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Abstract

The mammalian inner ear largely lacks the capacity to regenerate hair cells, the sensory cells
required for hearing and balance. Recent studies in both lower vertebrates and mammals have
uncovered genes and pathways important in hair cell development and have suggested ways that
the sensory epithelia could be manipulated to achieve hair cell regeneration. These approaches
include the use of inner ear stem cells, transdifferentiation of nonsensory cells, and induction of a
proliferative response in the cells that can become hair cells.

Introduction

A human cochlea contains about 17 000 hair cells, far fewer receptor cells than other
sensory organs such as the retina or olfactory epithelium. Lacking significant redundancy,
the cochlea is severely disabled by the loss of just a few thousand hair cells. The sensory
epithelium of birds and fish can regenerate new hair cells after deafening whereas humans
and other mammals lost this ability during evolution. Thus the loss of hair cells owing to
noise trauma or ototoxic drugs is permanent, and accounts for much of the hearing loss that
will plague over 30% of the elderly. The hope for the regeneration of human hair cells as a
therapy for hearing loss has focused attention on hair cell development and regeneration in
lower vertebrates. Here, we summarize recent work in this area, and we suggest potential
routes whereby pathways of regeneration in nonmammalian species could be employed in
species that have lost the capacity for the regeneration of sensory epithelia.

Regeneration in birds and fish
Birds

In avian vestibular sensory epithelia, hair cells are continuously regenerated [1], whereas in
the auditory system, hair cell regeneration occurs only after hair cell damage or death [2,3].
Remarkably, after damage to hair cells that led to loss of hearing, auditory hair cell
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regeneration brought about functional recovery [4]. In both the vestibular and auditory
systems, the new hair cells could be regenerated either by cell cycle re-entry or by the
transdifferentiation of supporting cells: when hair cells of posthatch chick basilar papilla
(BP, the chick auditory organ) were damaged by noise followed by tritiated thymidine
injection, both hair cells and supporting cells were seen labeled with thymidine,
demonstrating a proliferative response leading to hair cell regeneration [2,3]. Further
experiments showed that new hair cells were regenerated even when the cell cycle was
partially inhibited, supporting a mechanism in which supporting cells directly
transdifferentiate into hair cells [5]. The two mechanisms of hair cell regeneration appear to
be elicited by different signals and at different stages. Immediately following hair cell death,
hair cell regeneration occurs primarily through transdifferentiation [6]. However, most of the
hair cells are subsequently regenerated by proliferation [6]. Different subsets of supporting
cells may exist, some of which undergo transdifferentiation while most undergo cell cycle
re-entry. It is not clear what accounts for this difference. Increases in PI3 kinase, MAPK,
and mTOR activities are involved in the proliferation of supporting cells [6,7], but the
signaling pathways that initiate cell cycle re-entry are still largely unknown.

How do quiescent avian BP supporting cells maintain the potential to re-enter the cell cycle?
First, quiescent supporting cells may maintain expression of some progenitor genes, so that
they can respond to stimuli from hair cell death. For example, Islet1 and Prox1 have been
implicated in progenitor cell properties, and they are expressed in BP supporting cells [6,8].
Second, the BP supporting cells may undergo dedifferentiation (or reprogramming). In the
salamander, in which tissue regeneration readily occurs, dedifferentiation of mesenchymal
cells preceded cell cycle re-entry and led to the formation of a blastema which could then
differentiate to specific cell types [9]. Interestingly, in an /in vitro model in which isolated
chick supporting cells could be induced to form new hair cells, the supporting cells
underwent epithelial-mesenchymal—epithelial transition before hair cell formation [10]. It is
tempting to speculate that supporting cell dedifferentiation may occur before cell cycle re-
entry. The analysis of gene expression in regenerating chick BP and comparison with
developing chick BP will help to answer these questions.

Zebrafish have been increasingly used in hair cell regeneration studies. In zebrafish larvae,
lateral-line-neuromast hair cells were efficiently killed by gentamicin treatment, and hair
cells regenerated fully within 72 hours of treatment [11ee]. As in chick BP, most of the hair
cells regenerated in zebrafish were derived from supporting cells after cell cycle re-entry.
The Notch pathway was required for neuromast hair cell regeneration: blocking of the Notch
pathway with a y-secretase inhibitor led to an increase in the number of hair cells
regenerated, with most cells derived from supporting cell proliferation [11e]. This differs
from both chick and mouse models in which blockade of Notch resulted primarily in
transdifferentiation from supporting cells to hair cells (J Stone, unpublished data). Whether
transdifferentiation or proliferation is utilized for hair cell regeneration may also depend on
the severity of hair cell damage. After total hair cell death in neuromasts, the proliferation of
Sox2-positive supporting/progenitor cells accounted for most hair cell recovery, whereas if
some hair cells survived, the new hair cells were regenerated primarily without cell division
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[12]. The origin of supporting cells that can transdifferentiate into hair cells remains
unknown.

