proportion of cells with neurites and
their length were analyzed by immunofluorescence. Scale bar, 10 um. Data are expressed as mean + SEM. Error bars, absolute value of SEM.
Student's t test was performed for all graphs. *p < 0.05 vs. controls; *p < 0.05, **p < 0.01, ***p < 0.001.
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