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Abstract

INTRODUCTION

Inner ear stem cells were initially isolated from the sensory
epithelium of the elliptic bursa of adult mice by Li et al., in 2003
and were named inner ear stem cells [1]. Since then researchers
have isolated such cells from the cochlear Corti apparatus, the
large epithelial ridge, and the small epithelial ridge [2,3]. Inner ear
stem cells have the potential for self-renewal and multidirectional
differentiation, which have a greater potential to differentiate
into cochlear hair cells than other types of transplanted stem
cells. Cochlear hair cells are terminally differentiated cells,
whose irreversible damage or absence is one of the main causes
of sensorineural deafness. Many studies have attempted to
fundamentally treat sensorineural deafness by culturing inner
ear stem cells in vitro , inducing them to differentiate into hair
cells or hair cell-like cells. A challenge with this approach is how
to regulate cell proliferation and differentiation once the cells
have been reprogrammed and undergone differentiation. The
differentiation of inner ear stem cells into mature cochlear hair
cells is closely related to the microenvironment in which they
reside, as well as the exchange of material, signaling, and genetic
regulatory.

MicroRNAs

During the differentiation of inner ear stem cells, cells begin
to differentiate directionally when specific transcriptional
programs of certain genes are activated. MicroRNAs (miRNAs)
are a class of small non-coding RNAs processed from the
transcripts of endogenous genes, which are involved in a wide

Irreversible damage to cochlear hair cells is one of the main causes of
sensorineural deafness. In recent years, it has been found that a class of cells with
stem cell properties and the ability to differentiate into hair cells, which are called
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inner ear stem cells, and their proliferation and differentiation may be the ultimate
solution of sensorineural deafness. Inner ear stem cells have the potential for self-
renewal and multi-differentiation, and their proliferation and differentiation processes
are affected by a variety of factors, ranging from growth factors and miRNAs to the
extracellular microenvironment and related signaling pathways, etc. This paper focuses
on the factors affecting the proliferation and differentiation of inner ear stem cells.

range of physiological and pathological processes by regulating
the expression of target messenger RNAs (mRNAs). To date,
hundreds of miRNAs have been identified in cochlear progenitor
cells in culture.

The miR-183 family (including miR-183, miR-96, miR-182)
is thought to be essential in the development of the inner ear.
They originate from a common primary transcript, and the
initial pattern of expression is widely distributed, but as the
embryo develops, miR-183 expression is progressively confined
to sensory cells in the cochlea and vestibular end-organs, as
well as in the spiral ganglion and vestibular ganglia, with the
most abundant expression in hair cells [4]. It was found that
overexpression of miR-183 in zebrafish induced additional and
ectopic hair cells, while low expression reduced the number of
hair cells [5]. MiR-183 regulates the behavior of inner ear stem
cells by affecting different target genes and signaling pathways, it
can target genes that affect the cell cycle to promote or inhibit the
proliferation of inner ear stem cells [6,7]. In addition, miR-183
can affect the differentiation of inner ear stem cells to specific
cell types such as hair cells by regulating differentiation related
signaling pathways such as the Notch signaling pathway [8]. By
establishing a gentamicin induced cochlear injury model in mice,
Zhou W et al. found that gentamicin-induced hair cell injury
activated the Notch signaling pathway and downregulated the
expression of miR-183. Inhibition of this signaling upregulated
miR-183 cluster expression and promoted hair cell regeneration,
suggesting that miR-183 cluster may be involved in notch
inhibition-induced hair cell regeneration in gentamicin-treated
cochlea.
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In recent years, the role of miR-21 in stem cell proliferation
and differentiation has received increasing attention, and the
regulation of miR-21 significantly affects the proliferative and
differentiation capacity of these cells [9,10]. It has been shown
that overexpression of miR-21 promotes the proliferation and
differentiation of inner ear stem cells to hair cell-like cells, which
is important for hair cell regeneration [11]. MiR-21 can also
regulate the behavior of inner ear stem cells by targeting several
signaling pathways. Among them, PTEN (phosphatidylinositol-3-
kinase inhibitor 1) and Spry1 (spray delay protein 1) are known
targets of miR-21, and by inhibiting the expression of these target
genes, miR-21 can activate the AKT signaling pathway and ERK
signaling pathway, which can promote the proliferation and
differentiation of cells [12].

Similarly, miR-124 can affect the behavior of inner ear stem
cells by binding to the mRNAs of target genes, which may be
involved in cell cycle control, cell death, signaling pathways,
and other important biological processes, by blocking their
translation process or promoting their degradation. It has been
shown that miR-124-3p negatively regulates the EYA1 gene by
interacting with the 3 * UTR target site of the EYA1 gene, which
leads to inner ear dysplasia in zebrafish [13]. Jiang D et al., found
that miR-124 was lowly expressed in undifferentiated inner
ear neural stem cells, with a gradual increase in expression and
a peak at day 14 of differentiation. miR-124 overexpression
increased the percentage of neurons and axon length, suggesting
that miR-124 plays an important role in neuronal differentiation
of inner ear stem cells in vitro [14].

