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Editorial on the Research Topic

The mechanism on development and regeneration of inner ear
hair cells

The inner ear, which consists of the cochlea and vestibular systems, is a
morphologically complex sensory organ. Hair cells (HC), which serve as inner ear
sensory cells, are critical for the transduction of mechanical stimulus into auditory
and balance signals in the inner ear. After inner ear injury, auditory abnormalities and
balance disorders are major consequences. Promoting hair cell regeneration is one of the
most promising strategies to address hearing loss and vestibular dysfunction. Exploring
the mechanism of inner ear development provides a practical venue to understand the
regeneration process of functional hair cells.

Six articles were included in this topic regarding inner ear development. With regard
to cochlear development, a pseudo-temporal analysis of single-cell RNA sequencing done
by Chen J. et al. focused on the greater epithelial ridge (GER) cells that solely present
during cochlear development, and profiled the gene expression landscape of the rat’s
cochlear basal membrane (P1, P7, P14) to categorize major subtypes of GER cells. The
authors documented the trans-differentiation of different GER subtypes to inner (IHC)
and outer hair cells (OHC) by trajectory analysis. They also elucidated the key regulatory
genes and signaling pathways during trans-differentiation, which is instrumental for
future research on HC regeneration. Another study about the organ of Corti (OoC) in
the present special topic conducted by Liu et al. dug into the connexin26 (Cx26) protein,
which is encoded by the GJB2 gene. The study demonstrated that Cx26 is involved in the
maturation of the cytoskeleton during the earlier postnatal development of the OoC.
In addition, the polymerization of G-actin into F-actin is prevented in Cx26 knock-
down (KD) mice. This study elucidated an underlying mechanism of the OoC deformity
caused by Cx26 downregulation. Given that GJB2 mutation is one of the most common
etiologies of hereditary deafness, the work is particularly noteworthy.
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As to vestibular development, three articles were included
in this topic focusing on the development of vestibular HCs
and the formation of the vestibular flat epithelium. Chen B.-].
et al. described the role of Rablla, a small G protein, in the
formation of the polarity of cilia, thus revealing that Rablla
is essential to the normal development of cilia, as well as
the intraflagellar transport. Another investigation conducted by
Yan et al. explored the role of BAIAP2L2, a component of
the row 2 complex in stereocilia, which was found to cause
degeneration of the mechanotransducing stereocilia in cochlear
hair cells when inactivated. Surprisingly, such degeneration was
not found in the vestibular HC stereocilia, considering the
unaffected morphology, the intact development and function
of the vestibule, which might be explained by the differential
dependency of CAPZB2 localization on BATAI2L2 in cochlear
and vestibular HCs. Thus, the comparative approach focusing on
the phenotypic difference between vestibular and cochlear HC
development could provide insights into their development, as
well as regeneration.

Degeneration of the vestibular sensory epithelium leads to
the formation of flat epithelium (FE) with unclear pathogenesis.
He et al. uncovered the role of epithelial-mesenchymal transition
(EMT) in this process. Upregulated mesenchymal cell markers
in the vestibular FE compared to the normal utricle and robust
cell proliferation were observed, which was consistent with
GO and DEG analyses following a microarray analysis. The
transcriptome features provided by this research provide the
foundation for future studies in novel intervention strategies
for FE.

Except for HC development, as the first and extremely
important synaptic structures formed between IHCs and spiral
ganglion neurons (SGN), ribbon synaptic maturity was also
included in the topic. The study by Guo et al. found that in the
earlier stages of auditory development, under the regulation of
autophagy, ribbon synaptic refinement and the pruning of SGN
fiber occur and are closely associated with the morphological
and functional maturation of ribbon synapses. Further evidence
pertaining to IHC functionalities is required to validate the
conclusion on inner ear development.

Vestibular and cochlear HCs and SGNs are the major
objectives of inner ear regeneration. Based on the past inner ear
developmental research, three reviews and original articles were
also included in our topic.

To expand the knowledge relating to HC regeneration in
adult cochlear explant culture, which is complementary to
inner ear organoids to study the inner ear in vitro, Li et al.
hypothesized that the integral cochlear structure helps maintain
the overall inner ear architecture and improve the sensory
epithelium survival in culture. To test the hypothesis, they
induced trans-differentiation of adult supporting cells to HC-
like cells (HCLCs) after HC degeneration by overexpression of
Atohl in adult mouse cochlear culture with the (surrounding)
bone intact. Furthermore, HCLC-neuron connections were
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observed, proving the feasibility of culturing adult inner
ear tissues for future research in regeneration, HC-neuron
pathways, and inner ear drug screening.

Regeneration of vestibular HC is critical due to its
vulnerability to ototoxic drugs and virus infection and limited
restorative capacity after damage. Huang et al. summarized the
development of human vestibular hair cells during the entire
embryonic stage and the latest research on human vestibular
hair cell regeneration. The regenerative potential of human
vestibular HC and the application of gene therapy in this field
were discussed. The author also pointed out the limitations of
current studies and future directions, including some important
problems such as how to regenerate and maintain mature and
functional HCs, which are imminent issues to resolve in order to
propel the field of regeneration of inner ear sensory epithelium,
whether in vestibular or cochlear.

Another review about regeneration in our topic is about
the SGN, which is a vital component in sensorineural hearing
loss. SGNs are the primary neurons that relay sound signals
from the inner ear to the brainstem, however, it is vulnerable
to noise and ototoxic drugs. Degeneration of SGNs causes
irreversible sensorineural hearing loss (SNHL) and cannot be
rescued effectively because of their lack of regenerative potential.
Wang et al. reviewed the recent advances in research of SGN
regeneration including exogenous stem cell transplantation and
endogenous glial cell reprogramming. In sum, SGN regeneration
is facing a similar challenge to HC regeneration. Considering the
progress of synaptic junction formation and the regeneration of
hair cells and spiral ganglion neurons, inner ear regeneration is
becoming a promising field in otology.

In addition to the development and regeneration of
the inner ear, this topic also included a study about the
protective effect of shikonin, a pigment isolated from
traditional Chinese herbal medicine, on spiral ganglion
cells. Du et al. found that shikonin reduced the ouabain-
induced auditory nerve damage and increase the expression
of Nrf2 and its downstream molecules HO-1 and NQOI.
Shikonin treatment enhanced the antioxidant capacity
of SGNs and spiral ganglion Schwann cells, promoted
cell proliferation, and inhibited apoptosis by activating
the Nrf2/antioxidant response elements signal pathway,
thereby testifying it as a candidate therapeutic drug for
neurological deafness.

Overall, this topic, with ten papers encompassing various
subjects in the area of inner ear development, revealed the
promising potential of this research interest and promoted the
progress of this lesser-known research direction.
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* Department of Cell Biology, Emory University, Atlanta, GA, United States, ° Department of Otolaryngology, Emory University,
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Vestibular organs have unique planar cell polarity (Figure 1A), and their normal
development and function are dependent on the regular polarity of cilia (Figure 1B)
requires. Rab11ais a small G protein that participates in the transportation of intracellular
and extracellular materials required for polarity formation; however, our understanding
of the mechanisms of the actions of Rab11a in vestibular organs is limited. Here,
we showed that the general shape of the utricle was abnormal in Rab11aCcK0/CKO
mice. These mice also showed abnormal morphology of the stereocilia bundles, which
were reduced in both length and number, as well as disturbed tissue-level polarity.
Rab11a affected the distribution of polarity proteins in the vestibular organs, indicating
that the normal development of cilia requires Rab11a and intraflagellar transportation.
Furthermore, small G protein migration works together with intraflagellar transportation
in the normal development of cilia.

Keywords: Rab11a, cilia, planar cell polarity, vestibular, development

INTRODUCTION

The morphology and polarization of hair cells in the vestibular organs are essential for maintaining
balance and sensing head movement. In mammals, the vestibular system is composed of five
sensory organs within the inner ear: the utricle, the saccule, and three ampullae (Cullen, 2019).
The utricle and saccule sense linear acceleration, while the ampullae located at the end of the
semicircular canal are responsible for detecting rotational acceleration (Lempert et al., 1998;
Wang and Nathans, 2007). Detecting and transducing mechanical signals from the environment
to electrical signals in neurons are dependent on the well-aligned cilia bundles on the hair cells
(Fettiplace and Kim, 2014). The hair bundle is composed of a kinocilium with a microtubule
core, and stereocilia that develop from microvilli. The kinocilium becomes asymmetrically aligned
during development, leading to the formation of staircase-aligned stereocilia from behind. This
asymmetrical location of hair bundles on the planar plane of the hair cells is defined as hair
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FIGURE 1 | Morphological changes of stereocilia in the extrastriolar hair cells from Rab11a single or Rab11a/IFT88 double-mutant utricles. (A) Medial view of a
mouse left inner ear with its five vestibular sensory organs (gray). Enlarged are the utricle showing their subdivisions, LPR (yellow ling), and striola (blue). LES, lateral
extrastriola; MES, medial extrastriola; LPR, line of polarity reversal. (B) Schematic view of vestibular hair cell. Kinocilium is marked with ace-tubulin. Basal body is
marked with y-tubulin. (C,C1,D,D1) Normal appearance of the stereocilia of extrastriolar hair cells of wild-type controls. (E,E1,F,F1) Altered morphology in
Rab11aCK0/CKO animals. (G,G1,H,H1) The changes in the stereocilia morphology were more severe in Rab11a%K0/CKO/jFT 88CKO/+ mice. (I-L) Higher magnification
of confocal images of hair cells. (M=P) Scanning electron microscopy images of hair cells from wild-type controls and Rab77a mutants. (I,M) Morphology of normal.
hair cells of wild-type controls. (J,N) The number of stereocilia on a single hair cell was deceased in the Rab77a mutant. (K,O) Stereocilia were shorter in mutants
(Continued)
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*P < 0.05.

FIGURE 1 | compared to the wild-type controls. (L,P) The staircase-like hair bundle architecture of hair cells was lost in Rab17a mutant mice. (Q) The percentage of
hair cells with abnormal development of static cilia bundles in the extrastriola region was counted as a percentage of the total (n = 5). The percentage of abnormal
hair cells was higher in Rab11aCK0/CKO | |FT88CK0/+ mice compared to Rab11aCk0/CKO  The abnormal ratios of single and double knockout hair cells were

42.1 £ 5.7 and 71.5 £ 10.4, respectively. In (A=J), for all primary panels, hair cell stereociliary bundles were marked with phalloidin (green), the actin-rich cuticular
plate of hair cells was labeled with g-spectrin (red), while the basal body of the hair cell was labeled with y-tubulin (blue). Scale bars: 10 wm (C-H1), 5 um (J-N).

cell polarity (Furness and Hackney, 2006; Fettiplace and Kim,
2014). Intact hair cell polarity is indispensable for hearing
(Jacobson et al., 2008) and maintaining balance in three-
dimensional space (Ren et al., 2013). Furthermore, hair cells in
each sensory organ of the inner ear are arranged in a coordinated
manner that manifests as a specific pattern of planar cell polarity
(PCP) (Rida and Chen, 2009). The hair cells in the vestibular
organ are highly organized, with a precise microstructure that
is important for balance function. Vestibular hair bundles
contain 50-100 actin-filled stereocilia, arranged in 10-15 ranks of
successively increasing height, giving the bundle a staircase-like
appearance. During embryonic development, the PCP signaling
pathway can lead cells to convergent extension and oriented cell
division, leading to organ morphogenesis. Mutation of the PCP
gene can cause serious developmental defects, including neural
tube defects, cystic kidney disease (Karner et al.,, 2009), bone
disease (Randall et al., 2012), and congenital heart malformations
(Gibbs et al., 2016).

The asymmetric distribution of planar cell polar proteins is
a characteristic of polarity. Gai3 plays an important role in
the asymmetric distribution of stereocilia. The Insc/Gai/LGN
complex is formed in the bare zone near the outer side that
lacks microvilli, and the aPKC/Par3/Par6 complex is found
in the opposite direction near the middle (Ezan et al., 2013;
Tarchini et al.,, 2013). Gai3 and LGN are also distributed at
the top of the stereocilia bundles adjacent to the bare area
(Tarchini et al., 2016).

The Rab GTPases are key regulators of intracellular membrane
trafficking and endocytic recycling. Rabll is a small G
protein belonging to the Ras superfamily, which plays an
important role in regulating the expression of cell surface
receptors and adhesion proteins. It has been reported that
members of the Rab protein family are related to ciliary
transportation, and Rabll is involved in the formation of
protein complexes and in endocytosis and exocytosis (D’Souza-
Schorey and Chavrier, 2006; Bos et al., 2007; Stenmark,
2009). In retinoblasts in vitro, Rablla interacted with Rab
GTPases in intracellular transportation during the formation
of cilia (Knodler et al, 2010). Rabll was also reported to
interact with the core PCP protein, Vangl2. The expression
of Rabll was affected by Vangl2 expression and affected the
distribution of Vangl2 during gastrula formation in Xenopus
laevis (Ossipova et al., 2015).

However, whether Rab protein has a regulatory effect on
mammalian inner ear cilia development remains unknown. The
mammalian genome encodes three Rabl1 proteins, designated
as Rablla, Rabllb, and Rabllc. We found that Rablla is
expressed in the basal body (Supplementary Figure 1) of the
vestibular organs and plays an important role in cilia formation

via the interaction of intraflagellar transport (IFT), the PCP, and
tissue polarity.

MATERIALS AND METHODS

Mouse Strains and Animal Care

Animal care and use were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the experiments received approval
from the Emory University Institutional Animal Care and
Use Committee. Rablla conditional knockout mice and IFT88
conditional knockout mice were described previously (Kibar
et al.,, 2001; Haycraft et al., 2007; Yu et al., 2014). The Looptail
mouse strain with a missense mutation in Vangl2 was obtained
from The Jackson Laboratory (Jax stock #000220; Bar Harbor,
ME, United States). Rablla and IFT88 conditional alleles were
inactivated via Cre recombinase in the FoxgI®* mouse line
as described previously (Hébert and McConnell, 2000; Pirvola
etal., 2002). In this article, Rab11aK0/CKO jndicates that Rabl1a
has been knocked out via Foxgl®**. Similarly, Ift88¢K0/CKO
indicates that Ift88 has been knocked out via FoxgI®™*. All
Rab1la®/* mice in this research are littermates of mutants such
as Rab11a%K0/CKO mjce,

Whole-Mount Immunostaining

Neonatal (P0) or postnatal day 2 (P2) C57BI/6 mice were
anesthetized on ice and disinfected with 75% alcohol and AnEr
iodine. The heads of mice were removed and placed in a glass
petri dish with sterile 1 x phosphate-buffered saline (PBS).
The skull and brain were removed to expose the otic vesicles
before fixing with 4% paraformaldehyde in PBS for 1 h at room
temperature. The otic vesicles were washed with 1 x PBS three
times and then stored at 4°C.

The freshly dissected otic vesicles were placed into sterile
1 x PBS. Microdissecting forceps were used to enter from the
cochlea and the inner wall of the vestibule. The bone outside was
removed to expose the utricle and saccule, and then the upper cap
membrane was peeled off and the otoliths were cleaned carefully
to obtain only the vestibular sensory epithelia.

The vestibular epithelia were incubated in blocking solution
consisting of 10% donkey serum and in PBS-T (0.1% Triton
X-100 in 1 x PBS) at room temperature for 1 h, followed
by incubation with primary antibody in PBS-T supplemented
with 5% donkey serum overnight at 4°C. After washing three
times in PBS-T for 1 h each time, tissues were incubated
in a solution containing secondary antibody with or without
phalloidin in PBS-T supplemented with 5% donkey serum
for 2 h at room temperature. Tissues were again washed
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FIGURE 2 | Kinocilia were shortened or lost in Rab77a IFT mutant mice. (A-A3) In P2 wild-type mice, kinocilia were located on one side of the hair cells, marking the
planar cell polarity of single hair cells. (B-B3) The length and number of kinocilia were generally normal in Rab17a mutant utricles. (C-C3) Kinocilia were lost or
shortened in Rab11aCK0/CKO; |FT88CKO/+ tricle (yellow asterisks). (D-F1) Enlarged images of hair cell marked with yellow arrowheads in (C2). (G,G1) Scanning
electron microscopy image of a normal hair cell. The kinocilia are outlined (blue). (H,H1) Shortened kinocilia were found in the hair cells of Rab77a mutant utricular
macules. (I,J) The whole kinocilia were lost in the hair cells of Rab17a mutant utricular macules. (K) The schematic view of kinocilium shortened or lost in
Rab11aCK0/CKO; |FT88CKO/+ tricle. (L) The average kinocilium length of control, Rab11a®<C/CKO  Rab11aCKO/CKO; |FT88CKO/+ tricle. The kinocilium length of
control, single and double knockout hair cells were 12.90 + 1.43, 12.07 £+ 1.87, and 6.95 + 1.67 um, respectively. In (A=F), for all primary panels, hair cell
stereociliary bundles were marked with phalloidin (green), kinocilium were labeled with acetylated tubulin (blue), and intrinsic cell polarity was labeled with LGN (red).

Scale bars: 10 um (A-C3), 5 um (D-F1), 1 um (G-J).

three times in PBS-T, mounted in Fluoromount-G (#0100-01;
SouthernBiotech, Birmingham, AL, United States) covered with
1.5-cm coverslips, and sealed.

The following primary antibodies were used: Rabl1a (#2413,
1:200; Cell Signaling Technology, Danvers, MA, United States),
LGN (1:200, a gift from Fumio Matsuzaki, RIKEN, Kobe,
Japan) (Konno et al., 2008), pB-spectrin (#612562, 1:200; BD
Transduction Laboratories, Franklin Lakes, NJ, United States),
acetylated tubulin (#23950, 1:400; Santa Cruz Biotechnology,
Dallas, TX, United States), Prickle2 (1:500; a gift from Doris K
Wu, NIDCD Laboratory of Molecular Biology, Bethesda, MD,
United States), g-tubulin (#16657, 1:200; Sigma Aldrich, St.
Louis, MO, United States), and Vangl2 (#AF4815, 1:200; R&D
Systems, Minneapolis, MN, United States).

The following secondary antibodies were used: donkey anti-
rabbit-647 (#2492288, 1:1,000; The Jackson Laboratory), donkey
anti-rabbit-555 (#2307443, 1:1,000; The Jackson Laboratory),
donkey anti-mouse-647 (#2340862, 1:1,000; The Jackson
Laboratory), donkey anti-mouse-555 (#2340813, 1:1,000; The
Jackson Laboratory), donkey anti-sheep-488 (#2340750, 1:1,000;
The Jackson Laboratory), FITC-conjugated phalloidin (#A12379,
1:1,000, Alexa Fluor; Thermo Fisher Scientific, Waltham, MA,
United States), and Rho-conjugated phalloidin (#R415, 1:200,
Alexa Fluor; Thermo Fisher Scientific).

The specimens were first pre-screened with an Olympus
IX71 inverted fluorescence microscope. Confocal images were

obtained with either a Leica TCS SP8 or Zeiss LSM510 with
excitation wavelengths of 488, 543, and 633 nm.

Scanning Electron Microscopy

Epithelia were washed three times in PBS for 10 min each time,
and then fixed in 2.5% glutaraldehyde in 0.1 M PBS at room
temperature for 30 min. Samples were then rinsed with 0.1 M
cacodylate buffer followed by post-fixation with 1% osmium
tetroxide in 0.1 M cacodylate for 1 h. Next, the samples were
sequentially fixed in 30 and 50% ethanol for 15 min each,
and 70% ethanol overnight at 4°C. The next day, the samples
were fixed in 80, 90, and 100% ethanol for 15 min each. The
specimens were placed into labeled microporous capsules and
loaded into the sample boat of a chilled Polaron E3000 critical
point drying unit (Quorum Tech, Laughton, United Kingdom).
Samples were sputtered with gold for 3.5 min and scanned
at 10 kV using a field emission scanning electron microscope
(DS-130F; Topcon, Tokyo, Japan).

Phenotypic and Statistical Analysis

Pictures were processed using Adobe Photoshop CC2017 (San
Jose, CA, United States). Statistical analyses of relevant angle
data were performed using SPSS ver. 22 (IBM Corp., Armonk,
NY, United States). Differences in the means between groups
were analyzed using the f-test. In all analyses, P < 0.05 was
taken to indicate statistical significance. GraphPad Prismé (San
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FIGURE 3 | Changes in shape and position of the line of polarity reversal (LPR) in Rab17a%<®/CKO ytricles. (A=A2) In utricular macules of wild-type controls, the
planar cell polarity of hair cells was labeled with the cell intrinsic planar cell polarity protein g-spectrin (red). White arrowhead shows the orientation of hair cells.
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Utricular hair cells were oriented with their bundles pointed toward each other along the LPR (yellow line). (A2) Zoomed image of white square in (A1). (B-B2) In the
Rab11a mutant utricle, the utricle was flattened compared to the wild-type utricle. (B2) Zoomed image of white square in (B1). (C) The utricle was separated into five
segments (white line) of similar size according to the length of the LPR (yellow line). The numbers of hair cells located inside and outside the LPR were counted.

(D) The ratio of the number of hair cells located outside to inside of the LPR was calculated in each of the five segments for each genotype. Five mice were assayed
at PO for each of the wild-type and Rab17a knockout groups. Statistical analyses were performed using Student’s t-test with unequal variance, *P < 0.01. The lower
ratios in regions 2, 4, and 5 of the Rab11a%%C/CKO group indicated that there were fewer hair cells located outside the LPR compared to the wild-type controls, while

the total number of hair cells in the utricle was not significantly different between the two groups, and we concluded that the LPR moved toward the outside.
(E) Schematic view of control and Rab11aCk0/CKO ytricle the LPR moved toward the outside in mutant utricle (black arrow). Scale bars: 100 pm.

Diego, CA, United States) was used to draw histograms. The
rose function in MatLab software (MathWorks, Natick, MA,
United States) was used to draw rose diagrams to show the polar
distribution of utricle hair cells.

RESULTS

Rab11aCK0/CKO | eads to Morphological

Changes in Cilia in the Mouse Vestibule
Morphological Changes of Stereocilia in the Rab17a
Mutant Utricle

The morphology of the stereocilia bundles was disrupted in the
Rab11a®K0/CKO ytricle and cristae, while the kinocilium was

morphologically normal. Immunofluorescence staining revealed
disordered arrangement and dispersion of stereocilia in the
utricle and cristae (Figures 1C-F1). In the extrastriolar area,
stereocilia of wild-type mice were arranged in clusters behind
the kinocilium. In contrast, the stereocilia bundles showed
morphological alterations in their length, number, and stepped
arrangement in the Rab11a®K0/CKO ytricle. The percentage of
hair cells with abnormal development of stereocilia tracts in
the extrastriolar area was determined (in five areas in each
sample). The proportion of abnormal hair cells was higher in
Rab11a®K0/CKO mjce than in wild-type controls with a ratio of
42.1 + 5.7 (Figure 1Q).

Given that the intraflagellar transporter IFT88 was reported
to affect the development of the cochlear PCP, we speculated
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FIGURE 4 | Quantification of vestibular hair cell orientation in control and Rab17a mutant utricles. (A) Schematic illustrating the positions of the three analysis fields
relative to the position of the line of polarity reversal (LPR; red dashed line). Hair cells in the maculae are patterned about the LPR, and as a result cells in the lateral
extrastriolar region (LES) have stereociliary bundle orientations that are opposite of those in the striola and medial extrastriolar region (MES). (B) Individual
stereociliary bundle orientations for vestibular hair cells of the utricular maculae graphed as circular histograms indicated stereociliary bundle misorientation in the
striolar region of the Rab77a mutant mice. A 90° is directed toward the lateral and 180° toward the medial edge of the utricular maculae, and each bin is 12°. The
total numbers of hair cells represented by each histogram (n) are shown, and black bars mark the mean stereociliary bundle orientation. The dimensions of the
analysis fields are all 100 mm x 50 mm. (C) Wild-type utricle hair cells labeled for planar polarity analysis with antibodies to y-tubulin (blue) and B-spectrin (red). The
region close to the LPR was selected from each sample. Individual hair cell orientations have been annotated based on the labeling. Utricles from Rab17aCK0/CKO
and Rab11aCK0/CKO |FT 88CKO/+ mice had misoriented hair cells throughout fields 1-3, while misoriented hair cells in utricles from Rab17aC<0/CKO; yanglote/+
mice were restricted to field 2. (D) The average mean deviation of stereocilia bundle orientations was determined by measuring the absolute value of the angle
formed by the bundle axis and a reference line drawn perpendicular to the striola. In this schematic, red indicates the position of the kinocilium and green is the cell
periphery. (E) The average deviation from 0° for hair cells located in fields 1, 2, and 3 for each experimental and control genotype. Error bars indicate standard
deviation. Statistical significance was calculated using Student’s t-test with unequal variance, *P < 0.01.

that Rabl1a, as a component of the transportation system, may
affect cilia formation via the interaction with IFT88. We used
IFT88 and Rablla double mutants to examine the mechanism
underlying the role of Rablla in vestibular development. As
conditional double knockout of Rablla and IFT88 is lethal,
we used Foxgl®et; IFT88"*+; Rab11a"/" mice to screen for
polarity phenotypes. In the utricle and cristae, the changes in
the stereocilia were more severe and more stereocilia bundles
were lost in these mutants compared to Rablla single mutants
(Figures 1G-H1). The abnormalities of the stereocilia, including
the number, length, and shape of the stereocilia, could be seen
by scanning electron microscopy (Figures 1I-P). The proportion
of abnormal hair cells in Rab11a“K0/CKO; [FT88CKO/+ mice was
higher compared to Rab11a®K0/CKO mice. The abnormal ratios
of single- and double-knockout hair cells were 42.1 £ 5.7 and
71.5 £ 10.4, respectively (Figure 1Q).

Kinocilium Shortening or Loss in Rab17a and
Intraflagellar Transport Double-Mutant Mice

The PCP of vestibular organs consists of three levels: subcellular,
intercellular, and tissue-level polarity (Deans, 2013). The
kinocilium is tethered to the tallest rod of the hair bundle. The
stereocilia staircase is built next to the kinocilium after acquiring
its final position (Lu and Sipe, 2016). Within a hair cell, cellular
structures, such as the stereocilia, are positioned asymmetrically
on the apical plane along the tissue axis, which is defined as
subcellular polarity. Therefore, we used phalloidin staining to
label the actin-enriched stereocilia, and acetylated tubulin to
mark the kinocilia.

In the Rabl1a®K9/¢KO mouse utricle, the length and
number of kinocilia were generally normal compared to
those of wild-type controls (Figures 2A-B3). The length
and number of kinocilia were also reported previously to
be unaffected in the utricles of IFT88“KO/CKO mice (Jones
et al., 2008). Furthermore, to characterize the hair bundle
morphology of Foxgl“"*+;Rab11a"/#; IFT88"/+ mice, we applied
both scanning electron microscopy and immunostaining
(Figures 2C-J). The kinocilium lengths of wild-type, single-
gene, and double-gene knockout hair cells were 12.9 + 1.43,
12.1 & 1.87, and 6.95 £ 1.67 nm, respectively. The kinocilium
developed abnormally, and they became shorter or even
disappeared (Figures 2K,L).

Rab11aCK0/CKO | eads to Morphological and Line of
Polarity Reversal Position Changes in the
Rab11a®K0/CKO ytricle

The Insc/Gai/LGN complex guides the asymmetrical distribution
of hair bundles. Therefore, we stained LGN to track the
subcellular polarity of hair cells.

In mouse vestibular organs, the subcellular polarity of hair
cells is reflected by the direction and pattern of three-dimensional
cilia bundles and the position of kinocilium. There was a lack
of B-spectrin staining indicating the position of the basal body.
The Rab11a“%0/¢K0 mouse utricle had a flatter morphology
compared to the controls. Furthermore, in the development
of stereocilia bundles in the hair cells of Rabl1a“K0/CKO;
IFT88“KO//* mice, the proportion of abnormally developed
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FIGURE 5 | The subcellular distributions of core planar cell polarity (PCP) proteins are affected in Rab17a mutant utricles. (A,A1,A2) Vangl2 immunolabeling was
enriched at cell boundaries in the wild-type utricular maculae. Asymmetrical protein localization was evident at many cell boundaries. (B,B1,B2) Vangl2 protein was
significantly reduced from apical cell boundaries in Rab11a®<0/CKO utricles. (C,C1,C2) Prickle2 was enriched at hair cell/support cell boundaries throughout the
wild-type utricle. For cells located reversely across in different side of LPR, Prickle2 located in the same side of hair cells. (D,D1,D2) In Rab11aC<0/CKO mice, the
distribution of Pk2 changed in a region-specific manner. Prickle2 moved to the opposite side of hair cells located in two regions across the LPR (yellow arrowheads).
(A3,B3,C3,D3) Schematic view of Vangl2 and Prickle2 expression in control and Rab1 1aCKO/CKO tricle. For primary panels in (A-B2), hair cell stereociliary bundles
were marked with phalloidin (blue), the actin-rich cuticular plate of hair cells was labeled with an antibody to B-spectrin (red), and with an antibody to the core PCP
protein Vangl2 is shown in green. In (C-D2), phalloidin is shown in green, B-spectrin in red, and core PCP protein Prickle2 in blue. Scale bars: 10 pm.
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hair cells in the extrastriolar area was higher than that in
Rab11a%K0/CKO mjce (Figure 1Q). Staining for the intrinsic polar
protein LGN showed the direction of the hair cells (Figures 3A-
B2), allowing us to draw the line of polarity reversal (LPR).
To calculate the shift of LPR, we further counted the number
of hair cells adjacent to the LPR (Figure 3C), which indicated
that the LPR moved to the outside in Rab11a®K0/CKO mijce
(Figures 3D,E).

Quantification of Vestibular Hair Cell Orientation in
Control and Rab11a Mutant Utricles
The direction of hair cells in Rab11a®K0/CKO; [FT88CKO//+
utricles was disordered, while the stereocilia appeared to point
neatly in the same direction in the normal utricle.

These results indicated that the Rablla and IFT88 gene was
specifically knocked out in vestibular hair cells, the development
of stereocilia was affected, and the polarity was also changed.
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To study the mechanism underlying the role of Rablla in the
core PCP pathway, we used Rab11a®K0/CKO; Vanglt/+ mice
and Rab11a“K0/CKO; [FT88CKO//+ double-knockout mice. First,
we examined the direction of the hair cells to evaluate the
changes in polarity of the tissues (Figures 4D,E). The direction
of a single hair cell in the utricle could be determined by
immunofluorescence analysis of the epidermal plate marker
B-spectrin (Figure 4C). Studies have shown that Looptail mice
with knockout of the Vangl2 gene do not show effects on the
direction of the hair cells in the plaques, while the hair cells
of the semicircular canals are whorled (Qian et al., 2007). The
hair cell orientation differed significantly in Rab11a®K0/CKO;
Vangl2'/+ mice compared to wild-type mice. However, simply
knocking out IFT88 did not affect the hair cells in the vestibule.
In Rab11a®K0/CKO; [FT88 KO/ /+ mice, the direction of hair cells
was disordered (Figure 4E).

Subcellular Distributions of Core Planar Cell Polarity
Proteins Are Affected in Rab17a Mutant Utricles

To study the PCP of adjacent cells, we performed
immunostaining analysis for the core PCP proteins Vangl2
and Prickle2. In the wild-type utricle, Prickle2 and Vangl2 were
distributed on the same side of the hair cell regardless of the side
of the LPR. In the Rab11a“K0/CKO ytricle, the level of Vangl2
protein expression was significantly reduced compared to the
wild-type controls (Figures 5A-B3). As no specific changes
were observed in Vangl2 other than its expression level, we
examined the expression of Prickle2 in the Rabl1q“K0/CKO
utricle. Some hair cells in the utricles of Rab11a“K0/CKO mice
showed disordered distribution of Prickle2 compared with the
controls (Figures 5C-D3), while the direction of the hair cells
was still opposite to the two sides of the LPR. These observations
confirmed that Rab11a, as an important transport tool, plays an
important role in transporting polar proteins to the surface of
hair cells, and its knockout affects the expression and distribution
of polar proteins.

DISCUSSION

In the vestibular system, unlike the V-shaped arrangement of the
cochlea, the stereocilia bundles of hair cells are clustered around
the kinocilium. The appropriate arrangement of cilia is essential
for hair cells to respond to stimuli and maintain balance function
(Fettiplace and Kim, 2014).

The critical role of PCP core proteins in regulating planar
polarization in various organs is well conserved across species.
However, our understanding of the mechanisms underlying the
actions of Rabl1a in vestibular organs and how it regulates PCP
core proteins is limited.

Cilia Development

The kinocilium plays an important role in the development of
hair cell cilia bundles. The extension and maintenance of the
length of cilia relies on IFT to transport the required materials
along the axons (Eatock and Songer, 2011). Specific knockout of
IFT-related genes in the inner ear, including IFT88, Kif3a, and

IFT20, leads to dysplasia or loss of kinocilia, and the stereocilia
bundles become flattened (Jones et al, 2008; Sipe and Lu,
2011; May-Simera et al., 2015). Besides, deficiency of Ick/Cilkl,
which encodes a ciliary kinase regulating IFT, results in kinocilia
elongation and PCP defects including misshaping of stereocilia in
the cochlea (Okamoto et al., 2017).

Knockout of RablI in the retinoblast cells in vitro resulted
in damage to the cilia without affecting the vestibular
utricle hair cells, but the number, length, and shape of the
stereocilia were altered.

Cilia are rich in actin, and the protein synthesis process does
not occur in ciliated axons, but kinocilia are aggregated and
maintained through IFT (Bisgrove and Yost, 2006; Davis et al.,
2006). In the process of cilia transport, the cell transfers various
substances to the anchor point through the IFT complex, of
which IFT88 is a subunit. Studies of the inner ear of IFT88/Polaris
mutants have shown that after conditionally knocking out the
IFT88 gene in cochlear hair cells, the position of the basal body
changes. It is no longer polarized to the side of the cell but
rather is present in the center of the hair cell. In some cells,
kinocilia did not develop, the stereocilia were arranged in a circle,
and the internal polarity of the cells was disrupted, while no
morphological changes were observed in the vestibular hair cells
(Jones et al., 2008).

The kinocilia of the utricle were missing or reduced in
length in Foxg1®*; Rab11a"/; IFT88//+ mice. In addition, the
phenotype of Rablla and IFT mutant utricles included a higher
proportion of abnormal cilia than the utricles of single Rablla
mutants. We concluded that the roles of Rabl1a and IFT88 in the
development of kinocilia are redundant, and their in stereocilia
development partially overlap.

Influence on Planar Cell Polarity

Disruption of the arrangement and polarity distribution of inner
ear cilia bundles can cause hearing and balance disorders in mice
and humans (Lempert et al., 1998; Littlewood Evans and Miiller,
2000; Alagramam et al., 2001; Adato et al., 2005; Corey, 2009).
In the inner ear sensory organs, the hair cells are arranged in a
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FIGURE 6 | Model showing the role of Rab11a in the formation of planar cell
polarity in utricle. Rab11a intracts with Ift88 expressed in kinocilium basal
body to affect the development of vestibular cilia. Besides, Rab11a affects the
polarization of PCP core proteins including Vangl2 and Prickle2.
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coordinated and regular manner, showing a unique PCP (Rida
and Chen, 2009). The polar arrangement of hair cells plays an
important role in the complete functioning of sensory organs
(Jacobson et al., 2008). For the five vestibular organs, the relative
arrangement of hair cells is indispensable for maintaining balance
in three-dimensional space.

The PCP is reflected at three different anatomical levels in the
vestibular organs. First, there is PCP at the intracellular level, the
so-called intrinsic polarity of the cell. In mice, at about embryonic
day 12.5, the hair cells begin to develop characteristics different
from the precursor cells. A fibril appears in the center of the
hair cell, and it is surrounded by micropili that develop into
stereocilia. The original cilia gradually elongate into kinocilia,
which is mediated by the core PCP protein. For example, core
PCP protein migrates to the side of the hair cell, marking the
establishment of the internal polarity of the cell (Deans, 2013).
Second, there is intercellular polarity, marked by the localization
of Dv12/3, Fzd3, Pk, and Vangl2 that coordinate the arrangement
of stereocilia between adjacent cells (Denman-Johnson and
Forge, 1999). Our results showed that in the Rab11qa“K0/CKO
utricle, the direction of the hair cells was disordered compared
to the controls (Figure 4). In addition, immunofluorescence
staining demonstrated changes in the expression of Vangl2 and
Prickle-2 in the Rab11a®K9/CKO ytricle. Thus, Rabl1a appears to
affect the intercellular polarity by affecting Vangl2 and Prickle-2.

Finally, there is tissue polarity. In both the utricle and saccule,
the LPR divides the sensory epithelial cells into two groups with
opposite stereociliary bundle polarities that are able to detect
movements in opposite directions (Deans, 2013). One hypothesis
is that hair cells located on opposite sides of the LPR have unique
transcriptional profiles and can respond to the PCP-based tissue
polarity information in opposite manners. Emx2 is a candidate
regulator for transcriptional patterning because the LPR did not
form in Emx2 mutants (Holley et al., 2010). The mechanisms
regulating tissue polarity and patterning of the LPR have not
been elucidated. However, we observed abnormal LPR formation
in the Rab11a®K0/CKO ytricle in the present study but did not
investigate the underlying mechanisms.

CONCLUSION

Rablla affects the development of cilia and the PCP of
vestibular organs. In addition, it works together with IFT in the
development of kinocilia and stereocilia. Rab11a also affects cell
polarity by controlling the distribution of Vangl2 and Prickle-
2, and can cause the LPR to move toward the outside to affect
tissue polarity (Figure 6).

AUTHOR’S NOTE

Planar cell polarity refers to the asymmetric distribution of cell
morphology and polar proteins. The regular formation of planar
cell polarity in vestibular organs is the basis for balance function.
We found that small G protein knockout during development led
to the disordered distribution of polarity proteins and immature

phenotypes of sensory hair cells, suggesting its important role in
vestibular organ development.
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Supplementary Figure 1 | (A) Rab11a gene conditional knockout mice were
constructed by inserting two Loxp sites between exons 2 and 5, and excising
specific sheared exons 3,4 by binding to Cre recombinase. (B) Identification of
genotype of Rab11a: the genotype of Rab11%/" we need to obtain. Three cases
can be seen in the figure. Pure type Rab 1717/ has a flox band with a product size
of 564 bp. wild type Rab117/* has a WT band with a product size of 400 bp.
heterozygous Rab11a has both flox and WT bands. (C) Identification of genotype
of Foxg1Cre: To specifically knock out Rab11a in the inner ear, Foxg1¢e+ was
selected for specific expression. Cre-positive had a band and the product

size was 500 bp.

Supplementary Figure 2 | Rab11a expression in hair cells of the wild-type
mouse vestibular system. In the PO utricle (A-A3) and saccule (B-B3) of wild-type
controls, Rab11a was located in the basal body of hair cells overlapping with the
expression of y-tubulin. The basal body was labeled with an antibody to y-tubulin
(red). The cytoskeleton was labeled with phalloidin (green), and staining for
Rab11ais shown in blue. Scale bars: 10 pm.
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Supplementary Figure 3 | (A,A1) Normal appearance of anterior cristae in
wild-type controls. The utricle is labeled with an anti-B-spectrin, the hair cell basal
body is labeled with anti-y-tubulin (blue), while stereocilia bundles are labeled with
phalloidin (green). In the anterior and superior cristae of the mouse vestibular
system, the well-organized planar cell coordination can be observed. (B,B1) In
Rab11a mutants, the alignment of neighboring hair cells was not disrupted in P2
hair cells of the anterior cristae. (C,C1) Tissue planar cell polarity could be seen in
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Epithelial-Mesenchymal Transition
Participates in the Formation of
Vestibular Flat Epithelium

Lu He', Guo-Peng Wang?, Jing-Ying Guo, Zhong-Rui Chen, Ke Liu and
Shu-Sheng Gong*

Department of Otolaryngology-Head and Neck Surgery, Beijing Friendship Hospital, Capital Medical University, Beijjing, China

The vestibular sensory epithelium of humans and mice may degenerate into a layer of
flat cells, known as flat epithelium (FE), after a severe lesion. However, the pathogenesis
of vestibular FE remains unclear. To determine whether the epithelia-mesenchymal
transition (EMT) participates in the formation of vestibular FE, we used a well-established
mouse model in which FE was induced in the utricle by an injection of streptomycin into
the inner ear. The mesenchymal and epithelial cell markers and cell proliferation were
examined using immunofluorescence staining and quantitative reverse transcription
polymerase chain reaction (QRT-PCR). The function of the EMT was assessed through
transcriptome microarray analysis. The results demonstrated that mesenchymal cell
markers (a-SMA, S100A4, vimentin, and Fn1) were upregulated in vestibular FE
compared with the normal utricle. Robust cell proliferation, which was absent in the
normal status, was observed in the formation of FE. Microarray analysis identified
1,227 upregulated and 962 downregulated genes in vestibular FE. Gene Ontology (GO)
analysis revealed that differentially expressed genes (DEGs) were highly associated with
several EMT-related GO terms, such as cell adhesion, cell migration, and extracellular
matrix. Pathway enrichment analysis revealed that DEGs were enriched in the EMT-
related signaling pathways, including extracellular matrix (ECM)-receptor interaction,
focal adhesion, PIBK/Akt signaling pathway and cell adhesion molecule. Protein—protein
interaction networks screened 20 hub genes, which were Akt, Casp3, Col1al, Colla2,
Fni1, Hgf, 1gf1,il1b, Irs1, Itga2, Itgab, Jun, Mapkl, Myc, Nras, Pdgfrb, Tgfb1, ThbsT,
Trp53, and Col2al. Most of these genes are reportedly involved in the EMT process
in various tissues. The mMRNA expression level of hub genes was validated using gRT-
PCR. In conclusion, the present study indicates that EMT plays a significant role in the
formation of vestibular FE and provides an overview of transcriptome characteristics in
vestibular FE.

