
The molecular basis of neurosensory cell formation in ear
development: a blueprint for hair cell and sensory neuron
regeneration?

Bernd Fritzsch*, Kirk W. Beisel, and Laura Hansen
Creighton University, Department of Biomedical Sciences, Omaha, NE

Summary
The inner ear of mammals uses neurosensory cells derived from the embryonic ear for
mechanoelectric transduction of vestibular and auditory stimuli (the hair cells) and conducts this
information to the brain via sensory neurons. As with most other neurons of mammals, lost hair
cells and sensory neurons are not spontaneously replaced and result instead in age-dependent
progressive hearing loss. We review the molecular basis of neurosensory development in the
mouse ear to provide a blueprint for possible enhancement of therapeutically useful transformation
of stem cells into lost neurosensory cells. We identify several readily available adult sources of
stem cells that express, like the ectoderm-derived ear, genes known to be essential for ear
development. Use of these stem cells combined with molecular insights into neurosensory cell
specification and proliferation regulation of the ear, might allow for neurosensory regeneration of
mammalian ears in the near future.

Introduction
Development of the vertebrate ear is a coordinated molecular transformation of a set of
epidermal cells (the otic placode) into the fully developed ear with its neurosensory
component, necessary for signal extraction and transmission, and the non-sensory
component, forming the labyrinth necessary for directing sensory stimuli to specific sensory
epithelia (Fig. 1). Three developmental steps ensure that (1) the ectoderm is transformed to
otic ectoderm, including neurosensory precursor cells, (2) neurosensory precursor cells
generate neurons, and (3) sensor precursor cells form hair cells and supporting cells in the
designated area of sensory epithelia (Fig. 1). As with other developing systems,
differentiation of the epidermal cells into the four major cell types of the ear (sensory
neurons, hair cells, supporting cells and non-sensory epithelial cells) occurs through
molecular fate specification followed by clonal expansion of committed precursors to
produce the final number of a specific cell type in embryos. These neurosensory cells have a
limited life span that is further truncated by numerous environmental insults (loud sound,
ototoxic substances such as cysplatin or aminoglycoside antibiotics) and genetic
predisposition (numerous genes related to hearing loss). Combined with the increased
longevity of humans, genetic predisposition and cumulative insults lead to an increasing
likelihood of neurosensory hearing loss with age, thus depriving half of people age 70 and
older from one of the most important aspect of communication as well as negatively
affecting their sense of balance.
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Much like with the adult human brain,(1) there is only limited evidence for the presence of
neurosensory stem cells in the mammalian ear that seem to be able to proliferate only under
certain circumstances in vitro.(2,3) Consequently, loss of any differentiated neurosensory cell
will potentially diminish hearing. In contrast to other vertebrates (like bony fish or
chickens), there is no evidence for spontaneous regeneration of lost neurosensory cells in the
mammalian cochlea in vivo. Because of the difficulties in accessing these stem cells in the
adult human ear without disrupting the very organ that requires regeneration, other sources
of stem cells and strategies are being explored that may ultimately provide replacements for
lost neurosensory cells or restore hearing:

An already existing therapy is to use remaining sensory neurons in combination
with a cochlear implant (an electric device that transforms sound into electric
stimuli) to bypass the missing hair cells by directly stimulating nerve fibers,
bringing sound information via the sensory neurons to the brain. The viability of
this approach rests on the long-term survival of sensory neurons that depend on
neurotrophic support from the lost hair cells and the dedifferentiating supporting
cells for their survival.(4,5) To maximize the viability of sensory neurons, several
strategies are being explored using neurotrophin infusions.(6–8)

Attempts are being made to understand the molecular mechanism that shuts down
neurosensory proliferation in the ear through regulation of cyclin-dependent kinase
inhibitor expression(9) in analogy to other systems.(10) Conceptually, it seems
possible to translate those insights directly into reactivation of the dormant
replacement capacity of mammals, comparable to the injury-induced regeneration
of chicken hair cells. Recent work has demonstrated that cell cycle reentry is
possible in neonatal mammals(11) but manipulation of this pathway is not without
risks(9,12) requiring a more sophisticated manipulation of this pathway than simply
knocking out cyclin-dependent kinase inhibitor genes.