MiR-34 is an important downstream effector of the p53
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signaling pathway. P53 participatesin cellular response programs,
including cell cycle arrest, apoptosis, and aging, by activating
miR-34 expression. In inner ear stem cells, p53-activated miR-
34 expression may have an inhibitory effect on cell proliferation
and differentiation [15]. The let-7 family is a group of highly
conserved microRNAs that were first identified in Caenorhabditis
elegans and subsequently characterized in a variety of organisms,
including humans. Let-7 family members play important roles
in different biological processes, especially in cell proliferation,
differentiation, development, and the onset and progression
of diseases. They play important roles in various biological
processes, especially in cell proliferation, differentiation,
development, and the onset and progression of disease. Let-7 is
able to directly target and regulate key molecules that affect the
cell cycle, such as Cyclin D and Cyclin E, as well as other proteins
that promote the entry of cells into the proliferative state. By
down-regulating the expression of these proteins, let-7 helps to
maintain cells in a quiescent state or promote their exit from the
proliferative cycle, which in turn affects the proliferative capacity
of inner ear stem cells [16]. Let-7 promotes cell differentiation by
targeting multiple transcription factors and signaling molecules
associated with the undifferentiated state of cells, such as Hmgaz2,
Myc and Lin28, and inhibiting their expression. In inner ear stem
cells, this role of let-7 may help to drive the differentiation of
stem cells to specific inner ear cell lines such as hair cells, which
is critical for restoring or maintaining hearing function [17].
Let-7 is also involved in the regulation of multiple signaling
pathways that are closely linked to cell fate decisions, including
Wnt, Notch and TGF-f. By precisely regulating the expression of
key molecules in these pathways, let-7 influences the function of
inner ear stem cells [18] (Figure 1).
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Figure 1 Factors influencing the proliferation and differentiation of inner ear stem cells. Growth factors, miRNA and extracellular microenvironment

may affect the viability and proliferation of auditory stem cells.
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In addition, miR-9 [19], and miR-155 [20], can also target a
series of key genes and pathways to regulate the proliferation,
differentiation, and regeneration of inner ear stem cells. With the
continuous progress of RNA detection technology, it is expected
that more mRNAs will be found in the inner ear in the future,
but so far, the exact mechanism by which miRNAs affect inner
ear development is still not well understood. Therefore, an in-
depth understanding of the specific mechanisms of action of
these miRNAs in the proliferation and differentiation of inner ear
stem cells will contribute to the development of new therapeutic
strategies for hearing loss.

Atoh1 (Atonal homolog 1) is a transcription factor, a member
of the bHLH (basic helix-loop-helix) family of proteins, which
was first identified in Drosophila and subsequently in mammals,
where its homologs are particularly critical for the development
of the nervous system [21]. As a transcription factor, Atohl
activates or represses the expression of a range of downstream
genes by binding to specific sequences on DNA. These genes are
involved in the regulation of cell growth, differentiation, and the
determination of specific cell fates [22,26]. Currently, it has been
found that transfection of small activating RNA targeting Atoh1
into inner ear progenitor cells induces differentiation of hair
cell progenitors to hair cell-like cells [23].Thus, RNA activation
technology has the potential to provide a new strategy for hair
cell regeneration. Mcgovern MM et al, reprogrammed non-
sensory cells in the vicinity of the organ of Corti with three hair
cell transcription factors, Gfil, Atohl, and Pou4f3, and found
that the non-sensory region of the cochlea produced a large
number of hair-cell-like cells and that cells in the vicinity of the
reprogrammed hair cells expressed markers for support cells,
suggesting that transcription of non-sensory cochlear cells in
adult animals factor reprogramming can generate chimeras
like the sensory cells in the organ of Corti [24], this approach,
if successful, will certainly provide a potential new strategy
for treating certain types of hearing loss. Li X et al., converted
non-sensory supporting cells from inner ear hair cell-impaired
mice into inner hair cells by transiently expressing Atoh1 and
permanently expressing Tbx2. The new inner hair cells had
similar transcriptomic and electrophysiological properties as
wild-type inner hair cells, and the formation efficiency and
maturation were higher than those of previous studies. However,
there was no significant improvement in hearing in mice with
damaged inner hair cells, which may be related to the defective
electromechanical transduction function of the newborn inner
hair cells [25].