Recent studies have provided further insight into the mechanism of neuromast hair cell
regeneration. Using time-lapse video recording to capture the entire regeneration process
after gentamicin-induced hair cell death, it was shown that two new hair cells were derived
from cell division of a single supporting/progenitor cell, that is through symmetric cell
division, within 24 hours [13]. The symmetric cell division in neuromasts is reminiscent of
the situation in Rb1 conditional knockout mice, in which committed progenitor cells without
Rb1 continue cell division to produce two new hair cells [14e¢]. Interestingly, a separate
study showed that following gentamicin treatment, most of the cells entered S phase after
15-18 hours and completed mitosis at about 24 hours [11+¢]. Combined, the two studies
would indicate that most hair cells are regenerated through one round of cell division within
24 hours of hair cell death.

Avre supporting cells stem cells for the ear or are they replaced by another cell that can divide
and replace the supporting cells that are lost by differentiation into hair cells? There is not a
clear answer, although there are many clues. Clearly, for supporting cells to act as true stem
cells, they must replenish themselves after differentiating to another cell type. In other
tissues, this is handled by the mechanism of asymmetric division in which a progenitor cell
gives rise to a partly differentiated or at least committed precursor and a new stem cell at
each division. In cases in which committed progenitor cells respond to hair cell death by
directly differentiating to hair cells, there must be other mechanisms involved in
replenishing lost progenitor cells. It will be of great interest to identify the origin of the
progenitor cells, the signals that initiate cell division to produce more progenitor cells, and
the signals that lead to their differentiation to hair cells. The symmetric division appears to
differ from the case of the chick BP, where asymmetric cell division of supporting cells is
considered a major mechanism [15], although occasional symmetric cell division was also
observed.

Why not mammals?

In contrast to lower vertebrates, mammals show little capacity for differentiation of new hair
cells or proliferation of any sensory epithelial cells. There are differences between vestibular
epithelia, which have some capacity for regeneration, and auditory epithelia, which do not,
but the regeneration that has been demonstrated in vestibular epithelia is of limited extent
[38,39].

Progenitor cells in sensory epithelia of mammalian inner ear

Whether mammalian sensory epithelia contain true stem cells is a key question. Progenitors
have been shown to be present in mammalian sensory epithelia based on a number of
criteria: neurosphere formation was demonstrated from both cochlear and vestibular sensory
epithelia [16¢] and the neurospheres were shown to be clonal and capable of self renewal
[17]. The cells differentiated into cell types corresponding to all three germ layers,
endoderm, mesoderm, and ectoderm, indicating that the stem cells were pluripotent. Cells in
the spheres could differentiate into hair cells and neurons that had properties of inner ear
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cells [16+=,18]. This raised the possibility that, if properly stimulated, they could be induced
to differentiate /n7 vivo as the basis for future therapies to replace cells in the inner ear.

The cells obtained by neurosphere formation could be residual embryonic progenitor cells or
could be a true stem cell compartment. In the case of the heart [19] and visual system [20],
proliferating cells observed in newborns were found to decrease in number with age and
have been proposed to represent embryonic progenitors. Like the ear, these tissues show
limited regenerative capacity. Despite low or undetectable proliferation by their resident
progenitor cells, these tissues do have stem cell compartments with the capacity to enter the
cell cycle. In the heart, for example, where tissue damage does not result in a repair process,
resident stem cells have been isolated and shown to divide /n vitro[19], and even in tissues
such as blood a slow rate of division is characteristic of the stem cell compartment.
Expression of markers is one useful tool for the identification of these cells and
identification of marker genes will be important in studies of the inner ear.

Pathways of development as targets for gene manipulation

Regeneration can be seen as recapitulating development; thus many of the genes involved in
hair cell development are being investigated both to gain insights and to use as tools for
initiating de novo formation of hair cells.

The basic helix-loop-helix transcription factor, Atohl, is a key gene in hair cell
development. First, there was a complete lack of hair cells in an Atoh1-knockout animal
[21]. Second, expression of Atohl converted supporting cells as well as epithelial cells
outside the organ of Corti to hair cells [22,23¢¢,24,25]. The hair cells formed were functional
[22].