Proliferation of postmitotic neurosensory cells can be forced through targeted
deletion of S-phase entry control genes such as the retinoblastoma gene.(13,14)

While such approaches lead to the transient formation of more hair cells and can
potentially be initiated via siRNA therapy, such cells ultimately die necessitating
further refinement of this approach before it can be therapeutically useful.

Transdifferentiation of the supporting cells of the sensory epithelium into hair cells
can be enforced through overexpression of regulatory genes.(15) The problem with
such a gene therapy approach is that it will deplete the existing supporting cells,
thus leaving the sensory epithelia in an unusual organization with limited
functionality of the organ of Corti which, in part, depends on supporting cells.(16)

Stem cells of various tissues are being investigated and some have been
successfully incorporated into the developing chicken ear, providing proof of
principle for a stem cell approach.(17,18) However, only a limited set of stem cell
sources have been investigated. Thus far, the easily accessible stem cells derived
from hair follicles(19–22) have not been explored for ear regeneration.

The purpose of this review is to analyze molecular steps that specify the cell fate of
neurosensory hair cells out of epidermal cells and that regulate the clonal expansion of those
precursors and their differentiation into sensory neurons and hair cells. After presenting
these developmental steps, we will discuss the potential use of skin-derived stem cells to
generate neurosensory precursors useful for ear implantation.
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Turning embryonic ectoderm cells into otic neurosensory cells: the
molecular basis for otic neurosensory induction

Induction of the ear requires both mesodermal and neuroectodermal signals.(23) This basic
decision is essentially identical to the induction of the neural plate(24,25) and olfactory
system.(26) Similarly to these neural inductions, ear induction is based on FGFR signaling,
possibly combined with inhibition of BMP signaling (Fig. 1a). Molecularly, these inductions
require diffusible signals that cause graded responses in the target cells. Four such diffusible
signals have been characterized in mammalian ear development: SHH from the floor plate
and notochord,(27) FGF8, FGF10 and FGF3 from mesoderm and neuroectoderm,(28) WNTs
from the hindbrain(29,30) and BMP4 from general ectoderm as well as from the ear.(31) The
combined action of these signals change the fate of ectodermal cells to acquire an otic
placode phenotype instead (Fig. 1a). Within the otic placode, the acquisition of a
neurosensory phenotype is consolidated with the upregulation of the proneuronal gene
neurogenin 1 (Neurog1). Upregulation of Neurog1 was detected as early as E8.75 in the
mouse in a few cells(32) and is thus not unlike the sensory organ precursor cell known to
initiate formation of mechanosensors in insects.(33–36) In contrast to most insect
mechanosensory organs, the mammalian ear undergoes many more cell cycles to expand
first the precursor population followed by a coordinated cell cycle exit of, in order, sensory
neurons, hair cells and supporting cells.(37) The adult mouse ear contains approximately
10,000 hair cells and 11,000 sensory neurons. Between embryonic day 8.75 (first expression
of the bHLH gene Neurog1) and E13.75 (when all cochlear and most vestibular hair cells
and neurons have exited the cell cycle) ear precursors will undergo approximately 16 cell
cycles of about 8.5 hours each.(37) Assuming only symmetric divisions, only two initial cells
would be needed to generate 32,000 neurosensory cells of the adult mouse ear in only 15
rounds of division. Selecting the right number of cells that express Neurog1 is therefore a
crucial final step of otic placode induction.

Neurog1 is not only one of the earliest genes to identify cells of the otic placode but it also
has an essential functional role in ear development: Neurog1 is necessary for all sensory
neuron formation.(32) However, Neurog1 also affects other aspects of ear development,
including development of sensory epithelia and hair cells.(38,39) Misexpression of Neurog1
in frog skin demonstrates that it is not only necessary but also sufficient to induce neuronal
transformation of epithelial cells.(40) Understanding otic induction requires therefore a
mechanistic understanding of how the four above outlined diffusible factors (SHH, WNTs,
BMPs and FGFs) interact at a cellular level to change ectodermal cells to otic cells and
eventually to a neurosensory precursor fate by upregulating Neurog1. The ubiquitous use of
these factors in neuronal and non-neuronal systems alike suggests that they are necessary but
not sufficient to achieve this epithelial transformation. Other transcription factors possibly
important for the epithelial–neurosensory transition are also early expressed in the placode
such as Gata3,(41) Pax2/8,(42,43) Tbx1,(44) Foxg1,(45,46) Foxi1,(47) Eya1/Six1(48) and
Oct4.(49) In particular, the unique overlapping expression of Pax2/8, Gata3, Foxg1, Foxi and
Eya1/Six1 may provide a necessary context for inner ear neurosensory development that is
dramatically altered in their absence.