Keywords: epithelial-mesenchymal transition, vestibular, microarray, cell proliferation, hair cell, supporting cell

INTRODUCTION

Vestibular end organs, including the utricle, saccule, and cristae ampullae, are responsible for the
perception of linear acceleration and head rotation. Sensory epithelia of vestibular end-organs
consist of two kinds of highly differentiated cells: hair cells (HCs) and supporting cells (SCs). HCs
and SCs are alternatively arranged in a special mosaic structure required for normal vestibular
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function. Various insults to the vestibular sensory epithelium
could lead to vestibular dysfunction (McCall et al., 2009; Wang
et al,, 2015; Brosel et al., 2016; Isgrig et al., 2017; You et al., 2018;
Zhang et al., 2020; Fu et al., 2021). Severe lesions damage both
vestibular HCs and SCs and induce the sensory epithelium to
be replaced by a layer of flat cells, referred to as flat epithelium
(FE) (Wang et al., 2017). FE has been found in the inner ear
of patients with severe deafness and/or vestibular dysfunction
(Nadol and Eddington, 2006; Teufert et al., 2006; McCall et al,,
2009), suggesting that FE is an important pathological change
in patients with inner ear diseases. However, the pathogenesis
of vestibular FE remains unknown, and there is no biological
intervention for patients with FE in the inner ear. Elucidation of
the molecular mechanism underlying FE formation is significant
for designing therapeutic strategies for vestibular dysfunction.

The epithelial-mesenchymal transition (EMT) is a
biological process (BP) that allows epithelial cells to acquire
a mesenchymal cell phenotype, including migratory capacity,
invasiveness, resistance to apoptosis, and increased production
of extracellular matrix (ECM) components (Kalluri and
Weinberg, 2009). The EMT is integral in development and
wound healing, and contributes pathologically to fibrosis
and cancer progression (Lamouille et al., 2014). In addition,
the EMT participates in inner ear development and damage
repair (Simonneau et al.,, 2003; Kobayashi et al., 2008; Johnen
et al, 2012; Wu and Kelley, 2012). The EMT is involved in
the formation of cochlear FE, which is characterized by a
robust proliferative response, upregulation of mesenchymal
cell markers, and cell migration (Kim and Raphael, 2007;
Ladrech et al, 2017). Because the two components of
the inner ear, cochlea and vestibular end-organs, share
common embryonic origins and biological features, we
hypothesize that the EMT also participates in the process of
vestibular FE formation.

The EMT is characterized by a change in cell phenotype
from epithelial to mesenchymal cells with upregulation
of mesenchymal cell markers (vimentin, o-SMA, S100A4,
fibronectin, N-cadherin, etc.) and downregulation of epithelial
cell markers (E-cadherin, cytokeratin, and ZO-1, etc.). Thus,
these factors are usually used as biomarkers to define the
involvement of EMT (Kalluri and Weinberg, 2009). Recently,
high-throughput screening, such as microarray and RNA-seq
technologies, has enabled researchers to identify gene expression
profiles in various diseases, rendering exploration of the
underlying molecular mechanisms less difficult. The role of the
EMT in diseases and the specific genes or signaling pathways
involved have been explored using these techniques in the past
decades (Puram et al., 2018). However, whether EMT participates
in the inner flattening process of vestibular sensory epithelium
has not been identified.

To determine the role of the EMT in the formation of
vestibular FE, a high dose of streptomycin was inoculated
into the mouse inner ear to induce FE in the utricle (Wang
et al., 2017). Mesenchymal and epithelial cell markers and cell
proliferation were assessed in normal utricle and vestibular
FE using immunofluorescence staining. Then, the mRNA
expression profile was examined using microarray analysis.

Bioinformatics analysis was used to further analyze the biological
functions of differentially expressed genes (DEGs). Finally, the
representative DEGs were validated using quantitative reverse
transcription polymerase chain reaction (qRT-PCR). In the
present study, the role of EMT in vestibular FE formation
was investigated, and the potential mechanisms underlying this
process were explored.

RESULTS

Expression of Mesenchymal and

Epithelial Cell Markers in Utricular Flat
Epithelium

To determine the potential mechanisms underlying FE formation
after the loss of nearly all original epithelial cells, the
expression of mesenchymal and epithelial cell markers was
examined using immunofluorescence staining and qRT-PCR
in the normal utricle and utricular FE samples. As shown in
Figures 1A-D”, mesenchymal cell markers a-SMA and S100A4
were poorly expressed in normal utricle but highly expressed
in FE. In contrast, epithelial cell marker ZO-1 was significantly
expressed in the normal samples but weakly expressed in FE
(Figures 1E-F’). Furthermore, the mRNA expression levels
of mesenchymal cell markers, SI00A4, a-SMA, vimentin, and
fibronectin 1 (Fnl) were significantly higher in FE than in
the normal utricle (Figure 1G). The expression of epithelial
cell markers (E-cadherin, ZO-1, keratin 5, and keratin 8) was
not significantly different between the normal utricle and
FE (Figure 1H).

Robust Mitosis in Adult Mouse Utricle
After Severe Damage

To evaluate if the utricular sensory epithelium possesses
proliferation capacity during FE formation, the normal utricle
and FE were stained with EdU to observe mitosis in the cells
and with the epithelial cell marker E-cadherin to label the
actin cytoskeleton. At 3 days after streptomycin injection, a few
EdU-positive cells were observed (Figures 2A-A’). At 7 days
after the lesion, the number of EdU-positive cells was increased
(Figures 2B-B’). At 11 days after the lesion, most of the original
sensory epithelium areas expressed E-cadherin, and EQU-positive
cells were extensively distributed throughout the FE, indicating
robust cell proliferation in the utricular FE during the early
period of FE formation (Figures 2C-C’,E-E”’). At 22 days after
the lesion, the epithelial cytoskeleton was completely formed, and
the number of EdU-positive cells was dramatically decreased in
the epithelial layer (Figures 2D-D’).

The expression levels of proliferation markers Ki-67 and
MCM2 (Chow et al.,, 2016; Yousef et al.,, 2017), as well as
the cell cycle inhibitor p27"P1 (Kim and Raphael, 2007), were
evaluated and compared between the normal utricle and the
utricular FE at 14 days after streptomycin injection. As shown in
Figure 2F, the mRNA level of Ki-67 was significantly increased
and that of p275P! decreased in FE compared with the control
groups (Figure 2F).
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FIGURE 1 | Expression of epithelial and mesenchymal cell markers in the normal utricle and flat epithelium (FE). Immunofluorescence staining of a-SMA (A-B”),
S100A4 (C-D”), and ZO-1 (E-F”) showing the expression of a-SMA and S100A4 is upregulated and ZO-1 expression is downregulated in FE. High magnification
images of square areas in (B,D,F) are shown in (B’-B”,D’-D”,F'-F"), respectively. Scale bars: (A) (applies to B-D,F), 50 um; (B’) (applies to B”,D’,D”,E,F’, F”),
20 pm. (G) gRT-PCR results revealing that the mRNA expression levels of mesenchymal cell markers (a-SMA, ST00A4, vimentin, and Fn1) are significantly increased
in FE compared with the normal utricle. (H) mRNA expression levels of epithelial cell markers (E-cadherin, ZO-1, keratin 5, and keratin 8) are not significantly different
between FE and normal utricle. *P < 0.05 and **P < 0.01 according to Student’s t-test.
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disappeared in most areas of the epithelial layer, with a few cells labeled by EdU. (B-B’) The number of EdU-positive cells increased at 7 days. (C-C’) Robust
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Microarray Analysis

To further determine the characteristics of FE transcriptomes
and how the EMT is involved in the repair process of utricular
sensory epithelium after severe damage, microarray analysis
was performed using the Affymetrix mouse Clariom § array to
analyze the transcriptomic differences between the normal utricle
and FE. A total of 22,206 genes were extracted from each sample.
When comparing transcripts between the normal utricle and
FE, 2,189 transcripts differentially expressed (fold change > 2,
P < 0.05) in FE were identified. Figures 3A,B show a volcano
plot and hierarchical cluster analysis of the DEGs between the
two groups; 1,227 upregulated and 962 downregulated genes
were detected in FE samples, and heatmap analysis showed
distinct differences in the mRNA expression profiles of the
normal utricle and FE.

To characterize the genes most significantly differentially
expressed between FE and normal utricle, the top 100 upregulated
and downregulated genes were selected and are listed in
Figures 3C,D. Among the DEGs, those previously reported to
be associated with EMT were labeled with the # symbol; Ibsp,
Fnl, Gdf10, Lcn2, LoxI2, Htral, C3, Lox, Postn, Aspn, Ncf4, Bmp5,
Slpi, Anxa3, Mir675, Nkd2, Cd36, Timpl, Sulf2, Acp5, Csflr, and
Tgfbl were upregulated in FE, whereas Bdnf and Wdr66 were
downregulated in FE.

Gene Ontology Analysis

Gene Ontology (GO) enrichment analysis was performed based
on the DEGs. Among the upregulated genes, 616 significant
BP, 121 cellular component (CC), and 153 molecular function
(MF) GO categories were detected (P < 0.01; Supplementary
Table 1). According to the BP category results, the DEGs were
significantly associated with cell adhesion and migration. In the
CC category, DEGs were mainly associated with extracellular
components. Among the downregulated genes, 129 significant
BP, 59 CC, and 36 MF categories were detected (P < 0.01;
Supplementary Table 2). In the BP category, DEGs were mostly
associated with inner ear development and function. In the CC
category, DEGs were associated with membrane, cilium, and
synapse. The top 20 upregulated and the top 20 downregulated
GO terms are shown in Figure 4. Among these GO terms, 34 were
associated with EMT.

Pathway Enrichment Analysis and
Pathway Interaction Network Analysis

Pathway enrichment analysis was performed based on the KEGG
(Kyoto Encyclopedia of Genes and Genomes) database. Based on
the upregulated and downregulated genes, 98 and 34 signaling
pathways were detected, respectively (P < 0.05; Supplementary
Tables 3, 4). Among the top 40 significantly enriched signaling
pathways (Figures 5A,B), 4 were associated with the EMT,
including ECM-receptor interaction (mmu04512) (Gonzalez and
Medici, 2014), focal adhesion (mmu04510) (Ji et al., 2019),
PI3K/Akt signaling pathway (mmu04151) (Xu et al., 2015), and
cell adhesion molecules (mmu04514) (Keller et al., 2019).

Next, pathway interaction network analysis was performed
to generate an interaction network encompassing 44

significantly altered pathways; each pathway in the network
was measured by counting the upstream and downstream
pathways (Supplementary Table 5). A group of EMT-related
signaling pathways was found to be closely associated with other
pathways, including the MAPK signaling pathway (degree = 54),
PI3K/Akt signaling pathway (degree = 41), TGF-f signaling
pathway (degree = 17), NF-kB signaling pathway (degree = 16),
regulation of actin cytoskeleton (degree = 16), and focal adhesion
(degree = 16) (Figure 5C).

Construction of the Protein-Protein
Interaction Network and Screening of

Hub Genes

The Search Tool for the Retrieval of Interacting Genes (STRING)
database was used to construct a protein-protein interaction
(PPI) network of selected genes. Genes involved in EMT-related
signaling pathways (Figure 5) were selected to build a network
using Cytoscape (v3.7.2). All the nodes and edges were mapped
in the PPI network, as shown in Figure 6A. To screen hub genes
from the entire PPI network, the Cytoscape plugin cytoHubba
was used. A total of 20 hub genes were screened using the
maximum neighborhood component (MNC) algorithm: Akt
Casp3, Collal, Colla2, Fnl, Hgf, Igfl, 1l1b, Irsl, Itga2, Itga5,
Jun, Mapkl, Myc, Nras, Pdgfrb, Tgfbl, Thbsl, Trp53, and Col2al
(Figure 6B). Among those genes, 19 have been shown to
participate in the EMT process in other tissues; however, an
association of Col2al with EMT has not been reported (Table 1).

Quantitative Reverse Transcription

Polymerase Chain Reaction Validation

The gene expression levels of the 20 hub genes were examined
between FE and normal utricle using qRT-PCR. Compared
with normal utricle, mRNA expression levels of Casp3, Collal,
Colla2, Col2al, Fnl, Igfl, Irsl, Itga5, Mapkl, Myc, Pdgfrb, Tgfbl,
and Thbsl were significantly upregulated in FE (Figure 7).
The expression levels of the rest genes showed no significant
differences in FE compared with normal utricle.

DISCUSSION

The present study results revealed that mesenchymal cell markers
(a-SMA, S100A4, vimentin, and Fnl) were upregulated, and
robust cell proliferation was detected, during the formation
of vestibular FE. Furthermore, microarray analysis further
confirmed that multiple EMT-related pathways and genes
were involved in this process. These findings demonstrated
that EMT participated in the epithelial reorganization of
vestibular sensory epithelium after severe damage induced by
aminoglycoside antibiotics.

Epithelial-mesenchymal transition is a physiological process
that enables epithelial cells to acquire a mesenchymal cell
phenotype (Kalluri and Weinberg, 2009). The expression changes
in specific markers are used to confirm EMT (Nieto et al., 2016).
Vimentin is a type of intermediate filament and a commonly
used marker of mesenchymal properties (Thiery et al., 2009).
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Vimentin is upregulated in several wound healing models (Cheng
and Eriksson, 2017). In the inner ear, vimentin is expressed
in the SCs of normal cochlea and might contribute to the
process of scar formation after HC loss (Oesterle et al., 1990;

Ladrech et al., 2017). Vimentin is also present in the cochlear FE
(Ladrech et al., 2017). In the present study, vimentin expression
was significantly upregulated in the vestibular FE compared with
the normal utricle (Figure 1G). In addition, a-SMA, S100A4,
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keratin 8, and ZO-1) between FE and normal

keratin 5,

utricle (Figure 1H). In the cochlea, E-cadherin was strongly

expressed in both normal sensory epithelium and FE, although
a drastic downregulation was found after aminoglycoside

2017). These data indicate that
the inner ear FE possesses both epithelial and mesenchymal

phenotypes. The hybrid phenotype, which is involved in various

ototoxicity (Ladrech et al,

S100A4, and Fnl were

pathophysiological processes and diseases, is considered to be

resulted from partial EMT (Hahn et al., 2016; Nieto et al., 2016;

Ladrech etal., 2017; Takahashi et al., 2019). The hybrid phenotype
of FE cells may facilitate maintenance of the epithelial barrier

in the inner ear.

In the present study, robust cell proliferation was found
during the early stage of vestibular FE after the damage
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FIGURE 4 | Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) between the normal utricle and flat epithelium (FE). (A) Top 20
upregulated GO terms associated with the biological process (BP; red), cellular component (CC; yellow), and molecular function (MF; blue). (B) Top 20

downregulated GO terms. The # symbol indicates GO terms associated with the epithelia-mesenchymal transition (EMT).

and Fnl are mesenchymal markers commonly used to evaluate
EMT (Kalluri and Weinberg, 2009). In the present study, a-SMA

and S100A4 were poorly expressed in the normal utricle, while

they showed evident expression in FE (Figures 1A-D”). The

mRNA expression levels of a-SMA,

significantly increased in FE compared with normal utricle
(Figure 1G), indicating that expression of mesenchymal cell

markers is increased in the vestibular FE.

E-cadherin and cytokeratin are two commonly used markers

of epithelial properties (Nieto et al, 2016). In the present

study, immunostaining results showed that the epithelial markers
E-cadherin and ZO-1 were expressed in the vestibular FE
(Figures 1C-F"). Furthermore, qRT-PCR revealed no significant

difference in the expression of epithelial cell markers (E-cadherin,
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analysis. Nodes represent pathways, and the arrows represent an interaction target between pathways.

(Figure 2), which was similar to cell proliferation in the
formation of cochlear FE (Kim and Raphael, 2007). EMT
has been reported to induce stem cell properties, including
proliferation and self-renewal in various types of tissues (Jessen
and Arthur-Farraj, 2019; Wang and Unternaehrer, 2019). During
the cutaneous wound healing process, partial EMT induces
epithelial cells undergoing proliferation and migration (Haensel
and Dai, 2018). Complex mechanisms may underlie the activity
of EMT and proliferation. The PI3K/Akt pathway and Myc
gene are involved in this process (King et al, 2015; Yu
and Cui, 2016). PI3K/Akt signaling plays a key role in the
regulation of cell proliferation. Akt is the major downstream

target of PI3K. Akt overexpression decreases the level of
mitosis marker p275P! and results in enhanced proliferation
(Shen et al,, 2020). In the present study, AktI upregulation
(Figure 6B) and p27%P! downregulation (Figure 2F) were
detected at 14 days after the damage of the vestibular sensory
epithelium. In addition, Myc was significantly upregulated and
identified as one of the 20 hub genes (Figure 7 and Table 1).
A major role of Myc is control of cell proliferation (Bretones
et al, 2015), and Myc could lead to the proliferation of
mature SCs in adult mice (Shu et al., 2019). The role of
such key genes in cell proliferation in vestibular FE needs
further investigation.
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A multi-step integrative bioinformatics analysis was
performed to explore the EMT function in vestibular FE.
Based on GO analysis, DEGs were significantly enriched in
GO terms associated with cell adhesion, cell migration, and
extracellular components. Changes in cell adhesion molecules
and acquisition of migratory ability are major characteristics of
the EMT process (Nieto et al., 2016). Based on KEGG pathway
enrichment analysis and pathway interaction network analysis,
the PI3K/Akt signaling pathway was among the core positions
in the pathway interaction network, indicating that this pathway
plays an important role in the formation of vestibular FE.
PI3K/Akt pathway, an important signaling pathway involved
in the EMT process, may directly induce EMT by regulating
transcription factors or other signaling pathways (Xu et al,
2015). PI3K/Akt signaling accelerates EMT and wound healing
in epithelial tissue (Xiao et al., 2017).

In the present study, 19 of 20 hub genes selected using the
MNC algorithm have been reportedly involved in EMT in various
tissues (Figure 6B and Table 1). Among them, the expression
of 13 hub genes changed significantly by qRT-PCR (Figure 7).
Some of them are involved in the proliferation, development,
nerve regeneration and protection of the inner ear. Fnl promotes
cell invasion and migration by regulating cell adhesion and ECM
proteins (Ritzenthaler et al., 2008; Sen et al., 2010). Fnl may be
involved in EMT process during cochlear fibrosis (Jia et al., 2016).
The present study revealed that Fnl was in the core position in
the PPI network (Figure 6B), indicating that Fnl might be a key
regulator of the EMT process in vestibular FE. IgfI is an activator

of EMT through several signaling pathways (Haisa, 2013). In
the developing inner ear, Igfl is highly expressed during otic
development, and it could protect HCs from ototoxic damage
and increase the HC proliferation rate (Varela-Nieto et al., 2004).
Myc and Casp3 regulate cell proliferation and apoptosis in the
inner ear respectively (Van De Water et al., 2004; Hu et al., 2021).
Thbs1 promotes EMT through activation of TGF-p and plays an
important role in the development of cochlear afferent synapse
(Jayachandran et al., 2014; Mendus et al., 2014). Altogether, these
studies suggest that the hub genes relevant to the inner ear,
such as Fnl, Igfl, Myc, Casp3, and Thbsl, may play a significant
role during EMT process of vestibular FE. However, the exact
pathophysiological mechanisms need to be further explored.

In conclusion, the present study results showed that
upregulation of mesenchymal cell markers, downregulation of
epithelial cell markers, and robust cell proliferation were detected
in vestibular FE. Furthermore, this is the first study in which the
transcriptome profile of vestibular FE was reported. Microarray
analysis showed a significant difference in the transcriptome
profiles between the normal utricle and FE, with many genes
associated with EMT. In addition, a group of GO terms
and pathways were associated with EMT. Altogether, these
findings demonstrated that the EMT plays a significant role
in the transition from normal vestibular sensory epithelium to
FE induced by aminoglycoside antibiotics. Additional research
is needed to determine the probable biological intervention
strategies of FE based on the transcriptome features identified in
the present study.
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TABLE 1 | mRNAs involved in epithelial-mesenchymal transition (EMT) and their
associated diseases or potential mechanisms.

Gene Description (disease/mechanisms) References

symbol

Akt1 Breast cancer Lietal, 2016

Casp3 Colon cancer cells Zhou et al., 2018

Collatl Colorectal cancer Zhang et al., 2018

Colla2 Colon cancer Zhu et al., 2020

Fn1 ECM glycoprotein; enhances cell invasion and  Ritzenthaler et al., 2008;
migration Sen et al., 2010

Hgf Activates downstream pathways including Liuetal., 2017
MAPK and PI3K

Igf1 Activator of EMT in several types of cancer Haisa, 2013
through signaling pathways including JNK;,
MAPK, and PI3K/Akt

I11b Epithelial and cancer cells Wang et al., 2018

Irs1 Regulates the expression of E-cadherin; Geng et al., 2014
promotes Wnt-mediated EMT

Itga2 Prostate cancer Gaballa et al., 2020

Iltgab Oral squamous carcinoma Deng et al., 2019

Jun Human nasopharyngeal carcinoma cells Linetal, 2018

Mapk1 Inhibits invasion and metastasis Lietal, 2015

Myc Breast cancer Yinetal., 2017

Nras Drives a switch in EMT transcriptional factor Caramel et al., 2013
expression

Pdgfrb Tongue squamous carcinoma Zhang et al., 2016

Tgfo1 Regulates genes associated with ECM, cellular Zarzynska, 2014
motility, and tight junctions

Thbs1 Major activator of TGF-B Murphy-Ullrich and

Poczatek, 2000
Trp53 Regulates specific miRNAs Chang et al., 2011
Col2at Not previously reported

MATERIALS AND METHODS

Animals and Surgery

FVB/N mice (4-5-week-old) were purchased from SPF
Biotechnology (Beijing, China) and housed in the Laboratory
Animal Department of Capital Medical University. All animal
experiments were approved by the Animal Care and Use
Committee of Capital Medical University of China.

When mice were 6 weeks old, 400 g of streptomycin
(Sigma, St. Louis, MO, United States) dissolved in normal saline
(400 g/L, 1 pL), was inoculated into the inner ear through
the posterior semicircular canal to induce a severe lesion in
the mouse utricle. The surgery was performed as described
previously (Guo et al., 2018).

Immunofluorescence Staining

Mice were euthanized 2 weeks after the surgery. The temporal
bones were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 2 h. The utricles were dissected
out and treated with 0.3% Triton X-100 (Sigma) and 5%
normal goat serum (ZSGB-BIO, Beijing, China) in PBS for 2 h
at room temperature. Samples were incubated with primary
antibody at 4°C overnight. We used the following primary
antibodies: mouse anti-a-SMA (diluted 1:300, Sigma), rabbit
anti-S100A4 (diluted 1:300, Sigma), E-cadherin (diluted 1:200,
BD Biosciences, San Jose, CA, United States), and ZO-1 (diluted
1:200, Invitrogen, Carlsbad, CA, United States). After rinsing in

PBS for three times, samples were incubated in fluorescence-
labeled secondary antibodies tagged with Alexa Fluor 568 or 647
(diluted 1:300, Invitrogen) for 2 h at room temperature. Alexa
Fluor 647-conjugated phalloidin (diluted 1:300, Invitrogen)
was used for F-actin labeling. Samples were incubated in the
DNA-binding fluorescent stain 4’,6-diamidino-2-phenylindole
(diluted 1:1000, AppliChem, Darmstadt, Germany) for 5 min
to label nuclei.

To detect cells entering the cell cycle at different time
points after streptomycin administration, EAU (20 mg/kg body
weight, Invitrogen) was given once intraperitoneally at 3, 7,
11, or 22 days after surgery. Mice were euthanized 24 h after
EdU administration. The Click-iT EdU Cell Proliferation Kit
(Invitrogen) was used to perform the click reaction. Samples
were then treated with primary and secondary antibodies as
described above.

Samples were mounted on glass slides with Fluoromount-
G (Southern Biotech, Birmingham, AL, United States)
and examined with a scanning confocal microscope (Leica
Camera AG, Solms, Hessen, Germany). Images were labeled
and spaced using Photoshop (Adobe Systems, San Jose,
CA, United States).

mRNA Microarray Analysis

The utricle tissues were collected for microarray analysis 2 weeks
after surgery. Total RNA was isolated using the Qiagen RNeasy
Mini Kit (Qiagen, Hilden, Germany). Each group contained
five samples, and each sample had three utricles. Microarray
analysis was performed by CapitalBio (Beijing, China). The
Affymetrix mouse Clariom S Array (Affymetrix, Santa Clara,
CA, United States) was used for hybridization. Student’s ¢-test
was applied for comparison of the two groups. Genes with
a fold change > 2 and a P-value < 0.05 were considered
significantly different. The dataset was submitted to Gene
Expression Omnibus (GSE179063).

Bioinformatics Analysis

Gene Ontology analysis was performed for the DEGs. The
distribution of genes in the three ontologies, including BP, CC,
and ME reflects the effects of the particular genes. GO statistical
analysis was performed using Fisher’s exact test. A P-value < 0.01
was used as cutoft to select significantly enriched GO terms.

Pathway analysis was used to find significantly enriched
functional pathways according to the KEGG database. Fisher’s
exact test was used to identify the enriched pathways, and
P-value < 0.05 was used as cutoff to select significantly
enriched pathways.

A pathway interaction network was constructed based on the
KEGG analysis to determine the relationships between enriched
pathways. The degree represents the relationship between
one pathway and the pathways around it. Cytoscape (v3.7.2)
(Shannon et al., 2003) was used to draw the network diagram.

To better illustrate the interactions of the DEGs, the STRING'
database was used to predict the associations of the selected genes.
The parameter was set as interaction score >0.5. The PPI network

'https://string-db.org/
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was constructed and visualized using Cytoscape (v3.7.2). The key
DEGs were selected using the MNC. The MNC of each node was
calculated using cytoHubba, a Cytoscape plugin, and the genes
with the top 20 MNC values were considered hub genes.

Quantitative Reverse Transcription

Polymerase Chain Reaction Analysis

Four independent RNA pools were prepared for each group,
and three utricles were dissected in RNAlater (Qiagen, Hilden,
Germany). TRIzol reagent (Life Technologies, Carlsbad, CA,
United States) was used to isolate total RNA. cDNA was
synthesized using FastQuant RT Super Mix reverse transcription
(Tiangen Biotech Co., Ltd.). qRT-PCR was performed using
FastStart Universal SYBR Green reagent (Bio-Rad Laboratories,
Hercules, CA, United States) and primers. The mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was
used as a reference. The 27 2ACT method was applied to calculate
changes in mRNA expression levels of the candidate genes.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, Inc., La Jolla, CA, United States). The
mRNA expression levels detected by qRT-PCR were expressed
as means = SE and analyzed using unpaired Student’s t-test.
Differences were considered statistically significant at P < 0.05.
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The study of an adult mammalian auditory system, such as regeneration, has been
hampered by the lack of an in vitro system in which hypotheses can be tested efficiently.
This is primarily due to the fact that the adult inner ear is encased in the toughest
bone of the body, whereas its removal leads to the death of the sensory epithelium in
culture. We hypothesized that we could take advantage of the integral cochlear structure
to maintain the overall inner ear architecture and improve sensory epithelium survival
in culture. We showed that by culturing adult mouse cochlea with the (surrounding)
bone intact, the supporting cells (SCs) survived and almost all hair cells (HCs)
degenerated. To evaluate the utility of the explant culture system, we demonstrated
that the overexpression of Atoh7, an HC fate-determining factor, is sufficient to induce
transdifferentiation of adult SCs to HC-like cells (HCLCs). Transdifferentiation-derived
HCLCs resemble developmentally young HCs and are able to attract adult ganglion
neurites. Furthermore, using a damage model, we showed that degenerated adult
ganglions respond to regenerated HCLCs by directional neurite outgrowth that leads
to HCLC-neuron contacts, strongly supporting the intrinsic properties of the HCLCs
in establishing HCLC-neuron connections. The adult whole cochlear explant culture is
suitable for diverse studies of the adult inner ear including regeneration, HC-neuron
pathways, and inner ear drug screening.

Keywords: hair cell, adult, regeneration, novel model, cochlea

INTRODUCTION

Hearing deficits affect one in 500 newborn babies and half of the senior population over 70 years of
age in the world (Morton and Nance, 2006; Muller and Barr-Gillespie, 2015). Loss of the auditory
hair cells (HCs) that detect sound is the major cause of hearing loss. Furthermore, the mammalian
cochlea completely lacks the capacity to regenerate HCs in adulthood, which leads to permanent
deafness (Liu et al., 2012).
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In adult lower vertebrates including zebrafish, amphibians,
and birds, supporting cells (SCs) spontaneously proliferate and
transdifferentiate into new HCs after the damage of existing HCs
which leads to restoration of hearing (Corwin and Cotanche,
1988; Ryals and Rubel, 1988; Jones and Corwin, 1993; Dooling
et al., 1997). To study regeneration in mammals, the neonatal
mouse cochlear culture system has been developed and used
extensively (Zheng and Gao, 1999, 2000; Zheng et al., 2000). As
a result, signaling pathways involving mammalian cochlear HC
regeneration by SC-to-HC transdifferentiation with potential in
therapeutics have been identified in neonatal mice (Zheng and
Gao, 2000, Shou et al., 2003; White et al.,, 2006; Diensthuber
et al., 2009; Mizutari et al., 2013; Bramhall et al, 2014).
A general approach to culture neonatal mouse cochleae involves
the isolation of the sensory epithelium, which is cultured by
adhering to the surface of a culture dish. A similar approach for
adult cochleae requires the disruption of the ossified cochlear
bone followed by removing the sensory epithelium for culture.
Under this condition, the sensory epithelium inevitably dies
shortly later. In vivo HC regeneration has been reported (Arnold
et al., 2010; Walters et al., 2017; Kong et al., 2020). However,
an in vitro culture system for adult mouse cochleae is yet
to be established to allow studies ranging from regeneration
and HC-neuron interactions to drug screening Chan and
Rouse, 2016. The construction of transgenic animal models has
become a dominant method to study those aspects in the adult
mammalian inner ear, which is time-consuming in addition to
other limitations. We hypothesized that the integral cochlear
structure is important to the survival of the adult cochlear sensory
epithelial cells. By culturing adult mouse cochlea with the intact
bone, some sensory epithelial cells may survive long-term within
well-preserved cochlear architecture suitable for the study of
adult mammalian cochleae in culture.

In this study, for the first time, we developed a novel in vitro
adult mouse cochlear culture system that includes the sensory
epithelium with the surrounding bony structure. With the adult
mouse cochlear explant culture system, a majority of adult SCs
are viable in culture for up to 3 weeks. We further demonstrated
the utility of the culture system in the regeneration of HC-
like cells (HCLCs) through SC-to-HC transdifferentiation by
overexpression of an HC induction gene Atohl. We illustrated
that the system can be used to study the auditory pathway by
establishing connections between regenerated HCLCs and adult
ganglion neurons in culture.

RESULTS

Adult Mouse Cochlear Sensory
Epithelium Degenerates Rapidly With the

Conventional Culture Method

Few studies have been carried out successfully using cultured
adult mouse cochleae due to the difficulty in retrieving the
sensory epithelia from the ossified cochlea, especially those
from the mid-to-base turn. In this study, we first tested the
dissection of the adult cochlear sensory epithelium according to

the protocol established for culturing neonatal mouse cochleae
(Parker et al., 2010; Landegger et al., 2017). Only the apical region
of the sensory epithelium could be preserved using this method
(Supplementary Figures 1al, a2). After 2 weeks in culture, the
whole sensory epithelium folded and degenerated, as shown by
the disruption of the overall structure, loss of all HCs, and
severely reduced the number of SOX2" SCs (Supplementary
Figures 1b1-b3). Thus, using the conventional method, the adult
cochlear sensory epithelium cannot be cultured long-term.

Culture of the Intact Adult Cochlea

We reasoned that the degeneration and cell death in cultured
adult cochlear sensory epithelia are due to the lack of the
structure of the organ of Corti, which supports communications
among cells and their environment and promotes cell survival.
To test the hypothesis, we cultured adult (P30) mouse cochleae
with the surrounding bone, which maintained the overall
cochlear structure. We created openings, one in the apex and
one in the base, and separated the entire cochlea from the
vestibular part of the bony inner ear with forceps. Reissner’s
membrane and the stria vascularis were carefully removed
with a microprobe without touching the sensory epithelium,
to expose the organ of Corti and allow the culture medium
to pass through the endolymphatic space (Figure 1 and
Supplementary Video 1).

To characterize HC survival in cultured adult cochleae, we
performed time-lapse recording using a reporter mouse model,
Gfil-Cre-Tm-red, in which tdTomato (Tm-red) expression was
induced by Gfil promoter-driven Cre activity (Gfil-Cre). In
Gfil-Cre-Tm-red cochleae, Tm-red is induced in the cochlear
HCs at the age of E12, with the Tm-red signal persisting
throughout adulthood. Due to the difficulty of exposing the
delicate structures of cultured adult sensory epithelia within the
spatial bony structure, we evaluated the survival of the sensory
epithelial cells based on the fluorescence signal (Tm-red). We
observed rapid outer HC (OHC) death starting at 30 min from
the beginning of the culture. The loss of OHCs continued and,
by 24 h, all OHCs were virtually lost throughout the cochlea.
To confirm the result, we stained existing HCs with Myosin
VIIa (MYO7A)/Phalloidin 1 week after culture and noticed
that nearly all OHCs died by this time point. Condensed and
shrunken nuclei indicated dead OHCs, though some undegraded
MYOT7A protein could still be detected in the OHC region of
the apex. In contrast, many inner HCs (IHCs) survived 1 week
after culture, an indication of IHC resistance to cell death in
culture (Figure 2).

To study SC survival in adult cochlear culture, we used
a reporter mouse model, Sox2-CreER-Tm-red, in which Sox2
promoter-driven Cre activity induces Tm-red after tamoxifen
exposure (Sox2-CreER) in culture. After 14 days in culture,
abundant SOX2% cells were identified along the whole length
of the cultured cochlear explant. Strong SC loss in the base and
moderate SC loss in other regions only occurred at 21 days,
indicating long-term survival of adult SCs in our culture
system (Figure 3).

We studied the details of the cultured adult mouse cochleae
from 5 to 21 days and found our whole cochlear explant
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Anterior View

Posterior View

FIGURE 1 | llustration of the dissection procedure that maintains the architecture of the adult cochleae used in explant culture. (A-C) Freshly dissected adult mouse
cochlea viewed from the anterior. The dotted circle in (A) indicates the openings to be created by removing the bony shell in the apex. (B) The cochlea after
removing the bony shell with the exposure of the apex. (C) The enlarged image of the dotted box shown in (B). (D-F) Freshly dissected adult mouse cochlea viewed
from the posterior. The dotted circle in (D) indicates the openings to be created by removing the bony shell in the base. (E) The cochlea after removing the bony shell
with the exposure of the base. (F) The enlarged image of the dotted box shown in (E). Scale bars: 0.2 mm.

culture method drastically improved the preservation of the
overall structure of the organ of Corti and the integrity of
the sensory epithelium. After 14 days in culture, the inner
pillar cells (IPCs) and outer pillar cells (OPCs) were separated
by the tunnel of Corti, similar to freshly dissected adult
cochleae (Figures 3a, b and Supplementary Video 2). Due to
HC death, SOX2 + SC nuclei could be seen as disorganized
compared to a freshly dissected adult cochlea (Supplementary
Video 2). We quantified the number of SCs in cultured adult
cochleae. After 14 days in culture, ~70% of SCs in the apex
and ~60% of SCs in the base survived, whereas, by 21 days,
~50% of SCs in the apex and ~13% in the base survived
(Figures 3e-j), an indication of major SC loss in particular in
the base between 14 and 21 days in culture. Approximately
30% of IHCs in the cultured adult cochleae could survive
for 7 days, while only ~10% of IHCs could survive for
14 days, and there is no significant difference between the
cochlear turns. Nevertheless, even in the group with the longest
culture time, the overall structure of the organ of Corti was
maintained, in contrast to previous studies with a total loss
of cochlear structure and SOX2" SCs using the conventional
method (Supplementary Figures 1b1-b3). We concluded that
our new adult cochlear explant culture system maintains the
overall structure of the organ of Corti with improved cell
survival of SCs.

One important application of adult cochlear explant culture
is the ability to study SCs in their relatively native status. To

determine if adult SCs drastically change their properties, we
examined multiple SC markers in the cultured adult cochlea.
By immunolabeling with the SC markers of SOX2, JAG1, and
S100A1, we found that the SCs in culture continued to express
Sox2. JAG1 and S100A1 were detected in a subset of SCs in
the cultured cochlea that resembled the patterns in the freshly
dissected adult cochlea (Supplementary Figures 2al-a3, c1-c3).
There was a general diffusion of signals of JAGI and S100A1 in
cultured SCs, likely reflecting the disorganization of SCs after HC
death (Supplementary Figures 2b1-b3, d1-d3).

Expression of Exogenous Genes in
Cultured Adult Cochlear Explants by a

Viral Infection

It has been reported that the recombinant, replication-deficient
Adenovirus (Ad) could efficiently infect the HCs and SCs in
the neonatal mouse cochlea (Shu et al., 2016). We investigated
the ability of adenovirus to infect cultured adult cochleae to
express exogenous genes. Two weeks after adding the adenovirus
containing CMV promoter-driven GFP (Ad-GFP) to the culture
media with adult mouse cochleae, we observed robust GFP
signals in both the sensory epithelial and the spiral limbus regions
(Figure 4a). In the sensory epithelial region, 39.36 &+ 5.70%
of the SOX2" SCs were GFP™T, whereas 28.87 + 11.79% of
the remaining MYO7A™ IHCs expressed GFP (Figures 4a—f).
We further compared the infection efficiency among different
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FIGURE 2 | The rapid loss of outer hair cells (OHCs) in adult cochlear culture. (@a1-a5) The loss of OHCs in vitro. In adult Gfi-Cre-Tm-red cochlear culture (apex), the
loss of OHCs (by the absence of the Tm-red signals) started as early as 30 min in culture (a2). By 12 h (a4), no OHC signal was detectable, an indication of
complete OHC loss. In contrast, many inner HCs (IHCs) survived 7 days in culture (b1-b12). (c) Quantification of surviving OHCs and IHCs from apex to base of the
adult cochlear culture system. ***p < 0.0001, two-tailed unpaired Student’s t-test. Error bar, mean + SEM, n = 5-6. n is the number of biologically independent

cochlea samples. Scale bars: 10 pm.

SC subtypes by dividing SCs into the inner and outer regions
that are separated by the tunnel of Corti (Figure 4d). The
SCs in the inner region were composed of inner border cells
(IBCs), inner phalangeal cells (IPhCs), and IPCs, while the SCs
in the outer region consisted of OPCs, Deiters’ cells (DCs),
Hensen cells and Claudius cells. Judging by the position, most
SC subtypes including IPCs, OPCs, and DCs in cultured adult
cochlear epithelia were infected by Ad-GFP (Figures 4c,d),

and the infection efficiency of the SCs in the outer region
was higher than that of the inner region (44.52 %+ 9.06%
in the outer region vs. 17.23 £ 3.39% in the inner region,
n 4, p < 0.05) (Figure 4g). We further cultured adult
Sox2-CreER-Tm-red cochleae in the presence of tamoxifen to
activate Tm-red in SOX2% SCs for lineage tracing. After Ad-
GFP infection and tamoxifen treatment, Tm-red™ SCs were
co-localized with GFP, demonstrating GFP expression in the
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FIGURE 3 | The survival of SOX2* supporting cells (SCs) in adult cochlear explant culture. (a-c) Fresh and cultured wild-type adult cochlea (apex). (a1-a3) In a
freshly dissected adult cochlea labeled with an anti-SOX2 antibody, SOX2* SCs were confined to the sensory epithelial region (SER, bracket). (b1-b3) After 14 days
in culture, the overall structure of the organ of Corti was intact with the survival of most of the SCs. (c1-¢3) By 21 days, the loss of SOX2* SCs became apparent
yet the organ of Corti structure was maintained. (d) A freshly dissected sample to show the SCs in the inner and outer hair cell regions. (e-j) Quantification of SCs in
the outer and inner SER (d, demarcated by a dashed line) along the cochlear turns showed similar patterns of survival of SCs in the apex and mid-turns for up to

14 days, and a diminished number of SCs in the base at 21 days in culture. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. One-way ANOVA comparison of
the data obtained on days 5, 14, and 21 with the data obtained day 0. Error bar, mean + SEM, n = 2-7 in each group. n is the number of biologically independent
cochlea samples. Scale bars: 50 pm.
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SCs infected by Ad-GFP (Figures 4h,i). Efficient adenovirus-
mediated SC infection and expression of exogenous genes in
cultured adult cochlear explant provided an important tool to
study gene functions.