The Notch pathway is also important for laying down the alternating hair cell-supporting
cell-hair cell pattern of the cochlear and vestibular epithelia [26,27]; specifically, Notch
activation in supporting cells appeared to suppress a hair cell phenotype. Disruption of
Notch signaling by the deletion of Notch ligands appeared to release the inhibition of hair
cell phenotype so that extra hair cells were formed in the sensory epithelium [28]. The new
cells arose from supporting cells, which underwent further cell division in the developing
cochlea [28]. The inhibition of Notch signaling with a y-secretase inhibitor also resulted in
the formation of new hair cells in organ of Corti explants from newborn animals [29]. The
conversion of progenitors to hair cells after -y-secretase inhibition was dependent on Atohl
[30], which was increased by the treatment with a y-secretase inhibitor.

Several other pathways involved in the development of hair cells are also potential targets for
manipulations to regenerate hair cells. The BMP pathway has an effect on the number of
hair cells in developing chick otocyst, and BMP inhibitors such as noggin may have an
effect on their development [31,32]. The hedgehog (HH) pathway is also involved in hair
cell development and again disruption can have an effect on the generation of hair cells. A
mutation in GLI3, a downstream mediator of HH, increased the size of the sensory
epithelium and increased the number of hair cells that developed [33]. The Wnt pathway
helps to determine the balance between stem cell proliferation and stem cell differentiation.
Whnt signaling modulated hair cell formation in the developing chick through the action of
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the canonical Wnt pathway mediated by p-catenin [34]. Preliminary data (F Shi, and A
Edge, unpublished) show that overexpressing B-catenin in inner ear progenitor cells
increases the number of hair cells that differentiate.

Cell cycle exit and establishment of postmitotic quiescence in the mature inner ear is
controlled by the function of multiple negative cell-growth genes, whose suppression may
lead to strategies for producing new hair cells. For instance, p27Kip is expressed in
supporting cells and was responsible for their exit from the cell cycle at E14 [35]. Extra hair
cells formed by the disruption of p27 expression resulted from the division of committed
progenitor cells that differentiate into hair cells. In the p27Kip knockout animal, the
disruption of the normal morphology of the organ of Corti by additional cells resulted in loss
of hearing. Similarly, the deletion of Rb led to direct proliferation of progenitor cells, as well
as differentiating hair cells and supporting cells [14¢¢], indicating that the differentiation of
the sensory epithelia and cell division are not mutually exclusive. This may also lead to
apoptosis of cochlear hair cells [36], but in vestibular epithelia the new hair cells appeared to
survive and were functional [37].

Hair cell regeneration in adult inner ear is necessary for any therapeutic intervention to be
applied to deaf patients. Thus far, only Atohl overexpression has been shown to be effective
in converting adult supporting cells to hair cells [23+,24,25].Most of the signaling pathways
described here are only active during early inner ear development and their activation in
adult inner ear will be necessary to assess their potential for hair cell regeneration.

Are supporting cells hair cell progenitors?

While neurospheres could be obtained from vestibular sensory epithelia throughout life, the
capacity to form neurospheres from the cochlea decreased in the first few weeks after birth
[16e¢]. The loss of cochlear sphereforming capacity correlated with the complete lack of
regenerative potential in adult cochlea. The persistence of stem cells in the vestibular system
correlated with the small degree of cell cycle re-entry and hair cell differentiation that had
previously been seen after hair cell damage in the adult utricle [38,39]. Recent studies have
shown that supporting cells from early postnatal mouse cochlea had the potential to re-enter
the cell cycle in vitro [40¢]. However, the capacity for cell division by the supporting cells
was lost during the first two postnatal weeks, indicating a similar course for the decline in
sphere formation and proliferation by supporting cells.

The data from fish and birds as well as more recent data from mammals suggest that
supporting cells or a subset of supporting cells can act as precursors for hair cells, and
several studies suggest that supporting cells have stem cell characteristics. These
characteristics may vary even among the different supporting cell types, which have distinct
morphologies and gene expression profiles, although delineating the exact differences will
require improved reporters and gene profiling of single cell types. Stem cell markers such as
Sox2 [41], Nestin [42], Musashi [43], Notch [26], Prox1 [44], and isletl [8] were expressed
in postnatal supporting cells; the cells are normally quiescent but the cell cycle can be
initiated. Supporting cells undergo cell division in what appears to be an asymmetric
fashion; Notch signaling appears to keep supporting cells in a nondifferentiated state.
Similarly, the central-nervous-system radial glia act as stem cells which are also quiescent
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but can be recruited for cell repair, and so supporting cells may be similar to radial glia both
in their normal physiological (supporting) role and in their ability to become progenitors on
demand. Are the progenitors isolated in neurospheres derivatives of supporting cells? A
definitive answer will come from lineage tracing to mark the cells that form spheres.