How do all these factors interact with each other to achieve epithelial-to-otic
transformation? A central cellular event in many cells to induce cell fate changes is
regulation of transcription factors via modifying BMP signaling. BMPs signal through
dimerized BMP receptors to phosphorylate SMADs(50) which then enter the nucleus to
regulate over 500 genes. Entry of SMADs to the nucleus and binding to promoters is tightly
regulated by numerous interactions with other signaling pathways, notably the FGF- and
EGF-related receptor tyrosine kinase (RTK) signaling pathways (Fig. 1). Activation of the
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RTK pathway will block SMAD entry to the nucleus.(50) GATA3 can form complexes with
SMADS and thereby change binding specificity.(51) Combined with its role in hair follicle
stem cells,(20) the early expression and massive reduction of ear development in Gata3 null
mice(41) shows that this gene plays an important role in setting up the proliferation capacity
of the otocyst through interactions with SMADs(51) and FGFs.(52) Some evidence for PAX
signaling affecting SMADS exists for thyroid development,(53) but this has not been
demonstrated for the ear. However, an absence of sensory neurons has been claimed for
Pax2 null mice,(42) a claim that needs to be reexamined with more sophisticated techniques.
FOXG1 has recently been shown to interfere with the SMAD–FOXO complex and thus can
alter SMAD-mediated gene regulation(54) and neurosensory development is altered in Foxg1
null mice.(46) WNT signaling through β-catenin is known to act directly on SMAD-mediated
gene activation,(50) but other interactions of WNTs and BMPs are known and which of these
pathways is active in the ear requires further research. Wnt signaling clearly effects otic
placode formation(30) and later ear development,(29) but the effects of β-catenin on SMAD
signaling have not been investigated in the ear. Oct4 null zebrafish show no expression of
Neurog1 in the otic placode, suggesting that OCT4 regulates Neurog1.(49) Such an epistatic
effect of Oct4 has recently been demonstrated in mammalian stem cells(55) but has net yet
been shown for the mammalian ear. In the brain, NEUROG1 inhibits SMAD1-mediated
signaling by sequestering the SMAD1 complex away from glia-specific promoters, thereby
enhancing a neuronal phenotype.(50) Thus, NEU-ROG1, once expressed, could further
downregulate SMAD signaling in the otic placode, enhancing the commitment toward
neuronal development. Tbx1 is known to suppress Neurog1(44) and thus would remove a
proneural signal and reinstall unmitigated SMAD1 signaling, thereby converting
neurosensory fate back to epithelial fate. Finally, SHH is known to upregulate bHLH genes
in somites and there is neither Neurog1 upregulation nor sensory neuron formation in Shh
null mice.(27) Thus, SHH could affect SMAD1 phosphorylation indirectly through
expression of Neurog1, possibly allowing Neurog1 expression only in cells with a specific
concentration of BMP and SHH signaling, like in the spinal cord.(56) Indeed, recent in vitro
data on embryonic stem cells show that treatment with SHH can bias toward hair cell
differentiation, albeit at a very low yield.(57) Whether SHH’s effects in vitro are
accomplished via regulation of SMAD signaling through Neurog1 expression requires
further research. In addition, for a therapeutically useful yield of cells, the propensity for
neurosensory differentiation must be increased.

Taken together, these data suggest that several otic transcription factors expressed early in
development and diffusible morphogens co-operate to modify BMP–SMAD signaling
thereby altering epithelial fate toward neurosensory otic placode fate. While SMADs
undoubtedly play a role in ear development, exactly when and where Smad’s are expressed
and phosphorylated in mammalian ear development requires further analysis. Presently we
only know that, in zebrafish, Smad1 is expressed in the sensory neurons of the ear(58)