In vitro Regeneration of Hair Cell-Like
Cells With Atoh1 Overexpression in
Cultured Adult Cochlear Explants

It has been established that overexpression of Atfohl, an
HC fate determinant, is sufficient to transdifferentiate SCs to

HCs in neonatal mouse cochleae and adult mouse vestibular
system, yet transdifferentiation from SCs to HCs in adult
cochleae in vivo remains controversial (Zheng and Gao, 2000;
Kawamoto et al, 2003; Kelly et al., 2012; Liu et al, 2012;
Yang et al, 2012). The capacity to culture adult mouse
cochleae provides a unique opportunity to study adult HC
regeneration in vitro. In adult cochleae cultured for more than
7 days, we did not observe any HCs in the OHC region
due to the death of all OHCs in the culture and the lack
of spontaneous HC regeneration. Rare ITHCs survived in the
culture (Figure 4e).
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FIGURE 5 | Transdifferentiation of Ad-Atoh1-infected cells and lineage tracing in cultured adult cochleae. (a1-a3) In cultured adult Atoh1-GFP cochleae (apex),
control Ad-V5 infection-induced only a few GFP* cells in the SER (bracket). There was no induction of GFP in the limbus region (Lib, bracket). (b1-b3) In cultured
adult Atoh1-GFP cochleae (apex), Ad-Atoh1 infection-induced many GFP™ cells in the SER (bracket) and Lib (bracket). (c,d) SC origin of regenerated HC-like cells
(HCLGCs) by lineage tracing. (c1-¢3) In the apex of the cultured adult Sox2-CreER-Tm-red cochleae infected with Ad-V5, no PVALB* cells were detected in the OHC
region whereas the surviving IHCs were Tm-red negative. (d1-d3) HCLCs (PVALB™) were detected in the OHC region that was co-localized with Tm-red signal
(arrows) as well as in the non-sensory region (arrowheads) that were devoid of Tm-red after Ad-Atoh1 infection in cultured adult Sox2-CreER-Tm-red cochleae. (e)
Quantification of GFP+ cells and new HCLCs from apex, apex-mid, and base in Ad-V5 and Ad-Atoh1 groups. *o < 0.05, **p < 0.001, ****p < 0.0001, Student’s
t-test. Error bar, mean + SEM, n = 3-13. n is the number of biologically independent cochlea samples. Scale bars: 20 wm.
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To test the utility of the explant culture system for HC
regeneration in vitro, we cultured adult cochleae from the
Atohl-GFP transgenic mice, in which GFP expression was
under the control of the 3’ enhancer of Atohl (Lumpkin
et al, 2003) and induced by Atohl expression. We used
adenovirus carrying CMV promoter-driven human ATOH1 (Ad-
Atohl) to infect cultured adult Atohl-GFP transgenic mouse
cochleae, whereas adenovirus carrying a V5 tag (Ad-V5) was
used as the control for infection. In Ad-V5-infected Atohl-
GFP cochleae that were subsequently cultured for 14 days, a
few weak GFPT cells were detected both in surviving IHCs
and in the SCs vicinity of surviving IHCs in the explants
(777 + 1.30 GFPT cells/100 pm, n = 9, Figures 5al-
a3 and Supplementary Figures 5al-a4), reflecting the weak
endogenous ATOHI activity. In adult Atohl-GFP cochleae
infected with Ad-Atohl followed by culture for 14 days,
quantitatively more GFP™ cells were detected throughout the
sensory epithelium as well as in the spiral limbus region in
the explants (26.07 £ 2.54 GFP™ cells/100 wm for sensory
epithelium, n = 13, and 5.75 £ 0.76 GFP*' cells/2,500 pm?
for spiral limbus region, n = 11, Figures 5b,e). These GFP™
cells were the cells with Atohl transcriptional activity due to
Ad-Atohl infection.

To investigate whether cells with increased Atohl activity
transdifferentiate into HCs, we examined the co-expression of
MYO7A and GFP in the infected adult cochlear explants. There
were significantly more MYO7A™/GFP™ cells in the explants
infected by Ad-Atohl (4.03 % 0.66/100 pm sensory epithelium,
n =13, 0.64 & 0.14 cells/2,500 wm? spiral limbus region, n = 11,
Supplementary Figures 3cl-c4) than in the explants infected
by Ad-V5 (1.04 & 0.47 cells/100 wm sensory epithelium, n = 9,
Supplementary Figures 3al-a4, b1-b4). We noticed that only a
small portion of GFP™ cells turned out to be MYO7A™ HCLCs in
both the sensory epithelial region and the limbus region after the
infection of Ad-Atoh1 (16.00 = 2.18% for the sensory epithelium,
12.57 & 3.29% for the spiral limbus region) (Supplementary
Figures 3d,e).

To further confirm the identity of regenerated HCs, we
investigated the expression of the HC marker Parvalbumin
(PVALB). After Ad-V5 infection of the cochlear explants
from AtohI-GFP transgenic mice, PVALBT IHCs were
observed in the sensory region of cultured cochlear
explants, an indication of surviving existing IHCs
(2.67 £ 0.61 cells/100 wm sensory epithelium, n = 3,
Figure 5a), some PVALB' spiral ganglion neurons
(SGNs) were also found (Fischer et al., 2019). After
Ad-Atohl infection, the number of PVALBT cells was
significantly increased in both the sensory epithelium
(13.02 £ 1.076 cells/100 pm sensory epithelium, n = 9,
Figures 5a, b and Supplementary Figures 5a, b) and the limbus
region (2.76 + 0.63 cells/2,500 wm? limbus region, n = 6,
Figures 5a, b). Of all the GFPT cells, significantly more cells
were PVALB1/GFP™ (60.64 £ 10.32% in the sensory region,
n =3 and 73.23 £+ 11.81% in the limbus region, n = 3) than
MYO7A™*/GFPT.

To further determine the origin of HCLCs, we performed
lineage tracing by using the Sox2-CreER-Tm-red mice. After

injecting tamoxifen daily for 3 days, adult SCs were permanently
labeled with tdTomato (Tm-redt). Cochleae from tamoxifen-
injected adult mice were cultured and infected with either
Ad-Atohl or Ad-V5. Fourteen days after Ad-V5 infection,
we did not observe any PVALBT™ HCLCs in the OHC
region, and the remaining existing IHCs were negative for
Tm-red (Figure 5c). In contrast, PVALBT™ HCLCs were
detected in the OHC region after Ad-Atohl infection and
all of them were Tm-red®™ (Figure 5d). We concluded that
Atohl overexpression resulted in regeneration of HCLCs in
the OHC region from SOX2T SC transdifferentiation and
in the limbus region due to transdifferentiation of SOX2-
negative cells.

Regenerated Hair Cell-Like Cells Have

Young Hair Cell Properties

What are the characteristics of new HCLCs? Are they
relatively mature HCs resulting from formation in the adult
cochlea, or are they developmentally young HCs due to
recent transdifferentiation from SCs? Using immunostaining
with markers including PVALB, PTPRQ, espin (ESPN), and
acetylated tubulin, we studied the presence of HC stereocilia
in the regenerated HCLCs. Staining of PTPRQ, a marker
for young HCs (Goodyear et al, 2003), was identified
within the stereocilia-like structures of PVALBT HCLCs,
but not in the existing IHCs in control cochleae infected
by Ad-V5 (Figures 6a,b). The kinocilium is a transient
structure for directing the orientation of stereocilia during
early cochlear HC development, and it is no longer detectable
after postnatal day 21 (Cotanche and Corwin, 1991; Tilney
et al., 1992). We observed acetylated tubulin-labeled kinocilia
in the ESPNT HCLCs in the Ad-Atohl-infected cochlea but
not in the existing IHCs from Ad-V5-infected control cochleae
(Figures 6¢,d). The detection of immature HC markers in the
HCLCs but not in the existing surviving adult HCs strongly
supports that regenerated HCLCs resemble developmentally
young, immature HCs.

The Survival of Adult Neurons in Cultured
Cochlear Explants

Spiral ganglion neurons relay the information generated by
mechanotransduction of HCs to the brainstem. The ability
to culture adult SGNs concomitantly with cochlear explants
presents an opportunity to study SGNs and their interactions
with the HCs that are essential in the auditory pathway for
hearing. The whole cochlear explant culture enabled us to
assess the survival of SGNs housed in the bony structure
of the modiolus. We examined the density of SGNs within
the modiolus by the labeling of TUJ1 (TUBB3), a neuronal
marker, and quantified the number of TUJ1" SGN somas from
the frozen sections of cultured adult cochleae. Compared to
the freshly dissected adult cochleae, 86 and 77% of TUJI*
SGNs were maintained after 5 and 14 days in culture,
respectively, demonstrating long-term survival of adult SGNs
in vitro (Figure 7).

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2022 | Volume 14 | Article 757831


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Lietal

HC Regeneration in Adult Cochlea

Ad.V5 for 14d

Ad.V5 for 14d

N

Ad.Atoh1 for 14d
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adult cochleae. (d1-d3) Ac-TUB labeled kinocilia were observed in regenerated ESPN* HCLCs after Ad-Atoh1 infection in cultured adult cochleae (arrowheads).

Scale bars: 25 pm.

Reinnervation in the Cultured Adult
Cochleae

It has been established that after in vivo injection with ototoxic
drugs including kanamycin in combination with diuretic drug
furosemide, there is significant OHC loss that is accompanied
by subsequent retraction of the ganglion neurites (Oesterle
and Campbell, 2009). We used the model of kanamycin and
furosemide injection in adult wild-type mice to induce OHC
death. Examination of the cochleae 9 days post-injection showed
a complete OHC loss and the absence of neurites in the
OHC region (Figure 8b). In the IHC region, fewer neurites
labeled with TUJ1 were observed medial to the IHCs in
comparison to the freshly dissected untreated adult cochleae
(Figures 8a,b).

We  cultured adult wild-type cochleae 9  days
postkanamycin/furosemide injection and infected one group
with Ad-Atohl and the other group with Ad-V5 as control.
In the Ad-V5-infected control after 14 days in culture, we
observed surviving THCs (MYO7A™) in the vicinity of the
remnants of ganglion neurites, with occasional IHC to neurite
connections (Figure 8c). No HCs or neurites were detected
in the OHC region. In contrast, in the Ad-Atohl-infected
group, MYO7A™ HCLCs were detected in the OHC region
(Figure 8d). Strikingly, numerous adult neurites migrated
across the medial line to form connections with regenerated
HCLCs in the OHC region. Furthermore, there were clusters
of disorganized neurites surrounding the IHCs, many of
which were in direct contact with the IHCs (Figure 8d and
Supplementary Video 3).

We noticed that some regenerated MYO7A™ HCLCs in the
OHC and THC regions were also labeled with TU]J1, a neuronal
marker. In fact, TUJ1T cells were abundant in the sensory
epithelia (20.87 £ 4.85/100 pm sensory epithelium, n = 5,
Figures 8d,f) of the Ad-Atohl-infected cultured adult cochleae.
TUJ1 was mainly detected in cells with weak or absent MYO7A
signal (arrowheads, Figure 8d), whereas cells with prominent
MYOT7A staining generally lacked TUJ1 (arrows, Figure 8d),
suggesting that the expression of TUJ1 may be associated
with early regenerated HCLCs transdifferentiated from SCs.
Significantly, TUJ1" cells were able to form connections with
the SGN neurites irrespective of Myo7a expression (arrowheads,
Figure 8d). To confirm the result, we treated the adult
wild-type cochleae with Ad.Atohl-mCherry, the adenovirus
expressing both human ATOHI and mCherry marker under
CMV promoter (Supplementary Figures 4b, 6). Notably,
numerous neurites connected to Ad.Atohl-mCherryt/TUJ1F
cells were detected in the culture system while no new TUJ1T
cells were detected in the Ad-V5 treated control samples
(Supplementary Figures 4al-a3, bl-b3). Besides, the triple
labeling of Ad.Atohl-mCherryt/ESPN*1/TUJ1T HCLCs was
detected (Supplementary Figure 6). Furthermore, we infected
Atoh1-GFP mouse cochleae with Ad-Atohl and detected GFP™
cells co-labeled with TUJ1. In addition, these GFPT/TUJ1t
cells form connections to the TUJ1™ SGN neurites (Figure 8e).
The connections between neurites and regenerated HCLCs
can be seen in a movie with the 3D-reconstructed images
(Supplementary Videos 3, 4). Taken together, the results strongly
indicated that the HCLCs promote neurite outgrowth and the
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Quantification showed the survival of a majority of adult SGNs in the apical turn even after 14 days in culture. *p < 0.05, **p < 0.001, and one-way ANOVA
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likely formation of new connections between the SGN and HCs
at an early stage of HC formation.

DISCUSSION

Embryonic or neonatal mouse cochleae can be cultured, which
has led to studies to generate a wealth of information related to
development, regeneration, and mechanisms underlying deafness
(Zheng and Gao, 1999, 2000; Zheng et al., 2000; Shou et al,,

2003; Woods et al., 2004; White et al., 2006; Dabdoub et al,,
2008; Diensthuber et al., 2009; Mizutari et al., 2013; Bramhall
et al., 2014). However, adult mature mammalian cochleae have
characteristics that are fundamentally different from young
cochleae. Since even newborn human inner ears are fully
mature, studies in adult mature cochleae are necessary to
understand disease progression, identify potential drugs, and
develop regeneration therapy for the treatment of hearing loss.
The lack of a system to study adult mammalian cochleae in vitro
has been a major hurdle to efficiently test scientific hypotheses
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FIGURE 8 | Promotion of outgrowth of adult SGN neurites and formation of connections with regenerated HCLCs in adult cochlear explant culture. (a1-a3) A freshly
dissected apex of the adult cochlea showed the distribution of neurites labeled with TUJ1. (b1-b3) Nine days postkanamycin/furosemide injection in vivo (dO in
culture), there was a complete loss of OHCs and an absence of neurites in the OHC region (OHCr, bracket). Neurites with lower density were scattered beneath the
surviving IHCs. (e¢1-¢3) Nine days postkanamycin/furosemide injection in vivo and 14 days after Ad-V5 infection in culture (d14), adult cochleae showed no HCs or
neurites in the OHC region. There was a loss of a majority of neurites in the IHC region (IHCr, bracket). Some surviving IHCs were in direct contact with remaining
neurites (arrow). (d1-d3) Nine days postkanamycin/furosemide injection in vivo and 14 days after Ad-Atoh1 infection in culture, adult cochleae showed regenerated
HCLCs and neurites in the OHC region, and numerous disorganized neurites in the IHC region. HCLCs (MYO7A™) were in direct contact with neurites (arrows). Many
cells in the OHC region were TUJ1T with weak or absent MYOTA signals, yet were in direct contact with neurites (arrowheads). The box areas in panel d3 refer to
Supplementary Videos 3, 4. (e1-e3) Atoh1-GFP cochlea samples 12 days after Ad-Atoh1 infection. The Atoh1-GFP* cells began to express TUJ1 marker and
connect to neural fibers (arrows). (f) Quantification showed an increase of TUJ17 cells after Ad-Atoh1 infection in culture. **p < 0.01, Student’s t-test. Error bar,
mean + SEM, n = 5-6. n is the number of biologically independent cochlea samples. Scale bars: 20 um.
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and screen new drugs for inner ear disorders. In this study, we
established an adult mouse cochlear explant culture system and
demonstrated its utility in a case study of HC regeneration and
interaction between SGNs and HCs.

The major difference between our adult explant culture
system and previous attempts to establish an adult cochlear
explant culture lies in the fact that we purposefully retained
the bony structure of the cochlea, maintaining cells in their
endogenous environment that promotes cell survival. The overall
architecture of the cochlea is important to cell survival as it
is increasingly realized that mature cell types generally survive
better in a 3D environment (Edmondson et al.,, 2014). Our
culture system provides an integral architecture that sustains the
relative positions of different adult cochlear cell types, which
likely results in the maintenance of the cell-to-cell and cell-to-
ECM interactions. The openings at the apex and the base of
the cochlea facilitate access to the medium. Our results strongly
support that a majority of adult cochlear cell types have the
intrinsic capacity to survive long-term in explant culture, which
allows the studies of individual cell types and their interactions.

In culture, adult OHCs undergo rapid cell death and, by
24 h, all OHCs are virtually lost (Figure 2). It is known that
OHCs are sensitive to endolymph with high ionic concentration,
and changes in the microenvironment lead to OHC death
(Zenner, 1986; Dulon et al., 1987; Zenner et al., 1994). However,
additional unknown factors are likely to contribute to cell
death as OHCs die quickly even in artificial endolymph with
a similar ionic environment to endogenous endolymph. Rapid
OHC death in culture provides an opportunity to study HC
regeneration in the OHC region as we have shown that all
HCLCs in the OHC region are from regeneration rather
than the survival of existing OHCs. The explant culture
system should serve as an excellent model to screen potential
drugs that attenuate OHC death in culture, which could lead
to important hearing loss treatments by developing drugs
that protect against HC death. In contrast to OHCs, some
adult THCs survive long-term (14 days) in culture, which
may provide clues about mechanisms for their resistance
to cell death. We are currently conducting experiments to
profile gene expression in surviving IHCs by RNA-Seq to
address the issue.

In the adult cultured explant, the overall cochlear structure
is well maintained for up to 14 days (Supplementary Videos
1, 2) with the survival of a majority of SC types including
Claudius cells, Hensen’s cells, DCs, pillar cells, IPhCs, IBCs, and
inner sulcus cells. By studying SC markers, it is evident that
SCs largely maintain their identities, i.e., SCs do not undergo a
major dedifferentiation process with the perturbation of SC gene
expression. Infection of diverse adult SC subtypes in culture by
adenovirus provides an opportunity to activate or inhibit gene
expression efficiently and temporally by methods, such as genome
editing and siRNAs, and evaluate the effects on various activities
including regeneration, treatment of genetic hearing loss, and SC
biological roles (Shu et al., 2019; Niggemann et al., 2020).

In the current adult cochlear explant culture system, all
OHCs and some IHCs, as well as a portion of SCs die. There
is the reorganization of the sensory epithelium in cultured

adult cochleae. Our explant culture system presents a damaged
model. However, as it has been shown in our study, it can
serve as a valuable tool to study different aspects of the adult
cochlea in culture.

Reproducible regeneration of HCLCs in cultured adult
cochlear explants by adenovirus-mediated Atohl overexpression
highlights the utility of the system. By activation of Atohl
in cultured adult mouse cochleae, we demonstrated that adult
cochlear SCs can transdifferentiate into HCLCs, with the
expression of multiple HC markers. In contrast, in our recent
study, Ad-Atohl overexpression in adult cochlear SCs has never
resulted in the regeneration of HCLCs in vivo (Shu et al,
2019). In vivo regeneration of HCLCs could only be achieved
through reprogramming by transient activation of Myc and Notch
followed by Atohl overexpression (Shu et al., 2019). Therefore,
it is highly likely that the explant culture itself provides a
degree of reprogramming that enables adult SCs to respond to
Atohl induction signals and transdifferentiate to HCs in vitro.
This is consistent with the evidence that mature cell types
undergo reprogramming in culture by selective downregulation
of mature genes and upregulation of developmental genes
(Alizadeh et al., 2001; Mantikou et al., 2016). The cochlear
explant culture system further illustrates that HCLCs can be
regenerated from non-sensory epithelial regions, such as the
limbus, providing evidence that additional adult cochlear non-
sensory cell types have the capacity to transdifferentiate into HCs
in culture in the presence of Afohl signaling. Identification of
signaling pathways in culture-mediated reprogramming in adult
SCs should shed light on the process with potential improvement
in HC regeneration efficiency.

Our study is the first in which adult SGNs were cultured for
an extended period of time and were studied in the context of
degeneration and reinnervation. In adult cochleae, the loss of
HCs leads to retraction of neurites (Sugawara et al., 2005; Kujawa
and Liberman, 2009). Furthermore, damage to HCs leads to the
loss of synapses by the way of synaptopathy that contributes to
“hidden hearingloss,” the reduced capacity to recognize speech in
noisy environments. Efforts to reestablish new synapses after HC
noise damage, including N'T3 overexpression, have had limited
success (Wan et al., 2014). However, it is not known if adult
SGN s retain their potential for outgrowth and reestablishment of
connections with HCs once they are retracted as the consequence
of HC damage or death. The adult cochlear explant culture
demonstrates the feasibility of adult SGN outgrowth which likely
results in reestablishing connections with regenerated HCLCs.
Future studies will involve optimization of the culture condition
so that the culture time can be further extended, which would
allow for the study of the behavior of type I and II ganglion
neurons and synaptogenesis in adult cochleae in vitro.

Insightfully, we found that during HC regeneration, Ad-
Atohl-infected cells start to express Tujl, a neuronal marker,
before the expression of HC genes including Myo7a. At this
stage, TUJ1™ neurites have migrated toward the TUJIT cells
induced by Ad-Atohl infection to form likely connections
(Figures 8d,e, Supplementary Figure 4, and Supplementary
Videos 3, 4). Thus, the signals that promote neurite outgrowth
and formation of connections may have been produced at
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a very early stage during HC regeneration. Identification
of the signals responsible for the process will have a major
impact on neurite outgrowth and synaptogenesis that are
essential in developing potential therapy to reconnect SGNs
with existing or regenerated HCs. A previous study on
spontaneous HC regeneration in chicks has also identified
early new HCs labeled with TUJ1 (Stone and Rubel, 2000),
which is consistent with our observations during HC
regeneration in adult cochleae in vitro. Expression of Tujl,
however, is transient, in regenerated HCLCs expressing
mature markers, such as Myo7a. We noticed that there were
only a small number of TUJ1+ cells that weakly express
HC markers, such as Myo7a, and that these may represent
prosensory cells before they more strongly express Myo7a
and become HCLCs. For example, the triple labeling of
Ad.Atoh1-mCherry+/ESPN+/TUJ1+ HCLCs was detected
(Supplementary Figure 6). Furthermore, we infected Atohl-
GFP mouse cochleae with Ad-Atohl and detected GFP+ cells
co-labeled with TUJ1. In addition, these GFP+/TUJ1+ cells
form connections to the TUJ1+ SGN neurites (Figure 8e).
The intermediate TUJ1 expression in early regenerated
HCLCs may be unique to HC regeneration, as TUJI is not
involved in normal HC development (Stone et al, 1996;
Molea et al, 1999). Our data illustrate the application of
the adult cochlear explant culture system to uncover novel
biological processes.

Recent progress with inner ear organoids has provided
new opportunities to study inner ear cell types including
HCs in vitro (Koehler et al,, 2013, 2017). The adult cochlear
explant culture system is complementary to inner ear organoids
for the study of the inner ear in vitro. The explant culture
system uses adult cochleae, thus providing critical information
on the capacity of mature inner ear cells to regenerate and
develop cell-to-cell interactions. Furthermore, the regenerated
HCs have properties that resemble the auditory HCs since
the explant culture system uses adult cochleae. This has
been illustrated by our recent study of Myc/Notch activation
in combination with HC regeneration that leads to the
production of HCLCs expressing Slc26a5 (Prestin) and
Slc17a8 (Vglut3), an OHC marker and an IHC marker,
respectively (Shu et al., 2019). The ability to study adult
whole cochleae in their native architecture and in the
presence of diverse inner ear cell types (cells from sensory
and non-sensory regions as well as the SGNs) provides a
unique opportunity to build an auditory system in vitro.
It is possible that our approach can be extended to other
mammalian species including pigs and humans so that the
study can be carried out with results that are directly relevant to
clinical applications.

MATERIALS AND METHODS

Mouse Models

Sox2-CreER transgenic mice and tdTomato reporter mice
were from Jackson Laboratory (Stock# 017593 and 007914,
respectively); We also used a strain expressing tdTomato under

the control of Gfil promoter (Gfil TM1(Cre)Gan, Ro6tdTomato).
Atoh1-nGFP mice are from Jane Johnson, University of Texas
Southwestern Medical Center, Dallas, TX, United States. The
wild-type mice were C57BL/6 from Charles River Laboratories.
All experiments were performed in compliance with ethical
regulations and approved by the Animal Care Committees of
Massachusetts Eye and Ear and Harvard Medical School.

Adult Cochlear Culture and Viral

Infection in vitro

Different from the neonatal cochlea culture method, in which
the cochleae were disassociated from the bone, adult mouse
cochleae (6-8 weeks old) were dissected with the bone attached.
The bulla was first removed from the skull and then, in
brief, dipped in 70% ethanol before being placed in ice-
cold Hanks Balanced Salt Solution (HBSS). The vestibular
region was also removed. Under a dissecting microscope,
the middle ear, vessels, and debris were removed from
the bulla. The bone covering the apical turn was chipped
off, and round window and oval window membranes were
opened to allow media exchange with the cochlea fluids.
The ligament portion and Reissner’s membrane at each end
of the cochlea were also removed to facilitate the access of
medium to the sensory cells. The cochleae were maintained
in floating culture in DMEM/F12 (Invitrogen) supplemented
with N2 and B27 (both from Invitrogen) for 5-21 days.
For infection, adenovirus was added to the culture at a
titer of 5 x 10'° pfu/ml overnight before replacement with
fresh medium. Ad-Atohl and Ad-V5 were purchased from
SignaGen Laboratories, Rockville, MD, United States. Ad-
GFP was purchased from the Vector Lab, Baylor College of
Medicine, Houston, TX, United States. To label proliferating
cells, EAU was added at a final concentration of 10 uwM for
varying time points.

Lineage Tracing

Notably, 6-week-old Sox2-CreER/tdT/// mice were injected with
tamoxifen (75 mg/kg) daily for 3 days before the cochleae were
dissected for culture. Each virus was added to the medium for
16 h at a concentration of 5 x 10'° pfu/ml.

Immunohistochemistry

Mouse cochleae were fixed in 4% paraformaldehyde at 4°C
overnight, followed by decalcification in 120 mM EDTA for 1-
2 days. The decalcified cochleae were used for whole-mount
immunohistochemistry following a standard procedure (Huang
et al., 2013). The antibodies used are shown in Supplementary
Table-antibody.

Confocal Microscopy

Confocal microscopy was performed using a Leica TCS
SP8 with Leica Application Suite Advanced Fluorescence
(LAS AF) software version 2.6.0 (Leica Microsystems Inc.,
Buffalo Grove, IL, United States). Sequential scanning with
different laser channels was used for image acquisitions.
Confocal images were processed using the Image] package
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(National Institutes of Health, Bethesda, MD, United States)'.
For Z-stacks, equal numbers of images of adjacent optical
sections, 0.5 um in thickness, were used for processing
with identical parameters, including median filtering and
adjustment of brightness and contrast, between experimental
and control groups.

Statistical Analysis

The Prism 8 statistical package (GraphPad Software, Inc., San
Diego, CA, United States) was used in the data processing. The
number of SOX2" cells was counted as an SC number. The
average number of SOX2% SCs per 100 pm was calculated as SC
density for each cochlea and was used for statistical analysis. Data
were presented as mean == SEM. ANOVA analysis with Tukey’s
multiple comparisons test was used to compare three or more
groups (p < 0.05 was considered significant).
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Supplementary Figure 1 | Adult cochlear sensory epithelium degenerates in
culture with the conventional method. (a1,a2) Epifluorescent picture of the apical
turn of the freshly dissected wild-type adult mouse cochlea according to the
protocol established for culturing neonatal mouse cochlea (Parker et al., 2010;
Landegger et al., 2017). Only the very apical region of the sensory epithelium
could be preserved with this method. Panel (a2) is the box area in panel (a1), with
the sensory epithelial regions (SER) marked with a bracket. (b1-b3) Fluorescent
picture of the apical turn of an adult mouse cochlea using the traditional culture
method. After 2 weeks in culture, the whole sensory epithelium folded and
degenerated, with the loss of virtually all SOX27 cells. Scale bars: 50 . m.

Supplementary Figure 2 | Maintenance of supporting cell (SC) markers in
cultured adult cochleae. (a1-a3) In a freshly dissected adult cochlea (middle turn),
markers SOX2 and JAG1 were co-localized in the SCs. (b1-b3) After 5 days in
culture, a subset of SOX2* cells was co-labeled with JAG1. Notice
disorganization of SCs compared with the freshly dissected sample. (c1-c3)
Co-localization of SOX2 and ST00A1 in a subset of SCs of a freshly dissected
adult cochlea. (d1-d3) SOX2 and ST00A1 were similarly co-localized in a subset
of SCs of adult cochleae after 5 days in culture. Again, the disorganization

of SCs was evident in culture. Scale bars: 50 . m.

Supplementary Figure 3 | In vitro regeneration of hair cell-like cells (HCLCs) with
Atoh1 overexpression. (a1-a4) In cultured adult Atoh7-GFP cochleae infected
with Ad-V5, a few GFP* cells were observed mainly in the existing inner HCs
(IHCs), but not in other sensory epithelial regions. In cultured adult Atoh7-GFP
cochleae infected with Ad-Atoh1, increased numbers of GFPT cells were
observed across the sensory epithelial region (b1-b4) and the limbus region
(c1-c4). Some GFP* cells were co-labeled with MYOT7A, indicating regeneration
of HCLCs in those areas. (d,e) Quantification data showed more MYO7A+ HCLCs
that were detected in both the sensory epithelial region and the limbus region in
cultured adult Atoh7-GFP cochleae infected by Ad-Atoh1 than by Ad-V5 infection.
**p < 0.01, ***p < 0.001, Student’s t-test. Error bar, mean & SEM, n = 9-13. nis
the number of biologically independent cochlea samples. Scale bars: 20 w m.

Supplementary Figure 4 | Atoh1 overexpression generates TUJ17 cells in adult
cochlear explant culture. (@a1-a3) Nine days postkanamycin/furosemide injection
in vivo and 12 days after Ad-V5 infection in culture (d12), and there was a loss of a
majority of neurites in the IHC region (IHCr, bracket). (b1-b3) Nine days
postkanamycin/furosemide injection in vivo and 12 days after Ad-Atoh1-mCherry
infection in culture, adult cochleae showed regenerated TUJ1/mCherry* cells in
the OHC region (OHCr, bracket), and significantly more neurites in the IHC region.
TUJ1 cells were co-labeled with mCherry (arrows). Scale bars: 20 . m.

Supplementary Figure 5 | In vitro regeneration of HCLCs with Atoh1
overexpression. Enlarged picture of the apex of a cultured adult Atoh7-GFP
cochlea infected with Ad-V5/Ad-Atoh1. The samples were incubated with
antibodies against GFP/MYO7A/PVALB. (a1-a4) In cultured adult Atoh1-GFP
cochleae infected with Ad-V5 (the enlarged image of Supplementary Figure 3a),
a few weak GFP* cells were observed mainly inside and surrounding the existing
IHCs, indicating the weak endogenous ATOH1 activity. (b1-b4) Many strong
GFP* cells were observed across the sensory epithelial region. Most

GFP* cells were co-labeled with PVALB. Scale bars: 10 u m.

Supplementary Figure 6 | Atoh1 overexpression generates TUJ1T/ESPN*
HCLCs in adult cochlear explant culture. (a1-a4) (Low magnification) and (b1-b4)
(high magnification). Twelve days after Ad-Atoh1-mCherry infection of cultured WT
adult cochleae, regenerated mCherry™/TUJ1+/ESPNT HCLCs in the sensory
region of apex were detected. Atoh1mCherry*/TUJ1+ cells were co-labeled with
an HC marker ESPN (arrows). Scale bars: 10 i m.
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In the mammalian cochlea, spiral ganglion neurons (SGNs) are the primary neurons
on the auditory conduction pathway that relay sound signals from the inner ear to
the brainstem. However, because the SGNs lack the regeneration ability, degeneration
and loss of SGNs cause irreversible sensorineural hearing loss (SNHL). Besides, the
effectiveness of cochlear implant therapy, which is the major treatment of SNHL currently,
relies on healthy and adequate numbers of intact SGNs. Therefore, it is of great clinical
significance to explore how to regenerate the SGNs. In recent years, a number of
researches have been performed to improve the SGNs regeneration strategy, and some
of them have shown promising results, including the progress of SGN regeneration from
exogenous stem cells transplantation and endogenous glial cells’ reprogramming. Vet,
there are challenges faced in the effectiveness of SGNs regeneration, the maturation
and function of newly generated neurons as well as auditory function recovery. In this
review, we describe recent advances in researches in SGNs regeneration. In the coming
years, regenerating SGNs in the cochleae should become one of the leading biological
strategies to recover hearing loss.

Keywords: hearing loss, spiral ganglion neurons, regeneration, stem cells transplantation, glial cells

INTRODUCTION

The first world report of hearing released in 2021 warned that nearly 2.5 billion people, or one in
four people in the world, will be living with some degree of hearing loss by 2050. Hearing loss affects
many aspects of life, including communication, cognition, education, and even mental health,
with significant detrimental effects economically on society. Among all hearing loss, sensorineural
hearing loss (SNHL) is the most common type and accounts for the vast majority of them. The
inner ear core parts are composed of hair cells (HCs) and spiral ganglion neurons (SGNs). The
HCs function in transducing the sound mechanical stimulation into the primary acoustic signals
(Liu Y. et al., 2019; Zhou et al., 2020), while the SGNs are primary afferent neurons in the auditory
conduction pathway, and they transmit acoustic signals from the inner HCs of the cochlea to the
central cochlear nucleus in the brainstem (Liu et al., 2021; Wang et al., 2021; Wei et al,, 2021).
Both HCs and SGNs can be injured by excessive noise exposure (Liberman, 2017; Guo L. et al,,
2021), ototoxic drugs (Lang et al.,, 2005; He et al.,, 2017; Liu W. et al., 2019), aging (Bao and
Ohlemiller, 2010; Kujawa and Liberman, 2015; He et al., 2021), genetic factors (Lv et al., 2021) and
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infections (Zhang et al., 2021), and thus leading to the SNHL.The
SGNs in the cochlea can be divided into two subgroups-type I
SGNs and type II SGNs, by their morphological structure, cell
body, myelin sheath, and biological function. Type I SGNs, which
account for the majority of auditory neurons in the inner ear,
are myelinated, large, bipolar cells and primarily innervate the
inner HCs, while the type II SGNs are unmyelinated, small,
and innervate the outer HCs. More recently, single-cell profiling
has been performed and three subpopulations of type I SGNs
have been identified on the basis of transcriptional profiling
(Shrestha et al., 2018; Sun et al., 2018). At the developmental
level, the SGNs belong to terminally differentiated cells and
can hardly regenerate by self-proliferation spontaneously and
thus the damage of SGNs results in permanent SNHL (Guo
et al., 2016, 2020). Besides, cochlear implant, which is the main
clinical procedure for SNHL treatment, plays the role of restoring
hearing by giving direct electrical stimulation to the viable SGNs
(Guo et al., 2019, 2021b), and the effectiveness of cochlear
implant therapy relies on healthy and adequate numbers of intact
SGNE.

Therefore, prompting the strategies for regenerating SGNs
is of great clinical significance for further advances in deafness
treatment. In recent years, important advances have been made
in a better understanding of the mechanisms involved in
the regeneration of SGNs, which is a significant step toward
the ultimate goal of improved hearing. In this review, we
summarize the new discoveries about SGNs regeneration in
recent years.

STEM CELLS DERIVED FROM
EXOGENOUS SOURCES DIFFERENTIATE
TOWARD SGNs

With the development of the inner ear after birth, the neuronal
stem cell characteristics of the original stem cells continue
to decline, and it lacks the endogenous cellular source for
SGNs regeneration in the adult inner ear. Exogenous stem
cells transplantation is an attractive alternative for adult SGNs
regeneration. In recent years, studies have shown that many
kinds of stem cells derived from exogenous sources, such as
the induced pluripotent stem cells (iPSCs; Chen et al., 2017),
mesenchymal stem cells (MSCs; Cho et al., 2011; Kil et al., 2016),
and neural stem cells (NSCs; He et al., 2014), transplanted into
the cochlea in vivo or in vitro could be differentiated toward
SGNs. In addition, as the unique pluripotent cells, embryonic
stem cells (ESCs) possess great differentiation potential and can
differentiate into almost all cell types that make up the body.
ESCs from the mouse or humans have been transplanted into
the inner ear to replace the damaged SGNs (Corrales et al., 2006;
Reyes et al., 2008; Hackelberg et al., 2017). Chang et al. (2021)
found successful survival and migration of transplanted ESCs in
the cochlea, and the transplanted ESC cells increased the auditory
connection to the central auditory pathway in the hearing loss
mice model.

Due to the cochlea’s special cavity-like structure, delivery
of therapeutics to the inner ear becomes complicated due to

their inaccessible location (Nyberg et al., 2019). The efficiency of
regenerating SGNs and the survival of newly generated neurons
are related to the transplantation method of exogenous stem
cells, and thus it is necessary to find a suitable route for
stem cell transplantation. Recently, transplantation through a
small hole drilled into the scala tympani (ST), a fluid-filled
lumen adjacent to the cochlear duct epithelium, has been
widely used for its technically easier implementation (Hu et al.,
2005; Lee et al, 2017; Chang et al., 2020). Besides, stem cell
transplantation through the cochlear lateral wall was also found
to be precise and safe, which has more efficacy to enter the
Rosenthal’s canal (RC) compared with transplantation via the ST
(Zhang et al., 2013).

Novel scaffolds could contribute to regulating neural stem cell
proliferation, differentiation, and the oriented growth of derived
neurons (Liu et al., 2018; Yan et al., 2018; Xia et al., 2020; Guo
etal,, 2021a). Hackelberg et al. (2017) present novel nanofibrous
scaffolds for the guidance of stem cell-derived neurons for
auditory nerve regeneration. The human ESC-derived neural
precursor cells (NPC) implanted into the aligned nanofiber
mats were efficiently differentiated into glutamatergic neurons
and were guided into their target location of the cochlea in
deafened guinea pigs. However, no improvement in eABR
thresholds, or any functional improvement was found in mice
implanted scaffolds with NPC compared with the cell-free
(without NPC) scaffolds transplantation group (Hackelbergetal.,
2017).

Collectively, researches have shown that the stem cells
transplanted into cochlea could survive and acquiresome
neuronal features, thus suggesting stem cell-based therapy might
be a promising approach for auditory nerve regeneration.
However, solid evidences for significant auditory function
recovery after stem cell transplantation are still very limited (Fu
etal., 2009; Chen et al., 2012, 2017; Hackelberg et al., 2017; Chang
et al,, 2021), and whether these exogenous cells can differentiate
into functional SGNs and promote hearing recovery remain an
open question. Meanwhile, proper integration of exogenous cells
into the auditory circuit remains a fundamental challenge, and
there are still some inevitable risks of transplanting stem cells
into the inner ear, such as tumor formation, immune response
(Nishimura et al., 2012), as well as ethical arguments regarding
ESC cells transplantation. It is still necessary to develop safe and
effective stem cell-based therapy for the clinical monitoring of
cell transplantation.

GLIAL CELLS WITHIN THE INNER EAR
ARE POTENT PROGENITORS FOR SGN
REPROGRAMMING

In the central nervous system (CNS), glial cells have been proved
to be able to reprogram into functional neurons directly (Heins
et al, 2002; Heinrich et al., 2010). Glial cells in the inner
ear consist of Schwann cells that distribute along the fibers
of SGNs and satellite glial cells that reside in RC surrounding
SGNs cell bodies. It has been reported that glial cells in the
inner ear play an irreplaceable role in protecting SGNs from
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FIGURE 1 | Schematic drawing of the endogenous glial cells regenerating SGNs. In the cochlea, satellite glial cells exist around SGNs. Satellite glial cells may
proliferate and differentiate into SGNs when the SGNs are damaged. Some of the glial cells can also be directly transdifferentiated into SGNs. Neurogenic
transcription factors, neurotrophic factors, and signal pathways could regulate the process of glial cells proliferation and differentiation. NTF, neurogenic transcription

factors; SGNs, spiral ganglion neurons.
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degeneration and helping the SGNs to perform normal functions
(Liu et al., 2014; Akil et al.,, 2015). The Schwann cells along the
neuronal fibers express multiple neurotrophins, including the
brain-derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3) that induce the development and survival of SGNs
(Hansen et al., 2001). Recent studies found that the abundant
glial cells in the inner ear could also become a promising
resource for SGNs regeneration. McLean et al. (2016) reported
that the separated proteolipid protein (PLP1) positive glial
cells derived from the newborn mouse spiral ganglion could
give rise to multiple cell types in vitro, including glial cells
and neurons, and thus the PLP1 positive glial cells existing
in the inner ear were identified as neural progenitors. Li X.
et al. (2020) also found that glial cells in the mice inner
ears started to express SGNs markers in vivo 6 days after
Neurogl (Ngnl) and Neurodl ectopic expression. Moreover, a
part of the newly generated SGNs exhibited a similar cellular
phenotype (such as large round somas) to that of native SGNs
and these SGNs could survive until postnatal day 42 (Li X.
et al, 2020). In addition, it was found that even the spiral
glial cells separated from adult human or rodent cochleae
cultured in vitro could produce neurospheres and were capable
of differentiating into neurons (Rask-Andersen et al., 2005; Lang
et al., 2015). These studies revealed the stem cell potential of
glial cells in the inner ear (Figure 1). Single cell RNA-sequencing
analysis showed that satellite glial cells in the inner ear share
many characteristics with CNS astrocytes (Tasdemir-Yilmaz

et al, 2021), suggesting the important role of satellite glial
cells in SGN regeneration. However, because of lack of an
effective method for separating Schwann cells and satellite glial
cells in the inner ear, the respective function of Schwann
cells and satellite glial cells in SGNs regeneration remains to
be defined.