Classical signaling pathways

Wnt signaling pathway is an important cell signaling pathway
involved in the regulation of a variety of biological processes,
including embryonic development, tissue regeneration, cell
proliferation and differentiation, etc. It mainly includes Wnt/[3-
catenin, Wnt/PCP and Wnt/calcium signaling pathways. In the
inner ear, the Wnt signaling pathway also plays a critical role in
influencing the proliferation and differentiation of inner ear stem
cells. During early inner ear development in mammals, Wnt/(3-

catenin is involved in the differentiation of the inner ear auditory
vesicle and auditory substrate [26], in addition, upregulation of
Wnt signaling in cochlear sensory precursors and supporting
cells also promotes hair cell differentiation [27]. Chai et al., found
that activation of the Wnt/B-catenin signaling pathway promotes
proliferation of Lgr5-positive stem cells [28,29], however, only a
few of these proliferating stem cells transform into hair cells [30].
It suggests that activation of the Wnt pathway only promotes the
regeneration of inner ear stem cells but fails to produce large
numbers of new hair cells.

Notchsignalingis a highly conserved signaling pathway whose
activation depends on direct contact between neighboring cells
and mechanical pulling of Notch receptors by Notch ligands [31].
Activation of Notch signaling inhibits the proliferation of inner
ear precursor cells, maintaining these cells in an undifferentiated
state. This inhibition is achieved by directly suppressing the
expression of key regulators of cell cycle progression [32]. Cell
division is inhibited, for example, by decreasing the activity of
cyclin-dependent kinases to prevent cells from entering the S
phase. In addition, the Notch signaling pathway inhibits cell
differentiation by activating specific downstream target genes,
such as the Hes family and the Hey family, and this inhibition is
essential for maintaining the correct ratio of inner ear hair cells
to supporting cells [33].

In addition, Math1 and Hesl are important regulators that
promote hair cell differentiation. It was found that in mice, if
Math1 was knocked out, embryonic mice did have cochlear and
vestibular hair cells, and vice versa, regeneration of cochlear hair
cells and differentiation of vestibular hair cells were observed
[34,35]. Hes], in contrast to Math1, is a negative regulator in
cochlear development, and both play an important role in normal
cochlear development [36,37].

Extracellular environmental

The extracellular microenvironment, including the
extracellular matrix (ECM), surrounding cells, solubility factors
(e.g., growth factors and cytokines), as well as physical and
chemical conditions (e.g, oxygen concentration, stiffness,
and pH), also have a profound effect on the proliferation and

differentiation of inner ear cells [38].

The extracellular matrix is (ECM) a complex network of
multiple proteins and polysaccharides that not only provides
physical support for the cell, but is also involved in regulating cell
behavior [39,40]. In the inner ear, components of the extracellular
matrix (ECM) such as fibronectin, laminin and collagen can
influence the adhesion, proliferation and differentiation of
inner ear stem cells [41,42]. Laminin (LN) is a heterotrimer of
o, B and y-chains, which is located in the basement membrane
and subbasement membrane surrounding the spiral ganglion of
the mammalian cochlea. The dimeric glycoprotein fibronectin
(FN) has also been found to be located in the cochlea [43], both
of them grow alongside spiral ganglion dendrite-targeted hair
cells during cochlear maturation and subsequently influence
cochlear hair cell growth and differentiation. In 2005, Tomama et
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al, identified in the cochlea of perinatal mammals heterodimers
of the integrin ECM receptor family, which was previously
found to be expressed in the developing brain and consists of a
heterodimeric transmembrane protein consisting of an « chain
and a B chain, which binds to a variety of molecules in the ECM,
linking them to the actin cytoskeleton and other intracellular
effectors [42,44]. Specific ECM components can activate specific
signaling pathways, such as FGF, Wnt/f-catenin, etc., which in
turn affects the direction of cell differentiation.

Peripheral cells in the inner ear microenvironment are
also important for the proliferation and differentiation of
inner ear stem cells, and they can regulate each other through
direct contact with specific receptors and ligands (intercellular
adhesions) on the cell surface, or interact with each other
through, for example, the secretion of solubility factors. Yushi
et al. [45], found that cochlear support cells protect the survival
and function of hair cells by inducing type I interferon after viral
infection, in addition, damage or death of ciliated cells can activate
surrounding support cells, inducing them to transform into stem
cells and participate in repair and regeneration processes. The
nerve cells of the cochlear, vestibular and spiral nerves in the
inner ear can influence the neural differentiation of stem cells
through direct contact or secretion of nerve growth factors, etc.
Fibroblasts are the main synthesizing cells of the extracellular
matrix (ECM), which can influence the attachment/ proliferation
and differentiation of stem cells by regulating the composition of
the extracellular matrix, and also influence the proliferation and
transformation to specific types of cells by secretion of fibroblast
growth factors. Proliferation and transformation of inner ear
stem cells to specific cell types through the secretion of fibroblast
growth factors [46]. In addition, fibroblasts are involved in local
immune responses and inflammatory processes, which can
affect the microenvironment of inner ear stem cells through the
secretion of cytokines and chemokines, thereby influencing their
value-added and differentiation [41,47].