consistent with our hypothesis that SMAD regulation by various means may be a crucial
first step in ectodermal–otic transition. It needs to be noted that most of the molecules thus
far identified are used in many other developing systems, suggesting that specific otic
identification is achieved through a unique combination of genes and not through a single
gene unique to the otic placode. Independent of this uncertainty, the final step in otic
neurosensory commitment is the upregulation of Neurog1, consolidating the switch from
epidermal to pro-neurosensory fate and initiating pro-neurosensory clonal expansion.
Therefore, we will next review the molecular basis that makes this clonal expansion possible
and turns a small set of otic placode cells into the several thousand neurosensory cells of the
adult ear.
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The molecular basis of inner ear neurosensory cell generation
In this section, we will explore the developmental pathways utilized in the formation of
neurons of the ear. While the presence of Neurog1-expressing precursors is obvious at
E8.75,(32) neither the entire fate of these proneuronal precursors nor the distribution of
prosensory precursors is fully known. The first identification of sensory patches that will
give rise to hair cells and supporting cells is only possible around E10.5. At this stage or
later, several genes highlight to various degrees those prosensory areas, notably the
neurotrophins BDNF and Ntf3,(59,60) Bmp4 and Lnfg,(31) Sox2,(61) Islet1(62) and Fgf10.(63)

Several of these genes are expressed both in the otocyst wall in likely sensory epithelial
precursors as well as in delaminated, proliferating neuronal precursors,(59,62,63) suggesting a
possible common precursor for both sensory epithelia and neurons.

This common expression in the otocyst wall and delaminated neuronal precursors is also
true for Neurod1,(64,65) a bHLH gene that is regulated in the ear by Neurog1.(32) However,
whereas Neurog1 null mice have a severe reduction in hair cells, notably in the saccule and
cochlea,(38) there is only a limited shortening of the cochlea in Neurod1 null mice.(66) This
suggests that some precursors that express Neurog1 are also forming hair cells and
supporting cells of sensory epithelia whereas precursors that express Neurod1 are already
committed to the neuronal lineage. Recently, it was shown that some sensory precursors
switch their fate in the absence of Neurog1 and differentiate into hair cells.(39) In addition,
using sensitive markers, it was shown that some sensory neurons express the otherwise hair-
cell-specific bHLH gene Atoh1, a gene essential for hair cell differentiation.(67,68) These
indirect suggestions for a clonal relationship between some sensory neurons and hair cells
was confirmed with lineage tracing in chicken.(69) Combined, these data suggest that at
E10.5 the neurosensory precursors may be composed of three populations: (1) neuronal
precursors that form only neurons, (2) neurosensory precursors that form only hair cells (and
supporting cells) and (3) precursors that form both neurons and hair cells (Fig. 2). How the
selection of these precursors and the determination of their relative size are regulated and
whether or not there is a coordinated transition of one precursor into another as in brain
development(70) remains unclear. But the existence of a population that can generate both
hair cells and neurons from a single line of clonally related cells has therapeutic potential: it
would allow for the transformation of neuronal stem cells that give rise to both neurons and
hair cells out of the same stem cell. Indeed, recent in vitro data suggest that the yield of hair
cells out of bone marrow stem cells can be enhanced when stem cells are selected that
express neuronal markers before they are switched to a hair cell differentiation pathway
(Heller et al, unpublished data).

Still, the question remains: what is the function of two or more, instead of one bHLH gene in
the neuronal development of the ear? Our understanding of the development of the olfactory
system provides clues to begin to answer this question. In the olfactory system, transient
amplifying precursors are initially specified by Mash1. The Mash1-expressing precursor
gives rise to a transient amplifying precursor population, the immediate neuronal precursor
(INP), which expresses Neurog1. INP cells divide, exit the cell cycle accompanied by
Neurod1 expression and differentiate into olfactory receptor neurons.(71,72) Both Fgfs and
Bmps play a role in specifying the transition from one cell type to the next and hence the
degree of clonal expansion(73,74) and allocation to various clones giving rise to olfactory
neurons and cells of the olfactory system.(72) As in muscle cell proliferation, an antagonistic
interaction between GDF11 and follistatin determine the expression level of the cyclin-
dependent kinase inhibitor 1b (Cdkn1b; formerly p27 kip) and thus determine the cell cycle
exit.(75)
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Comparable to the olfactory system, the ear shows various progenitor populations able to
produce either hair cells, supporting cells, and even sensory neurons or hair cells and
supporting cells.(69) Cell cycle exit in these progenitors is regulated by cyclin-dependent
kinase inhibitors.(9) However, the regulation of the cyclin-dependent kinase inhibitors by
GDF 11/follistatin remains to be shown for the ear. Nevertheless, it appears that, in
neurosensory development of the ear and olfactory epithelium, we can distinguish a phase of
early clonal expansion with limited, if any expression of cyclin-dependent kinase inhibitors
followed by a phase of progressive upregulation of these inhibitors to tightly regulate the
final number of neurosensory cells.(9,11) The molecular basis of this final phase of
progenitor cell cycle regulation and differentiation into distinct cell types is well understood
in the ear.(11,13,39,76,77) We will therefore concentrate next on the molecular basis of clonal
expansion of neurosensory precursors to provide the right number that can then be regulated
to divide and terminally differentiate through these molecularly known pathways.