Under normal conditions, the proliferation and regeneration
ability of glial cells in the inner ear are really weak. Therefore,
it is necessary to find ways to improve the ability of glial
cells to regenerate SGNs. Neurogenic transcription factors have
been utilized widely in many studies trying to reprogram
glial cells into SGNs. The current advanced researches on
viral vectors make it more convenient and effective to use
virus-mediated neurogenic transcription factors expression
to reprogram glial cells into neurons. For example, Chen
et al. (2020) demonstrated that adeno-associated virus-mediated
NeuroD1 ectopic overexpression contributed to astrocyte-
to-neuron conversion in adult mammalian brains. Through
NeuroD1-based gene therapy, a good deal of functional new
neurons were generated in the ischemic injured cortex and brain
function was repaired after ischemic injury (Chen et al., 2020).
In addition to NeuroD1 and Ngn1 (Li X. et al., 2020), Ascll was
also proved to be able to reprogram the spiral ganglion cells into
induced SGNs (Nishimura et al., 2014; Noda et al., 2018). It is
worth noting that the combination of two factors results in better
reprogramming of reactive glial cells to neurons than using one
single copy alone (Figure 1).
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SGNs DAMAGE INDUCES GLIAL CELLS
PROLIFERATION

Activation of astrocytes (reactive gliosis) has been considered
as the sign of a lesion to the nervous system in conditions
such as mechanical damage to the brain or neurodegenerative
diseases (de Melo et al, 2012; Pekny et al., 2014). Similar
to the survival characteristics of glial cells in the CNS, glial
cells in the inner ear also presented greater survival traits
than SGNs (Wise et al., 2017). Wise et al. (2017) found
that 6 weeks after deafness duration, the morphology of glial
cells was altered following the SGNs soma loss. The soma
of Schwann cell assumed an “astrocyte-like” morphology and
dedifferentiation might have occurred in the Schwann cells.
Studies showed that moderate ouabain administration could
selectively cause SGNs damage and abolish hearing without
influencing HCs (Lang et al., 2005; Yuan et al., 2013). This drug
that specifically damages endogenous SGNs allows scientists to
better focus on the responses of inner ear cells after SGNs
damage. Lang et al. (2011) found that ouabain application to
the round window caused a significant up-regulation in glial
cells proliferation and increase of Sox2 protein expression,
which is the marker of neural progenitor. In addition, after
ouabain exposure, the morphology of glial cells nuclei also
changed, becoming enlarged and rounded in shape, similar to
the nuclei of SGNs (Lang et al., 2015). Furthermore, Kempfle
et al. (2020) found that ouabain treatment in adult mouse inner
ear induced SGNs damage and the transient overexpression of
Lin28 in Plpl-positive glial cells led to increased proliferation
and neural conversion. Thus, these results demonstrated that the
damage of SGNs induced inner ear glial cells proliferation and
morphological changes, while the proliferative glial cells may be
poised to regenerate the auditory nerve when given appropriate
stimuli.

NEUROTROPHIC FACTORS AND
SIGNALING PATHWAYS ENHANCE THE
SGNs REGENERATION

Some growth factors and neurotrophins, such as fibroblast
growth factor (FGF), BDNF, glial cell-derived neurotrophic
factor (GDNF), and NT-3, play important roles during SGNs
development and survival (Johnson Chacko et al, 2017).
Treatment of mature BDNF and proBDNF in SGNs cultures
with a concentration as low as ng/ml-range could exert a
protective effect on SGNs against degeneration (Schulze et al.,
2020). Previous studies also found that FGF, GDNF, and
NT-3 promoted the outgrowth of neurites from cultured
SGNs, which indicated that these molecules may also have
trophic functions in SGNs regeneration (Wei et al, 2007;
Wang and Green, 2011; Garcia-Hernandez et al., 2013).
Currently, a combination administration of stem cells and
different growth factors or neurotrophic molecules was
evolved in hearing loss studies. In in vivo experiments,
transducing the mesenchymal cells within perilymphatic
compartments of the cochlea with a recombinant plasmid

gene that drives BDNF expression stimulated the regeneration
of spiral ganglion neurites (Pinyon et al,, 2014). With BDNF
overexpression, the regenerated spiral ganglion neurites
could extend to the area of cochlear implant electrodes,
with localized ectopic branching (Pinyon et al, 2014). The
success in regenerating SGNs in rodents by combined
administration of neurotrophic factors with stem cells has
led to great developments in cochlea implant technology
(Scheper et al., 2019).

On the delivery system of neurotrophic factors, coating the
artificial cochlea with ultra-high viscous alginate containing
BDNF-overexpressing MSCs resulted in increased SGNs density
in the inner ear of deafened animal (Scheper et al., 2019). In
order to improve the survival of stem cells in the inner ear
and increase the efficiency of SGNs generation, Chang et al.
(2020) cultured human ESC-derived spheroids in an artificial
three-dimensional (3D) microenvironment composed of specific
hydrogel combined with a sustained release BDNF delivery
system (PODS-hBDNF). The transplanted human ESC-derived
otic neuronal progenitors spheroids survived and neuronally
differentiated into otic neuronal lineages in vitro and in vivo
and also extended neurites toward the bony wall of the cochlea
(Chang et al., 2020). In some studies exploring the differentiation
of glial cells into SGNs, neurotrophic factors are generally
added to the culture medium to promote the regeneration of
SGNs and maintain the survival of newly generated neurons
(Diensthuber et al., 2014; McLean et al., 2016). In a word,
supplementation of neurotrophic factors could enhance the
regeneration of SGNs.

Moreover, modulation of some specific signaling pathways
also promoted robust neuronal differentiation. For example,
Zong et al. (2014) found that the Wnt signaling pathway plays
a critical role in stimulating the differentiation of amniotic
fluid-derived stem cells into functional neurons. The role of
Wnt signaling in triggering neurogenesis in the gentamicin-
lesioned cochlear cultures was also proved by Bas et al
(2014). Pharmacologic activation of Wnt/p-catenin pathway
together with human nasal MSC treatment could induce robust
differentiation of SGNs. In addition, Notch signaling also had
a significant role in the inner ear stem cells fate decision.
Different from the role in HCs differentiation, continued Notch
signaling increased the expansion of neuronal progenitors and
promoted progenitor cells to enter a neuronal lineage by
directly increasing Ngnl expression (Jeon et al, 2011). The
PI3K/Akt signaling pathway was verified to be involved in
promoting neuron differentiation in the inner ears (Zhang
et al., 2016). Recently, Perny et al. (2017) developed a protocol
based on 3D organoid culture systems, which guided mouse
ESCs differentiating into otic sensory neurons by activating the
bone morphogenetic protein (BMP) signaling and concomitantly
inhibiting the transforming growth factor beta (TGFp) signaling.
In this study, BDNF and NT-3 were also supplemented
into the culture to guide neuronal maturation (Perny et al,
2017). The neurotrophic factors and certain signaling pathways
found to promote proliferation and neural differentiation may
reveal the mechanisms underlying stem cell differentiation
(Figure 1).
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TRANSCRIPTOME ANALYSIS AND SGNs
REGENERATION

By comparing similarities and differences of transcriptional
regulatory networks in multiple events during sensory cell
development or regeneration, key factors or cell signaling
pathways could be found to be involved in the modulation
of cell regeneration (Atkinson et al, 2015). In 2016, Kwan
introduced the single-cell transcriptome analysis application
in SGNs regeneration (Kwan, 2016). Transcriptome profiling
of cells at different stages of SGNs differentiation, including
exogenous stem cell-derived and endogenous glial cell-derived
SGNs regeneration, could provide useful information about
the molecular processes involved. Most recently, the emerging
cell transcriptome analysis such as single-cell RNA sequencing
and bulk RNA-sequencing have been applied in identifying
the subtypes of SGNs and inner ear glial cells, characterizing
the dynamic expression pattern of SGN genes, and analyzing
the transcriptome of the induced neurons after regeneration
(Shrestha et al., 2018; Sun et al., 2018; Li C. et al., 2020; Chen
et al., 2021; Tasdemir-Yilmaz et al., 2021). For example, Li C.
et al. (2020) compared the transcriptomes of SGNs and two
other inner ear cell types, HCs and glia to identify genes that
were expressed specifically in SGNs within the cochlea and
exhibited either constant (e.g., Scrt2) or dynamic (e.g., Celf4)
expression patterns. These genes might represent promising
candidate regulators of SGN cell-fate determination and/or
differentiation. Chen et al. (2021) performed transcriptomic
analysis of the glial cells-derived SGNs under different stimuli
conditions in vitro and found that the small molecules cocktail
FIBCL treatment promoted the newborn SGNs maturation.
Despite the transcriptome analysis of the inner ear cells still
facing some challenges such as a limited number of cells obtained
from the cochleae, the lower cell viability, etc. it is predicted to
play a great role in enhancing the SGN's regeneration research in
the future.

THE FUNCTION OF NEWLY
REGENERATED NEURONS

In most of the in vitro studies about SGNs regeneration,
the newly generated neurons were confirmed by neuronal
morphology or by immunostaining of several neuronal markers,
including TUJ1, MAP2, Prox1, Gata3, etc. (Diensthuber et al,
2014; Rousset et al., 2020). The electrophysiological characteristic
function of newly generated neurons was also identified to
determine whether newborn neurons have electrophysiological
functions. For example, recording the whole-cell current of
the newly generated neurons; using specific Na* channel
antagonist tetrodotoxin (TTX) to prove whether there are Na*
channels on the newborn neurons and recording the glutamate
induced-current on neurons to confirm whether newborn
neurons responding to the main neurotransmitter in the cochlea
(Crozier and Davis, 2014; Davis and Crozier, 2015). In the
induced newborn neurons, Nishimura et al. (2014) measured
the dynamics of neuronal-like membrane potential. Ascll and

NeuroD1 double overexpressed cochlear epithelial cells exhibit
neuronal firing on days in vitro 8 and the inward membrane
currents could be reduced by the treatment of TTX, which
indicates the existence of a robust membrane Na* current
(Nishimura et al., 2014).

In in vivo study, functional analyses of the peripheral auditory
system can be investigated using audiological tests. ABR is a
reflection of the neural activity transmitted from the scalp that
reflects synchronous neural activity within the auditory nerve,
and subsequently to the brainstem. A previous study has shown
that the ABR wave I latency and amplitude were related to the
corresponding SGNs density and function (Li et al., 2016; Zhang
et al., 2018).

CONCLUSION AND FUTURE
PERSPECTIVES

According to these foundational studies of SGNs regeneration
in recent years, the reprogramming of exogenous stem cells or
endogenous inner ear cells into SGNs seems to be a promising
strategy. The application of some neurogenic transcription
factors helps the glial cells proliferation and reprogramming.
Combined transplantation of stem cells and neurotrophic factors
enhances the effectiveness of SGNs regeneration and improves
the survival of newly generated neurons. In addition, modulation
of some signaling pathways also promotes neural differentiation.
Although it is still necessary to clarify details about SGNs
regeneration in humans, the early success of these interventions
increases our expectation about the auditory nerve regeneration
in human patients in the future.

Still, more efforts are needed to improve the effectiveness
of SGNs regeneration, especially to promote the maturation of
newly generated neurons. The newly generated SGNs are needed
to not only present neuronal morphology and express neuronal
protein markers, but also to possess -electrophysiological
functions, generate action potentials as well as form synaptic
connections with HCs in the inner ear and with conductive
neurons in the brain stem. As type I and type II SGNs perform
different functions in the cochlea and the appearance of the
three subtypes of type I SGN indicates the maturity of neurons,
differentiating these cells into the desired mature subtypes is also
crucial.
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Hair cells are mechanosensitive cells in the inner ear, characterized by dozens to
hundreds of actin-based stereocilia and one tubulin-based kinocilium on the apical
surface of each cell. Two types of hair cells, namely cochlear hair cells and vestibular
hair cells (VHCs), are responsible for the sensation of sound and balancing information,
respectively. In each hair cell, the stereocilia are organized into rows of increasing
heights with the mechano-electrical transduction (MET) channels localized at the tips
of shorter-row stereocilia. A so-called “row 2 protein complex” also localizes at the
tips of shorter-row mechanotransducing stereocilia, which plays important roles in the
maintenance of mechanotransducing stereocilia. Recently, we and others identified
BAIAP2L2 as a new component of row 2 complex. Baiap2/2 inactivation causes
degeneration of the mechanotransducing stereocilia in cochlear hair cells, and leads to
profound hearing loss in mice. In the present work, we examined the role of BAIAP2L.2
in the VHC stereocilia. Confocal microscopy reveals that BAIAP2L2 immunoreactivity is
localized at the tips of shorter-row stereocilia in VHCs. However, stereocilia development
and maintenance are unaffected in Baiap2/2~/~ VHCs. Meanwhile, MET function of
VHCs as well as vestibular functions are also unaffected in Baiap2/2~/~ mice. Further
investigations show that the stereociliary tip localization of CAPZB2, another known
row 2 complex component, is not affected in Baiap2/2~/~ VHCs, consistent with the
unaltered stereocilia morphology. Taken together, our present data show that BAIAP2L2
inactivation does not affect vestibular hair cell stereocilia.

Keywords: inner ear, vestibular hair cells, stereocilia, BAIAP2L2, CAPZB2

INTRODUCTION

Hair cells are the mechanosensory cells in the inner ear, responsible for converting the mechanical
signals into electrical signals, a process referred to as mechano-electrical transduction (MET).
Each hair cell harbors dozens to hundreds of actin-based stereocilia and one microtubule-based
kinocilium at the apical surface, collectively named hair bundle (Flock and Cheung, 1977). The
stereocilia play a pivotal role in MET, whereas the kinocilium is important for hair bundle
development (Hudspeth and Jacobs, 1979; Jones et al., 2008).

There are two different types of hair cells in the mammalian inner ear, namely cochlear hair cells
and vestibular hair cells (VHCs), which are responsible for the sensation of sound and balancing
information, respectively. In each mammalian cochlear hair cell, stereocilia are organized into
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three rows of increasing heights, forming a characteristic
staircase-like pattern (Tilney et al., 1980). Similarly, the stereocilia
in mammalian VHCs form a staircase-like pattern with more
rows of increasing heights (Krey and Barr-Gillespie, 2019). The
MET channels are localized at the tips of shorter-row stereocilia,
which are therefore referred to as mechanotransducing stereocilia
(Beurg et al.,, 2009). In either type of hair cells, the development
and maintenance of stereocilia is tightly regulated, and several
proteins have been identified to play important roles in regulating
stereocilia length (Barr-Gillespie, 2015; McGrath et al., 2017; Krey
and Barr-Gillespie, 2019; Velez-Ortega and Frolenkov, 2019).

At the tips of the tallest-row stereocilia, there is a so-
called “row 1 protein complex” that controls the identity
and development of the tallest-row stereocilia (Tadenev et al.,
2019; Krey et al, 2020). Meanwhile, at the tips of shorter-
row mechanotransducing stereocilia resides a “row 2 protein
complex”, which consists of MYO15A-L, EPS8L2, TWEF2, and
CAPZB2 (Peng et al., 2009; Rzadzinska et al., 2009; Furness
et al,, 2013; Fang et al., 2015; Avenarius et al., 2017). Evidences
suggest that deficiency of row 2 complex components leads
to degeneration of the mechanotransducing stereocilia (Furness
et al,, 2013; Fang et al., 2015). Recently, we and others identified
BAIl-associated protein 2-like 2 (BAIAP2L2, also known as
Pinkbar) as a new component of row 2 complex (Carlton
et al,, 2021; Yan et al., 2021). BAIAP2L2 inactivation causes
degeneration of the mechanotransducing stereocilia in cochlear
hair cells, and leads to profound hearing loss in mice (Carlton
et al., 2021; Yan et al,, 2021). Furthermore, the stereociliary tip
localization of the known row 2 complex component, CAPZB2, is
abolished in Baiap2I2 knockout mice, suggesting that BAIAP2L2
is indispensable for the formation of row 2 complex in cochlear
hair cells (Yan et al., 2021).

In the present work, we further investigate the role of
BAIAP212 in VHC stereocilia. Surprisingly, our results show
that albeit localizing at the tips of shorter-row VHC stereocilia,
BAIAP212 is not required for the development or maintenance of
VHC stereocilia, which is in sharp contrast to the results observed
in cochlear hair cells.

MATERIALS AND METHODS

Mice

Animal experiments were approved by the Animal Ethics
Committee of Shandong University School of Life Sciences
(Permit  Number: SYDWLL-2020-31) and performed
accordingly. Baiap2I2 and Lhfpl5 knockout mice were established
and maintained as previously reported (Xiong et al., 2012; Yan
etal., 2021).

Whole-Mount Immunostaining

Utricles and saccules were dissected out and fixed with 4%
paraformaldehyde (PFA) in PBS for 20 min, followed by
permeabilization and blocking with PBT1 (0.1% Triton X-100,
1% BSA, and 5% heat-inactivated goat serum in PBS, pH 7.3)
for 40 min. Afterwards, the samples were incubated with primary
antibody in PBT1 overnight at 4°C, followed by incubation with

corresponding secondary antibody in PBT2 (0.1% Triton X-100
and 0.1% BSA in PBS) for 2 h. After incubation with TRITC-
conjugated phalloidin (Sigma-Aldrich, Cat. No. P1951) in PBS
for 30 min, the samples were mounted in PBS/glycerol (1:1) and
imaged using a confocal microscope with a 1.4NA/63 x Kort
M27 objective lens (LSM 900, Zeiss, Germany). The antibodies
used in the present study are as follows: rabbit anti-BATAP2L2
antibody (Sigma-Aldrich, Cat. No. HPA003043); rabbit anti-
CAPZB2 antibody (Merck, Cat. No. AB6017); mouse anti-EPS8
antibody (BD Biosciences, Cat. No. 610143); Alexa Fluor 488-
conjugated donkey anti-rabbit IgG (Thermo Fisher Scientific,
Cat. No. A21206); Alexa Fluor 488-conjugated donkey anti-
mouse IgG (Thermo Fisher Scientific, Cat. No. A21202).

Scanning Electron Microscopy

Mouse temporal bone was dissected out and fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer overnight at 4°C. Then
the utricle and saccule were taken out of the temporal bone and
post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer
at 4°C for 2 h. After dehydration in ethanol and critically point
drying using a Leica EM CPD300 (Leica, Germany), samples
were mounted and sputter coated with platinum (15 nm) using a
Cressington 108 sputter coater (Cressington, United Kingdom).
Images were taken using a Quanta250 field-emission scanning
electron microscope (FEI, Netherlands).

FM1-43FX Uptake

The sensory epithelia of utricle and saccule were dissected out
and incubated with 3 pM FM 1-43FX (Thermo Fisher, Cat.
No. F35355) in PBS for 40 s, then fixed with 4% PFA at
room temperature for 20 min. After mounting in PBS-glycerol
(1:1), the samples were imaged using a confocal microscope
with a 0.8NA/20 x Kort M27 objective lens using identical
settings (LSM 700, Zeiss, Germany). The relative fluorescence
intensity of individual hair cell was measured and analyzed using
Image]J software.

Vestibular Function Examination

Vestibular function of mice was evaluated as described previously
(Li et al., 2021). Circling stereotyped movement was counted to
record compulsive circles around the animal’s hips. Swimming
test was performed to observe swimming behavior ranging from
normal swimming to drowning. Swimming test scores were
defined as follows: 0, normal swimming; 1, irregular swimming;
2, immobile floating; and 3, underwater tumbling. For rotarod
test, mice were placed on the rod apparatus (HB-600, Ruanlong,
China) that was set to accelerate from 0 to 50 rpm over a 3-min
period. Mice were trained for seven consecutive days and the
time before dropping was recorded on day 4-7. Four trials were
performed on each day and the second, third and fourth trials
were measured and analyzed.

Statistical Analysis

All experiments were performed at least three times
independently. Data were shown as means =+ standard error of
mean (SEM). Student’s two-tailed unpaired ¢ test was used to
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determine statistical significance when the results show normal  knockout mice. When examined at P8, the morphology of both
distribution; otherwise, Mann-Whitney U test is used. P < 0.05 utricular and saccular VHC stereocilia in Baiap2l2~/~ mice
was considered statistically significant. is indistinguishable from that in control mice (Figures 2A,B).
Similar results were observed in Baiap2l2~/~ mice at P30
(Figures 2C,D). Taken together, our present data suggest

RESULTS that loss of BAIAP2L2 does not affect the development or
maintenance of VHC stereocilia.

BAIAP2L2 Is Localized at the Tips of

Shorter-Row Stereocilia in Vestibular Loss of BAIAP2L2 Does Not Affect the

Hair Cells Mechano-Electrical Transduction

We first examined the localization of BAIAP2L2 in the Function of Vestibular Hair Cells

VHC stereocilia by performing whole-mount immunostaining The unaffected stereocilia morphology suggests that MET
and confocal microscopy using a specific anti-BAIAP2L2  function might be normal in Baiap2l2~/~ VHCs. We then
antibody. The stereociliary F-actin core was visualized by examined the MET function of Baiap2l2~/~ VHCs by
TRITC-conjugated phalloidin. The results reveal that BAIAP2L2  performing FM 1-43FX uptake experiment. FM 1-43FX is a
immunoreactivity is localized at the tips of utricular hair cell fixable fluorescent dye that could enter hair cells through MET
stereocilia at postnatal day 8 (P8) (Figure 1A and Supplementary  channels when applied briefly, therefore is often used as an
Figure 1A, top panel). Noticeably, BAIAP2L2 immunoreactivity  indicator of hair cell MET function (Gale et al., 2001; Meyers
is more enriched at the tips of the shorter-row stereocilia et al., 2003). The results show that FM 1-43FX dye uptake of
(Figure 1A, top panel). Similar results were obtained in P30  utricular VHCs in Baiap2l2~/~ mice at P8 is comparable to
utricular hair cells (Figure 1A and Supplementary Figure 1A, that in control mice (Supplementary Figures 2A,B). Similar
middle panel). No BAIAP2L2 immunoreactivity is detected in the  results were obtained in P8 saccular VHCs (Supplementary
homozygous Baiap2I2 knockout mice, confirming the specificity ~ Figures 2C,D). We then examined the MET function of adult
of the antibody (Figure 1A and Supplementary Figure 1A, VHCs at P30 by performing FM 1-43FX uptake experiment,
bottom panel). Similar expression pattern was also observed in  which also did not reveal any difference between BaialeZ*/ -

saccular hair cells (Figure 1B and Supplementary Figure 1B). and control mice (Figures 3A-D). Therefore, our present data
suggest that the MET function of VHCs is not affected by

Loss of BAIAP2L2 Does Not Affect the loss of BAIAP2L.2.

Development or Maintenance of

Vestibular Hair Cell Stereocilia Loss of BAIAP2L2 Does Not Affect

Phalloidin staining reveals largely unaffected stereocilia Vestibular Function in Mice

morphology in Baiap212~/~ VHCs (Figures 1A,B). Scanning We then moved on to examine the vestibular function of
electron microscopy (SEM) was then employed to further Baiap2l2~/~ mice. Mutation in Lhfpl5 gene, which encodes
examine the morphology of VHC stereocilia in Baiap2l2 for MET component LHFPL5, leads to deafness and balance

A Utricle B Saccule
BAIAP2L2

BAIAP2L2

FIGURE 1 | BAIAP2L2 is localized at the tips of shorter-row stereocilia in VHCs. Whole-mount immunostaining using a specific anti-BAIAP2L.2 antibody (green) was

performed to examine the localization of BAIAP2L2 in the stereocilia of utricular (A) and saccular (B) hair cells. Steoreociliary F-actin core was visualized using
TRITC-conjugated phalloidin (red). The genotypes and ages of mice are indicated. Scale bar, 2 wm.
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dysfunction (Longo-Guess et al., 2005). Therefore, Lhfpl5~/~
mice were included in the present experiments as positive
control. Consistent with the previous report, Lhfpl5~/~ mice
show typical circling stereotyped movement, suggesting of
balance dysfunction (Figure 3E). However, Baiap212~/~ mice at
ages of up to 12 months do not show any circling stereotyped
movement (Figure 3E).

The vestibular function of Baiap2l2~/~ mice was further
evaluated by swimming test and rotarod test. In both tests,
Baiap2I2~/~ mice at ages of up to 12 months perform
indistinguishably from control Baiap2I2*/~ mice (Figures 3EG).
In contrast, Lhfpl5~/~ mice show abnormal swimming behavior
and are easier to fall off the rotarod (Figures 3E,G). Taken

together, our present data suggest that the vestibular function is
not affected by loss of BATAP2L2.

Loss of BAIAP2L2 Does Not Affect the
Stereociliary Tip Localization of CAPZB2

or EPSS8 in Vestibular Hair Cells

To explore the possible reason why loss of BAIAP2L2 does not
affect VHC stereocilia or vestibular function, we tried to examine
the stereociliary localization of other row 2 complex components
in VHCs by performing whole-mount immunostaining and
confocal microscopy. Here, we focused on CAPZB2 since its
stereociliary tip localization in cochlear hair cells has been shown
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to depend on BAIAP2L2 (Yan et al., 2021). The results show that
in the utricle of P30 control mice, CAPZB2 immunoreactivity
is localized at the tips of shorter-row stereocilia as reported
previously (Avenarius et al, 2017; Figure 4A, top panel).
Interestingly, CAPZB2 immunoreactivity is unaffected in the
utricle of Baiap2I2~/~ mice (Figure 4A, bottom panel), which
is consistent with the normal development and maintenance
of VHC stereocilia in Baiap2I2~/~ mice. Similar results were
observed in the saccule (Figure 4B).

EPS8 is a row 1 complex component and is responsible
for the stereociliary tip localization of BAIAP2L2 in cochlear
hair cells (Carlton et al., 2021). Our results show that EPS8

immunoreactivity is localized at the tips of the taller-row
stereocilia in the utricle or saccule of both Baiap2I2*/* and
Baiap212~/~ mice (Figures 4C,D). Taken together, the present
data show that row 1 and row 2 complex are largely unaffected in
the VHC stereocilia of Baiap2I2~/~ mice.

DISCCUSSION

BATAP2L2 is a recently identified row 2 complex component that
localizes at the tips of shorter-row mechanotransducing
stereocilia in cochlear hair cells (Carlton et al, 2021;

Frontiers in Molecular Neuroscience | www.frontiersin.org

February 2022 | Volume 15 | Article 829204


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Yan et al.

BAIAP2L2 Inactivation Does Not Affect VHC

A Utricle (P30)

Baiap2i2 **

Baiap2i2 ™

O

Utricle (P30)

Baiapziz 7

Baiap2i2 "

FIGURE 4 | Stereociliary tip localization of CAPZB2 and EPS8 is unaffected in VHCs of Baiap2/2 knockout mice. Whole-mount immunostaining and confocal
microscopy were performed to examine the localization of CAPZB2 in utricular (A) and saccular (B) hair cells of P30 Baiap2/2+/* or Baiap2/2—/~ mice. Similar
experiments were performed to examine the localization of EPS8 in utricular (C) and saccular (D) hair cells of P30 Baiap2/2+/+ or Baiap2/2~/~ mice.
TRITC-conjugated phalloidin was used to visualize stereociliary F-actin core. Scale bars, 2 pm.

B Saccule (P30)

CAPZB2

Baiapz2i2 "

Baiap2i2 7"

o

Saccule (P30)

Baiap2i2 **

Baiap2i2

Yan et al., 2021). BAIAP2L2 inactivation results in
mechanotransducing stereocilia degeneration in cochlear
hair cells, and leads to profound hearing loss (Carlton et al., 2021;
Yan et al,, 2021). In the present work, we show that BATAP21.2
is also localized at the tips of shorter-row stereocilia in VHCs.
Unexpectedly, our data reveal that BAIAP2L2 inactivation does
not affect the development/maintenance of VHC stereocilia as
well as vestibular function.

There are evidences suggesting that deficiency of row 2
complex components might affect cochlear and vestibular hair
cells differently. For example, EPS8L2 or MYO15A-L inactivation
results in degeneration of the mechanotransducing stereocilia in
cochlear hair cells, but does not significantly affect vestibular
function and/or VHC stereocilia morphology (Furness et al.,
2013; Fang et al,, 2015). ESP8L2 localizes at the tips of most
VHC stereocilia including the taller ones (Furness et al., 2013;
Avenarius et al., 2017). Meanwhile, row 1 complex component
EPS8 is mostly enriched at the tips of taller-row VHC stereocilia,
raising the possibility that row 1 and 2 complex components
might work cooperatively in VHC stereocilia and compensate for
the loss of each other (Furness et al., 2013; Avenarius et al., 2017).
Our present results suggest that similar functional compensation

might also happen in Baiap2I2 knockout mice, which awaits
further investigations.

One of the candidates responsible for this possible
compensation is its homolog BAIAP2LI (also known as IRTKS),
whose expression has been detected in the hair cells through
transcriptome studies (umgear.org). In the gut, BAIAP2L1 could
localize EPS8 to the developing microvilli of the brush border
and regulate their growth (Postema et al., 2018). Examination
of the precise localization of BAIAP2LI in the stereocilia of
cochlear and vestibular hair cells, and analysis of Baiap2ll
knockout mice and Baiap2l1/Baiap2I2 double knockout mice
will help to address this question.

Similarly to BAIAP2L2, CAPZB2 and TWEF2 are more
enriched at the tips of shorter-row VHC stereocilia (Avenarius
et al., 2017). CAPZB2 is a capping protein that binds to the
barbed ends of F-actin and prevents both actin polymerization
and depolymerization (Caldwell et al., 1989). CAPZB2 functions
as a heterodimer formed together w1th CAPZA1/2, both of which
are detected at the tips of stereocilia (Shin et al., 2013; Avenarius
et al., 2017). In sharp contrast to BAIAP2L2/EPS8L2/MYO15A-
L, CAPZB2 inactivation leads to VHC stereocilia deficits as well
as compromised vestibular function (Avenarius et al., 2017).
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Capzb2-deficient VHC stereocilia are normal when examined
at P2, but become severely disrupted at P7-P9 in some
VHCs (Avenarius et al, 2017). A common phenotype in
Capzb2-deficient VHCs at P7-P9 is missing of the shortest
stereocilia, with the intermediate or highest stereocilia largely
unaffected (Avenarius et al., 2017). Consistent with the important
role of CAPZB2 in VHC stereocilia, the stereociliary tip
localization of CAPZB2 is unaffected in Baiap2l2-deficient
VHCs. In contrast, in the cochlear hair cells, the stereociliary
tip localization of CAPZB2 is dependent on functional
BAIAP2L2 (Yan et al, 2021). The different dependency of
CAPZB2 localization on BAIAI2L2 in cochlear and vestibular
hair cells might explain the different auditory and balancing
phenotypes in Baiap2I2 knockout mice. Detailed examination
of the localization of row 2 proteins in VHC stereocilia
using super-resolution microscopy might help to learn
more about the underlying mechanism (Liu et al, 2019;
Qi et al,, 2019, 2020).
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The molecular mechanisms that regulate the proliferation and differentiation of inner
ear spiral ganglion cells (SGCs) remain largely unknown. Shikonin (a naphthogquinone
pigment isolated from the traditional Chinese herbal medicine comfrey root) has anti-
oxidation, anti-apoptosis and promoting proliferation and differentiation effects on neural
progenitor cells. To study the protective effect of shikonin on auditory nerve damage, we
isolated spiral ganglion neuron cells (SGNs) and spiral ganglion Schwann cells (SGSs)
that provide nutrients in vitro and pretreated them with shikonin. We found that shikonin
can reduce ouabain, a drug that can selectively destroy SGNs and induce auditory
nerve damage, caused SGNs proliferation decreased, neurite outgrowth inhibition, cells
apoptosis and mitochondrial depolarization. In addition, we found that shikonin can
increase the expression of Nrf2 and its downstream molecules HO-1 and NQO1, thereby
enhancing the antioxidant capacity of SGNs and SGSs, promoting cells proliferation,
and inhibiting cells apoptosis by activating the Nrf2/antioxidant response elements
(ARE) signal pathway. However, knockdown of Nrf2 rescued the protective effect of
shikonin on SGNs and SGSs damage. In addition, we injected shikonin pretreatment into
mouse that ouabain-induced hearing loss and found that shikonin pretreatment has a
defensive effect on auditory nerve damage. In summary, the results of this study indicate
that shikonin could attenuate the level of oxidative stress in SGNs and SGSs through
the Nrf2-ARE signaling pathway activated, induce the proliferation and differentiation
of SGNs, and thereby improve the neurological hearing damage in mice. Therefore,
shikonin may be a candidate therapeutic drug for endogenous antioxidants that can be
used to treat neurological deafness.
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Frontiers in Molecular Neuroscience | www.frontiersin.org 64

February 2022 | Volume 15 | Article 829642


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2022.829642
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnmol.2022.829642
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2022.829642&domain=pdf&date_stamp=2022-02-24
https://www.frontiersin.org/articles/10.3389/fnmol.2022.829642/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Du et al.

Shikonin Attenuates Cochlear SGN Degeneration

INTRODUCTION

Sensorineural hearing loss is a sensorineural disorder that affects
human physical and mental health and quality of life. The
pathological feature of sensorineural hearing loss is corti organ
dysfunction (Chen et al.,, 2021; Fu et al., 2021a; He Z. H. et al,,
2021) and spiral ganglion neuron degeneration subsequently
(White et al., 2000; Liu et al., 2019a). Spiral Ganglion Neuron
(SGN), as the first afferent neuron in the auditory pathway,
transmits mechanical sound signals received from the outside
world from hair cells to cochlear sensory neurons for processing,
thereby establishing the bridge between physics and perceptual
world of sound (Reijntjes and Pyott, 2016; Tan et al, 2019;
Wei et al., 2021). Drugs, noise, and hypoxia can easily cause
SGN damage (Guo et al, 2021a; Liu et al, 2021), which can
lead to hearing loss, age-related hearing loss and even auditory
neuropathy (Wagqas et al., 2017; Liu et al., 2019b). Studies have
shown that because SGNs cannot regenerate, the loss of cochlear
signals can lead to irreversible hearing damage (Liu et al., 2019a;
Ding et al., 2020). Thus, recently many studies have focusd on
the regeneration of SGN via neural stem cells (Guo et al., 2021b;
He Z. et al, 2021). Spiral ganglion Schwann cells (SGSs) are
glial cells responsible for myelination in the peripheral nervous
system (Wise et al., 2017; Meas et al., 2018). When the spiral
ganglion cells are damaged, it can provide the spiral ganglion cells
with the nutrient factors needed for growth, help the damaged
neurons to repair, and promote the growth of neurites (Wang
et al., 2009; Provenzano et al.,, 2011). The existence of SGSs can
greatly improve the survival rate of SGNs and the repair ability of
neurons (Pettingill et al., 2008; Provenzano et al., 2011; Lei and
Tang, 2017). Therefore, Schwann cells play an irreplaceable role
in the development of the cochlear nervous system, especially in
the recovery and protection of the damaged nervous system.
Exogenous factors such as ototoxic drugs and noise can induce
SGNs oxidative stress and mitochondrial dysfunction, resulting
in abnormal SGNs proliferation and differentiation, apoptosis
or programed cells death (He et al., 2016; Sun et al., 2016).
These cellular processes and the resulting SGNs dysfunction
and degradation are the most important causes of hearing loss.
The loss of function and neurological degeneration of SGN
impairs the transmission of nerve signals that carry sound
information. The use of therapeutic drugs with ototoxic side
effects, such as aminoglycoside antibiotics (Selimoglu, 2007),
ouabain (Zhang et al., 2017), and cisplatin (Liu et al., 2019b), can
cause the damage or loss of mammalian SGNs, which can lead to
permanent deafness. Ototoxic drugs can cause cochlear neurons
to produce reactive oxygen species (ROS), which promotes cell
apoptosis in turn (Tabuchi et al, 2011). The oxidative stress
response in SGNs is triggered by oxidative imbalance, which
leads to oxidative damage, which in turn causes hearing loss
(Kim et al., 2020). Currently, cochlear implants can be used
to restore the hearing of patients with severe sensorineural
hearing loss (Buchman et al., 2020). The survival and protection
of SGNs are necessary for cochlear implantation and patient
hearing recovery (Guo R. et al, 2019; Guo et al, 2021c).
SGSs can proliferate during neuronal regeneration after injury,
and their cellular proliferation, differentiation, and myelination

depend on interactions with axons (Kobayashi et al., 2012). The
identification of signals that mediate SGN-SGS cells interactions
is relevant not only to normal auditory nerve development,
but also to its maintenance and possible repair (Castelnovo
et al., 2017). If the degradation of SGNs can be slowed, the
effect of cochlear implants will be further optimized. Therefore,
preventing or reducing the damage and degeneration of cochlear
SGN is essential for the recovery of sensorineural hearing loss.

Noise-induced hearing loss, ototoxic drugs, and age-related
factors are always related to the increase in autophagy and
oxidative stress in the mouse cochlea SGN, which ultimately
leads to SGN cell apoptosis (Fu et al., 2021b; Zhang et al,
2021). Studies have shown that antioxidant drugs can reduce
SGN loss and hearing damage, indicating that the oxidative
stress level of SGN can affect hearing status (Guo et al., 2021a).
Shikonin is the main component of the extract of the Chinese
herbal medicine comfrey. It has anti-bacterial, anti-tumor, anti-
oxidation, anti-inflammatory, and anti-apoptosis effect (Gwon
etal., 2020; Wanget al., 2020; Zhou et al., 2020). Research data has
shown that shikonin induces antioxidants and protects cells from
oxidative stress by reducing the level of free radicals and cytotoxic
substances in cell (Guo H. et al, 2019; Gwon et al., 2020).
Recently, studies have shown that shikonin has neuroprotective
activity against traumatic or ischemic neuronal damage regulated
by oxidative stress and apoptosis pathways (Wang et al., 2010).
Previous studies have also proved that shikonin can reduce
spinal cord ischemia-reperfusion injury by improving the level
of mitochondrial oxidative stress (Wang et al., 2010). However,
there is no report on the anti-apoptosis and antioxidant effects of
shikonin on SGNs caused by ototoxic drugs.

Nrf2 is a redox-sensitive transcription factor that plays a
key role in the regulation of oxidative stress (Ma, 2013).
Under oxidative stress conditions, Nrf2 accumulates in the
nucleus and activates the expression of antioxidant response
elements (ARE) dependent genes, including heme oxygenase 1
(HO-1), superoxide dismutase (SOD), and peroxidase, catalase
(CAT), glutathione synthase (GS), glutathione reductase (GR),
glutathione peroxidase (GPX) and glutathione-S-transferase
(GST) (Albarakati et al., 2020). It is reported that age-related
hearing loss is accelerated in SOD1 knockout mice, and SOD1
knockout mice are more prone to hearing loss when affected
by noise (Ohlemiller et al., 1999). Tempol (a SOD simulator)
can prevent noise from causing damage to hearing (Minami
et al, 2007). In addition, HO1 can also effectively protect
the inner ear from damage caused by oxidative stress (Kim
et al,, 2006). There is enhanced evidence that the regulation
of the Nrf2/ARE signaling pathway plays an important role in
neurological deafness.

In this study, we used the ototoxic drug ouabain to establish a
mouse model of neurological deafness and observe the damage
to the hearing and SGCs of the mice. To find the pathogenic
mechanism of ouabain’s ototoxicity, we isolated and cultured
mouse SGNs and SGSs in vitro and detected that ouabain
inhibits SGNs proliferation and neurite growth, and promotes
cell mitochondrial depolarization. The increase in the level of
oxidative stress in SGNs eventually leads to an increase in the
level of cell apoptosis, which in turn leads to the occurrence of
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neurological deafness. Shikonin, the main component of comfrey
extract, can activate the Nrf2/ARE signaling pathway, thereby
alleviating ouabain-induced increase in the level of oxidative
stress in SGNs, cells apoptosis and hearing loss in mice. It
provides a new choice of antioxidant drugs for the treatment of
neurological deafness.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the Ethics Committee
of Shandong Provincial Hospital Affiliated to Shandong First
Medical University Permit Number: No.2020-422 and were
performed in accordance with the relevant guidelines and
regulations. Keep animals in a controlled environment with
constant temperature and humidity, and provide enough
sterile food and water.

Reagants

Quabain (Cat. No. S4016) was obtained from Selleck. Shikonin
(Cat. No. 517-89-5) and ML385 (Cat. No. 846557-71-9)
were purchased from Merck (Billerica, United States). Rabbit
polyclonal anti-Nrf2 antibody (Cat. No. sc-173), anti-NeuN
(Cat. No. ab177487), anti-Tujl (Cat. No. ab52623) and anti-
Nestin (Cat. No. ab254048) was from Abcam (Cambridge,
United Kingdom). Rabbit polyclonal anti-LC3B antibody (Cat.
No. A19665), anti-Bax (Cat. N0.A19684), anti-Casepase3 (Cat.
No. A11319) and anti-Actin (Cat. No. AC026) was from Abclonal
(Wuhan, China), and rabbit polyclonal anti-Bcl2 antibody (Cat.
No. 12789-1-AP) and anti-SQSTM1 antibody (Cat. No. 18420-1-
AP), was from Proteintech (Wuhan, China). The primary mouse
anti-S100 antibody (Cat. No. S2532) obtained from Sigma (St.
Louis, United States). Rabbit monoclonal anti-VGLUT1 (Cat. No.
#12331), anti-GAT1 (Cat. No. #37342) was from Cell Signaling
Technology (Boston, MA, United States). Mouse polyclonal anti-
HO-1 antibody (Cat. No. 66743-1-Ig) and anti-NQOI1 antibody
(Cat. No. 67240-1-Ig) was from Proteintech (Wuhan, China).