Regeneration of inner ear using stem cells from other sources

Attempts to make both auditory neurons and hair cells using embryonic stem (ES) cells have
been partially successful. Hair cells were obtained from mouse ES cells by timed incubation
in the growth factors EGF, bFGF, and IGF-1 [45]. The cells thusly obtained expressed
markers of developing and mature hair cells, Atoh1, Brn3c, and myosin Vlla, and had
stereociliary bundles that could be labeled for espin and F-actin. Auditory neurons have been
produced from ES cells [46,47]. Human ES cells could be converted to progenitors that had
markers of embryonic precursors in the neural crest and sensory placodes, and these cells
could be differentiated to neurons that had many of the characteristic markers of neurons of
the auditory system [48].

In recent reports, other adult stem cells have been used as a source of hair cells. Cells with
markers of hair cell progenitors were generated by the application of growth factors to
mesenchymal stem cells from bone marrow [49]. Expression of Afoh1 in these progenitor
cells resulted in their conversion to cells that expressed hair cell markers. Olfactory
progenitors cocultured with supernatants from cochlear cultures also expressed hair cell
markers [50].

It has been difficult to replace hair cells with transplanted cells derived from sources other
than the ear. There has been little integration or function by cells transplanted into sensory
epithelia, despite reports of cells recovered in the organ of Corti, but advances in ways to
obtain hair cells from stem cells should lead to progress [49,50]. Cell transplantation may
enable cell replacement in the inner ear, but critical issues would have to be addressed,
including the choice of cell type and stage of differentiation, and the timing of infusion
relative to the damage. The timing of transplantation could affect the ability of hair cell
progenitors to interact with the proper cells in the sensory epithelium to regenerate the
correct cell—cell contacts. In the retina, precursors had the capacity to replace photoreceptors
if the optimal developmental stage was employed for transplantation [51].

Of course, hair cell regeneration would not be useful if the new hair cells did not form
synapses with auditory or vestibular neurons to bring the signals to the brain. Several studies
that looked for hair cell replacement also demonstrated reinnervation of the regenerated hair
cells [14e,22,23¢+,24]. Conversely, other kinds of hearing loss result from the degeneration
of the eighth nerve neurons rather than hair cells. Exogenous stem cells have been used to
replace degenerated auditory nerve; in an animal model of neuronal degeneration, these
neurons grew fibers in an apical direction from the nerve trunk and through the osseous
spiral lamina into the organ of Corti where they contacted hair cells [47]. The central fibers
grew into the brainstem [48]. Still to be determined is whether these neurons can restore
function.
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Conclusions

Several avenues can be explored to achieve mammalian hair cell regeneration for the
purpose of restoring hearing and balance. Transplantation of inner ear stem cells has great
promise provided that they can be expanded for directional differentiation 7n vivo, which
requires identification and characterization of inner ear stem cell genes and an understanding
of the cascades required for differentiation. The use of cells from an exogenous source for
cell replacement is a promising avenue because of the progress in deriving hair cells /n vitro,
but cell transplantation must first overcome a number of hurdles. Cell cycle re-entry by
endogenous hair cells or supporting cells for regeneration has distinct advantages, as the
cells are produced /n situand are likely to attract neurons to forma synapse, but control of
cell cycle remains a challenge. Transdifferentiation of supporting cells into hair cells occurs
in lower vertebrates and may be possible in mammalian cochlea. Relatively normal hair cells
and supporting cells can be regenerated during early development by blockade of pRb and
p27kipl function, but this cannot currently be done in the adult. The activation of a group of
stem cell genes can reprogram fully mature postmitotic cells to become induced pluripotent
stem cells (iPS) [52], and a subset of stem/progenitor genes might be recruited to reprogram
mature hair cells or supporting cells to an embryonic or immature phenotype that can re-
enter the cell cycle while remaining differentiated. For all these strategies, the vestibular
system may be an easier initial target for regenerative therapies since the epithelial
architecture is not so elaborated as the cochlea and function may not be severely affected by
the conversion of supporting cells to hair cells. And in all cases, an additional challenge is
proper spatial integration and innervation of new hair cells.
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