Molecular basis of otic neuronal stem cell maintenance and expansion: the
ear relates closely to other systems?

Recent years have revealed the molecular basis of stem cells in general, which involves the
genes Oct4, Nanog and Sox2,(55) and of neuronal stem cells in particular, involving certain
bHLH genes.(78) Not surprisingly, WNT and SHH signals seem to interact with bHLH genes
to ensure clonal expansion of neuronal stem cells.(79) Not all the details are clear yet for the
ear, but several important aspects are known that suggest a rough parallelism to this general
principle with ear-specific molecular players. SHH and WNT1/3A are diffusible signals that
influence ear histogenesis and morphogenesis from sources outside the ear.(27,29,30) In
addition, FGF’s likely signaling through FGFR2B(80) affect morphogenesis and
neurosensory formation.(52,63,81,82) How signals generated by these diffusible factors
combine with local signals such as EYA1(48) to maintain and alter bHLH-gene-mediated
neuronal progenitor specification and proliferation is unclear. Based on the limited data and
expanding general principles validated in other systems, the following tentative conclusions
can be drawn: in general, neuronal stem cells express both glial and neuronal markers such
as GFAP and Nestin(79) but also the activator and repressor-type bHLH genes.(78)

Eliminating the repressor-type bHLH gene signaling initiates premature neuronal
differentiation combined with limited clonal expansion.(78) This can either be achieved by
eliminating Hes genes, Notch genes or the intracellular partners that regulate Hes expression
(RBPSUH, formerly RBP-J), or by changing the ability of HES to form homodimers that
bind to N-boxes using the WRPW domain (Figs 1,3). An excellent example of the latter is
the reduced clonal expansion and premature neuronal differentiation in the forebrain of
Foxg1 null mice,(83) in part mediated by alteration in DNA binding of HES homodimers
interacting with TLE and RUNX.(84)

Neurog1 drives the upregulation of several genes relevant for the maintenance of neuronal
stem cells. The expression of the NOTCH ligand DELTA 1 is delayed in Neurog1 null mice,
showing that Neurog1 is epistatic to DELTA 1.(32) Consistent with other developing
mammalian neuronal systems,(78) initial upregulation of Neurog1 is not ubiquitous but
occurs in a few cells only. Nevertheless, eliminating RBPSUH and thus the NOTCH
signaling pathway (Figs. 1,3) results in expansion of Neurog1-expressing areas of the
ear.(32) These data show that NEUROG1 signaling affects Notch signaling and may indeed
be effective at this early time. Despite the known presence of Notch and several ligands as
early as E8.5(85,86) and the known effects of deletions of Notch ligands on ear
development,(87–89) there is no direct evidence suggesting expression of any Hes genes in
the ear prior to E12.5.(85) Given that activated NOTCH signals through de-repression of
Rbpsuh and thus upregulation of Hes1 and Hes5, the expression data are bound to be
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incomplete and further studies using more sensitive techniques such as green-fluorescent-
protein-expressing reporter systems(90) are needed to reveal the spatial and temporal pattern
of Hes distribution in the developing otocyst. Thus, at the moment, the role of Hes signaling
in neuronal and early neurosensory stem cells of the ear remains unclear (Fig. 1).