Primary Explants and Cells Isolation
Culture of Mouse Cochlear Spiral

Ganglion

Decapitated inner cochlea of P3 C57BL/6 ] WT mice and
placed in pre-cooled PBS. Then, the volute, spiral ligament
and stria vascularis are removed. Finally, the removed spiral
ganglion tissue explant was placed on a glass cover slip,
which was pre-coated with CellTaK (Corning, Cat. No0.354240).
Add DMEM/F12 (Gibco, 11,330,032), which contains epithelial
growth factor (EGE 20 ng/ml), N2 additives (Gibco, catalog
number 17502-048) and 1% ampicillin (Sigma-Aldrich, St. Louis,
United States) in the petri dish. We then obtain spiral ganglion
cells. After the cells were cultured for 48 h, 10 WM cytarabine
was added for treatment, and then the cells were replaced with
a medium without N2 and serum, and the culture was continued
to obtain Schwann cells. After the cells were cultured for 48 h,
10 wM cytarabine was added for treatment, and then the cells

were replaced with a medium without N2 and serum, and the
culture was continued to obtain Schwann cells.

Transfer the dissected spiral ganglion explants into a sterile
tube equipped with pre-cooled D-hanks. After washing twice
with D-hanks, add a digestion solution containing 0.25% trypsin
and 0.001% DNase. After digestion in a 37°C incubator for
20 min, add a serum-containing medium to terminate the
digestion, gently pipette to form single cells, inoculate them into
a culture dish containing the above medium, and cultivate in a
37°C and 5% CO, incubator.

In vivo Drug Treatments

All mouse experiments were performed using 8-month-old
female C57BL/6 WT mice in vitro. As stated in the text: ouabain
(3 mM) was injected for 5 consecutive days, recovered for
3 days, and then injected for 5 consecutive days; Shikonin
(10 mM) was injected 3 days in advance for pretreatment, and
ML385(30 mg/Kg) was injected 1 day before for pretreatment;
Control mice were replaced with the same dose of saline at the
same time point.

Apoptosis and Cell Cycle Analysis
The cell cycle and apoptosis were analyzed by flow cytometry.
PI staining assesses cell cycle distribution. Seed the cells in a
6-well tissue culture plate (40,0000 cells/well). After 24 h of
culture, drugs were added for another 24 h, and the cells were
collected and added RNase A solution, incubate the cells at 37°C.
Finally, add 400 L of PI and incubate at room temperature for
30 min. The DNA content was detected by flow cytometry, and
the percentage of cells in G1, S, and G2/M phases was analyzed.
According to the manufacturer’s instructions, the AnnexinV-
FITC/PI apoptosis detection kit was used to evaluate the
apoptosis rate. After cells treatment, the cells were collected in
binding buffer. Then, Annexin V-FITC and PI were added and
incubated at room temperature in the dark. The level of apoptosis
was analyzed by flow cytometry.

Oxidative Stress Level Detection

Spiral ganglion neuron cells were inoculated into a 6-well tissue
culture plate (40,0000 cells/well), after 24 h of culture, drugs
were added for another 24 h. According to the manufacturer’s
instructions, use a reactive oxygen detection kit (Cat. No. S0033S,
Beyotime) to detect ROS levels, a total SOD activity detection
kit (WST-8 method, Cat. No. S0101S, Beyotime) to detect SOD
levels, and Lipid Peroxidation (MDA) Assay Kit (Cat. No. K739-
100, Biovision) detects MDA levels, and total glutathione (GSH)
detection kit (Cat. No. S0052, Beyotime) detects GSH levels.

Auditory Brainstem Response

Measurements

The hearing status of mice was detected by the auditory
brainstem response (ABR) threshold. In brief, animal were
anesthetized with pentobarbital intraperitoneal injection
(8.4 mg/100 g). Place the mouse on a constant temperature pad
and keep the body temperature at 37°C. Insert electrodes on the
top, subcutaneously at the outer auricle, and back of the mouse’s
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skull. RZ6 workstation and BioSig software (Tucker-Davis
Technologies, Inc., Alachua, FL, United States) were used for
ABR data collection and generation. At each sound level, 512
responses are sampled and averaged. The minimum detectable
threshold of all ABR waves is determined by gradually reducing
the stimulus intensity from 90 dB SPL to 10 dB SPL, so as to
obtain the ABR threshold of each animal.

Transfection and Gene Expression
Silencing

Small hairpin RNA (shRNA) was used to silence Nrf2 gene
expression. Nrf2 siRNAs were obtained from Invitrogen (Nrf2-
si-1: siRNA ID 68238; Nrf2-si-2: siRNA ID 156499; and
Nrf2-si-3: siRNA ID 156501). For effective gene silencing,
siRNAs were transfected twice. In short, according to the
manufacturer’s instructions, use jetPRIME® Transfection Agent
(Polyplus) to transfect cells with 30 nM negative control (NC)
siRNA and Nrf2-siRNA. After 24 h of incubation, a second
transfection was performed.

Cell Proliferation Assay

MTT assay was performed to measure the cell proliferation.
Spiral ganglion cells were seeded in a 96-well plate at
10,000 cells/well in five replicates. After 24 h, the cells were
pretreated with DHC and SHI for 2 h, and then added
with ouabain for another 22 h. Then discard the supernatant
and replace with fresh serum-free medium. According to the
instructions of the MTT Proliferation Assay Kit (ab211091), add
MTT to the cell culture medium and incubate it in a 37°C
incubator. Subsequently, MTT solvent was added to the cell
culture medium, and the 96-well plate was shaken for 5 min in
the dark, and the absorbance was read at OD = 570 nm, and then
the cell proliferation was evaluated.

Analysis of Mitochondrial Membrane

Potential

JC-1 assay kit (C2006, Beyotime) was used for JC-1 analysis
according to the manufacturer’s instructions. Brief, the cultured
cells were washed once with PBS, and then fresh cell culture
medium was added. Add an equal volume of JC-1 staining
working solution to the culture solution, mix well, put it into
the cell culture incubator, and incubate at 37°C for 20 min. Then
discard the supernatant and wash twice with JC-1 staining buffer.
Collect the processed cells, and then use the flow cytometer to
detect and analyze.

Immunofluorescence

The spiral ganglion primary tissues or cells were cultured
on glass coverslips coated with gelatin and incubated at
37°C for 24 h, and then treated with ouabain for another
24 h. The cell supernatant was discarded and washed twice
with PBS, then fixed with 4% paraformaldehyde (PFA) for
15 min, and then washed with PBS. After permeating
the cell membrane with 0.2% TritonX-100, it was blocked
with goat serum. Add the primary antibody and incubate
overnight at 4°C. The next day, the corresponding fluorescent

secondary antibody was added, and after incubating for 1 h
at room temperature, the nuclei were stained with DAPI
(Gen-View Scientific Inc., Galveston, TX, United States) and
mounted. Finally, the cells were imaged and observed using
an upright fluorescent confocal microscope (LSM 700, Zeiss).
The measurement of nerve cell dendrites is the straight-line
distance from the center of the nerve cell body to the tip of the
longest dendrite.

Quantitative Real-Time Polymerase

Chain Reaction

RNeasy Micro Kits (Qiagen) was used to extract total RNA
from mouse spiral ganglion cells or tissues according to the
manufacturer’s instructions. Subsequently, reverse transcription
was performed using a reverse transcription kit (Invitrogen),
and the cDNA obtained by reverse transcription was used as a
template to perform real-time quantitative PCR using the SYBR®
Premix Ex Taq™ system (Perfect Real Time, Thermo Fisher
Scientific, Waltham, MA, United States). The primer sequences
used in the study are shown in Table 1. In order to obtain the
best sensitivity and specificity, the PCR reaction set is set to: The
initial cycle of 95°C for 30 s, followed by 40 cycles of 95°C for
5's, 58°C for 20 s, and the final cycle is 95°C for 15 s, 62°C for
1 min, and 95°C for 15 s. The negative control is a sample without
template and processed in the same procedure. All reactions were
performed in triplicate. Melting curve analysis was used to verify
the specificity of amplification. The relative expression of mRNA
of each gene was calculated by the 2~ A4€T method.

Western Blotting

Dissect mouse spiral ganglion tissue or cultured cells, wash
with pre-cooled PBS, add RIPA lysis buffer containing protease
inhibitor Cocktail (Merck, Millipore 539131-1VL), and lyse on
ice. After centrifugation at 4°C, the supernatant was collected
and the protein concentration was determined with the BCA
Protein Assay Kit (P0011, Beyotime). Add protein loading
buffer for sample preparation, then perform polyacrylamide
gel electrophoresis (PAGE), and transfer the protein to PVDF
membrane. After blocking with skimmed milk powder, add
the corresponding primary antibody and incubate overnight

TABLE 1 | Sequences of primers used for quantitative real-time polymerase chain
reaction (QRT-PCR).

Gene Sense primer Anti-sense primer Lengths

Nrf2 5-ATTCTGCTTTCATAG 5 -ACTCGTGTTCAGTGA 196 bp
CAGAG -3 AATG -3

HO-1 5'-TACCTGGGTGACCT 5-ATAGAGCTGTTTGA 138 bp
CTCA-3 ACTT-3

NQO1 5-TAAGGAAGGACGCC 5-AGCAGTCTCTCAAAC-3 134 bp
TGAG-3

VGLUT1 &-TTGGCTTTGCCATTG 5-GACTCCGTTCTAA 173 bp
TGGC-3 GGGA-3'

GAT1 5'-TTGGACTGGAAAG 5-ACAGCTTTCGGAAGTT-3" 136 bp
GTGGT-3

B-actin ~ 5'-CTCCATCCTGGCCTCG 5-GCTGTCACCTTCACCG 268 bp
CTGT-& TTCC-3'
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at 4°C. The next day, add the corresponding secondary
antibody and incubate at room temperature for 1 h. The signal
band was then detected by the chemiluminescent detection
method (Amersham ECL).

Statistical Analysis

In the statistical analysis of the data, GraphPad Prism9 software
was used. All data are shown as the mean 4 SD (standard error of
the mean) from at least 3 independently performed experiments,
and ‘»" represents the number of samples. A two-tailed unfit
Student’s t-test was used to determine statistical significance of
two sets of data. For statistical analysis of multiple sets of data,
two-way analysis of variance and post-event Student-Newman-
Keuls test are used for significance analysis. And P < 0.05 is
considered statistically significant.

RESULTS

Ouabain Damages the Hearing of Mice
and Activates Spiral Ganglion Schwann
Cells Apoptosis and Autophagy

To evaluate the damage effect of ouabain on the hearing of mice,
we used different concentrations of ouabain to continuously
inject 8-week-old C57BL/6 mice for 5 days, and detect the
changes in the hearing threshold of the mice on the 7th day.
Zhang et al. (2017) showed that ouabain was dose-dependent
on spiral ganglion neurons and Schwann cells in mice, and the
optimal dose ranged from 0.5 mM to 3. Therefore, we chose 0-
3 mM ouabain to stimulate spiral ganglion neurons and Schwann
cells in mice. The hearing brainstem response (ABR) results of
mice showed that with the increase of ouabain concentration, the
hearing threshold of mice gradually increased (Figures 1A,B).
Ouabain has obvious damage to the hearing of mice.

The existence of SGSs is essential to the maintenance of SGNs
function, and studies have shown that SGN dysfunction and
degeneration are the most important causes of hearing loss (Chai
et al,, 2017). In order to observe the damage effect of ouabain on
mouse spiral ganglion tissue, we dissect and culture SGSs explants
from P3 newborn mice in vivo, then treat them with different
concentrations of ouabain. Considering that cells cultured in vitro
are more sensitive to drugs than in vivo, the concentration of
drug treatment is reduced accordingly. S100 is highly expressed in
mature Schwann cells (Fregoso and Hoover, 2012), so we labeled
Schwann cells with S100. Immunofluorescence results showed
that, compared with the control group, as the concentration of
ouabain increased, the SGSs explants gradually appeared cell
death, and the morphological damage was gradually serious
(Figure 1C). Subsequently, we examined the changes in the
level of apoptosis in mouse SGSs explants. The expression of
apoptosis marker proteins Caspase 3 and Bax was significantly
increased, while the expression of anti-apoptotic protein Bcl-
2 was significantly decreased (Figures 1D,E). In addition, the
autophagy marker proteins LC3B and SQSTM were also tested,
and the results showed that the level of autophagy was also
significantly increased (Figures 1D,E). The above results suggest

that ouabain can cause hearing damage in mice, and spiral
ganglion damage plays an important role in this process.

Ouabain Affects the Differentiation of
Spiral Ganglion Neuron Cells Into
Glutamatergic and GABAergic Neuronal

Groups

In order to observe the effect of ouabain on the cell morphology
of spiral ganglion cells (SGNs) more clearly, we separated
spiral ganglion cells by enzymatic hydrolysis and performed
immunofluorescence staining with NeuN, a specific marker
for screening and identifying neurons (Duan et al., 2016). The
results showed that with the increase of ouabain concentration,
SGNis cells gradually changed from elongated to elliptical, and
the synapse length was significantly shortened (Figures 2A,B).
Furthermore, the cellular viability of SGNs decreased and
the level of apoptosis increased with increasing ouabain
concentration (Figure 2C and Supplementary Figure 1).
Glutamatergic and GABAergic neurons in the cochlear nerve
cells secrete excitatory and inhibitory neurotransmitters,
respectively, to regulate the transmission of nerve impulses in
the cochlea. We tried to explore the effect of ouabain on the
transmission of nerve impulses in SGNs by detecting the effect of
ouabain on the differentiation of glutamatergic and GABAergic
neurons. Western blot results showed that the addition of
ouabain inhibited the expression of glutamate transporter 1
(VGLUT1) and promoted the expression of GATI protein
(GABAergic neurons) (Figures 2D-F). The rate of VGLUT1
positive cells was also significantly lower than that of GAT1
positive cells (Figures 2G,H). The above results suggest that
ouabain can damage the morphology and differentiation of spiral
ganglia and inhibit neuronal excitation.

Shikonin Can Relieve Ouabain’s Damage
to the Growth and Proliferation of Spiral

Ganglion Schwann Cells

Shikonin is an extract component of comfrey (Figure 3G).
A large number of studies have shown that shikonin has obvious
anti-inflammatory, anti-oxidant and anti-apoptotic effects. We
tried to explore whether shikonin has a protective effect on
cell death caused by ouabain. We pretreated the SGSs explants
with ouabain with a gradient concentration of shikonin, and
then observed the cell morphology. Immunofluorescence results
showed that as the concentration of shikonin increased, the cell
damage of SGSs explants was reduced after ouabain treatment.
However, when the concentration of shikonin exceeded a certain
limit, the protective effect on the cells gradually disappeared
(Figure 3A). We speculate that the effect of shikonin may be
bifacial, with low concentrations promoting cell survival and
high concentrations inhibiting cell growth. In this regard, we
isolated SGNs to detect the effect of different concentrations of
shikonin on cell survival and growth. In addition to NeuN, we
used Nestin, a neural stem cell marker specifically expressed in
adult mammalian neural stem cells known to support mitotic
activity (Ernst and Christie, 2006), to co-identify and label spiral
ganglion cells (Figure 3B). Subsequently, the cell viability, cell
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FIGURE 1 | Ouabain damages the hearing of mice and activates SGSs apoptosis and autophagy. (A) Ouabain drugs of different concentrations (0.5, 1.0, and 3 mM)
were treated for 7 days, and the auditory brainstem response waveforms of the mice were detected (n = 3). In the control group, the mice were injected with the
same dose of saline. (B) Statistical histogram of mouse hearing threshold. (C) Immunofluorescence observed the changes in cell morphology of SGSs explants
treated with different concentrations of ouabain (0.1, 0.5, and 1 mM) for 24 h. Red fluorescence represents Tuj1 staining, green fluorescence represents S100
staining, and blue fluorescence represents nuclear (DAPI) staining, bar = 50 um. (D) After SGNs were treated with different concentrations of ouabain drugs (0.1,
0.5, and 1 mM) for 24 h, cell proteins were collected, and Western Blot was used to detect cell apoptosis and autophagy protein level changes. (E) Statistical
histogram of relative protein expression levels. *P < 0.05, **P < 0.01, **P < 0.001.
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cycle and apoptosis of SGNs stimulated by ouabain pretreated
with different concentrations of shikonin were tested. The results
showed that compared with the pretreatment group without
shikonin, shikonin at a concentration of 1 WM can increase
the cell activity and cell cycle of SGNs inhibited by ouabain,
and increase the proportion of S-phase cells (Figures 3C,E). At
the same time, it reduces the proportion of late apoptotic cells
(Figure 3D), and had a protective effect on ouabain-induced
apoptosis of SGNs (Figure 3F). The above results suggest that
shikonin has a significant protective effect on SGNs cell damage
stimulated by ouabain. However, the shikonin concentration has
the most obvious protective effect on ouabain damage when
appropriate, and the cytoprotective effect of ouabain is reduced
when the concentration is lower or too high.

Shikonin Can Rescue the Effect of
Ouabain on the Differentiation of Spiral

Ganglion Neuron Cells

Next, in order to explore whether shikonin can alleviate the
suppression of nerve impulse transmission in SGNs caused by
ouabain, we measured the changes in the dendritic length of
SGNs and the distribution of cell differentiation populations
after shikonin treatment. The results showed that compared
with the non-pretreatment group with shikonin, shikonin can
significantly reduce the length damage of SGNs dendrites caused
by ouabain, and can better maintain the cell morphology
of SGNs (Figures 4A,B). In addition, shikonin pretreatment
can significantly improve the decrease of VGLUT1 expression
and the increase of GAT1 expression caused by ouabain,
promote the differentiation of glutamatergic neurons, and
relieve the inhibition of neuronal excitability caused by ouabain
(Figures 4C,D). However, the effects of shikonin above also have
the same dose-dependent effect.

Nrf2/Antioxidant Response Elements
Signaling Pathway Inhibited by Ouabain
Can Be Activated by Shikonin, Reducing
Oxidative Stress in Spiral Ganglion

Neuron Cells

More and more evidences show that reactive oxygen species
(ROS) are involved in the pathogenesis of multiple cochlear
injuries, especially the apoptosis of SGNs induced by reactive
oxygen species (Xiong et al., 2011; Zhuang et al, 2018).
The protection of neurons from oxidative damage depends
on the up-regulation of antioxidant response mediated by
Nrf2/ARE. The redox-sensitive transcription factor Nrf2 and
the anti-oxidant ARE response element dependent genes (GST,
HO-1, SOD, etc.) play a vital role in the regulation of
oxidative stress in cochlear SGNs. We detected the expression
of Nrf2 and downstream HO-1 and NQOI1 in SGSs after
ouabain treatment. The results showed that ouabain treatment
significantly inhibited the expression of Nrf2, HO-1 and NQO1
in SGSs, and was time-dependent (Figures 5A-C). However,
we found that the addition of shikonin pretreatment can
alleviate the inhibition of Nrf2/ARE signal pathway activity

caused by ouabain, and significantly increase the expression
of Nrf2 (Figure 6A). Subsequently, we tested the changes in
mitochondrial membrane potential and oxidative stress levels.
The results show that ouabain promotes the depolarization
of mitochondrial membrane potential, while shikonin can
significantly alleviate the sharp increase in mitochondrial
depolarization caused by ouabain (Figures 6B,C). In addition,
shikonin pretreatment can also significantly reduce the high
levels of reactive oxygen species (ROS) and malondialdehyde
(MDA) in SGNs caused by ouabain, and increase the levels of
superoxide dismutase (SOD) and reduced glutathione (GSH)
expression and secretion (Figure 6D). Therefore, shikonin may
activate the Nrf2-ARE signal pathway inhibited by ouabain,
thereby reducing the oxidative stress level of SGNG.

Knockdown of Nrf2 Reduces the
Protective Effect of Shikonin on Spiral

Ganglion Neuron Cells Differentiation

Next, to explore the role of Nrf2/ARE signal pathway in the
function of SGNs, we used specific small interfering RNA to
knock down the expression of Nrf2 in SGNs. According to the
knockout efficiency of small interfering RNA (Figures 7A,B),
we choose siNrf2-2 for follow-up experiments. The results
of the study show that knockdown of Nrf2 will significantly
affect the expression of downstream factors HO-1 and NQO1
(Figures 7C,E). More importantly, the mitigation effect of
shikonin on the inhibition of Nrf2, HO-1 and NQOI1 expression
caused by ouabain will also be lost due to the knockdown of Nrf2
(Figures 7C,E). In addition, the knockdown of Nrf2 will also
hinder the regulation of shikonin on the differentiation of SGNs
after ouabain injury. The suppression of VGLUT1 expression and
the increase of GAT expression caused by ouabain improved by
shikonin are lost (Figures 7D,E). The above results indicate that
Nrf2 plays an irreplaceable role in the protection and regulation
of shikonin on the function of SGN.

Shikonin Has Protective Effects on
Ouabain-Induced Hearing Damage in

Mice

Considering that small interfering RNA transfection in mice
in vitro has low efficiency and difficult operation, we choose
Nrf2/ARE signaling pathway inhibitor ML385 to inhibit the
activity of Nrf2/ARE signaling pathway in mice. ML385 can
directly interact with Nrf2 protein and bind to the Nehl
binding region of Nrf2, thus preventing the binding of Nrf2-
Mafg complex to the promoter ARE sequence and reducing
transcriptional activity (Singh et al., 2016). Shikonin, inhibitors
and ouabain need to be treated multiple times. In order to
prevent multiple surgical damages from affecting the hearing
and life status of mice, we chose intraperitoneal injection. The
mouse hearing damage model and the time point of drug
pretreatment are shown in Figure 8A. The control group was
replaced by injection of the same amount of drug solvent.
We tested the hearing changes of mice at 7, 14, and 30 days
after drug injection. The results showed that the hearing loss
of mice in the shikonin pretreatment group was significantly
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less than that of the mice without shikonin pretreatment, and
Nrf2/ARE signaling pathway inhibitor ML385 pretreatment will
greatly reduce the protective effect of shikonin on the hearing of
mice (Figure 8B). Subsequently, we detected the expression of
Nrf2/ARE signaling pathway proteins in mouse cochlea SGNs.

The results showed that the expression of Nrf2, HO-1 and
NQOI in mouse cochlea SGNs in the ouabain treatment group
was significantly reduced. Shikonin pretreatment can alleviate
the ouabain-induced Inhibition of Nrf2/ARE signaling pathway
protein expression (Figures 8C,E). The expression of VGLUT1
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in the cochlea SGNs of mice in the ouabain treatment group
was significantly reduced, and the expression of GATI1 was
significantly increased. Shikonin pretreatment can significantly
improve the differentiation imbalance of glutamatergic and
GABAergic neurons in SGNs caused by ouabain (Figures 8D,E).
In addition, the inhibition of the Nrf2/ARE signaling pathway
will weaken the regulation of shikonin on the expression of
differentiation proteins in mouse SGNs (Figures 8D,E). In
summary, shikonin has a protective effect on ouabain-induced

hearing damage in mice, and this protective effect depends on the
activation of the Nrf2/ARE signaling pathway.

DISCUSSION

The spiral ganglion (SGN) is the first transfer station in the
cochlear auditory pathway. It converts the external sound
mechanical stimulus received by the hair cells into electrical
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signals, and then transmits them to the auditory center of the
brain, completing the conversion of sound from the physical
world into the perceptual world (Reijntjes and Pyott, 2016).
The survival of spiral ganglion Schwann cells (SGSs) has
attracted more and more attention of researchers due to the

protective effect of the secreted factors on spiral ganglia. At
present, the degeneration and death of SGN in the inner
ear mainly include primary neurodegeneration and secondary
neurodegeneration (the consequence of loss of hair cells)
(Kujawa and Liberman, 2015; Guo J. et al,, 2019). Due to the
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stimulation of ototoxic drugs, SGNs and SGSs in the cochlea
gradually undergo morphological changes after being injured,
including axons retreat, auditory nerve endings degenerate
into neuron cell bodies, and finally neurons die. Schwann
cells myelinize the peripheral processes, the initial part of the
central axon, and the neuronal cell bodies of spiral ganglion
neurons (SGNs) (Rangaraju et al., 2009), and the development,
maintenance and regeneration of peripheral nerves involve
dynamic interactions between neurons and Schwann cells
(Sugiura and Lin, 2011). The search for drugs that can alleviate
SGNs and SGSs retrograde degeneration caused by ototoxic drugs
and lead to cell death is very important for hearing protection.

In clinical drug applications, many drugs have greatly limited
their clinical applications due to ototoxic side effects (such as
ouabain, cisplatin, etc.) (Liu et al.,, 2016; He et al., 2017), and
many researchers have tried to reduce their ototoxicity (Gao
et al., 2019; Zhang et al., 2019). Ouabain is a cardiac glycoside
that can block the activity of Na+/K+-ATPase through specific
binding (Lelkes, 2020). Studies have shown that ouabain can
specifically damage SGNs when acting on the round window
of the cochlea, but has little effect on the morphology and
function of sensory epithelial hair cells and stria vascularis cells.
Therefore, this study established a mouse model of neurological
deafness with ouabain. In this study, we chose to inject ouabain
through the intraperitoneal cavity of the mouse instead of directly
administering the mouse by opening the round window in the
ear to establish a mouse model of deafness. On the one hand,
considering that the pretreatment of therapeutic drugs requires
multiple administrations, the increased frequency of operations
will have a greater impact on the survival of mice; On the other
hand, it is more suitable to establish a non-acute deafness model
and make the deafness model more stable. Another advantage is
that the operation is simple and easy. Our research results show
that ouabain can significantly increase the hearing threshold
of mouse ABR and significantly damage the morphology of
SGSs (Figure 1).

In the cochlea, the balance maintenance of inhibitory and
excitatory neurotransmitters is one of the key regulatory factors
for the physiological functions of the cochlea. Neurons in
the cochlea can be divided into glutamatergic neurons and
GABAergic neurons according to the neurotransmitters they
produce (Wang et al., 2015; Huang et al., 2019). Among them,
glutamatergic neurons produce excitatory neurotransmitters, and
GABAergic neurons inhibit glutamatergic impulses (Huang et al.,
2018). Our research results show that ouabain inhibits the
differentiation of neurons into glutamatergic neurons, promotes
the differentiation of GABAergic neurons, reduces the generation
of excitatory nerve impulses, and reduces the sensitivity of
the cochlea to sound stimulation (Figure 2). Ouabain affects
VGLUT1 and GAT1 expression through regulation of neural cell
differentiation but not cell proliferation.

Considering that the death of mouse cochlea SGSs is often
caused by increased levels of autophagy, apoptosis, and oxidative
stress. We tested the levels of autophagy and apoptosis in SGSs
cells after ouabain treatment, and the results showed that with the
gradual increase in the concentration of ouabain treatment, the
levels of apoptosis and autophagy in SGSs increased (Figure 1).

Although there are reports that shikonin is an ideal antioxidant,
anti-apoptotic agent, and anti-inflammatory agent, it has not
been reported whether shikonin has a protective effect on
ototoxicity of drugs (such as ouabain). We speculate that
shikonin has a protective effect on SGCs damage. In order
to verify our hypothesis, we pretreated with shikonin before
ouabain stimulated SGNs or SGSs. The results showed that
shikonin pretreatment can significantly increase the survival
rate of SGNs and SGSs after ouabain treatment, and reduce
the apoptosis, autophagy and oxidative stress levels of SGNs
and SGSs (Figures 3, 6). In addition, shikonin pretreatment
also improves the potential of SGNs to differentiate into
glutamatergic, promotes the generation and transmission of
excitatory nerve impulses, and prepares for improving the
sensitivity of sound stimulation (Figure 4).

Antioxidant drugs can reduce the damage of SGCs and
protect SGCs from degeneration. Nrf2 regulates the transcription
of genes encoding antioxidants, detoxification enzymes, and
other vital factors for cell survival by regulating the antioxidant
response element (ARE) (Hoshino et al., 2011). Studies have
shown that intraperitoneal injection of rosmarinic acid can
activate the Nrf-2/heme oxygenase-1 (HO-1) signaling pathway
in the cochlea of rats, thereby reducing the production of
superoxide and lipid peroxidation caused by noise (Fetoni et al.,
2015). In order to explore whether the increase in oxidative stress
levels in degraded SGCs after ouabain treatment is regulated by
the Nrf2/ARE signaling pathway, we analyzed the expression
of Nrf2, HO-1 and NQOI1 after ouabain treatment, which
are widely recognized Nrf2/ARE signals Pathway markers. The
results showed that ouabain significantly inhibited the activity
of the Nrf2/ARE signaling pathway (Figure 5), and Shikonin
can alleviate ouabain’s damage to SGNs through the activation
of the Nrf2/ARE signaling pathway (Figure 6); Knockdown or
inhibition of Nrf2 can hinder the protective effect of shikonin on
SGNs damage (Figures 7, 8).

CONCLUSION

To conclude our research, we have proved through in vitro and
in vivo experiments that ouabain can damage the growth and
differentiation of SGNs, and promote cell apoptosis by increasing
the level of oxidative stress in SGNs and SGSs. As an antioxidant,
shikonin has a significant protective effect on ototoxicity caused
by ouabain. In the cochlea, SGCs damage is regulated by complex
signaling pathways. Shikonin can inhibit the increase of oxidative
stress and abnormal cell differentiation caused by ouabain by
activating the activity of the Nrf2/ARE signaling pathway. For the
protection of ototoxic drugs-induced neurological degeneration
of SGCs, shikonin may be a better candidate antioxidant drug.
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In rodents, massive initial synapses are formed in the auditory peripheral nervous system
at the early postnatal stage, and one of the major phenomena is that the number of
afferent synapses in the cochlea is significantly reduced in the duration of development.
This raises the hypothesis that the number of cochlear ribbon synapses are dramatically
changed with hearing development and maturation. In this study, several tracers
identifying activities of autophagy were applied to estimate the level of autophagy activity
in the process of ribbon synapse development in mice; further, changes in the synaptic
number and spiral ganglion nerve (SGN) fibers were quantitatively measured. We found
robust expression of LC3B and lysosomal-associated membrane protein 1 as well as
LysoTracker in or near inner hair cells and cochlear ribbon synapses in the early stage
of postnatal development. Moreover, we found a significant loss in the intensity of SGN
fibers at ribbon synaptic development and hearing onset. Thus, this study demonstrates
that ribbon synaptic refinement and SGN fibers pruning are closely associated with
the morphological and functional maturation of ribbon synapses and that synaptic
refinement and SGN fiber pruning are regulated by the robust activities of autophagy
in the earlier stages of auditory development.

Keywords: auditory development, cochlear ribbon synapses, autophagy, synaptic refinement, neural fibers
pruning

INTRODUCTION

Acoustic signals are sensed by cochlear hair cells and transmit information to the central nervous
system via the spiral ganglion neurons (SGNs) (Liu et al., 2019; Wei et al., 2021). In mammals, this
task is accomplished by using several synaptic structures with special features along the hearing
pathway (Raphael and Altschuler, 2003; Wichmann and Moser, 2015). Among these synapses,
ribbon synapses are the first synaptic structures formed between inner hair cells (IHCs) and
SGNs, which have their own morphological and electrophysiological properties, ensuring rapid,
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accurate, and reliable signal transmission from the ear to
the brain (Fuchs et al., 2003; Wichmann and Moser, 2015).
Electron microscopy evidence has shown that a lack of
synaptic ribbons can cause a reduction in the compound
action potential and sound-evoked firing rates of SGNs
(Jean et al., 2018).

Mice are born without hearing and begin to develop
auditory capacity approximately 2 weeks after birth (Ehret,
1985; Safieddine et al., 2012). In the developing cochlea, ribbon
synapses undergo robust changes both in morphology and
function. During the early stage of postnatal development,
excess synapses are formed, which are subsequently significantly
eliminated to achieve optimal synaptic connectivity (Sobkowicz
et al., 1982; Roux et al., 2009; Huang et al., 2012). Furthermore,
studies have reported that lysosomal and autophagy activities are
remarkably involved and contribute to the pruning of neural
fibers (He et al., 2019), and synaptic elimination is a secondary
change after axon or fiber pruning (Rowland et al., 2006; Song
etal., 2008; Shen and Ganetzky, 2009; Ban et al., 2013; Chen et al,,
2013; Xiong et al., 2020a), providing an insight into the possible
mechanisms underlying the development and maturation of
ribbon synapses in the developing cochlea. Consistently, the
ribbon synapses in the developing cochlea were also found to
undergo refinement coupled with exocytosis and Ca’* influx
(Moser and Beutner, 2000; Beutner and Moser, 2001; Johnson
et al., 2005; Beurg et al.,, 2010; Wong et al., 2014). Our previous
study showed that autophagy is required for the remodeling
of cochlear ribbon synapses in postnatal mice (Xiong et al.,
2020a). Despite this evidence, however, synaptic refinement
and SGN fiber pruning have not yet been fully explored;
moreover, it is still unclear whether synaptic refinement and
SGN fiber pruning are fully mediated via dynamic autophagy
flux (Ding et al, 2020; Zhou et al., 2020; Fu et al, 2021;
Guo et al, 2021). Thus, in this study, we applied multiple
markers to trace autophagy flux coupled with synaptic changes
in the developing cochlea of mice, and hearing and synaptic
function were estimated via auditory brainstem response (ABR)
threshold detection and wave I amplitude analysis. Our study
showed that quantitative reduction and functional facilitation
of ribbon synapses, as well as density loss of SGN fibers, are
regulated by dynamic autophagy flux, suggesting that both
ribbon synaptic refinement and auditory neural fiber pruning
are regulated via the dynamic activities of autophagy, which
plays a key role in the development and construction of cochlear
ribbon synapses.

MATERIALS AND METHODS

Animals

Postnatal male C57BL/6] mice with documented at the age of P1,
P7, P14, and P28 were purchased from Vital River Laboratory
Animal Technology, Beijing, China. A total of 60 animals were
used in the experiment. All animal experiments were approved
by the Animal Ethics Committee of Capital Medical University.
And all the efforts were aimed to minimize animals’ suffering and
the number of mice which was sacrificed in the experiment.

Drug Administration

3-MA (Millipore, 3089588) was dissolved in 0.9% saline as a
stock solution (30 mg/ml) and stored at —20°C. The solution
was heated to 60°C to completely dissolved and then cool at
room temperature before being used. Experimental mice received
intraperitoneal injections of 3-MA at a dose of 30 mg/kg daily
from P7 to P14 consecutively, the controls were administered by
the same amount of saline.

Auditory Brainstem Responses

Auditory brainstem responses detected auditory function of
mice at P1, P7, P14, and P28, respectively. All animals
were anesthetized via intraperitoneal injection of ketamine
(100 mg/kg, Gutian Pharmaceutical Co., Ltd., Fujian, China)
plus xylazine (10 mg/kg, Sigma-Aldrich Co., Llc., United States).
Needle electrodes were placed subcutaneously beneath the pinna
of the test ear (—) and at the vertex (4), with a ground electrode
placed in the contralateral ear over neck muscles. ABR threshold
was recorded in a double-walled, electrically shielded, and
radio frequency-shielded sound booth. ABR stimulus frequencies
of 4, 8, 16, and 32 kHz and clicks (100 ps) were tested
with System 3 hardware (Tucker Davis Technologies, Alachua,
FL, United States) and SigGen/BioSig software (Tucker Davis
Technologies). The stimulus level was calibrated and a probe tube
microphone was tightly fitted into the external auditory canal.
The ABR threshold was obtained for each animal by reducing the
stimulus intensity in 10 dB steps and then 5 dB steps to identify
the lowest intensity eliciting a response. The ABR threshold was
defined as the lowest stimulus intensity that produced reliable and
reproducible (in at least two trials) ABR waves. The amplitude of
the wave I was identified as the difference between the first peak
in the waveform and the baseline.

Immunofluorescence

Mice were sacrificed after anesthesia with xylazine and ketamine
(ketamine, 100 mg/kg and xylazine, 10 mg/kg). The acidotropic
agent LysoTracker Red DND-99 (LysoT; Molecular Probes) was
freshly diluted in growth medium to a final concentration of
100 nM. Cochlear tissues were dissected and preincubated with
LysoT for 30 min at 37°C. And the tissues were subsequently
harvested and fixed in 4% paraformaldehyde for 1h at room
temperature. After fixation, tissues were permeabilized in 30%
sucrose for 20 min, blocked in 0.3% TritonX-100 (Sigma,
United States) for 30 min and 10% normal goat serum (ZSGB-
BIO, China) for 1 h, then incubated overnight at 4°C with
primary antibodies including: mouse anti-CtBP2 (1:500, Abcam,
ab204663), rabbit anti-LC3B (1:100, CST 3868T), rat anti-lampl
(1:300, Abcam, ab25245), chicken anti-NF200 (neurofilament
200) antibody (1:600, Chemicon, AB5539). The following day
the preparations were washed three times in PBS for 5 min each
and incubated with species-appropriate secondary antibodies.
All the secondary antibodies were conjugated with Alexa Fluor
TM 488, 568 (1:300, Invitrogen/Molecular Probes, Carlsbad, CA,
United States catalog number: A21131, A21124). Specimens were
subsequently washed three times in PBS and then mounted on
glass slides using fluorescent mounting (ZSGB-BIO, ZLI-9557).

Frontiers in Molecular Neuroscience | www.frontiersin.org

March 2022 | Volume 15 | Article 850035


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Guo et al.

Autophagy in Ribbon Synapse Development

Confocal Microscope Imaging

Images were acquired with a 63 oil-immersion, high-resolution
confocal microscope (TCS SP8 II; Leica Microsystems, Wetzlar,
Germany). Scanning was performed from top to bottom with an
interval of 0.35 pm/layer, and images were then superimposed.
Specimens were observed using optimal excitation wavelengths
of 488 nm (green) and 568 nm (red). DAPI was observed using
an optimal excitation wavelength of 358 nm (blue).

Calculation of the Number and Size of

Ribbon Synapses

Quantification of LC3B puncta, LAMP1 puncta, LysoT puncta,
auditory nerve fibers (ANF) (labeled by anti-NF200) and ribbon
synapses (labeled by anti-CtBP2) was performed at P1, P7,
P14, and P28, respectively. In addition, ribbon synapses were
quantified in the cochlear apex turn, middle turn and basal turn.
We selected five samples in each group to calculate the average
number of fluorescent puncta per IHC. The areas of presynaptic
ribbons were measured in Adobe Photoshop CS6 software by
segmenting the synaptic elements from the whole image into
a single area then the area of the synapse was obtained by the
measurement area tool.

Measurement of the Distance Between
Ribbon Synaptic Spots and Nucleus of

Inner Hair Cell

The distance from ribbon synapses to nucleus center of IHCs
was measured by using the scale tool in Adobe Photoshop CS6
software. In this study, the distance has been defined as the
length from the synaptic immunostained spot to the nearest
IHC. The actual distance was obtained by conversion with
the image scale.

Statistical Analysis

Statistical ~ analysis was performed using GraphPad
Prism 8 software (GraphPad Software Inc., La Jolla,
CA, United States). Normally distributed continuous

variables were presented as means =+ standard error of
the mean (SEM). Statistical differences between groups
in ABR threshold, ABR wave I amplitude, fluorescent
puncta (LC3B, LAMPI1, LysoT, NF200, and ribbon
synapses) per IHC were analyzed using two-way analysis
of variance (ANOVA), followed by Bonferronis multiple
comparisons test. *p < 0.05, **p < 0.01, **p < 0.001, and
©otp < 0,0001.
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FIGURE 1 | Hearing detection corresponding to developing cochlea. (A) Schematic diagram of the experimental procedure and time points for hearing detection.
Hearing function in the mice was estimated by detecting the ABR threshold and ABR wave | amplitude at P14 and P28. (B,a,b) A visible ABR waveform was
observed at P14 and P28; the red dashed frame indicates ABR wave |. (a’,b’) A larger amplitude of ABR wave | was found at P28 than at P14. (C) Compared with
P14, significantly reduced ABR thresholds at P28 were identified at click, 4 kHz, and 8 kHz (*p < 0.05; ***p < 0.001). (D) Compared with P14, significantly increased
ABR wave | amplitudes were observed at P28 at 4, 8, and 32 kHz (*p < 0.05). ABR, auditory brainstem response.
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FIGURE 2 | Alterations in the number of ribbon synapses in the developing cochlea. (A) Whole mount of immunostaining at P1, P7, P14, and P28. Ribbon synapses
were identified beneath the nuclei of IHCs using anti-CtBP2/RIBEYE (green, white arrow), and the nuclei of IHCs and OHCs were identified using DAPI staining (blue).
A number of synaptic spots can be seen at P1 [(a) white frame indicated; (a’) enlarged image of panel (a)], and the highest number of synaptic puncta was identified
at P7 [(b), white frame indicated; (b’) enlarged image of panel (b)]. In contrast, reduced puncta of ribbon synapses appeared at P14 [(c), white frame indicated; (c’)
enlarged image of panel (c)] and P28 [(d) white frame indicated; (d’) enlarged image of panel (d)]. Scale bar = 5 um. (B) Quantitative analysis of changes in ribbon
synaptic numbers in developing cochlea. Correspondingly, the largest number of ribbon synaptic puncta was found at P7 across the cochlear frequency (including
the apex, middle, and basal turns), and a significantly reduced number of synaptic spots was observed at P14 and P28 (‘o < 0.05; **p < 0.01). IHC, inner hair cell;

OHC, outer hair cell.