Soluble factors in the extracellular matrix mainly include
epidermal growth factor (EGF), fibroblast growth factor (FGF),
nerve growth factor, transforming growth factor-f (TGF-f),
insulin-like growth factor and estrogen (IGF-1), prostaglandin E2,
retinol, tumor necrosis factor alpha (TNF-alpha), and interleukins
(IL-1 and IL-6). They are all proteins or peptides produced by cells
thathavetheability to influence cell behavior. These molecules can
affect cell proliferation, differentiation, migration, etc. by binding
to specific cell surface receptors or specific signaling pathways.
Campbell etal. [48], found that epidermal growth factor (EGF) and
fibroblast growth factor (FGF), could promote the proliferation
and differentiation of neonatal mouse neural stem cells. Lian M
et al.[49], found through in vitro cellular experiments that nerve
growth factor could promote the functional and neurotrophic
effects of bone marrow mesenchymal stem cells, which improved
the osteogenic capacity of bone repair cells. Chen G et al. [50],
injected transforming growth factor-p-1-treated extracellular
vesicles (T-EVS) into spinal cord-injured mice and found that
it significantly enhanced the proliferation and anti-apoptotic
capacity of neural stem cells in vitro, as well as increased the

transition of reactive microglial cells from M1 to M2, which
resulted in attenuation of neuroinflammation and enhancement
of neuroprotective effects of residual cells in the acute phase. In
neonatal mammals with different types of hair cell injury, insulin-
like growth factor-1 (IGF-1) maintains the number of hair cells in
the cochlea by activating two major pathways downstream of the
IGF-1 signaling pathway, and in aminoglycoside-treated neonatal
mouse cochlear explant cultures, the IGF-1-treated group
promotes support for the cell cycle and inhibits apoptosis of
capillary cells [51]. Poletti V et al. [52], found that prostaglandin
E2 increased the transduction efficiency of hematopoietic stem
cell progeny in vitro. Vitamin A (including retinol and its active
form retinoic acid) plays an important role in the regulation
of stem cell fate determination and cell lineage plasticity, and
retinoic acid serves as an important signaling molecule that can
directly regulate the transcription of target genes by binding
to intracellular retinoic acid receptors. This mechanism allows
vitamin A to precisely regulate the differentiation process of
stem cells, including promoting the formation of certain cell
types and inhibiting the formation of other [53].Tumor necrosis
factor (TNF-a) is a cytokine that is produced mainly by immune
cells and is widely involved in inflammatory responses, immune
regulation, and apoptotic and survival processes. In the study
of inner ear stem cells, the role of TNF-a has also attracted
attention, especially its potential effects on the proliferation and
differentiation of inner ear stem cells, which may be promoted
or inhibited through the activation of signaling pathways such
as NF-kB, or through the alteration of intracellular signaling
networks and the regulation of the expression of specific genes.
One study knocked out the tumor necrosis factor gene receptor
from lung cancer mouse cells, resulting in a significant reduction
in tumor size and weight in TNFR2 knockout mice compared
to wild-type mice [54]. Interleukins (ILs) are an important
class of cytokines widely involved in immune regulation, cell
proliferation, differentiation, and inflammatory responses. One
research found that the expression of interleukin 1 and insulin-
like growth factor-1 was up-regulated in neurons and glial cells of
the cochlear ventral nucleus in adultrats at 1, 7, and 15 days after
bilateral cochlear surgery, reflecting the possible involvement
of IL-1 in repairing the synaptic dynamic balance of the overall
cellular environment of the cochlear nucleus [55]. IL-2, IL-4, IL-6,
and IL-8 promote the proliferation and differentiation of certain
inner ear cells by activating the JAK/STAT signaling pathway
or nuclear factor-kB (NF-kB) pathway, etc., which promote the
proliferation and differentiation of certain inner ear cells [56,57].

The proliferation and differentiation of inner ear stem cells
are regulated by a combination of genetic, environmental and
biochemical factors. A deeper understanding of these influencing
factors will not only help us to reveal the repair mechanisms after
inner ear injury, but will also provide a scientific basis for the
development of new therapeutic strategies. Future studies need
to explore in greater depth how these factors interact with each
other and how to promote inner ear regeneration and repair by
interfering with these factors, thus opening up new avenues for
the treatment of hearing loss and balance dysfunction.
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