Altering the balance between Hes and activator-type bHLH genes determines how long a
stem cell cycles and whether they differentiate toward a neuronal or a glial cell type.(78)

Eliminating all activator-type bHLH genes can result in phenotypic switch to a glial
phenotype.(72) Such switches in phenotype combined with truncation of later formed cells
such as hair cells or supporting cells have been described in Neurog1 null mice.(38,39) Most
interestingly, Neurod1, a bHLH gene that is immediately downstream of Neurog1 and
depends on Neurog1 for early expression,(32) shows a profound upregulation in hair cells
that exit the cell cycle prematurely in Neurog1 null mice.(39) Likewise, altering NOTCH
signaling, either at the level of ligand/receptor,(87,88) the intracellular effectors Hes1 and
Hes5,(91) or a co-factor for binding to the N-box,(46) results in aberrations of hair cell
organization. Combined, these data show that proper bHLH signaling is essential for normal
neurosensory development of the ear and requires the interaction of both activator and
inhibitor-type bHLH genes for transit amplification of precursors. The ear is in this respect
essentially identical to other developing neuronal systems,(72,78,79) although it uses a unique
combination of players.

Forming the right number of hair cells: complex regulations of a simple
outcome

In addition to the above-outlined molecular interactions that result in the formation of
sensory neurons and neurosensory precursors, a partially overlapping set of genes regulates
the neurosensory and supporting cellular components of the inner ear sensory epithelia
development (Fig. 1c). These regulations involve the bHLH network of the neuronal
activator gene Atoh1,(39,67) and the repressor genes, Hes1 and Hes5,(91,92) in combination
with Notch1, and the delta and jagged/serrate ligands, Dll1, Jag1 and Jag2.(85,88) These two
networks are directly linked (Fig. 3) through the expression regulation of and interactions
with the Hes genes.(78)

The bHLH network functions through the DNA targeting and binding affinities of a
combinatorial complex of proteins(78) that involve bHLH dimers,(93) transducin-like
enhancer of split (Tle, groucho in fly), runt-related transcription factor (Runx), and forkhead
box G1 protein (Foxg1).(84,94–96) The TLE protein is the central component with binding
sites for HES, runt and forkhead proteins and forms the repressor complex that, in general,
prevents neurogenesis (Figs 1,3). HESs also exert an additional effect by competing with the
activator bHLH proteins for the ubiquitously expressed class I bHLH activator-binding
partner (E protein), Tcfe2a (Figs 1,3). TCFE2A functions by facilitating the formation of
heterodimers with activator-type bHLH genes (NEUROG1, ATOH1 and certain HESs) that
permit binding to the E-box (5-CANNTG-3). Homodimers of activator bHLH proteins either
have low E-box-binding affinities or are inactive.(97) HES homodimers bind N-box response
elements (5-CCGGAA-3). HES-mediated repression are largely through the Orange and
WRPW protein domains. The Orange domain confers specificity for homodimerization
among the HES family members and the WRPW domain interacts with the co-repressor
TLE protein for enhanced binding to N-boxes. A second class of repressor bHLHs are
represented by the inhibitor of DNA-binding (Id) bHLH genes that function as a dominant-
negative protein due to the absence of the DNA-binding motif.(77) Strength of activation or
repression can be further fine-tuned by qualitative and quantitative ratios of these proteins
and paralogue usage.(98–100) HES6 differs in that it can function as a positive- feedback loop
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in neurogenesis by forming heterodimers with other HESs, inhibiting their repressor
activity.(101–103)

This intracellular signaling network is tied into an inter-cellular signaling network that
refines fate assignment of hair cells and supporting cells in the sensory epithelia through
NOTCH signaling (Figs 1,3). NOTCH signaling contributes to proliferation, apoptosis, stem
cell self- renewal and regulation via lateral inhibition between neighboring cells.(85,104) In
vertebrates, Notch receptors all share similar functional domains, where the extracellular
domain has epidermal growth factor and Lin-Notch repeats (LNR) and the intracellular
domain has a RBPSUH-associated motif (RAM). Homomerical oligomerization of the
NOTCH receptors and subsequent differential proteolytic cleavage of the intracellular
domain (ICD) are modulated by two classes of ligands that induce (Serrate/Jagged) or
inhibit (Delta) signaling. The presence of extracellular Fringe modifies NOTCH to signal
only with Delta proteins, whereas unmodified NOTCH is responsive to Jagged.(105) Upon
binding a ligand, intracellular cleavage by a variable γ-secretase complex containing
presinilin related molecules leads to a NOTCH fragment that interacts with RBPSUH to
regulate Hes expression (Figs 1,3).