RESULTS

Auditory Detection in the Developing
Cochlea of Mice

To investigate the hearing development profile, we first detected
changes in the ABR threshold and amplitude of ABR wave I
(Figures 1A-D). In this study, a visible ABR waveform was
first recorded at P14, and a clearer ABR waveform appeared at
P28 (Figures 1A,B). Because the amplitude of the ABR wave
I has been demonstrated to roughly reflect the function of
cochlear ribbon synapses (Qi et al., 2019; Xiong et al., 2020b),
we then estimated the changes in the amplitude of the ABR
wave I and found a significantly increased amplitude of the ABR
wave I at P28 at 4, 8, and 32 kHz compared with that at P14
(Figures 1a’,b/,D). Thus, our study suggested a gradual change
in hearing construction coupled with ribbon synaptic maturity in
the developing cochlea of mice.

Changes in the Number of Ribbon

Synapses in the Developing Cochlea

First, we measured quantitative changes in the cochlear ribbon
synapses in the developing cochlea. In this study, cochlear
ribbon synapses were labeled with anti-CtBP2 (Liu et al,
2009; Wang and Green, 2011; Wong et al., 2014). Before
onset of hearing, at P1, the immunostaining positive puncta of
CtBP2/RIBEYE were 8.85 £ 0.22 (apex), 11.71 £ 0.54 (middle),

9.64 + 0.38 (base), respectively; At P7, the numbers were
10.78 + 0.35 (apex), 14.11 £ 0.42 (middle), 10.38 + 0.42
(base) respectively; At P14, the numbers were 8.49 £ 0.39
(apex), 11.78 £ 0.52 (middle), 8.76 £ 0.21 (base); And at P28,
the numbers were 8.37 £ 0.43 (apex), 11.79 £ 0.19 (middle),
9.18 £ 0.18 (base), respectively (Figure 2). In this study, the
largest number of synaptic puncta appeared at P7 and was
significantly reduced at P14 and P28, suggesting that the number
of ribbon synapses may undergo robust synaptic elimination
during cochlear development.

Changes in the Sizes of Ribbon
Synapses and the Distances From the
Synapses to the Nuclei of Inner Hair
Cells

To explore whether ribbon synaptic size undergoes significant
alterations, we next estimated the changes in ribbon synaptic
size at P1, P7, P14, and P28 using Adobe Photoshop CS6
software (San Jose, CA, United States). At P1, the mean
sizes of synaptic spot were 0.42 + 0.05 (apex), 0.42 £ 0.08
(middle), 0.47 £ 0.04 (base), respectively; At P7, the mean sizes
were 0.42 £+ 0.04 (apex), 0.40 £ 0.04 (middle), 0.44 £ 0.03
(base) respectively; At P14, the sizes were 0.36 £ 0.05 (apex),
0.24 £ 0.03 (middle), 0.30 £ 0.05 (base); And at P28, the sizes
were 0.19 £ 0.01 (apex), 0.21 £ 0.01 (middle), 0.17 + 0.01
(base), respectively; The largest synaptic spots appeared at
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(*p < 0.05, apex). IHC, inner hair cell.

FIGURE 3 | Calculation of the size of synaptic spots and the distance between synaptic puncta and the nucleic center in adjacent IHCs. (A) DAPI staining of the
nuclei of IHCs (blue) and ribbon synaptic puncta was performed using anti-CtBP2 (green, white indicated). The white dashed line indicates the distance from the
synaptic puncta to the nucleic center of the adjacent IHC (L1, L2); (a-d) represent different sizes of synaptic puncta at P1, P7, P14, and P28 (white dashed frame);
(a’-d’) are enlarged images of panels (a—d), respectively. Scale bar = 5 um. (B) Quantitative analysis of the distance between synaptic puncta and the nucleic center
of adjacent IHCs. Compared with P1, a significantly increased distance was observed at P14 and P28 (*p < 0.01, apical and basal), and a more significantly
enhanced distance appeared at P28 (**o < 0.01, middle). (C) Quantitative analysis of synaptic spot size. The sizes of the synaptic puncta at P1 and P7 were
significantly larger than those at P14 and P28 (*p < 0.05, middle and basal); at the apex, the sizes at P1, P7, and P14 were significantly larger than those at P28
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P1 and P7, and a significant reduction in synaptic size was
found at P14 and P28, suggesting that the size of synaptic
puncta undergoes a similar refinement in the developing cochlea
(Figure 3). Next, we estimated the changes in the distance
from the synaptic puncta to the nuclei of the IHCs. At P1, the
distances from the synaptic puncta to nuclei center of adjacent
IHCs were 9.53 £ 0.58 pm (apex), 8.48 £ 0.39 pm (middle),
10.29 £ 0.60um (base); At P7, the distances were 6.09 & 0.65 pum
(apex), 6.63 £ 0.48 pum (middle), 598 £ 0.57 pm (base),
respectively; At P14, the distances were 11.15 £ 0.84 pm (apex),
9.39 + 1.48 wm (middle), 10.91 + 1.34 um (base); At P28,
the distances were 11.30 £ 0.86 pm (apex), 13.59 £ 0.66 pm
(middle), 12.39 £+ 1.02 pwm (base), respectively. The distance
at the P7 apex and middle turn was significantly shorter
than that at P14 and P28 (**p < 0.01), and the distance at
the P14 basal turn was also significantly shorter than that
at P28 (**p < 0.01) (Figure 3), suggesting a remarkable
retraction of the postsynaptic neural fibers during ribbon
synaptic maturation.

LC3B Detection in the Region of Ribbon
Synapses in the Developing Cochlea

To investigate whether autophagy flux undergoes remarkable
alterations during cochlear development, we measured the level
of LC3B, the current major recognized marker of autolysosomes
(Barth et al., 2010; Aburto et al., 2012; Yuan et al., 2015; He

et al., 2020, 2021; Liu et al, 2021), at P1, P7, P14, and P28,
respectively. At P1, the number of positive immunostaining
LC3B puncta were 7.59 £ 0.16 (apex), 8.30 + 0.09 (middle),
7.45 4+ 0.08 (base); At P7, the numbers were 9.44 + 0.38
(apex), 11.88 £ 0.56 (middle), 10.60 £ 0.44 (base), respectively;
At P14, the numbers were 5.21 £ 0.62 (apex), 6.30 + 0.19
(middle), 4.60 £ 0.55 (base); At P28, the numbers were
2.31 + 0.20 (apex), 4.60 = 0.29 (middle), 2.31 £ 0.11 (base),
respectively (Figures 4A,B). The highest number of LC3B
puncta was observed at P7, suggesting the highest level of
autophagic activity. Our study also showed decreased autophagy
flux after P7 as a significantly reduced number of LC3B
puncta were found at P14 and P28, and the smallest number
of LC3B spots appeared at P28, suggesting that the level of
autophagy was dramatically reduced when the cochlea was
developed (Figures 4A,B).

Lamp1 Detection in the Developing

Cochlea

To further confirm the autophagic activities in the developing
cochlea, we examined additional autophagy-associated markers,
such as lysosomal-associated membrane proteinl (LAMP1).
LAMP1 has been used as a marker of autophagic flux
(Yuan et al., 2015). At P1, the number of Lampl staining spots
were 9.36 = 0.17 (apex), 10.20 £ 0.13 (middle), 8.98 £ 0.20
(base); At P7, the numbers were 12.47 & 0.40 (apex), 14.80 £ 0.52
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puncta were observed at P14 and P28 (o < 0.01; **p < 0.001; ***p < 0.0001).
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FIGURE 4 | LC3B detection in the ribbon synapses regions. (A) Autophagic flux was identified using anti-CtBP2 (green, white arrows). White frames at P1 (a,b), P7
(c,d), P14 (e,f), and P28 (g,h) indicate the regions of ribbon synapses; (a’-h’) are enlarged images of panels (a-h), respectively. Scale bar = 5 um. (B) Quantitative
analysis of the number of LC3B puncta at P1, P7, P14, and P28. The highest number of LC3B puncta was identified at P7, and significant reductions in LC3B

(middle), 10.96 & 0.24 (base), respectively; At P14, the numbers
were 7.60 £+ 0.27 (apex), 8.45 £ 0.14 (middle), 7.41 £ 0.22
(base); At P28, the numbers were 4.25 + 0.57 (apex), 6.45 + 0.25
(middle), 2.37 & 0.22 (base), respectively. Consistent with LC3B
detection, the highest level of LAMP1 at or near the IHC region
was found at P7, and the level decreased gradually at P14 and
P28 (Figures 5A,B).

Detection of LysoTracker Red and
Examination of Co-localization Between
Ribbon Synapses and Auditory Nerve

Fibers
LysoTracker Red dye, a type of lysosome marker, is used as
a probe to track the formation of autolysosome-like structures
and to indicate autophagic activity in the living tissues
of various organisms by labeling acidic organelles such as
autolysosomes (Aburto et al., 2012). Moreover, LysoTracker
Red has been used to identify lysosomal activity, with positive
staining indicating neuronal pruning (Song et al, 2008;
He et al., 2021).

Our study showed that lysosome-mediated auditory neuronal
axon pruning was initially observed at P1, beginning with

LysoTracker particles distributed at or near the bottom of the
axon bulb (Figure 6A). At P7, the activity of lysosome-mediated
axon pruning was significantly enhanced, and a large amount
of LysoTracker was visible in the axon and neuronal fibers
(Figures 6A,B). After the onset of hearing, LysoTracker staining
almost vanished around the axon bulb between P14 and P28
(Figures 6A,B). These results suggest that robust lysosome-
mediated auditory neuronal axon pruning occurred before the
onset of hearing, and axon pruning was significantly decreased
after hearing onset.

Next, we co-labeled CtBP2 and neurofilament 200 (NF200)
using immunostaining. Only small amounts of NF200 puncta
connected with the IHCs were observed at P1, and CtBP2-
positive spots occurred in the vicinity of the IHCs. Most
importantly, the two types of signals were clearly separated,
and no merged signals could be found (Figures 6C,a,b,a’,b’).
AtP7, excessive neuronal fibers and ribbon synapses were
found to form, and merged signals increased significantly
(Figures 6C,c,d,c’,d’). At P14 and P28, merged signals formed
byanti-NF200- and anti-CtBP2-stained puncta increased
robustly (Figures 6C,e-h,e’-h’). These results indicate that
afferent neuron fibers undergo changes analogous to those of
ribbon synapses.
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FIGURE 5 | LAMP1 detection in the ribbon synapses regions. (A) LAMP1 was identified using anti-LAMP1 (red, indicated), and white frames at P1 (a), P7 (b), P14
(c), and P28 (d) indicate the regions of ribbon synapses; (a’-d’) are enlarged images of panels (a-d), respectively; white arrows indicate LAMP1-stained positive
spots. Scale bar = 5 pm. (B) Quantitative analysis of the number of positive puncta on P1, P7, P14, and P28. Correspondingly, the highest number of LAMP1
puncta appeared at P7, and a remarkable loss of LAMP1 puncta was found at P14 and P28 across frequencies (apex, middle and base) (o < 0.05; ***p < 0.001;

Changes in the Number of Auditory

Nerve Fibers in the Developing Cochlea

To further investigate whether the postsynaptic auditory nerve
fibers undergo corresponding changes in synaptic alterations,
we detected alterations in the auditory nerve fibers. Auditory
nerve fibers were traced using anti-NF200, and we observed
a massive number of auditory nerve fibers at both P1 and
P7; the number of auditory nerve fibers decreased significantly
at P14 and P28 (Figure 7), suggesting that postsynaptic
auditory nerve fibers also undergo remarkable pruning in
developing cochlea.

Inhibiting Autophagy Activity in the
Developing Cochlea Hinders Synaptic

Pruning and Impairs Hearing Function

In this study, we used 3-methyladenine (3-MA), an inhibitor
of autophagy flux (Rubinsztein et al., 2007; Aburto et al., 2012;
Liu et al, 2021), to investigate whether inhibiting autophagy
activities in the developing cochlea significantly affects ribbon
synaptic pruning. Here, 3-MA administration was applied at
P7 and suspended at P14; interestingly, we found that LC3B-
stained spots in IHCs nearly vanished compared with in the
controls (Figures 8A,E). Next, we detected changes inCtBP2-
positive spots; correspondingly, the number of CtBP2-positive

spots in the 3-MA-treated group increased remarkably compared
with in the normal controls (Figures 8B,F). Furthermore, we
explored whether the inhibition of autophagy activities in the
developing cochlea can impair hearing function. We estimated
the ABR threshold and changes in the amplitude of ABR wave
I and found a significantly enhanced ABR threshold, as well as
a reduced amplitude of ABR wave I, suggesting that inhibiting
autophagy activities in the developing cochlea impairs hearing
function (Figures 8C,D).

DISCUSSION

Our findings showed that there may be a dramatic loss
in the number of cochlear ribbon synapses during auditory
development and maturation. Moreover, there is similar
pruning of postsynaptic auditory nerve fibers during ribbon
synaptic development and hearing onset. Finally, our findings
demonstrated that robust autophagic activities in the early
stage of auditory development regulate synaptic refinement and
pruning of auditory nerve fibers.

The transformation of ribbon synapses during development is
required for correct acoustic formation (Raphael and Altschuler,
2003). Thus, the ribbon synapses in the cochlea should undergo
dramatic changes before the onset of hearing to meet the
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FIGURE 6 | LysoTracker Red detection and examination of co-localization between ribbon synapses and auditory nerve fibers. (A) The signals of LysoTracker Red
(red signals in round shape) were clearly observed at P1 and P7 (white arrows indicated); auditory nerve fibers were identified using anti-NF200 (green, corded).
Signals for LysoTracker Red almost disappeared at P14 and P28. Scale bar = 5 um. (B) Quantitative analysis of LysoTracker Red signals. The largest number of
signals was found at P7, and a significant loss of LysoTracker Red signals was observed at P14 and P28 (*p < 0.05; **p < 0.01). (C) Poor co-localization between
CtBP2-positive puncta and NF200-stained spots at P1: white frames (a,b) and enlarged images [(a’,b’) white arrows indicated] with the red and green signals
clearly separated. A significantly improved co-localization level between red and green signals can be found at P7, P14 and P28; see c and d (P7), e and f (P14), g
and h (P28), as well as their enlarged images [(c’-h’) respectively]. NF200, neurofilament 200.
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requirement of auditory development (Huang et al., 2007; Kros,
2007; Johnson et al., 2009; Roux et al., 2009). Our studies
revealed the timeline of ribbon synapses during development
and maturation, as well as the possible mechanism of synaptic
elimination and neural pruning. In consistent with quantitative
analysis of the synaptic number, the analysis of the size or
shape of synaptic spot is also an indicator of synaptic plasticity.
A previous study reported that ribbon synapse puncta are
T-shaped or table-shaped at P1 (Vollrath and Spiwoks-Becker,
1996). Our results were partially different from those of a
previous study because we found that the size of CtBP2 puncta
in postnatal mice is larger than that of mature mice. Huang
reported that CtBP2-positive puncta increased significantly in
the first week of postnatal life (Huang et al., 2012), consistent
with the data observed in this study. In our study, the maximum
number of pre-synaptic CtBP2-positive puncta appeared at
P7. Sending reported that the population of ribbon synapses
is dynamic, and the synaptic structure gradually matures
overtime (Sendin et al., 2007). Our data revealed consistent

evidence that immature ribbon synapses with no function are
excessively formed during the early stages of development.
However, the mechanisms underlying the quantitative changes
in ribbon synapses during synaptic development have remained
unclear (Sobkowicz et al., 1982; Friedman et al.,, 2000; Roux
et al, 2009). In this study, we proposed novel findings
that changes in the number of ribbon synapses are driven
by synaptic elimination and axon pruning, which may be
attributed to lysosome-mediated autophagy flux that activates the
onset of hearing.

During development, massive contacts between IHCs and
SGNs are eliminated because the afferent fibers are refined
or retracted, leading to a significant reduction in synapses
(Sobkowicz et al., 1982; Huang et al., 2012). In this study, we
found that the synaptic puncta increased robustly in both IHCs
and outer hair cells at P7; this fluctuating timeline for the
quantification and distribution of ribbon synapses is consistent
with the previous report (Liberman and Liberman, 2016). During
the development of the cochlea, the populations of type II SGNs
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FIGURE 7 | Examination of the number of auditory nerve fibers. (A) Auditory nerve fibers were traced using anti-NF200 (green), and a massive number of auditory
nerve fibers were seen at P1 and P7; a reduced number of auditory nerve fibers appeared at P14 and P28. Scale bar = 5 pm. (B) Compared with P1 and P7,

quantitative analysis showed a significant loss of auditory nerve fibers at P14 and P28 in the middle and basal turns (*p < 0.05) and no significant difference at the
apical turn (p > 0.05), suggesting that postsynaptic auditory nerve fibers also undergo significant pruning in the developing cochlea (**p < 0.001; ***p < 0.0001).

obviously decrease because of the apoptosis of the neurons
(Barclay et al., 2011).

In mice, hearing onset occurs around P12-14, with a
significant decrease in pre- and post-synaptic puncta during
this period. Before hearing onset, there is a large number of
round- or ovular-shaped immature cochlear ribbon synapses;
further, they are tethered with a few vesicles (Wong et al., 2014).
After the onset of hearing, the ribbon synapses begin to mature,
the ribbon shape is elliptical or rod-like, and each ribbon is
associated with a single afferent fiber. Such a structure may
be essential for the release of neuron transmitters (Nicol and
Walmsley, 2002; Yang et al., 2010). An additional experiment
demonstrated that maturation of the ribbon synapse is also
mediated by thyroid hormones, indicating that many factors are
involved in the process of synaptic elimination (Riisch et al.,
1998; Sendin et al., 2007). First, our data show a new mechanism
underlying ribbon synaptic elimination and axon pruning in
the cochlea through the robust cellular activity of lysosome-
mediated autophagy.

In this study, several markers identifying autophagy activity
were used to estimate the level of autophagy in the developing

cochlea. Among these markers, LC3B is the most widely used
indicator of autophagic activity (Barth et al., 2010; He et al,
2017). In addition, LAMP1 and LysoTracker were also used
to detect autophagy flux because these two markers can trace
lysosome-mediated autophagy (Aburto et al., 2012; Yuan et al.,
2015). Application of the three markers can provide convincing
evidence of autophagy activity, and in our study, all three
markers traced similar autophagy flux in the developing cochlea,
which strongly illustrates the refinement of ribbon synapses
and the pruning of postsynaptic neurofilaments during cochlear
development. Furthermore, treatment with 3-MA, an inhibitor
of autophagic flux (Rubinsztein et al., 2007; Aburto et al., 2012),
caused a significant increase in the number of ribbon synapses,
demonstrating that this synaptic effect is mediated via autophagy
in the cochlea. In this study, we found a significant reduction of
auditory neural fibers at P14&28 in response to the synaptic loss,
we hypothesis that it could be due to the decreased number of
synaptic signals, so that postsynaptic auditory nerve fibers are
unable to find sufficient targets to built up synaptic contacts.
Previous study has proposed that the level of autophagic activity
in the cochlea of maturated mice decreases significantly and
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is nearly undetectable (Xiong et al., 2020a), in this study, we
have found consistent results (data not shown), suggesting that
autophagy is a critical regulator in ribbon synapse maturation in
developing cochlea.

Our study found a relatively stable number of ribbon
synapses at P28. The stability of ribbon synapses could
indicate a strengthening of the synapses to meet the
increasing need for sound coding; the data is consistent
with previous reports (Shi et al, 2015; Yu et al, 2015).
However, there is a lack of functional evidence in this study;
for example, although we estimated the hearing function
of the mice, we did not detect functional alterations
in the level of IHCs corresponding to the activity of
lysosome-mediated autophagy. With the utilization of
combined approaches, including high-resolution optical
imaging, electrophysiological recording, and patch-clamp
electrophysiology, more detailed information on the mechanisms
will be revealed in the future.
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Mutations in the GJB2 gene encoding connexin26 (Cx26) protein are one of the most
common causes of hereditary deafhess. Previous studies have found that different
Cx26-null mouse models have severe hearing loss and deformity of the organ of Corti
(OC) as well as a reduction in microtubules in pillar cells (PCs). To explore the underlying
mechanism of OC deformity caused by Cx26 downregulation further, we established
Cx26 knockdown (KD) mouse models at postnatal days (P)0 and P8. The actin filaments
contained in the pillar cells of mice in the PO KD group were reduced by 54.85%
and vinculin was increased by 22%, while the outer hair cells (OHCs) showed normal
F-actin content. In the P8 KD group, PCs and OHCs of mice also showed almost
normal F-actin content. The G-actin/F-actin ratio increased by 38% in the PO KD
group. No significant change was found in the mRNA or protein expression level of
G-actin or the cadherin—catenin core complex in the PO KD group at P6. Moreover,
immunofluorescence showed that the intensity of LRRK2 was reduced by 97% in the
PO KD group at P6. Our results indicate that Cx26 is involved in the maturation of
the cytoskeleton during the development of the OC at the early postnatal stage. The
polymerization of G-actin into F-actin is prevented in Cx26 KD mice.

Keywords: connexin26, GJB2, hearing loss, cochlear development, f-actin

INTRODUCTION

Hearing loss is the most common congenital sensory disorder (Chan and Chang, 2014).
Approximately one-two out of every 1,000 newborns have hearing loss (Sun et al., 2009). The
genes encoding connexins are the most common genetic causes of congenital hereditary deafness
(Martinez et al., 2009). Six connexins form a hemichannel, and two hemichannels from a pair of
adjacent cells form a gap junction (Harris, 2001). Gap junctions are channels for material exchange
and communication between cells, which allow ions, microRNAs, second messengers, and small
molecules <1.5 kDa to pass through (Zhu et al,, 2015). In the inner ear of mammals, connexin26
(Cx26) encoded by the GJB2 gene is one of the most widely-distributed gap junction proteins
(Ahmad et al., 2003). Mutations in the GJB2 gene are the most common cause of human autosomal
hereditary hearing loss. However, the mechanism is still not completely clear.
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Mutations in GJB2 cause variable levels of congenital hearing
loss (Rabionet et al., 2000). Due to the difficulty in obtaining
human pathological specimens, the mechanism of GJB2 gene
mutation-induced deafness is mainly studied using the GJB2
gene knock-down mouse model (Qu et al,, 2012; Chang et al.,
2015; Chen et al., 2018a; Xie et al., 2019). We and others have
found the failure of the tunnel of Corti (TC) to open and the
disappearance of Nuel’s space (Ns) in Gjb2 KD mice (Chen
etal., 2018b). Abnormal development of the cytoskeleton in PCs
seems to be the main reason for the deformity of OC (Chen
et al., 2018b). Actin filaments and microtubules jointly form
a cytoskeletal network. Previous research has shown that the
stereocilia structure of hair cellis formed from actin filaments
which are composed of a mixture of B-actin and y-actin, and
mutations in the gene encoding actin can cause hereditary
deafness (Patrinostro et al., 2018). However, few researchers have
focused on the actin filaments of the inner ear supporting cells.

Mice with Cx26 KD before P4 suffer from severely impaired
hearing, with deformity of the OC and reduction of microtubules
in the pillar cells (Wang et al., 2009). In addition, Deiter’s
cells (DCs) are unable to develop into finger-like structures
(Chen et al., 2018b). However, the mice with knockdown of
Cx26 after P6 show normal hearing and the OC displays normal
architecture. Therefore developmental abnormality of OC might
be a better explanation for the hearing loss caused by Cx26 KD at
the early postnatal stage. To explore the underlying mechanism
of OC deformity caused by Cx26 downregulation further, we
established mice that knockdown Cx26 at PO and P8. We
analyzed the composition of actin filaments such as B-actin and
y-actin, main ingredients of the cadherin-catenin core complex
and molecules that are involved in the regulatory mechanism
of microfilament assembly in Cx26 KD mice. We found a
decrease in F-actin with an increase of vinculin and a reduction
of LRRK2 in PO knockdown mice. Abnormal development of
microfilaments may be involved in the mechanism of deafness
caused by Cx26 KD. In addition, reduction of LRRK2 may be the
cause of the reduction of F-actin in the PO KD group.

MATERIALS AND METHODS

Mouse Models
Cx26loxP/loxP mice and Rosa26CreER mice were provided
by Prof. Xi Lin at Emory University. Tamoxifen-inducible
Cx26loxP/loxP; Rosa26CreER mice were generated by
crossbreeding of the Cx26loxP/loxP mice with Rosa26CreER
mice. Mouse genotyping was performed by PCR amplification
of tail genomic DNA. The methods of breeding and genotyping
the mice are detailed in our previous article (Chen et al., 2018b).
The genotyping primers were as follows:

Cx26 (F): 5-ACAGAAATGTGTTGGTGATGG-3/,

Cx26 (R): 5-CTTTCCAATGCTGGTGGAGTG-3/,

Rosa26Cre (F): 5'-AGCTAAACATGC TTCATCGTCG
GTC-3,

Rosa26Cre (R): 5-TATC CAGGTTACGGATATAGTTCA
TG-3/,

In this experiment, to observe the expression pattern of Cx26,
a smaller dose of TMX (total dose 1.5 mg/10 g per day for

2 days) was administered to Cx26loxP/loxP; Rosa26CreER mice
at PO/P1(P0 KD Group) and P8/P9 (P8 KD Group), and cochlear
Cx26 was partly and randomly knocked out in different types of
cells of this group (the randomly Cx26-null group).

All mice were raised in a sterile constant temperature
environment at the specific-pathogen-free Experimental Animal
Centre of Huazhong University of Science and Technology.
All experimental work passed the ethical review of the animal
experiments and was conducted in accordance with the policies
of the Committee on Animal Research of Tongji Medical College,
Huazhong University of Science and Technology.

Auditory Brainstem Response

Auditory brainstem response (ABR) was examined at P20.
Mice were treated with combined anesthesia by intraperitoneal
injection with ketamine (120 mg/kg) and chlorpromazine
(20 mg/kg). Anaesthetised mice were then placed on an electric
blanket to maintain body temperature at 37-38°C. Thresholds
evoked by tone bursts of 8, 16, 24, 32, and 40 kHz were generated
and responses were recorded using a Tucker-Davis Technologies
system (RZ6, Tucker-Davis Tech., Alachua, FL, USA). If any mice
suffered from severe hearing loss, the ABR test in the intensity
range of 50-90 dB SPL was used. The lowest sound level that
could be recognized was considered to be the auditory threshold.

Transmission Electron Microscopy (TEM)
This process has been described in detail in previous studies
(Chen et al., 2018b). After the animals were euthanized, a hole
was excavated using tweezers at the apex cochleae and then
the cochleae were soaked in a mixture of 2% paraformaldehyde
and 2.5% glutaraldehyde in 0.1 M phosphate-buffered saline
(PBS). The cochleae were decalcified for 48 h in 10% disodium
EDTA (pH 7.2). Next, the sample was soaked in 1% osmium
tetroxide. After dehydration, the sample was embedded in resin
and sectioned, and the ultrathin sections were stained with uranyl
acetate and lead citrate. Electron microscopy examination (FEI
Tecnai G2 20 TWIN; Hillsboro, OR, USA) was used to observe
the ultrathin sections. The OC was magnified x420 and images
were captured for examination.

Western Blot

After the animals were euthanized, the membranous labyrinths
of the cochleae were dissected carefully in ice-cold 1% PBS.
Two membranous labyrinthine tissues from each mouse’s left
and right cochleae were combined to generate one sample.
During the dissection, the tube containing the tissue was
placed on ice. For cochlear explants, each of two basement
membranes was considered to constitute a sample. Membranous
labyrinths and cochlear explants were lysed with cold RIPA lysis
buffer containing 1% PMSF. A BCA protein quantification kit
(Beyotime Biotechnology, Jiangsu, China; P0010) was used to
measure the protein concentration. Equal amounts of protein
(5 ng) were separated by gel electrophoresis on a 12% sodium
dodecyl sulfate (SDS) polyacrylamide gel, then electroblotted
onto a polyvinylidene difluoride (PVDF) membrane. Proteins
were then detected using the following antibodies: anti-GAPDH
rabbit monoclonal antibody (ANT324; Antgene, Biotechnology
Company Ltd, Wuhan, China); anti-B-actin rabbit polyclonal
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antibody (ANT322, Antgene); anti-gamma-actin rabbit
polyclonal antibody (11227-1-AP; Proteintech, Rosemont,
IL, USA); anti-Cx26 rabbit polyclonal antibody (71-0500;
Invitrogen, Carlsbad, CA, USA); anti-H3 histone rabbit antibody
(A2348; ABclonal, Woburn, MA, USA); anti-a-catenin rabbit
antibody (A19004, ABclonal); anti-LRRK2 rabbit polyclonal
antibody (A17253, ABclonal); anti-RHOA rabbit antibody
(A17253, ABclonal); anti-Arp2 rabbit antibody (A5734,
ABclonal); anti-Arp3 rabbit antibody (A1046, ABclonal);
anti-Vinculin rabbit antibody (A14193, ABclonal); anti-f-
catenin rabbit antibody (YT0676, Immunoway, Plano, TX,
USA); anti-p120-ctn rabbit antibody (12180-1-AP, Proteintech);
anti-a-catenin rabbit antibody (YT0676, Immunoway); the
dilution ratio of all solutions containing primary antibodies
was 1:1,000. Briefly, GAPDH and histone H3 were used as the
reference proteins in line with the manufacturer’s instructions.
A SuperSignal West Dura chemiluminescent substrate kit was
used to detect the complexes according to the manufacturer’s
instructions. The western blots were semi-quantified using
Image J (NIH, Bethesda, MD, USA) to measure the intensities of
the bands.

RNA Preparation and Real-Time
Quantitative Polymerase Chain Reaction
(RT-qPCR)
The procedure used for RT-qPCR was as described in a previous
article (Xu et al., 2021). RT-qPCR was performed to determine
the transcriptional expression level of the following genes: Gjb2,
Actal, Acta2, Actb, Actgl, Actg2, Actcl, Cdhl (E-cadherin),
Ctnnal (a-catenin), Ctnnbl (B-catenin), and Ctnndl (p120-ctn).
After the animals were euthanized, the membranous labyrinths
of the cochleae were dissected carefully on ice. The membranous
labyrinthine tissues from each mouse’s left and right cochleae
were used to generate one sample. There were six biological
replicates for each experimental condition. Total RNA was
extracted from the collected tissues using an RNAprep Pure
Tissue Kit (Tiangen Biotech Co. Ltd., Beijing, China) and
was reverse transcribed using a PrimeScript RT Reagent Kit
with gDNA eraser (Takara Bio Inc., Shiga, Japan). Real-time
PCR was performed in a LightCycler 480 instrument (Roche,
Basel, Switzerland). Analysis of relative gene expression data
between sample groups was performed according to the standard
2-AACP method. The following primers were used for RT-
qPCR:

Gjb2 (F): 5'- CTCGGGGGTGTCAACAAACA-3,

Gjb2 (R): 5'- CACGAGGATCATGATGCGGA-3,

Actal (F): 5'- GAGCGTGGCTATTCCTTCGT-3,

Actal (R): 5'- GAAACGCTCATTGCCGATGG-3/,

Acta2 (F): 5'- GTACCACCATGTACCCAGGC-3/,

Acta2 (R): 5'- GCTGGAAGGTAGACAGCGAA-3,

Actg2 (F): 5’-ACAGAAATGTGTTGGTGATGG-3,

Actg2 (R): 5'- TCTTCTGGTGCTACTCGAAGC-3/,

Actgl (F): 5'- GAGCAAGAAATGGCTACTGCTG-3/,

Actgl (R): 5'- AGCAATGCCTGGGTACATGG-3/,

Actb (F): 5'- GCGGGCGACGATGCT-3,

Actb (R): 5'- GCCACAGGATTCCATACCCA-3/,

Actel (F): 5- AAACTGTGTTACGTCGCCCT-3,
Actel (R): 5'- GGGCCTGCCTCATCATACTC-3,
Gapdh (F): 5- GAAGGTCGGTGTGAACGGAT-3/,
Gapdh (R): 5'- CTCGCTCCTGGAAGATGGTG-3,
Ctnnbl1 (F): 5- ATGGAGCCGGACAGAAAAGC-3/,
Ctnnb1 (R): 5- TGGGAGGTGTCAACATCTTCTT-3/,
Ctnnal (F): 5- GTCCACGCAGGCAACATAAAC-3/,
Ctnnal (R): 5'- CTGTGTAACAAGAGGCTCCAAC -3/,
Ctnnd1 (F): 5'- GTGGAAACCTACACCGAGGAG -3/,
Ctnndl (R): 5-CTTTCCAATGCTGGTGGAGTG-3,
Cdh1 (F): 5-AACCCAAGCACGTATCAGGG-3,
Cdh1 (R): 5-ACTGCTGGTCAGGATCGTTG-3,

Immunofluorescence Staining

After the animals were euthanized, the cochleae were
carefully dissected from the temporal bones and fixed in 4%
paraformaldehyde in 0.01 M PBS at room temperature for 2 h.
The apical basement membranes were dissected in 0.01 M PBS.
The tissues were incubated in a blocking solution (10% donkey
serum with 0.1% Triton X-100) for 1 h at room temperature, and
then placed in antibody solution (diluted in 1% BSA in PBST)
and incubated overnight at 4°C. The next day, the tissue was
placed on a shaker at room temperature for 1 h, then washed
four times with 0.01 M PBS for 10 min each time. Samples were
then incubated for 2 h at room temperature in 0.01 M PBS
containing the secondary antibody. After repeating the washing
step, DAPI (4’,6-diamidino-2-phenylindole dihydrochloride)
and phalloidin were dripped onto the tissue before covering
with a coverslip and incubating for 2 h in the dark at room
temperature. The following antibodies and reagents were used
for immunofluorescence staining in this study: anti-Cx26 mouse
polyclonal antibody (1:300, 131800, Invitrogen), LRRK2 (1:200,
A0859, ABclonal), Alexa Fluor 647 donkey anti-rabbit IgG
(1:200, ANTO032S, Antgene), or Alexa Fluor 568 goat anti-Mouse
IgG (1:200, RS3508, Immunoway). DAPI (C1005; Beyotime
Biotechnology) and phalloidin (40736ES75; Yeasen, Shanghai,
China) were used for nuclear and F-actin staining, respectively.
Images were obtained with a laser scanning confocal microscope
(Nikon, Tokyo, Japan).

G-Actin/F-Actin Ratio Measurement

A G-Actin/F-actin in vivo Assay Biochem Kit (Cytoskeleton
Inc., Denver, CO, USA; BK037) was used to evaluate the G-
Actin/F-actin ratio of the cochlea. G-actin and F-actin proteins
were separated according to the instructions. In brief, the
membranous labyrinths of the cochleae were dissected in 0.01 M
PBS. Tissues were frozen in liquid nitrogen and ground into a
powder. LAS2 buffer (1 ml per 0.1 g of tissue) was added to
the sample, then F-actin Enhancing Solution was added to the
sample at a volume ratio of 1:100. The tissue was lysed in the
mixed solution for 10 min at 37°C, then the lysate was placed in
a centrifuge and centrifuged at 2,000 rpm for 5 min to remove
impurities after lysis. The supernatants were then pipetted
into clearly-labeled ultracentrifuge tubes, and centrifuged at
100,000x g, 37°C for 1 h. The supernatant, which contained G-
actin, was separated and the F-actin depolymerization buffer was
added to the precipitate. The sample was placed on ice for 1 h,
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inverting the sample every 15 min, to obtain the G-actin solution
produced by the depolymerization of F-actin. Finally, 5x SDS
sample buffer was added to each tube, and western blotting was
used to evaluate the G-actin/F-actin ratio.

Data Analysis

All data are presented as means + SE and plotted using
GraphPad Prism (Version 8.0.1, GraphPad Software Inc., La
Jolla, CA, USA). Student’s t-tests or correlation analyses were
performed in SPSS software (Version 19, IBM SPSS Statistics,
IBM Corp., Armonk, NY, USA), and p < 0.05 was considered
to be statistically significant.

RESULTS

Hearing Loss and Deformity of the Organ
of Corti Were Observed in Mice Only When
Gjb2 Was Knockdown at the Early

Postnatal Stage

The hearing of mice gradually matures and stabilizes at P16-P18.
During the development of the OC, the height of the OC
increases and opens with the formation of the TC (Chen et al.,
2014). In order to observe the effects of Cx26 knowdown at
different stages on the hearing and the morphology of the
OC in mice, auditory brainstem response (ABR) measurements
and morphological observations were performed on P20 mice
injected with tamoxifen (TMX) at PO and P8. Consistent with
previous reports, mice in the PO KD group (n = 6) showed severe
hearing loss at the frequency of detection. The ABR thresholds
evoked by click stimulations in the PO KD group (n = 6) remained
above 90 dB sound pressure level (SPL) and thresholds evoked
by tone-bursts across a range of frequencies (4 K, 8K, 16 K, 32 K,
40 K) were up to at least 85 dB SPL (Figures 1A,B,E). Meanwhile,
the ABR thresholds evoked by click stimulations in the P8 KD
group (n = 6) were almost 15 & 3.43 dB SPL (Figures 1C,D), and
thresholds evoked by tone-bursts across a range of frequencies
(4K,8K,16K, 32K, 40 K) were 33 £ 3.72, 19 £ 1.86, 19 - 4.48,
32 £ 533, and 41 + 4.78 dB SPL (Figure 1F). This shows
that there was no significant difference in hearing between the
Cx26 P8 KD group and the control group. Deformity of the OC
was observed only in the PO KD group by electron microscopy
(Figures 2A-D).

F-Actin Decreased by 54.85% in PCs of the
PO KD Group

Actin filaments, also known as F-actin, constitute an important
part of the cytoskeleton. The actin cytoskeleton within a cell
is necessary for the maintenance of cell shape, cell motility,
and intracellular transport. A mixture of B-actin and y-actin
filaments formed stereocilia of hair cells and previously we have
reported that the formation of the OC might be in association
with the cytoskeleton in pillar cells (Dominguez and Holmes,
2011). The classic research method is to label the microfilament
skeleton with fluorescently-labeled phalloidin (Prentki et al.,
1979). No Cx26 expression was detected in inner pillar cells
(IPCs) or outer pillar cells (OPCs) either in the PO KD group

or the P8 KD group (Figures 3A-D). The fluorescence intensity
of phalloidin-labeled F-actin in the PO KD group was reduced
by 54.85% at P7 compared with the control group in both
OPCs and IPCs (Figures 3E,EN). In contrast, the P8 KD group
showed no significant difference in the fluorescence intensity
of phalloidin-labeled actin filaments at P15 (Figures 3G,H,P).
However, no significant difference in F-actin staining of hair cells
was observed between the PO KD group and the P8 KD group
(Figures 31-M,0).

The Ratio of G-Actin/F-Actin Increased in
the PO KD Group

F-actin is formed by polymerization of G-actin (Rottner et al,,
2017). In order to perform these functions, the F-actin network
must assemble and depolymerize at the right time and place.
To verify whether the assembly process of F-actin is disturbed,
we analyzed the G-actin/F-actin ratio in the PO KD group.
Compared with the control group, the ratio of G-actin/F-actin
increased by 38% in the PO KD group (Figures 5A,B). This
result suggests that there may be interference in the process of
assembly of G-actin into F-actin or depolymerization of F-actin
into G-actin caused by Cx26 KD at the early postnatal stage.

No Change Was Found in the mRNA or

Protein Expression Level of G-Actin

The actin family includes o-actin, B-actin, and vy-actin
(Dominguez and Holmes, 2011). In non-muscle tissues,
F-actin is mainly composed of y-actin and B-actin, which are
encoded by ACTG and ACTB genes (Pollard and Cooper,
2009). In order to detect the effect of Cx26 KD on the
transcription level of the gene encoding G-actin, we used
Quantitative Real-time PCR (QPCR) to analyze the mRNA
expression level of Actgl, Actg2, Actb, Actal, Acta2, and
Actcl in the PO KD group at P7. Compared with the control
group, there was no significant difference in the mRNA
levels of Actgl, Actg2, Actal, Acta2, or Actb (Figures 4A-E).
However, we detected the mRNA transcript of Actcl in only
a few specimens. We speculate that actcl might be expressed
in spiral ganglion instead of the OC and samples may be
accidentally contaminated with other tissues during anatomical
sampling. Similarly, we measured the protein expression level
of G-actin with H3 and Gpadh as internal reference proteins.
The result showed that there were no significant differences
between the protein expression levels of B-actin and y-actin
(Figures 5D-I).

No Changes Were Found in the mRNA and
Protein Expression Levels of the

Cadherin-Catenin Core Complex

The actin cytoskeleton is linked to the cadherin complex on
the cell membrane (Figure 4J; Gloushankova et al., 2017).
E-cadherin directly interacts with its two cytoplasmic binding
partners pl20ctn and P-catenin, and P-catenin interacts
with a-catenin. Meanwhile, a-catenin interacts directly with
F-actin, thereby linking E-cadherin to the junctional actin
(Brieher and Yap, 2013). To investigate whether Cx26 KD
affects the cadherin-catenin core complex, we analyzed
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FIGURE 1 | Mice that Cx26 were knockdown at PO have severely impaired hearing. Auditory thresholds (n = 6 in each group) evoked by click (A-E) or tone-bursts
(F) were measured in the PO control, PO KD, P8 control, and P8 KD groups. All ABR tests were performed at P20.

mRNA and protein expression levels of the
of the cadherin complex such as E-cadherin,
catenin, and P-catenin in the PO KD group
QPCR results showed that, compared with

components
p120ctn, a-
at P7. The
the control

group, there were no significant differences in the mRNA
expression level of E-cadherin, a-catenin, P-catenin, or
pl20-catenin (Figures 4A-E). Western blot results show
that in comparison with the corresponding control groups,
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Corti; NS, Nuel’s space.

FIGURE 2 | Deformity of OC was only observed in PO KD Group. A full view of the OC sections obtained from the PO control (A), PO KD groups (B), P8 control (C),
and P8 KD (D). Scale bar: ~10 um (A-D). DC, Deiter’s cells; IHC, inner hair cells; OHC, outer hair cells; IPC, inner pillar cells; OPC, outer pillar cells; TC, tunnel of

Cx26 is significantly downregulated (Figures 5C,D), while
there is no significant difference in the protein expression
level of E-cadherin, pl120-cadherin, o-catenin or B-catenin
(Figures 6A-G).

Vinculin Increased in PCs of the PO KD
Group

Cytoskeleton assembly is regulated in a complex manner within
the cell. There are many actin-binding proteins which play
important roles in maintaining actin cytoskeleton stability.

Vinculin enables mechanical coupling between the actin
cytoskeleton and the extracellular matrix (Kelley et al., 2020).
Changes in the expression level of vinculin have been found
to reshape actin filaments or regulate their assembly (Kelley
et al,, 2020). In order to investigate the mechanism of action
of Cx26 KD on actin filaments, we analyzed the protein
expression levels of vinculin, Arp2, Arp3, and RHOA. Compared
with the control group, there were no significant differences
in the protein expression levels of Arp2, Arp3, or RHOA
(Figures 7A-F). However, compared with the control group,
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the content of vinculin in the PO KD group increased by LRRK Decreased in PCs of the PO KD
22% (Figure 7A). This suggests that vinculin may be involved  Group

in the development of actin filaments in the OC caused by  previous studies have reported that LRRK2 regulates the
Cx26 KD. microfilament cytoskeleton, and its loss causes a decrease
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in the F-actin content in neuronal filopodia (Caesar et al.,
2015; Yan et al, 2020). One of the mechanisms by which
LRRK2 regulates the actin cytoskeleton is its interaction
with the small GTPases CDC42 and Racl, both of which

are key factors for regulating actin filaments. In order to
investigate the mechanism underlying the effect of Cx26 KD
on actin filaments, we analyzed the protein expression level
of LRRK2. Compared with the control group, the fluorescence
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intensity of LRRK2 in the PO KD group was reduced by
97%. This suggests that LRRK2 may be involved in the
abnormal development of actin filaments in the OC caused by
Cx26 KD.

DISCUSSION

Deformity of the OC May Be an Important
Reason for Congenital Gjb2-Related

Hearing Loss

In previous studies, it was found that several strains of transgenic
mouse models with reduced cochlear Cx26 suffered from
serious hearing loss, accompanied by cochlear developmental
disorders, loss of hair cells, decreased intracochlear potential,
and the reduction of active cochlear amplification (Griffith
et al, 2006; Zhao and Yu, 2006; Kibschull et al., 2008).
Pathological phenomena of abnormal development, such as
failure of the TC to open and disappearance of Nuel’s
space have also been observed in some human cases (Wang
et al, 2009). Circulatory disturbance of potassium ions
was considered to be the main mechanism of deafness in

Cx26-null mice. These studies and our previous study have
shown that knockdown Gjb2 in the early stage can cause
severe hearing loss (Figures 1A,B) in mice and abnormal
morphology of the OC (Figures 2A,B), while loss of Cx26 in
late inner ear development (P8) does not cause deformity
of the OC (Figures 2C,D) or hearing loss (Figures 1A,B;
Chen et al, 2018b). Therefore, deformity of the OC may
be a particularly important reason for congenital Gjb2-related
hearing loss.

Cytoskeleton Development Disorder Due

to Gjb2 KD Contributes to OC Deformity

IPCs and OPCs together build the structure and shape of the
TC. Our previous study suggested that deletion of the Gjb2 gene
in the early postnatal period causes microtubule abnormalities,
which may be one of the mechanisms underlying the OC
deformity of Gjb2-related hearing loss (Chen et al., 2018b). Actin
filaments also play an important role in a variety of important
life activities such as cell growth, deformation, and migration.
In this experiment, we observed a significant decrease in the
F-actin content of PCs and DCs in the PO KD group at P6,
while there was no significant difference in F-actin in the P8 KD
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group (Figures 3E-H,N,P, Figure 8). We tested the ratio of
G-actin/F-actin, and the results showed that the ratio of G-
actin/F-actin increased by 38% in the PO KD group (Figure 5A).
These results suggest that knockdown Cx26 in the early postnatal
period will also cause abnormal development of actin filaments.
The disordered cytoskeleton of PCs (both microtubule and
microfilament) was essential for OC molding. Since OHCs do
not express Cx26, Cx26 KD that occurs in PCs may not affect
the actin cytoskeleton of hair cells.

Reduction of LRRK2 Due to Gjb2 KD May
Be the Reason for Cytoskeleton

Development Disorder

In order to identify the cause of the disordered microfilament
network, we analyzed the mRNA and protein levels of
G-actin (Figures 4A-E, 5D-I) and actin-binding proteins

(Figures 4F-1, 6, 7, 8) in the PO KD group. The results
showed that neither the mRNA level nor the protein level
of B-actin and y-actin has changed. In addition, the protein
levels of the components of the cadherin complex connected
to the microfilament network on the cell membrane, such
as E-cadherin, a-catenin, B-catenin, and pl20-catenin, were
not changed (Griffith et al., 2006). Furthermore, we tried
to detect some molecules that regulate F-actin network
assembly. Our research showed that the Arp2/3 complex
played an important role in F-actin assembly and nucleation
(Figures 7A-F; Tang and Brieher, 2012). However, there
were no significant changes in the protein level of Arp2 or
Arp3.

We observed that vinculin increased by 22% in the PO KD
group. Vinculin is a cytoplasmic actin-binding protein, which
directly binds to actin, stimulating actin polymerization and
recruiting actin remodeling proteins (Bays and DeMali, 2017).
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Vinculin binds actin filaments to grow focal adhesions and
regulates actin dynamics, and studies have shown that the
tail domain of vinculin inhibits the extension of the F-actin
barbed ends (Le Clainche et al., 2010). Vinculin stimulates the
formation of new F-actin bundles in cells (Kovacs et al., 2011).
Thus the increase of vinculin may be the cells’ response to

abnormal skeletal development, to compensate by increasing the
generation of new actin filaments.

We observed that LRRK2 in the PO KD group was
reduced by 97% (Figure 8). In previous studies of
Parkinson’s disease, LRRK2 was found to be associated
with changes in the cytoskeleton (Russo et al, 2014;
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Harvey and Outeiro, 2019). Under the stoichiometric conditions
tested in vitro, Lrrk2 decreased the number of polymerized
actin filaments, thus affecting the G-actin/F-actin ratio in favor
of the monomer. Depletion of Lrrk2 in NIH3T3 cells leads to
significant morphological alterations, which suggests that the
cytoskeleton of NIH3T3 cells is affected (Meixner et al., 2011).
In another study, up-regulation of LRRK2 caused by VIP was
found to significantly reduce the F-/G-actin ratio (Niu et al,
2012). Thus the reduction of LRRK2 due to Gjb2 KD may
be the underlying reason for the cytoskeleton development
disorder. A large part of LRRK2 research has involved the
study of its interactions with small GTPases. The Rho-family of
small GTPases is known as the master regulators of the actin
cytoskeleton (Yan et al., 2020). The majority of previous studies
were focused on RhoA, Racl, and Cdc42. LRRK2 has been
shown to bind RAC1, which increases the interaction of racl and
p21-activated kinase and enhances racl activity, resulting in the
regulation of actin cytoskeleton dynamics.

We observed reduced numbers of actin filaments in the
malformed OC in Cx26 KD mice. We believe that the disordered
development of the cytoskeleton composed of actin filaments and
microtubules is the major reason for deformity of the OC.
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The hair cells of the cochlea play a decisive role in the process of hearing damage and
recovery, yet knowledge of their regeneration process is still limited. Greater epithelial
ridge (GER) cells, a type of cell present during cochlear development that has the
characteristics of a precursor sensory cell, disappear at the time of maturation of hearing
development. Its development and evolution remain mysterious for many years. Here,
we performed single-cell RNA sequencing to profile the gene expression landscapes
of rats’ cochlear basal membrane from P1, P7, and P14 and identified eight major
subtypes of GER cells. Furthermore, single-cell trajectory analysis for GER cells and hair
cells indicated that among the different subtypes of GER, four subtypes had transient
cell proliferation after birth and could transdifferentiate into inner and outer hair cells,
and two of them mainly transdifferentiated into inner hair cells. The other two subtypes
eventually transdifferentiate into outer hair cells. Our study lays the groundwork for
elucidating the mechanisms of the key regulatory genes and signaling pathways in the
trans-differentiation of GER cell subtypes into hair cells and provides potential clues to
understand hair cell regeneration.

Keywords: sc-RNA sequencing, pseudo-temporal analysis, cochlear basal membrane, greater epithelial ridge
cells, hair cells

INTRODUCTION

In the mammalian auditory system, irreversible damage to cochlear hair cells can be caused by
noise stimulation, aging, ototoxic drugs, infections, hereditary susceptibility, and autoimmune
diseases, resulting in permanent sensorineural deafness (Wagner and Shin, 2019). Studies have
shown that in lower vertebrates, hair cells can regenerate after damage (Cruz et al., 1987), but
hair cell regeneration has not been achieved in the mature mammalian cochlea (Brigande and
Heller, 2009). The damage and loss of cochlear hair cells are still an important cause of mammalian
auditory injury.
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The Corti’s organ is composed of a certain number of sensory
hair cells and supporting cells arranged in a highly ordered
manner into a precise chimeric structure (Lim, 1986). The hair
cells are located on the basal membrane of the Corti’s organ
and are closely connected to the non-sensory epithelial cells,
which are the main components of the auditory pathway. Hair
cells are divided into inner and outer hair cells. Supporting cells
are composed of several different types, including inner and
outer pillar cells, Deiters cells, Hensen cells, Claudius cells, inner
phalangeal cells, and inner border cells. The heads of the inner
and outer pillar cells are articulated, and the bases are separated
to form a triangular spiral tunnel. Inside the tunnel, there is a
single row of inner hair cells on the inner phalangeal cells inside
the inner pillar cells. Between the inner phalangeal cells and the
inner hair cell is the inner border cell, and its inner side is the
inner sulcus. The bottom cell of the inner sulcus has a single layer
of cubic epithelium, which is the inner sulcus cell, which comes
from the greater epithelial ridge (GER) (Lim and Anniko, 1985).

Histological studies revealed that progenitor cells of the
rodent cochlear epithelium develop from the auditory vesicles at
embryonic day (E) 11.5, and subsequently proliferate and expand
into medial GER and lateral lesser epithelial ridge (LER). From
about E15 to birth, GER and LER gradually differentiate into hair
cells and supporting cells of the primitive Corti’s organ (Driver
and Kelley, 2020). Zheng and Gao (2000) transfected a mathl-
expressing plasmid into the cochlea of newborn rats and found
that myosin VIIa (a specific marker of hair cells) and peanut
agglutinin-labeled hair cells were produced in the GER region.
The origin of these ectopic hair cells is thought to be columnar
epithelial cells located in GER.

Greater epithelial ridge normally exists in the late embryonic
and early postnatal stages and is located around the inner hair
cells, which is one of the signs of immature cochlear morphology
(Hinojosa, 1977). After birth, the cell structure rearranges, the
number of cells decreases, and the cells degenerate and disappear
to become internal sulcus cells around 10-12 days, and eventually
form the inner sulcus, at which point the auditory development
of cochlea is mature (Kelley, 2007; Dayaratne et al., 2014). The
emergence of ectopic hair cells is a surprising discovery since the
precursor cells of hair cells were previously thought to originate
from the sensory epithelium, but the columnar epithelial cells
in GER are located outside of the sensory epithelium, so the
researchers considered that GER cells were likely to be the
precursor cell pool for hair cell regeneration in the cochlea
(Zine et al., 2001). At the same time, a study using adenoviral
vectors to transfect genes into the cochlea of mature guinea
pigs showed that immature hair cells were generated in the area
where GER was located and connected to auditory neurons,
further demonstrating that GER was probably a precursor cell for
cochlear hair cells (Kawamoto et al., 2003). In addition, organoid
developmental regeneration studies showed that different types
of non-sensory epithelial cells had the potential for organoid
regeneration and development and that organoids derived from
GER cells contained cells positive for hair cell markers, suggesting
that GER cells had the characteristics of precursor sensory cells
after mitosis (Kubota et al., 2021).

Single-cell transcriptome sequencing technology has shown
that there are different cell subtypes within the GER region,

and different cell subtypes have heterogeneity of gene expression
and diversity of biological functions (Kolla et al., 2020; Chen
et al, 2021). At present, which GER subtype may transform
into inner hair cells and which GER subtype may transform
into outer hair cells has not been reported in the literature.
In this study, we investigated the differentiation trajectories
of different subtypes of GER by single-cell trajectory analysis.
The results showed that among the different subtypes of GER,
four subtypes had transient cell proliferation after birth and
could transdifferentiate into inner and outer hair cells, and
two of them mainly transdifferentiated into inner hair cells.
The other two subtypes eventually transdifferentiate into outer
hair cells. In this study, we revealed the key regulatory genes
and signaling pathways in the trans-differentiation of GER cell
subtypes into hair cells, providing new ideas for the study of the
influencing factors and mechanisms of hair cell differentiation
and regeneration.

MATERIALS AND METHODS

Tissue Preparation

Female and/or male Sprague-Dawley (SD) rats were selected
for this study, which was purchased from Shanghai SIPPR-BK
Laboratory Animal Co. In this study, The P1 means the first
postnatal day, the P7 day refers to the seventh day after birth,
and P14 is the fourteenth postnatal day. Forty SD rats were
randomly selected for each period. The animal experiments
were performed following the ethical requirements approved by
the Animal Care and Use Committee of Shanghai Jiao Tong
University School of Medicine. To obtain fresh cochlear basal
membrane tissue, the approved guillotine method was used.
Cochlear basal membrane tissue was isolated from the temporal
bone using a microdissection technique in cold RNase-free
Hank’s Balanced Salt Solution (HBSS), and the ear capsule was
carefully transferred to a tray containing 0.01 M cold phosphate-
buffered sodium saline (PBS, pH 7.35, GIBCO, Invitrogen Inc.,
Carlsbad, CA, United States). The spiral ganglia, spiral ligaments,
and vascular striae were carefully separated from the cochlear
basal membrane, and the isolated cochlear basal membrane was
washed twice with PBS without potassium and magnesium.

Preparation of Single-Cell Suspensions

Cochlear basal membrane tissues were removed ex vivo and
placed in pre-chilled sterile PBS (calcium-free and magnesium-
free) solution, then washed and cut into 0.5 mm? pieces. The
tissue was dissociated into single cells using a dissociation
solution (0.35% collagenase IV5, 2 mg/ml papain, 120 units/ml
DNase I) in a 37°C water bath, and digestion was terminated
with PBS containing 10% fetal bovine serum. The acquired
cell suspension was filtered through a 70-30 um filter and
centrifuged for 5 min (4°C, 300 g). The cell precipitate was
resuspended in 100 ul of PBS (0.04% BSA) and 1 ml of erythrocyte
lysis buffer (MACS 130-094-183) was added and the remaining
erythrocytes were lysed by incubation at room temperature for
10 min. After centrifugation again, the precipitate is suspended
in 100 pwl of Dead Cell Removal Microbeads (MACS 130-
090-101) and the dead cells are removed using the Miltenyi®
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Dead Cell Removal Kit (MACS 130-090-101). The cells were
suspended in PBS (0.04% BSA) after repeated centrifugation and
resuspension twice.

Cell viability was checked by trypan blue assay to ensure it
was above 85%, single-cell suspensions were counted using a
hematocrit plate and the concentration was adjusted to 700-
1200 cells/pl.

Chromium 10x Genomics Library and

Sequencing

Single-cell suspensions were loaded into 10x Chromium
according to kit instructions to capture 5000 single cells, followed
by ¢DNA amplification and library construction according
to standard procedures. Sequencing was performed using an
Ilumina NovaSeq 6000 sequencing system (paired-end multiplex
run, 150 bp) by LC-Bio Technology Co. Ltd. (Hangzhou, China)
with a minimum depth of 20,000 reads per cell.

Bioinformatics Analysis of scRNA-Seq
Data

Mlumina bcl2fastq software was used to demultiplex and
convert sequencing results to FASTQ data format. Sample
demultiplexing, barcode processing and single-cell 3/ gene
counting by using the Cell Ranger pipeline’ and sc-RNA-
seq data were aligned to Rattus norvegicus reference genome
(Source: Rattus norvegicus UCSC; version: rn6), Single-cells
were processed using 10x Genomics Chromium Single Cell 37
Solution was used to process the captured single cell (Baslan
et al, 2012; Shapiro et al., 2013; Huang et al., 2018). The
Cell Ranger output was loaded into Seurat (version 3.1.1) to
be used for dimensional reduction, clustering, and analysis of
scRNA-sequencing data. A total of 34,927 cells, in the end,
passed quality control: all genes expressed in less than 1 cell
were removed, the number of genes expressed per cell >500
as low and <5000 as high cut-off, UMI counts <500, and
the percentage of mitochondria-DNA-derived genes expressed
was <25%. The percent of mitochondrial-DNA-derived gene-
expression <25%.

Identification of the Major Cell Types and
Their Subtypes

We used Seurat software to reduce the dimensionality of all
34,927 cells to visualize them and projected them into two
dimensions using the t-SNE method (Satija et al., 2015), with
the following steps briefly described: (1) Calculation of gene
expression values using the LogNormalize method in Seurat
software; (2) Dimensionality reduction of data was performed
by using PCA (Principal component analysis) based on the
first 2000 highest variable genes. Within all the PCs, the top
10 PCs were used to do clustering and t-SNE analysis; (3)
To find clusters, the Seurat Find Clusters function is used to
divide all cells into different cell populations with a resolution of
0.8, and clustering results were visualized by using t-distributed

Uhttps://support.10xgenomics.com/single-cell- gene- expression/software/
pipelines/latest/what-is-cell-ranger, version 3.1.0.

Stochastic Neighbor Embedding (tSNE); (4) Marker genes for
each cluster were identified with the Wilcoxon rank-sum test
with default parameters via the FindAllMarkers function in
Seurat.

Trajectory and Pseudotime Analysis

CellTrails and Monocle 2> (Trapnell et al, 2014) software
were used to perform trajectory and pseudotime analysis. We
first identified genes that changed over time using a previous
study (Yee, 2004) and then performed a likelihood ratio test
analysis of differential genes using the differential gene test
function to identify significant genes with FDR less than
0.05. Finally, the genes were clustered into groups using the
pam function in the cluster R package, and cell sorting and
trajectory construction were performed on these genes in an
unsupervised manner.

Trajectory Gene Dynamics and

Differential Gene Expression

To identify genes whose expression is significantly altered
during cochlear development, we took advantage of the fit
Dynamic function in CellTrails. We extracted the developmental
trajectory of each cluster from the branching trajectory map
and calculated the association of gene expression using the
R mgcv package.’ The derived gene sets were then further
characterized by the AnimalTFDB 3.0 database containing
1,636 transcription factors (Hu et al.,, 2019). Finally, dynamic
differences in expression between genes were determined
using the contrastTrailExpr function. The root means square
deviation (RMSD) was used to estimate the difference between
trail expressions.

Cell State Identification

The CellTrails package* uses spectral embedding and hierarchical
clustering methods to identify the state of cell clusters (Ellwanger
et al, 2018) and to infer the topology of developmental
trajectories. The approach first identifies the most obvious
variable genes using the method of M3Drop® and then
identifies scRNA-Seq datasets using the Michaelis-Menten
model (Andrews and Hemberg, 2019). M3Drop identifies
differentially expressed genes at 5% FDR and clusters were
visualized in a force-based layout, based on log ratios of high-
weight paths between clusters. According to the principle of
FDR less than 1%, the Wilcoxon rank-sum test was used
to identify differentially expressed genes or marker genes
among cell clusters.

Pathway Enrichment Analysis

Gene Ontology (GO) enrichment analysis was performed using
the GO package (Brionne et al,, 2019) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
was performed using Ingenuity Pathway Analysis (IPA)

Zhttp://cole-trapnell-lab.github.io/monocle- release/docs/, version 2.8.0.
Shttps://doi.org/10.1201/9781315370279
*https://doi.org/10.18129/B9.bioc.Cell Trails, v1.4.0.
“https://doi.org/10.18129/B9.bioc.M3Drop, v1.12.0.
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(Krdamer et al., 2014) to examine enrichment in clusters
processes. Both analyses allow us to determine which GO
terms and/or metabolic pathways are significantly enriched
during development. Adjusted p-values < 0.05 were considered
statistically significantly different.

Cell-Cell Communication Analysis

To investigate the potential interactions between different
cell subpopulations in GER cells, inner and outer hair cells,
CellPhoneDB was used for communication analysis (Dou et al.,
2021). First, pairwise comparisons were performed between
the cell clusters included in the analysis. The cluster labels
of all cells were first randomized 1000 times to determine
the average receptor and ligand expression levels for each
interacting cell cluster. A null distribution for each receptor-
ligand pair was generated. The probability of cell-type specificity
of the corresponding receptor-ligand complex was obtained
by calculating the proportion of the mean higher than the
actual mean to derive a P-value. Finally, biologically relevant
interactions are derived.

Fluorescence in situ Hybridization to
Verify Gene Expression Changes

The localization of gene expression and dynamic changes
at postnatal day 1 (P1), day 7 (P7), and day 14 (P1)
were verified by Paraffin-DIG (digoxigenin)-TSA (Tyramine
Signal Amplification)-ISH protocol. Cochlear basal membranes
of P1, P7, and P14 SD rats of both sexes were collected
and fixed in 4% paraformaldehyde overnight. The Cochleae
tissues were then dehydrated with graded alcohol, paraffinized,
embedded, and sectioned at a 10-pum thickness on a cryostat.
The hybridization protocol was performed according to the
manufacturer’s recommendations. After RNA ISH, sections
were washed with 2 x SSC for 10 min at 37°C, twice with
1 x SSC for 5 min, and then with 0.5 x SSC for 10 min
at room temperature. If more non-specific hybrids appear,
formamide can be added for washing. Blocking solution (rabbit
serum) was added to the section and incubated at room
temperature for 30 min, and then remove the blocking solution
and add anti-digoxigenin-labeled peroxidase. The sections were
incubated at 37 °C for 40 min and then washed with PBS
four times for 5 min each. Nuclei were counterstained with
DAPI for 15 s at room temperature. After that, a Nikon Eclipse
CI upright fluorescence microscope was used to obtain all
fluorescent images.

Statistical Analysis

All statistical analyses of the cochlear cells data described
in this paper were performed using Prism version 7.0
(GraphPad Software) and calculated according to the
relative abundances. Experimental data are presented as
the mean + SEM. Comparisons were made by one-way
analyses of variance or students’ unpaired two-tailed t-tests
and unpaired Wilcoxon rank-sum test among three different
stages. P values were calculated using a two-tailed Student’s

t-test, and P values < 0.05 were considered statistically
significant differences.

RESULTS

scRNA-Seq Identifies Eight Greater
Epithelial Ridge Cell Clusters According
to the Cells Number Dynamic Change
and Gene Expression for Significant
Marker Genes During Postnatal Auditory

Development in Rats

Single-cell RNA sequencing technology was used to perform
transcriptome analysis of rat cochlear basal membrane at three
critical periods (P1, P7, and P14), and cells with the same
gene expression pattern were clustered together according to the
cellular gene expression pattern (Figure 1A). After sequencing
analysis, we constructed cell profiles and identified 27 cell clusters
in the three periods (Figure 1B). We can see that the number of
cells in some clusters decreased significantly or even disappeared
at day P14, some clusters were present in increased numbers
at day P7 and then decreased significantly and disappeared
further by day P14, and some clusters showed no significant
changes. The gene expression heat map shows the top three
expressed genes for each different cell cluster (Figure 1C and
Supplementary Table 1).

Greater epithelial ridge cells, also referred to as Kolliker’s
organ (KO) (Dou et al., 2021) are temporary structures during
the development of cochlear hearing, during which there is
programmed apoptosis and autophagy, and they eventually
degenerate and disappear after the cochlear hearing has matured
(Hou et al., 2019, 2020). From the dynamic change analysis of
cell numbers, four-cell clusters, 0, 3, 4, and 6, showed a gradual
decrease in cell numbers from P1 to P14 and disappeared on
P14, and we tentatively considered four cell clusters 0, 3, 4, and
6 as different subtypes of GER cells (Chen et al., 2021), which
is consistent with Kollas study (Kolla et al., 2020). In addition,
we also found that clusters 2, 7, 9, and 12 showed an increase
in the number of cells from P1 to P7, while degenerated and
disappeared at P14 days (Figure 2 and Supplementary Table 1).

We further selected the characteristic genes Otor, Dbi, Emcn,
Ccn3, Col9al, Gpc3, Col2al, Igtbp4, Serpinfl, and Mme in these
eight cell clusters, and analyzed the expression patterns of these
genes (Figure 3). It can be seen from the gene expression pattern
map that the Otor gene was highly expressed on clusters 0, 2, 4,
6, and 12, with a higher expression on clusters 0, 4, and 12. Dbi,
Slcla3, and Ccn3 genes were consistently expressed on clusters
0, 3, 4, and 6; Gpc3 was highly expressed on clusters 3, 7, and 9,
and Col2al had similar expression characteristics on clusters 0, 2,
9, and 12. The Igfbp40 gene was present in clusters 2, 9, and 12,
while the Serpinfl gene had similar expression characteristics in
clusters 0, 2,7, 9, and 12 (Figure 4).

Based on the expression levels of genes in different clusters and
the spatial regional distribution of gene expression on the t-SEN
map, we found that clusters 0, 2, 3, 4, 6, 7, 9, and 12 have similar
expression characteristics, among which clusters 4 and 6, clusters
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FIGURE 1 | Global expression profiling of cochlear duct cells by sScRNA-Seq and cell clusters identification from P1, P7, and P14. (A) Cross-section diagrams of the
cochlear canals, and the scheme of cochlear duct preparation, single-cell isolation, and Chromium 10x Genomics library and scRNA-seq at P1, P7, and P14.

(B) t-SNE plots of cochlear cell clusters at P1 (left), P7 (middle), and P14 (right) based on the origins (humber) are shown. (C) Heat map for cochlear duct cell
clusters. The top three differentials expressed (DE) genes for the 27 identified clusters are shown. Cellular identity for each cluster is indicated by a color bar at the
top of the heat map. The color ranges from blue to bright yellow indicates low to high gene expression levels, respectively.

0, 3, and 12, and clusters 2, 7, and 9 were more similar in spatial
distribution and gene expression patterns. Through the dynamic
changes, gene expression patterns, and spatial distribution of
the above cell clusters, we believe that clusters 2, 7, 9, and

12 may be other subclusters of GER cells, and these subsets
may have the ability to differentiate or transdifferentiate into
other cells based on their proliferative properties from P1 to P
7 (Figure 2).
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FIGURE 2 | The change of cell number of the above different cell clusters in three different periods of P1, P7, and P14. Cells were clustered using a graph-based
shared nearest-neighbor clustering approach plotted by a tSNE plot. (A) tSNE plot of Cluster 2. (B) tSNE plot of Cluster 7. (C) tSNE plot of Cluster 9. (D) tSNE plot
of Cluster 12. Clusters 2, 7, 9, and 12 showed an increase in the number of cells from P1 to P7, while degenerated and disappeared at P14 days.

scRNA-Seq Identifies Three Inner Hair

Cell Subtypes

As seen from the t-SEN plot, cluster 11 was closely linked
to clusters 20 and 26 in terms of spatial structure and was
significantly increased at P14 as with clusters 5, 13, and 21
(Figure 5A). Analysis of gene expression in these cell clusters
revealed that clusters 11, 20, and 26 had very similar gene

expression consistency with significant differences from Cluster
5, Cluster 13, and Cluster 21 (Figure 5B). In addition, the
spatial distribution of t-SEN shows a segmentation but close
spatial location, suggesting a close functional association between
these cell clusters.

The violin plot further analyzed the expression of Coch, Gjb2,
Gjb6, Cemip, Cldn5, Slc2al, Atp2a3, Plvap genes in cluster 11
and compared the results with those of clusters 20, 26, 5, 13,
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FIGURE 3 | Violin plots showing select genes that are deferentially expressed in the GER cluster 0, 3, 4, and 6 with the number of cells decreased from P1 to P14,
and GER cluster 2, 7, 9, and 12 with the number of cells increased from P1 to P7 and degenerated and disappeared at P14 days. The Y-axis, log-normalized
transcript counts. These eight clusters had similar expression characteristics.
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FIGURE 4 | Cells landscape of cochlea duct revealed by scRNA-seq analysis, which was performed on single-cell suspensions pooled from P1, P7, and P14. All
samples were analyzed using canonical correlation analysis with the Seurat R package. Cells were clustered using a graph-based shared nearest-neighbor clustering
approach plotted by tSNE plot. Feature Plots showing transcript accumulation for specific cell marker genes in individual cells of clusters 0, 2, 3, 4, 6, 7, 9, 12. Color
intensity indicates the relative transcript level for the indicated gene in each cell.
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FIGURE 5 | Gene expression in inner cell clusters. (A) The t-SEN plots of clusters 11, 20, and 26 were closely linked to clusters 5, 13, and 21 in terms of spatial
structure. (B) Dot plots representing gene expression levels of different cell clusters. Each dot was sized to represent the proportion of cells of each type expressing
the marker gene and colored to represent the mean expression of each marker gene across all cell clusters. (C) Violin plots showing select genes that are
deferentially expressed in the clusters of 11, 20, 26, and clusters 5, 13, and 21. Y-axis, log-normalized transcript counts.

and 21. The plot shows that clusters 11, 20, and 26 have similar
gene expressions, while clusters 5, 13, and 21 have distinct gene
expression characteristics of the supporting cells (Figure 5C).
Three support cell-specific genes, Coch, Gjb2, and Gjbé,
are significantly high-expressed in clusters 5 and 13, and
Gjb2 and Gjb6 genes encode gap junction proteins (Connexin,
Cx) 26 and 30, which constitute the major isoforms of
gap junction channel coupling between cochlear support cells
(Rabionet et al, 2000; Mese et al,, 2007). Support cells are
coupled to each other via Cx26 and/or Cx30 gap junction
channels or hemichannels, forming a network of support
cells that transmit ions, signals, and nutrient molecules and
constitute the microenvironment of nearby or surrounding hair
cells (Johnson et al., 2017; Mammano, 2019). Both impaired
differentiation of supporting cells and impaired substance or
signaling between supporting cells can cause impaired auditory
development leading to congenital or acquired deafness, as has
been demonstrated in transgenic mouse models of deafness

(del Castillo et al., 2002). Cochlear hair cell regeneration
studies have further confirmed that regenerating hair cells
cannot obtain functional maturity without the provision of an
appropriate and stable microenvironment by supporting cells,
suggesting that these three clusters may play a major regulatory
role in the development of cochlear hearing as non-sensory
supporting cells (Roccio et al,, 2020). In addition, the violin
plot showed that Cldn5, Slc2al, Plvap, Atp2a3 were more highly
expressed on clusters 11, 20, and 26. Previous transcriptome
studies on mice have shown that Atp2a3, Cabp2, and Shtnl
are specific marker genes for inner hair cells (Pirvola et al.,
1995; Liu et al., 2014; Wiwatpanit et al., 2018), and our
study found consistent high expression of the Atp2a3 gene
specifically on clusters 11, 20, and 26 (Figure 5C), which was
consistent with Kolla’s study according to the results of single-
cell RNA Sequencing (Kolla et al., 2020). Therefore, we tentatively
considered the above three clusters as different subtypes of
inner hair cells.
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(G) Functional enrichment analyses with KEGG performed with the enriched genes in cells through fate 1 and fate 2.
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FIGURE 7 | Features of outer hair cell subtypes. (A) Accumulation of marker gene transcripts by cluster. This dot plot indicates the level of marker gene expression
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expression with pseudotime trajectory.

Inner Hair Cell Trajectory Development

The developmental trajectories of the three different
subtypes of inner hair cells were analyzed, and the results
showed the existence of three different cell developmental
periods, developmental states, and a branch of development
(Figures 6A,B). The cells started to develop from state 1 and
transformed into state 2 and state 3 by the first branch.

The main cells in state 1 are cluster 20, with a small number of
clusters 11 and 26.

By the time of the first branch, cluster 20 gradually
degenerated, and clusters 11 and 26 gradually increased, with
cluster 11 increasing more markedly, suggesting that cluster 11
is the main inner hair cell subtype in the maturing cochlear
hearing (Figure 6C). As seen from the genetic heat map of cell
fate transitions, the genes that were highly expressed during
the transition toward Fatel were mainly Acta2, Tagln, Rgs5,

Col4al, Dcn, GSn. The genes that were highly expressed during
the transition toward Fate2 were mainly LOC100364435, Rpsa,
Rpl17, Rackl, Otir, Actgl (Figure 6D).

Throughout the cell developmental trajectory, we found
AY172581.3, Cst3, LOC100364435, Mt-nd2, Rps2, Slcola4
were the major regulatory genes, with the expression of
Cst3 and Slcola4 downregulated and the expression of
AY172581.3, LOC100364435, Mt-nd2, Rps2 upregulated
(Figure 6E). GO function and KEGG signaling pathway
analysis of the genes enriched in Fatel and Fate 2 cell
fate transitions showed that genes were mainly enriched in
positive regulative of transcription by RNA polymerase-II of
Biological process, the cytoplasm of cellular components, and
Protein binding in molecular function of GO functional
analysis (Figure 6F and Supplementary Table 2), and
KEGG signaling pathway analysis showed genes mainly
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FIGURE 9 | Dot plots representing expression levels of the KO2, KO7, KO9, and KO12 clusters. All samples were analyzed using dot plot analysis with the Seurat R
package. Expression levels of the top ten genes on cluster 2 (A), cluster 7 (B), cluster 9 (C), cluster 12 (D) are shown. Each dot was sized to represent the
proportion of cells of each type expressing the marker gene and colored to represent the mean expression of each marker gene across all cells.

enriched in the Ribosome signaling pathway (Figure 6G and
Supplementary Table 3).

scRNA-Seq Identifies Two Outer Hair
Cell Subtypes

Single-cell sequencing results showed that Cib2 was found
to be significantly differentially expressed in clusters
18 and 19, with cluster 18 being more highly expressed
(Figure 7A). The Cib2 protein is responsible for maintaining
Ca’' homeostasis in cells and interacting with integrins-
transmembrane receptors essential for cell adhesion, migration,
and activation of signaling pathways, and is widely expressed in
various human and animal tissues, mainly in skeletal muscle,
nervous tissue, inner ear, and retina (Jacoszek et al., 2017). Now,
Cib2 has been added to the extensive list of genes associated
with hearing, loss, and previous studies have been shown that
Cib2 is a specific gene expressed on outer hair cells (Riazuddin
et al, 2012; Burns et al, 2015). Single-cell transcriptome
sequencing based on P7-day mice by Kolla et al. (2020) also
showed that Cib2 was highly and nearly specific expressed in
outer hair cells clusters (White et al., 2006). In this study, gene
expression analysis revealed that Cib2 was significantly higher

and specifically expressed on both clusters 18 and 19, which were
tentatively considered as two different subtypes of outer hair
cells. GO functional analysis showed that both clusters 18 and
19 are enriched in the biological process. In terms of cellular
components, cluster 18 is mainly enriched in the cytoplasm, and
cluster 19 is mainly enriched in the Extracellular exosome. Both
clusters are enriched in Protein binding in molecular function
(Figures 7B,C and Supplementary Tables 4, 5). KEGG signaling
pathway analysis revealed that Cluster18 was mainly enriched
in the Thermogenesis signaling pathway, while Clusterl9
was mainly enriched in the Tight junction and Cell adhesion
molecules signaling pathways (Figures 7D,E and Supplementary
Tables 6, 7).

Developmental Trajectory Analysis
Showed Four Greater Epithelial Ridge
Cell Subtypes Had the Potential to
Transdifferentiate Into Inner and Outer
Hair Cells

Although cochlear hair cell regeneration does not occur
in adult mammals, the neonatal mouse cochlea inner the
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first two neonatal weeks shows limited and organoid-
generating regenerative potential (Oshima et al., 2007). To
determine whether GER (KO) cells may have the potential to
transdifferentiate into inner and outer hair cells, we further
performed the cell development perspective by single-cell RNA
sequencing trajectory analysis and found it interesting that the
main cell clusters at the beginning of cell development were KO2,
KO7,KO09, and KO12, which were firstly increased in the number
of cells from P1 to P7, while degenerated and disappeared at
P14 days. At the second branch, part of the cells developed
toward outer hair cells (Figures 8A-C) and part toward inner
hair cells (Figures 8A-C). As seen from the genetic heat map of
the cell fate transition, the genes that are highly expressed when
the cells are transitioning toward fate 1 are mainly Aldhla2,
Ccn3, Ank2, Stmnl, Mapla, Kif5c. The genes that are highly
expressed when the cells are transitioning toward fate 2 are
mainly Rps28, Apoe, Ac134224.2, Ptgds, Cst3, Igfbp7, Hbb,
Hba-a2, Tagln2, Tmsb4x, Crsp2 (Figure 8D). Go function and
KEGG signaling pathway analysis of the genes enriched in Fatel
and Fate 2 cell fate transitions showed that genes were mainly
enriched in negative regulation of cell population proliferation
of biological process, and cytoplasm in a cellular component,
and Protein binding in molecular function (Figure 8E), and

KEGG signaling pathway analysis showed genes mainly enriched
in the PI3K-AKT signaling pathway (Figure 8F). In the whole
process of cell development, Apoe, Fxyd5, LOC103694857,
LOC689064, Mia, Itc9b are the main regulatory genes and are
upregulated (Figure 8G).

Gene Ontology Function and Kyoto
Encyclopedia of Genes and Genomes
Pathway Analysis the Four
Trans-Differentiations Potential Greater
Epithelial Ridge Cell Clusters

Further gene expression analysis of the above four clusters
with trans-differentiation potential revealed that they all have
similar gene expression patterns. Relatively specific highly
expressed genes were Crym, Col9a2, Col2al, Col9al in cluster 2
(Figure 9A), Lepr, Ramp3, Gpc3 in cluster 7 (Figure 9B), Igfbp4,
Gpc3 in cluster 9 (Figure 9C), and Cytll, Cnmd, Serpinfl, and
Coll1a2 in cluster 12 (Figure 9D).

Gene ontology functional analysis showed that all four cell
clusters were enriched in Protein binding in terms of molecular
function, cluster 2 was mainly enriched in Extracellular space
(Figure 10A and Supplementary Table 8), clusters 7 and 9 were
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FIGURE 11 | Functional enrichment analyses using KEGG pathways for cluster 2 (A), cluster 7 (B), cluster 9 (C), cluster 12 (D). The cycle size indicates the
corresponding significance values displayed as log10 (P-value). The much bigger the triangle size, the much more genes enriched in this pathway.
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mainly enriched in Extracellular exosome (Figures 10B,C and
Supplementary Tables 9, 10), and cluster12 was mainly enriched
in Cytoplasm (Figure 10D and Supplementary Table 11).
Cluster 2 is mainly enriched in the Negative regulation of
transcription by RNA polymerase II (Figure 10A), while the
other three cell groups are mainly enriched in the biological
process (Figures 10B-D). KEGG signaling pathway analysis
revealed the following enriched signaling pathways: Cluster 2
(Figure 11A) and cluster 12 (Figure 11D) were mainly in Protein
digestion and absorption; Cluster 7 was mainly in the pathway
in cancer (Figure 11B); Cluster 9 was in Protein digestion

and absorption, in addition to two signaling pathways, Protein
processing endoplasmic reticulum and Lysosome (Figure 11C).

Complex Cell-Cell Communication
Networks Exist in Greater Epithelial
Ridge (Koélliker’s Organ) Cells and

Cochlear Inner and Outer Hair Cells

To systematically assess the associated complex cellular
responses, we attempted to map ligand-receptor interactions
with our scRNA-seq data to better understand cellular behaviors
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FIGURE 12 | Cell-cell communication networks and WGCNA analysis of KO cell clusters and hair cell clusters. (A) Heatmap in KOs and hair cells. The red color
indicates a significant interaction. (B) Capacity for intercellular communication among KOs and hair cells. Each line color indicates the ligands expressed by the cell
population represented in the same color (labeled). The lines connected to cell types expressed the cognate receptors. The line thickness was proportional to the
number of ligands when cognate receptors were present in the recipient cell type. (C) The dendrogram of gene modules built by WGCNA. (D) Network heatmap
plot. The module corresponds to branches. The bright red color of nodes represented stronger the genetic correlation of this module. (E) Module-trait relationship
between different gene modules. The number in each cell represents the degree of correlation, and red means positive correlation at this stage; blue means negative
correlation at this stage. Different colors represent the diverse specific gene modules detected by WGCNA.

and responses to neighboring cells in the cochlear basal
membrane. We considered the expression levels of ligands and
receptors within GER cell clusters and the inner and outer hair
cell clusters and predicted molecular interactions between cell
populations via specific protein complexes. We then generated a

potential intercellular communication network among all cells in
the GER cell clusters and hair cell clusters separately. Broadcast
ligands for which cognate receptors were detected and manifested
broad communication between GER cell and the inner and outer
hair cell (Figures 12A,B and Supplementary Figures 1-13).
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disappeared in the GER region and were centrally expressed in the hair cell region (B3,C3).
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The WGCNA method was further used to analyze the gene
association patterns between different subtypes of GER cells and
the inner and outer hair cells of the cochlea (Figures 12C,D).
We found that the blue module was the most significant and
associated with the GV phase, while the yellow module was
the most significant and associated with the MI phase and the
magenta module was the most significant and associated with the
MII phase (Figure 12E).