Examination of the inner ear phenotype of mutants for many of these pathway component
genes reveals several levels of severity. The least severe are those that alter the cell numbers
and rows in the organ of Corti. These include Cdkn1a ( formerly p21), Cdkn2d (formerly
p19Ink4d ), Hes6, Hes1, Hes5, Notch1 and Jag2 (9,86,91,101,106,107) with more severe
changes in the organ of Corti being observed in the Neurog1, Foxg1, Jag1 and Cdkn1b
(formerly p27 ) mutants.(38,39,46,87,108) In contrast to the limited addition of hair cells in
Cdkn null mice,(9,11,106) conditional null of the Rb1 gene causes a preferential expansion of
the hair cell population leading to cochlear tumors.(13,14)

Beyond these readily understandable effects on inner ear differentiation are less obvious
effects that require a deeper insight into the molecular interactions to appreciate them. Some
of these effects require the additional interaction of activator-type bHLH genes, more
specifically of Neurog1 and Atoh1. In Atoh1-deficient mice, only the differentiation of hair
cells is affected with no effect on morphogenesis or formation of undifferentiated precursors
in specific sensory epithelia (Fig. 4). In contrast, in the Neurog1 null mice, all inner ear
ganglion neurons are absent(13,39) and there are morphogenetic effects such as a reduction of
hair cells by 40–80%, depending on the sensory epithelium (Fig. 4). This suggests that the
proliferative capacity of neurosensory precursors is also being affected in these activator
bHLH-deficient mice. Recently, an interactive network of activator- and inhibitor-type
bHLH genes has been described that tightly regulates the proliferation and differentiation of
retinal ganglion cells.(109) Specifically, this interaction is mediated with paralogs of two
inner ear bHLH genes, Neurog2 and Atoh7 (formerly Math5). It appears that Atoh7 is more
profoundly affected by high levels of Hes, possibly through an inhibitory action of Hes
homodimers on N-boxes in its promoter region (Fig. 5). In contrast, Neurog2 is compatible
with high levels of Hes and promotes continuous cycling of the precursors. Through as yet
unclear extracellular signals, possibly mediated by the Delta–Notch system, Hes expression
is downregulated, thereby decreasing inhibition of Atoh7 expression. Once ATOH7 protein
has reached a critical level, most E proteins will form heterodimers with ATOH7, reducing
NEUROG2/E-protein heterodimer signaling. These phases were shown to neatly correlate
with clonal expansion (high levels of Neurog2 and Hes), cell cycle exit (equal level of
Neurog2 and Atoh7, reduction in Hes) and differentiation (reduced presence of Hes and
Neurog2, high expression of Atoh7) of retinal ganglion cells (Fig. 5). While impressive in
the technical achievements of single cell quantitative PCR, even this work leaves open the
questions open of protein–protein interactions and the half-life of bHLH proteins.
Nevertheless, it stresses that technical advances are needed to close the gap between the
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most-sensitive tissue-based detection systems and the more-sensitive non-tissue-based
detection.

A similar regulation is conceivable in the ear, involving instead Aoth1 and Neurog1 and may
also play a role in neuronal differentiation of the ear (Neurog1 and Neurod1) and the
olfactory system (Mash1, Neurog1, Neurod1). In this context, it is important not only that
Neurog1 absence has been shown to reduce formation of hair cells and also to result in loss
of sensory neurons, but also that Atoh1 upregulation was recently shown much earlier in the
ear using more-sensitive detection systems and some sensory neurons were found to express
Atoh1.(39) These dataQ1 support the idea that at least some hair cells are clonally related to
sensory neurons and this precursor population may be larger in the mammalian ear
compared to the limited clonal relationship thus far found in chicken development.(69)

Consistent with the comparatively late upregulation of CDK inhibitors in the ear,(9,106) these
data suggest that the initial clonal expansion of neurosensory precursors in the ear may be
predominantly regulated via bHLH gene interactions and their effect on cell cycle
progression with only limited input from the Delta-Notch system (Figs 3,5). How genes that
define sensory epithelia and may be upstream to Atoh1 regulation such as Sox2(61) affect this
intracellular signaling remains at the moment unclear as Sox2 might not be the only factor
driving upregulation of Atoh1. In summary, these data show a complex intracellular
signaling for neurosensory precursor regulation that requires transition between several
activator-type bHLH genes that provide the molecular basis for transit-amplification and
precursor specification. Some extracellular signals that regulate the expression of activator-
type bHLH genes are known in the ear (Sox2, Oct4, Tbx1) and the role of the Delta/Notch
regulation in refining hair cell and supporting cell development is becoming clear. How
regulation of Cdk inhibitors ultimately causes the irreversible arrest of cell cycle re-entry
remains as unclear in the ear(11) as in other non-proliferating systems.(10)

Using easily accessible skin and olfactory precursors to regenerate hair
cells of the ear: are we there already?