Fluorescence in situ Hybridization
Shows the Presence of Dynamic Gene
Expression Changes in the Cochlear

Basal Membrane

To validate the cell-type-specific genes, we used fluorescence
in situ hybridization (FISH) to localize transcripts in cross-
sections from P1 to P14 cochlear basal membrane (Figure 13).
Three genes with high expression on clusters 7, 9, and 12 based
on scRNA-seq results were selected for FISH: Lepr, Tacl, and
Collla2. The FISH results showed that Lepr was low expressed
in the GER region at P1 (Figure 13A1), and sign up the regulated
expression in GER and inner hair cell region at P7 (Figure 13A2),
but almost disappeared in GER and inner hair cell region at
P14 (Figure 13A3). While we found Tacl and Collla2 genes
showed patterns of expression that were consistent with the
single-cell results. From the FISH results, it could be seen that
Tacland Collla2 were low expressed to the whole cochlear
basal membrane at P1 (Figures 13B1,C1), and up the regulated
expression in GER at P7 (Figures 13B2,C2). While at P14, Tacl,
and Coll1a2 were nearly disappeared in the GER region and were
centrally expressed in the hair cell region (Figures 13B3,C3).

DISCUSSION

Greater epithelial ridge is a cluster of columnar cells located on
the medial side of the cochlear hair cells, which is temporarily
present during the development of the cochlea and is one of the
signs of immaturity (Hinojosa, 1977). During the development
of hearing, the GER gradually degenerates from the basal turn
to the apex turn. After the cochlea matures and hearing appears,
the GER degenerates and is replaced by cells from the internal
sulcus (Lim and Anniko, 1985). Single-cell sequencing studies
by Kolla et al. (2020) identified four distinct GER (KO) cell
subtypes (KO1, KO2, KO3, and KO4) in the cochlear GER of
P1-day CD1 female mice. These four cell subtypes have massive
highly expressed genes, including high expression of Dcn, Ddost,
Pdia6, Ren3, Sdf211 in KO1 cell; high expression of Cpxm?2,
Ctgf, Fkbp9, Kazaldl, Tectb in KO2 cell; Cst3, Gjb6, Netl, Tectb,
Tsenl5 in KO3 cell; high expression of Calbl, Crabpl, Epyc,
Itm2a, Stmn2 in KO4 cell. The study defined the cell subtypes
with high expression of Calbl gene in the medial region of
GER as the medial region of GER cell subtype based on the
expression of Calbl and Fabp7 and the outer region of GER.
The other three subtypes in the outer region of GER with high
expression of Fabp7 gene were further defined as L.KO1, L.KO2,
and L.KO3 cells, respectively. Kolla et al. (2020) showed that these
four cell subtypes are highly similar in terms of gene expression
patterns and metabolic functions, but at the same time they are
heterogeneous, and it is tentatively considered that these four cell
subtypes are different subtypes of GER cells.

Considering that the cochlear auditory development of P7 rats
is not fully mature, it is still in a process of orderly differentiation
and gradual developmental maturation (Tritsch et al., 2007;
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Tritsch and Bergles, 2010). Based on our previous study (Chen
et al,, 2021), we further selected the P14 time point jointly with
the three key periods of P1, P7 for a single-cell transcriptomic
study, and we found that the four previously identified subtypes
of GER cell populations 0, 3, 4, and 6 gradually decreased from
P1 to P14, and disappeared by P14 days (Figure 1B). However,
it is interesting and noteworthy that we found four cell clusters
(clusters 2, 7, 9, and 12) with similar spatial distribution and
gene expression (Figures 2, 3). These four cell clusters gradually
increased in the number of cells from P1 to P7, but gradually
decreased in number from P7 to P14 days, and disappeared
by P14 days, which seems to be consistent with the outcome
of the disappearance of GER cells. In terms of gene expression
patterns, these four cell clusters are highly expressed in Col2al,
Col9al, Col9a2, and Coll1a2, which are the major gene members
of the Col family, and mutations in these genes are associated
with hearing loss (Richards et al., 2013; Hofrichter et al., 2019;
Kjellstrom et al., 2021).

In addition, based on the KEGG signaling pathway showed
that these clusters are mainly enriched in the Protein digestion
and absorption signaling pathway, which was previously shown
to regulate intracellular Ca’t concentration and dynamic
homeostasis, inducing cellular processes such as cell migration
proliferation, and differentiation. GER supports the spontaneous
cellular release of adenosine triphosphate (ATP), which acts
as a paracrine receptor on the P2X purinergic receptors of
neighboring THCs to produce phospholipase C (PLC)-dependent
inositol triphosphate (IP3), the release of Ca’* from the
intracellular calcium pool, and the release of the neurotransmitter
glutamate from IHCs, which activates type I spiral neurons
(SGNs) to generate action potentials, thereby mimicking the
mechanical-electrical signal transduction effect triggered by
sound waves transmitted through the external ear canal, allowing
IHCs spontaneously increase the frequency of action potential
delivery and promote the functional maturation of IHCs (Tritsch
et al., 2007; Majumder et al., 2010; Rodriguez et al., 2012;
Mammano, 2013). We consider that these four cell clusters may
be other subtypes of GER cells and regulate the balance of Ca?™*
through the mechanisms described above, which in turn induce
and promote the maturation or possible trans-differentiation of
cochlear hair cells into inner and outer hair cells.

Adult mammalian cochlear hair cells have no regenerative
capacity, but neonatal mouse cochlear hair cells show a limited
and transient regenerative potential, and studies have shown
that this regenerative potential is largely attributable to the non-
sensory cells in the neonatal mouse cochlea (Shou et al., 2003;
Woods et al., 2004; Gubbels et al., 2008). The mitotic division
of neonatal murine cochlear non-sensory cells is normally
quiescent, and the regenerative capacity of these cells is further
activated during early apoptosis of hair cells due to various factors
(Shi et al., 2013; Bramhall et al.,, 2014; Cox et al.,, 2014; Hu
et al., 2016). GER cells are a transient population of newborn
cells with the ability to regenerate and transform with some
cell subtypes located within the GER region that retain the
characteristics of precursor sensory cells (Zheng and Gao, 2000;
Kelly and Chen, 2007; Driver et al., 2008). GER cells maintain a
high degree of morphological consistency, and Kolla et al. (2020)

found the existence of two types of precursor sensory cells (pro-
sensory cells) expressing Cdknlb and Sox2 marker genes based
on single-cell sequencing technology in E14 and E16-day mouse
cochlea, which are located in the medial precursor sensory cell
population (MPsCs) and lateral precursor sensory cell population
(LPsCs) of GER structures, respectively, while the results of
single-cell trajectory analysis showed that MPsCs cells have a clear
ability to convert to IPhCs or IHCs. LPsCs cells may convert
to DCs or OHCs, without clear divergence (Kolla et al., 2020).
In addition, Kubota et al. (2021) similarly confirmed that GER
cells have a great potential for organoid formation and classified
GER cells into three large subtypes S2, S3, and S4 cell subtypes
based on single-cell sequencing results. The researchers similarly
found in P2 day mice that GER cell subtypes located in the
lateral and medial regions could regenerate into hair cells and
supporting cells. GER cells cultured at higher densities in the
presence of EFI_CVPM [small molecules (CHIR99021, valproic
acid, 2-phospho-L-ascorbic acid, and TGFR receptor inhibitor
616452)] were found to be the most efficient cochlear organoid-
forming cell population (McLean et al.,, 2017), with the most
lateral GER cell population expressing Lgr5 positivity and the
more medially located GER cell population expressing Lgr5
negativity, both having the ability to generate cochlear organoids.
Previous studies on the development of other organoids have
shown that activation of the WNT signaling pathway can induce
high Lgr5 expression and further promote the developmental
process (Chai et al.,, 2011, 2012; Shi et al., 2012, 2013). Therefore,
Lgr5 expression in GER cells is not an indicator of stem cells
or proliferative potential. The present single-cell transcriptome
results also showed that the above-mentioned cell subtypes with
proliferative capacity located in the outer part of GER, but
its Lgr5 gene expression is not significant, which also suggests
that cochlear development is different from other tissues and
organs development.

In the present study, our single-cell transcriptomics-based
study showed a significant increase in the number of cell clusters
2, 7,9, and 12 at P7, with more significant increases in cell
clusters 7 and 9, only to disappear further at P14. In general,
GER cells gradually degenerate and disappear, while other types
of supporting cells gradually increase and eventually replace GER
cells as the main supporting cells in the cochlea. We consider
that clusters 2, 7, 9, and 12 may be subtypes of GER cells with
regenerative differentiation potential, which have similar gene
expression patterns and biological characteristics, with cluster 7
and cluster 9 being more similar and cluster 2 and cluster 12
being closer. In a rough classification, they can be divided into
two large subtypes, but in terms of some specific gene expression,
such as Tacl which is more abundantly expressed on cluster
9, they can be finely divided into four subtypes. To further
explore whether these four clusters with proliferative capacity
have the potential to transdifferentiate into inner and outer hair
cells, we further constructed the developmental trajectory and
fate transduction using single-cell pseudo-temporal analysis. The
single-cell developmental trajectory shows that the major cell
subtypes at the beginning of cell development are clusters 2, 7, 9,
and 12 (see Figures 8A-C). As the cells develop further, the four-
cell clusters mentioned above gradually develop in two different
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trajectory directions, with one part developing toward the outer
hair cells and the other part shifting toward the inner hair cells.
The cell developmental trajectory analysis suggested that these
four cell subtypes have the potential to transdifferentiate into
outer and inner hair cells, among which cluster 2 and cluster
12 may have the potential to transdifferentiate into outer hair
cells (see Figure 8C), while cluster 7 and cluster 9 may only
have the potential to transdifferentiate into inner hair cells (see
Figure 8C). Since the present study was mainly based on raw
letter data, further experimental confirmation is still needed for
subsequent studies.

Although studies have shown that GER cells have the potential
for organoid regeneration and development, do they have the
potential to transdifferentiate into hair cells? Kubota et al.
(2021)’s study found that large organoids derived from GER cells
contained cells positive for hair cell markers, suggesting that
GER cells have the characteristics of precursor sensory cells after
mitosis. In addition, it was also found that GER cells can also
generate hair cell-like cells after Atohl expression (Woods et al.,
2004). These findings and the evidence provided by our study
suggest that GER cells are a distinct population of cochlear cells
characterized by a response to various reprogramming strategies,
including phenotypic transformation (via Atohl expression) and
proliferation/de-differentiation, culminating in degeneration and
disappearance after maturation of cochlear hearing development.

In conclusion, our study lays the groundwork for elucidating
the mechanisms of the key regulatory genes and signaling
pathways in the trans-differentiation of GER cell subtypes
into hair cells and provides potential clues to understand hair
cell regeneration and further study of hair cell regeneration.
Also, our study reveals the key molecular mechanisms of large
epithelial crest supporting cells in promoting cochlear hearing
development, which is very important to further elucidate the
development of the peripheral auditory system.
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The vestibular system is a critical part of the human balance system, malfunction of this
system will lead to balance disorders, such as vertigo. Mammalian vestibular hair cells,
the mechanical receptors for vestibular function, are sensitive to ototoxic drugs and
virus infection, and have a limited restorative capacity after damage. Considering that
no artificial device can be used to replace vestibular hair cells, promoting vestibular hair
cell regeneration is an ideal way for vestibular function recovery. In this manuscript, the
development of human vestibular hair cells during the whole embryonic stage and the
latest research on human vestibular hair cell regeneration is summarized. The limitations
of current studies are emphasized and future directions are discussed.

Keywords: human, vestibule, hair cell, development, regeneration

INTRODUCTION

Vestibular sensory epithelia are composed of hair cells (HCs) and supporting cells (SCs). HCs of the
vestibular sensory epithelia, which are surrounded by supporting cells, convert mechanical signals,
such as head movement or tilt, into electrical signals (Gao et al., 2019; Liu et al., 2019; Qi et al., 2019,
2020; Tan et al., 2019). These signals are then transmitted by afferent fibers to the vestibular nuclei
that send out fibers projected to the corresponding neural structures to control eye movement,
posture, and balance (Cullen, 2012; Guo et al., 2019, 2020, 2021b,c; Hu et al., 2021; Wei et al., 2021).

Hair cells are easily injured by ototoxic drugs (Li et al., 2018; Zhang et al., 2019; Zhong et al.,
2020; Fu et al,, 2021b), aging (Cheng et al., 2019; Guo et al., 2021a; He et al., 2021), genetic factors
(Qian et al,, 2020; Cheng et al., 2021; Fu et al., 2021a; Lv et al., 2021; Zhang S. et al.,, 2021) and
infections (Han et al., 2020; He et al., 2020; Zhang Y. et al., 2021). The loss of human vestibular
HCs is closely related to balance dysfunction (Tsuji et al., 2000; Ishiyama et al., 2015). It has been
stated that the annual incidence of vertigo is about 11% (Corrales and Bhattacharyya, 2016), and
the lifetime prevalence of moderate to severe vertigo and dizziness is about 30% (Strupp et al.,
2020). However, our current understanding of the development and generation of vestibular HCs is
mainly derived from rodent models. Here, we review the current information on the development
of human vestibular epithelia, as well as the latest progress made in restoring human vestibular
HCs upon damage.

Abbreviations: AAV, adeno-associated virus; AD, adenovirus; Anxa4, annexin A4; Atohl, atonal homolog 1; BDNE,
brain-derived neurotrophic factor; bHLH, basic helix-loop-helix; caspase-3, cysteine aspartate-specific protease-3; CMV,
cytomegalovirus; E, embryonic day; EGE, epidermal growth factor; FGE, fibroblast growth factor; GATA3: GATA binding
protein 3; GW, gestational week; HATH]1, human homolog of Atohl; HC, hair cell; hESCs, human embryonic stem cells;
IDPN: 3,3’-iminodiproprionitrile; IGF-1, insulin-like growth factor-1; IGF-2, insulin-like growth factor-1; LGR5: leucine-
rich repeat-containing G protein-coupled receptor 5; MAPK, mitogen-activated protein kinase; Mapt, microtubule associated
protein; mTOR, mammalian target of rapamycin; Ocm, oncomodulin; PI-3K, activation of phosphatidylinositol-3 kinase;
PKC, protein kinase C; RA, retinoic acid; hGGF2, recombinant human glial growth factor 2; SC, supporting cell; SOX2: SRY
(sex-determining region Y)-box 2; Spp1, secreted phosphoprotein 1; TGF-a, transforming growth factor alpha.
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STRUCTURE OF HUMAN VESTIBULAR
SENSORY EPITHELIA

The human vestibular sensory epithelia, like that of other
mammals, are composed of three crista ampullaris perpendicular
to each other for sensing rotational motion of the head,
and the utricular and saccular maculae, which detect linear
acceleration (Angelaki and Cullen, 2008). In the mature state,
the average surface areas of human cristae, utricular maculae and
saccular maculae are around 0.9, 3.6, and 2.2 mm?, respectively
(Watanuki and Schuknecht, 1976).

Hair cells are vestibular receptors located on sensory epithelia
and surrounded by supporting cells. According to the different
afferent synaptic terminals, human vestibular HCs can be further
classified into two types: Type I HCs innervated by flask-shaped
calyces and Type II HCs innervated by boutons (Wersall, 1956).
There are several other morphological and functional differences
between the two types which have been widely discussed in
rodents (Riisch et al., 1998), and the characteristics of these two
types of HCs are similar in the human vestibule (Oghalai et al.,
1998; Lim et al., 2014).

The human vestibular sensory epithelia can be divided
into central and peripheral regions according to different
characteristics. In the cristae, the central regions account for 46%
of the total surface area. Type I HCs account for 70% of the
central region HCs, while type II HCs account for 50% of the
peripheral region HCs in the human cristae (Rosenhall, 1972a).
In the utricular maculae, the central striola region accounts for
about 8.6% of the surface area. The proportion of type I HCs in
the striola region is higher and type II HCs show a high density
in the peripheral region. The HC distribution in saccule maculae
is similar to that of the utricle maculae (Rosenhall, 1972b).

Interestingly, the polarity of the hair bundle, which is
determined by the position of kinocilia of HCs, varies between
the human utricular and saccular maculae. The orientation of
the utricular kinocilia is directed from the periphery toward the
striola, while the kinocilia orientation is opposite in the saccule.
Moreover, the striolar region of the utricular maculae is crescent,
while the saccular maculae are “S” shaped (Rosenhall, 1972b).

Both the vestibular hair cell distribution and cilia polarity of
humans are similar to those of mice. However, the number and
differentiation time of vestibular HCs are significantly different
between the two species, as will be discussed below.

DEVELOPMENT OF HUMAN
VESTIBULAR EPITHELIA

Morphological Development of Human

Vestibular Organs

Anatomical studies have shown many details of human vestibular
development (Figure 1). The formation of the otic placode is
regarded as the first sign of inner ear development, which is
the result of the ectoderm’s inner layer thickening at gestational
week (GW) 3 (O’Rahilly, 1963). The otic placode then invaginates
to form the otic cup that in turn pinches off the surrounding

ectoderm and converts into the otic vesicle, composed of a dorsal
(vestibular) and a ventral (cochlear) pouch, at the rhombomere
5 level by GW 4 (Streeter, 1906). From GW 4-5, the dorsal
pouch expands into a triangular-shaped region forming the base
of the three semicircular canals. The development of human
anterior and posterior semicircular canals starts at embryonic
days 41-43 with the depression of vestibular pouch wall, while
the development of lateral semicircular canals begins a little later
at embryonic days 44-46 (Yasuda et al., 2007). All semicircular
canals are discernible at embryonic day (E) 47-E48 (Toyoda et al.,
2015). Meanwhile, the atrium, which is the primordium of the
utricle and saccule, can be observed in the ventral part of the
vestibular pouch. Subsequently, a horizontal cleft that separates
the atrium into an upper and lower compartment appears and
the utricle and saccule are clearly detectable at E49-E51 (Streeter,
1906; Yasuda et al., 2007). By the end of the 5th month of the
embryo, the bony labyrinth has been formed and the vestibular
system is intact in morphology (Jeffery and Spoor, 2004), after
which there is only a modest increase in the distance between the
semicircular canals (Johnson Chacko et al., 2019).

Maturation of the human vestibular sensory epithelia includes
lengthening of the cristae and thinning of the maculae. The
length of cristae increases rapidly from GW 8-9 but slows down
and changes in shape during GW 9-12. The anterior crista
undergoes a second rapid growth during GW 12-14, reaching
approximately 55% of adult size (Dechesne and Sans, 1985). The
reduction of utricular epithelial thickness can be divided into two
stages: GW 7-8 and GW 11-13, during which the number of
supporting cell layers decreases significantly, while the thickness
remains unchanged during GW 8-12. Finally, the supporting cell
nuclei tend to be arranged in a single layer and the hair cell nuclei
migrate to the cell base (Dechesne and Sans, 1985).

The morphogenesis of vestibular organs in humans is similar
to that in rodents, but the human vestibular organs have been
distinct in the early embryonic stage (by the end of GW 7,
Figure 1; Streeter, 1906), while the mouse counterparts do not
attain its mature shape until the late embryonic stage. The
vestibular organs of mice become distinguishable on E15 and the
membranous labyrinth morphology approaches maturity as late
as E17 (Morsli et al., 1998).

Differentiation of Vestibular Hair Cells

Cilia

Differentiation of human vestibular sensory epithelium does not
occur until GW 7. The differentiation level of vestibular HCs is
usually judged by their cilia, stereocilia and kinocilia.

Crista stereocilia are detectable at GW 8, during which time
cristae are covered by short hair bundles with the putative
kinocilia, the latter are longer than stereocilia in most cases
and located at the edge of the bundle. Subsequently, there is a
lengthening of cristae stereocilia, which leads to the longer and
more mature hair bundles at GW10-11. From GW 12-14, the
length of the hair bundles increases significantly, and the number
of growing hair bundles decreased (Dechesne and Sans, 1985).

In the case of the utricle, the hair bundles observed at GW 10
are very short, and some kinocilia are shorter than the adjacent
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FIGURE 1 | Summary of developmental milestones in the development of human
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vestibular sensory epithelia.

stereocilia. At GW 12, some hair bundles in the protruding
utricle are close to maturity, while some are still growing. At
GW 14, the hair bundles are morphologically mature and the
number of newborn bundles decreases, while the microvilli
are still abundant (Rosenhall and Engstrom, 1974; Dechesne
and Sans, 1985), which indicates the HCs have not been fully
developed so far.

From GW 14-18, hair bundles of HCs further mature in both
human utricle and cristae. Stereocilia of the HCs in GW 18 fetus
seem to be thicker than those in the GW 14 fetus. However, the
number and diameter of stereocilia do not change significantly
after GW 14, with about 80-100 stereocilia per HC (Rosenhall
and Engstrom, 1974; Hoshino, 1982).

Molecular Marker

The differentiation of mammalian HCs is accompanied by
the expression of cell-specific molecular markers, such as
MyosinVIIa and Sox2. In the human vestibule, MyosinVIla and
Sox2 staining can be observed as early as GW 9. Moreover, the
expression of MyosinVIla is restricted to the vestibular HCs,
while Sox2 is expressed in the supporting cells and a few of the
HCs (Chacko et al., 2020).

In order to distinguish different cell types, recent work on
mouse utricles has identified specific molecular markers for
Type II HCs (Calretinin, Anxa4, and Mapt) and Type I HCs
(Sppl and Ocm) (McInturft et al., 2018). However, it remains
to be investigated whether these vestibular hair cell markers are
applicable to human specimens.

Electrophysiology

Evidences in electrophysiology demonstrate the functional
similarities between human and rodent HCs. Whole-cell
conductances of human vestibular HCs from GW 11-14 fetus
are similar to those of mature type II HCs from rodents.
The peak outward conductances obtained from human type
II HCs increase from GW 15-18. Moreover, the rodent type
I HC specific low-voltage activated K+ conductance, which is
called Gk, 1, can also be detected in GW 15 human cristae,
although relatively small (Lim et al., 2014). The similarities were
further confirmed by the voltage-dependent currents that are
expressed in vestibular HCs of both adult humans and rodents
(Oghalai et al., 1998). However, so far there are few studies on

the electrophysiological differences of vestibular HCs between
humans and other mammals.

Hair Cell Number

There are no reports about the accurate time point at which
the progenitors of human vestibular sensory epithelium begin to
differentiate into hair cells since the spatio-temporal expression
patterns of atonal homolog 1 (ATOH1), which is critical
to HC formation, has not been investigated in the human
vestibule so far. The distinct high expression of the HC marker,
MyosinVIla, is first observed in the crista as early as GW
9, indicating that some vestibular HCs have been formed at
GW 9 (Johnson Chacko et al., 2020). But how these immature
hair cells differentiate into type I and type II vestibular hair
cells is not clear.

There is no significant difference in the number of cristae
HCs between adults and the 4th-6th month fetuses: an
average of 7,800 HCs per cristae at GW 16-23 and 7,500
HCs per cristae after birth (Rosenhall, 1972a). Another study
observed an average of 8,005 HCs (type I 4,119 and type
II 3,886) per lateral cristae of adults aged 26-67 vyears
(Lopez et al., 2005).

It is reported that the number of HCs in the utricular and
saccular maculae is about 2-4 times that in the cristae (Watanuki
and Schuknecht, 1976). This study divided the specimens by
age into the embryonic group (GW 14-23) and the postnatal
group (<40 years old), and the average number of HCs was
comparable between the two groups. As for the utricle, the
average number is 33,100 (2,300 in the central area), with 32,900
HCs in the embryonic group and 33,200 in the postnatal group.
The average number of saccular maculae HCs is 18,800 (1,600
in the central area), with 19,100 in the embryonic group and
18,400 in the postnatal group. Another study about utricles
shows that the average number of utricular HCs at GW 16 is
about 36,000, not significantly different from that at the age
of 15, but significantly higher than the 13,000 at GW 10-12
(Severinsen et al., 2010).

Overall, the time point of HC differentiation is remarkably
earlier in humans than that in rodents. As mentioned above,
the number of human vestibular HCs reaches the adult
level no later than the 5th month of gestation. In contrast,
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over half the mouse HC population is formed after birth
(Burns et al., 2012).

Factors Related to the Development of

Human Vestibular Sensory Epithelia

Several reviews have summarized the relevant regulatory
factors in hair cell development in animal models. In general,
mammalian hair cell development involves the emergence of
Sox2-labeled pro-sensory areas, the expression of transcription
factor Atohl, the regulation of cell cycle by factors such as
p27KiP1, and the manipulation by signaling pathways such as
Notch, Fgf, Wnt, Shh, and Bmp (Wu and Kelley, 2012; Atkinson
et al,, 2015; Whitfield, 2015). However, there haven’t been many
studies on the regulation of human hair cell development so far.

Proliferation and apoptosis are essential processes during
human inner ear development. It is demonstrated by Ki-
67 staining that the percentages of proliferating cells in the
utricle and semicircular canal are 43 and 38%, respectively,
at GW 6, but decrease to 24 and 30% at GW 9. However,
the trend of Bcl-2 expression in the vestibular epithelium
is opposite to that of Ki67 during GW 7-10. Moreover,
cysteine aspartate-specific protease-3 (caspase-3) and insulin-
like growth factor-1 (IGF-1) are also expressed during vestibular
epithelial development (Tafra et al, 2014). These results
suggest that factors related to proliferation and apoptosis may
contribute to the morphogenesis and differentiation of vestibular
sensory epithelia.

Brain-derived neurotrophic factor (BDNF) is a neurotrophic
protein. Previous studies have shown that BDNF plays an
important role in vestibular nerve development in animals
(Fritzsch et al., 1997). In the human vestibule, BDNF is firstly
expressed in the entire utricular sensory epithelium, but its
expression decreases from GW 9-12 and is restricted in the
extrastriola at GW 12. In adult human utricles, BDNF is only
present in the apical part of HCs. The expression of p75NTR
in vestibular organs and TrkB and C in nerve fibers increase
with development, suggesting an essential role of neurotrophic
receptors in the survival of vestibular neurons during early
embryonic stages (Johnson Chacko et al., 2017).

Another study reported the expression of several key
transcription factors during human inner ear development. For
the vestibular sensory epithelia, LGR5 expression increased from
GW 8-12 and was broad in the apical poles of the vestibular HCs.
Another transcription factor, GATA3, was expressed in the striola
of the utricular and saccular maculae at GW 11. Expression for
SOX2 was primarily restricted to the utricular supporting cells
at GW 9, suggesting its function in regulating the differentiation
of supporting cells (Johnson Chacko et al., 2020). These
results indicate that the active transcription factors during the
development of the mammalian inner ear may also play a critical
role in the development of human vestibular sensory epithelia.
However, the spatio-temporal expression patterns of other genes
essential for hair cell formation, such as Mathl, Six1, Gfil, and
Pou4f3, are not explored in the human vestibule up to now.

In general, research on vestibules of human embryos is quite
limited and the previous work mainly focused on the expression

of specific molecules. Further experiments are required for
demonstrating the similarities and differences of vestibular hair
cell development between human and animal models, and the
underlying mechanisms as well.

REGENERATION OF HUMAN
VESTIBULAR HAIR CELLS

Discovery of Hair Cells Regeneration in

the Mammalian Vestibular Epithelium
Considering that no artificial device can be used to replace
vestibular function, recovery from vestibular dysfunction mainly
depends on the compensation of central vestibular function,
which can hardly lead to a full recovery. Promoting vestibular HC
regeneration is an ideal way for vestibular function recovery.

Many studies have shown differences in the regeneration
ability of vestibular sensory epithelium between different species.
Non-mammalian vertebrates such as birds are able to produce
HCs throughout their lives (Balak et al., 1990; Roberson et al.,
1992; Weisleder and Rubel, 1992). In contrast, the restoration
of vestibular HCs is relatively limited in mammals (Forge et al,,
1993; Wang et al., 2015; Wu et al., 2016; You et al., 2018; Zhang
etal., 2020), which can be realized through two processes, namely,
mitosis or trans-differentiation (Rubel et al., 1995).

Loss of vestibular HCs, whether induced by aminoglycoside
antibiotics (Kawamoto et al., 2009), IDPN (Zeng et al., 2020)
or other injury methods (Golub et al., 2012; Gonzalez-Garrido
et al, 2021), significantly enhances spontaneous regenerative
proliferation. However, compared to the complete recovery of
vestibular function in most non-mammalian vertebrates (Jones
and Nelson, 1992; Carey et al., 1996), both the number and the
function of the newborn HCs are limited in the mammalian
vestibular epithelium (Forge et al., 1993; Kawamoto et al., 2009;
Golub et al., 2012; Zeng et al., 2020; Gonzéalez-Garrido et al,,
2021). As a result, techniques to boost the regeneration of
mammalian vestibular HCs are needed.

Manipulation of Vestibular Hair Cell

Regeneration in Mammals

Considering the important role of growth factors in the
development of the mammalian inner ear, many studies want
to reveal whether they could also initiate the generation of
vestibular HCs. Through in vitro culture, transforming growth
factor alpha (TGF-a) is first found to be capable of restoring HCs
in adult mouse vestibular organs after injury (Lambert, 1994).
Subsequently, epidermal growth factor (EGF) (Yamashita and
Oesterle, 1995), fibroblast growth factor (FGF) family members,
IGF-1 and IGF-2 (Zheng et al., 1997) are demonstrated to trigger
the proliferation of rat vestibular epithelial cells together with
TGF-a. Recombinant human glial growth factor 2 (rhGGEF2)
and insulin are also capable of evoking great cell proliferation
in the utricular epithelium of neonatal rats (Gu et al.,, 2007).
Compared to TGF-a alone, simultaneous infusion of TGF-
a and insulin into the rat inner ear shows combined effects
in producing HCs (Kuntz and Oesterle, 1998a,b). Furthermore,
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combined utilization of TGF-a, IGF-1, and retinoic acid (RA) and
BDNF performs well in restoring type I vestibular HCs in vivo
and suggests application value (Kopke et al., 2001).

Regulation of intracellular signals is another method of
promoting regeneration. Activation of phosphatidylinositol-
3 kinase (PI-3K), mammalian target of rapamycin (mTOR),
protein kinase C (PKC), mitogen-activated protein kinase
(MAPK) and increased intracellular calcium enhance the
proliferation of cells in murine vestibular epithelia. All of
these signals are closely associated with the S-phase entry
(Montcouquiol and Corwin, 2001).

The basic helix-loop-helix (PHLH) transcription factor, atonal
homolog 1 or Atohl, is critical for the differentiation of HCs
(Bermingham et al., 1999). Atohl overexpression activates the
HC differentiation in murine vestibular epithelia both in vitro
(Zheng and Gao, 2000; Huang et al., 2009; Qian et al., 2021)
and in vivo (Staecker et al.,, 2007; Schlecker et al., 2011; Gao
et al,, 2016; Sayyid et al., 2019), which can be enhanced by injury
(Staecker et al., 2007; Schlecker et al., 2011; Sayyid et al., 2019;
Hicks et al., 2020; Qian et al., 2021) and depressed by aging
(Gao et al., 2016). On the other hand, Atohl deletion inhibits the
spontaneous returning of HCs significantly (Hicks et al., 2020).

Disrupting the lateral inhibition established by Notch
signaling is another classic strategy for producing new HCs.
After adding DAPT and TAPI-1, two inhibitors of the Notch
signaling pathway, to the explanted utricles of adult mice,
enhanced hair cell regeneration was observed, especially in the
striolar/juxtastriolar region (Lin et al, 2011). DAPT treatment
also leads to extensive HC generation in cristae explants of adult
mice (Slowik and Bermingham-McDonogh, 2013). Moreover,
downregulation of the Notch target gene Hes5 through siRNA
can also induce the trans-differentiation of supporting cells and
boost hair cell regeneration in the damaged mouse utricles
(Jung et al., 2013).

Apart from the traditional means mentioned above, recent
studies have revealed some new targets for regulating HC
regeneration. Several studies connected the ability of supporting
cells to reenter the cell cycle during murine utricular development
or after injury to nuclear Yap signaling (Gnedeva et al,
2017, 2020; Kastan et al., 2021). Collado et al. (2011) found
the accumulation of E-Cadherin as an inhibitor for trans-
differentiation of supporting cells. Knockdown of Foxgl in
supporting cells was revealed to be another viable method
of enhancing HC regeneration in the neonatal mouse utricle
(Zhang et al., 2020). In order to achieve better regenerative
effects, attempts have been made to simultaneously promote
supporting cells proliferation and hair cell differentiation through
a combined regulation of multiple signaling pathways, such as
Wnt and Notch (Wu et al., 2016).

Although vestibular hair cell regeneration in mammals still
faces many hurdles, the good news is that murine vestibular
function, under certain modulations, has been partially restored
after injury (Kopke et al., 2001; Staecker et al., 2007; Schlecker
et al.,, 2011). However, whether the regeneration phenomenon
can also be discovered in humans and whether it can be regulated
in the same manner as in rodents are questions that must be
addressed for the clinical application of regenerative techniques.

Regenerative Potential of Human

Vestibular Hair Cells

Studies on the regenerative potential of human vestibular HCs
started almost at the same time as that of other mammals.
Through in vitro experiments, Warchol et al. (1993) found
proliferating supporting cells after neomycin injury in the human
utricle. After 25 days of culture, some labeled nuclei in the
lumenal stratum that was normally occupied by the nuclei of HCs
appeared, which suggested the restoration of HCs (Warchol et al.,
1993). In another study, 22 patients with Meniere’s disease were
tested on their vestibular function 1-2 years after gentamicin
treatment. The horizontal semicircular canal afferent nerve
restored its excitability to warm and cold water in 38% of them,
which was regarded as functional evidence for HC regeneration
(De Waele et al., 2002). However, the evidence here is insufficient,
in which the study could not confirm the direct cause of
the functional recovery, since vestibular inhibition and central
compensation could also lead to functional restoration. The
morphological evidence came in 2015. Immature hair bundles
were observed in human vestibular specimens harvested from
elderly patients (Taylor et al., 2015). Given that no evidence of
the hair bundle restoration has been detected on surviving “bald”
HCs, there is likely to be spontaneous HC regeneration occurring
in human utricles.

Another approach to investigate the stemness of vestibular
sensory epithelial cells is to extract progenitors or stem cells
from the human inner ear. It was first realized by Chen et al.
(2009) who extracted stem cells capable of differentiating into
HCs from the fetal cochlea in 2009. Since then, attempts have
been made in vestibular organs. Hu et al. (2012) isolated sensory
epithelial cells from postoperative human utricular specimens
and cultured them in vitro. The proliferated cells expressed genes
in pre-sensory cells or stem cells such as SOX2 and P27X/P1 and
showed characteristics of mesenchymal cells when cultured on
2D substrates (Hu et al.,, 2012). A recent study demonstrated
that the human vestibular epithelial cells have a strong sphere-
forming ability through in vitro culture. Furthermore, the clonal
spheres were able to produce cells expressing markers of HCs and
displayed differentiation ability (Senn et al., 2020). The existence
of multipotent progenitor cells in the adult human vestibule
indicates the capability of sensory epithelial cells to re-enter the
cell cycle and provides a promising source for neonatal HCs.

In conclusion, the regenerative potential of human vestibular
HCs has been revealed from different aspects, reflecting the
similarities between human and rodent vestibules. Therefore,
the theoretical basis for the regulation of human hair cell
regeneration following the example of other mammals has
been established.

Application of Gene Therapy in Human
Vestibular Sensory Epithelia

As is mentioned above, overexpression of Atohl serves as a
classic approach to triggering regeneration of vestibular HCs
in rodents. In 2003, Shou et al. (2003) upregulated HATH1 (a
human homolog of Atoh1) in cultured adult rat utricular maculae
through local adenoviral treatment and robust production of
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new HCs was observed in normal and gentamicin-injured
utricles as a result of supporting cell conversion, implying the
conserved function of the atonal homologs during the revolution.
Moreover, considering the similarity between human and murine
homologs of atonal in giving rise to HCs, overexpressing
HATH1 may be a promising target for gene therapy in
human balance organs.

Choosing a suitable transduction vector is essential for
inner ear gene therapy. Adenovirus has been demonstrated
to efficiently transfect both HCs and supporting cells, thus
becoming a competitive candidate. In 2007, Kesser et al. (2007)
developed a multi-gene deletion and replication-free adenovirus
vector (AD2) to test its transfection efficacy in human tissues,
which drove the expression of the green fluorescent protein GFP
gene (AD2-GFP) by cytomegalovirus (CMV) promoter. Results
indicated that both supporting cells and HCs were transfected
and the transfection rate was higher in supporting cells and
varied with viral titer and transfection time. Furthermore, the
adenovirus vector also performed well when GFP and wild-type
potassium channel gene KCNQ4 were transfected simultaneously
into the human inner ear, with 17.3% hair cell transfection rate for
GFP and 10% for KCNQ4 (Kesser et al., 2007). Adeno-associated
virus (AAV) is another promising vector that has enabled efficient
gene transfer to several organs. Recently, an AAV variant (AAV-
ie) has been designed for inner ear gene delivery. It was shown
that AAV-ie infected about 93% of SCs and 76% of HCs in human
utricle. In addition, the saccular macula and cristae could be
transduced as well (Tan et al., 2019).

Based on the maturity of the transduction vector, Taylor
et al. (2018) made the first attempt to generate HCs in
human utricle. Taylor et al. (2018) collected utricles from
patients undergoing excision of vestibular schwannoma and
HCs were ablated through gentamicin. Ad2-GFP-Atohl was
used here to transfect utricular maculae and supporting cells
were efficiently transduced. Compared with the control group,
transfection successfully increased the HC number in the
maculae. Moreover, Notch signaling pathway inhibitor TAPI-1
also induced regeneration in human utricles, while the newborn
HCs were fewer than those in the Atohl transfection group.
Finally, no synergistic effect of the two treatments was observed,
implying Atohl overexpression as a more effective solution.
This study creates a precedent for gene therapy targeting the
human inner ear.

FUTURE PERSPECTIVES

Although gene therapy targeting human vestibular epithelium
has triggered HC regeneration successfully, many problems
remain to be addressed before more mature and functional HCs
can be generated. Considering the similarities between vestibular
and auditory sensory epithelium, recent studies on the cochlea
may offer some inspiration.

Atohl-induced HC regeneration still has some limitations
in both mouse and human vestibules. First, the number of
hair cells could not be fully restored after injury. Second,
nearly all the new hair cells converted from supporting cells

were Sox2 + type II hair cells, the lack of new type I hair
cells is not conducive to vestibular rehabilitation. Moreover,
the regenerated hair cells were immature, as demonstrated by
immature cilia (Schlecker et al., 2011; Taylor et al., 2018; Sayyid
et al., 2019; Qian et al, 2021). Recent studies report some
progresses in cochlear hair cell regeneration by manipulating
multiple signaling pathways or transcriptional factors (Walters
et al., 2017; Lee et al., 2020; Menendez et al., 2020; Chen et al,,
2021; Sun et al., 2021). In order to improve both the quality and
quantity of new vestibular hair cells, regulating multiple factors
which can promote the maturation and subtype differentiation of
vestibular hair cells may be an important strategy. In addition,
it might be beneficial to combine epigenetic regulatory factors
with Atohl overexpression to promote hair cell regeneration in
the human vestibule.

Generating organoids provides ideal models for screening
drug candidates for the treatment of inner ear diseases. Recent
studies have succeeded in producing otic organoids from
human pluripotent stem cells. Some of them shared many
characteristics with human vestibular epithelia (Koehler et al,
2017; Jeong et al, 2018; van der Valk et al, 2021). In the
future, exploring the regulatory mechanisms underlying hair cell
formation using organoids and the latest techniques, such as
single-cell and single-nuclear sequencing, may help to identify
regulatory pathways and key factors which play important roles
in the maturation and subtype differentiation of vestibular
hair cells. Progresses in this area will contribute to the study
of hair cell regeneration in human vestibule and balance
function reconstruction.

Chen et al. (2012) transplanted otic neuroprogenitors derived
from human embryonic stem cells (hESCs) into ouabain-
treated gerbils (an auditory neuropathy model) through the
round window, and restoration of auditory evoked response
was observed. The protocol of transplanting progenitor cells
discussed here offers another promising strategy for generating
functional HCs in the human vestibule.

Trans-differentiation of Lgr5+ or Plpl+ supporting cells is
traditionally regarded as the main source of postnatal hair cell
generation in utricles (Wang et al., 2015, 2019). However, the
latest studies suggested transitional epithelial cells (TECs) located
at the border between sensory and non-sensory regions to be
another reliable source of HCs (Huang et al., 2009; Burns et al.,
2015; Gao et al., 2016; Jan et al., 2021; Qian et al., 2021). How to
achieve effective trans-differentiation from TECs into supporting
cells or HCs could be another future direction.
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