In this essay, we have outlined our current understanding of the molecular basis for ear
neurosensory specification and proliferation. Clearly, this involves the transformation of
ectodermal cells into neurosensory cells through the selective expression of a reasonably
well understood sequence of gene activations. Interestingly, several of the genes found to be
important in ear neurosensory development are also important for skin stem cells. For
example, Gata3 is needed (together with other genes) for hair follicle stem cell
determination.(20) GATA3 acts with Lef-1/Wnts to define the inner root sheath versus the
hair shaft cell fate decision in hair follicle morphogenesis.(20) GATA3 is essential for early
ear development and is expressed already in the invaginating ectodermal placode.(41) Thus,
isolating hair follicle precursors from skin would provide progenitor cells that have already
one of the crucial genes for ear formation expressed. Expression of other crucial genes such
as Neurog1, Foxg1, Foxi1 and Pax2/8 in these cells in tissue culture could transform those
cells into ear neurosensory precursors able to differentiate into neurons, as already
demonstrated with the ectopic expression of Neurog1 in frog ectoderm.(40) Experiments are
underway in our laboratories to test this possibility.

Another source of neural-crest-derived stem cells was recently identified in sensory hair
roots.(21) These cells have the capacity to express neuronal markers if implanted into the
spinal cord.(22) It is likely that these cells are related to the neural-crest-derived Merkel
cells,(110) a population of cells that express two genes essential for hair cell development,
Pou4f3(111–114) and Atoh1.(67,115) These cells seem to retain their gene expression profile
while proliferating. If so, these cells might readily differentiate into hair cells if implanted
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into ears; this appears to be possible with other stem-cell-derived precursors that are equally
characterized by Atoh1 and Pou4f3 expression.(17)

Most importantly in this context, recent work has molecularly characterized the only source
of continuously proliferating neuronal stem cells in mammals, the olfactory epithelium.(72)

This epithelium is surgically easily accessible and some precursors are characterized by the
expression of the same bHLH genes known for ear neuronal development, Neurog1 and
Neurod1(116) and Foxg1.(46,74) Isolation of Neurog1-positive precursors and forced
expression of other ear-related genes such as Gata3,(41) Foxi1, Pax2/8(43) or Fgf10(63) might
help drive such cells in tissue culture towards ear neurosensory development. Clearly, other
genes expressed in both the ear and olfactory epithelium, such as Sox2 or Foxg1, would not
redirect the fate of these cells beyond olfactory specification.

These approaches might provide sufficient adult cellular stem cell material to restore lost
hair cells and sensory neurons of the ear combined with limited surgical intervention to
obtain adult stem cells to repopulate the ear. If these simple approaches have too low a yield
of cells with ear-specific gene expression, the known steps of neurosensory development in
the ear as outlined above can provide appropriate guidance to achieve this goal through
additional manipulations. Such manipulations may include, but are not limited to, selective
upregulation of miRNA. miRNAs are generally known to be important in cell fate
determination and proliferation regulation(117) through regulation of large sets of target
genes. Some miRNAs were recently shown to be selectively expressed in hair cells(118) and
may be important in consolidating cell cycle exit and maintaining differentiation of
neurosensory aspects of the ear but such functions require ear-specific conditional mutations
of enzymes necessary for miRNA processing.(119) All the progress towards the molecular
basis of ear development during the last five years, combined with recent advances in
isolation and molecular manipulation of stem cells from various sources, raises the hope that
hearing loss will soon be correctable via stem cell therapy before the baby boom generation
will have suffered untreatable neurosensory hearing loss.
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Figure 1.
Organ, cell and molecular interactions in ear development. The morphogenesis (left) and
some molecular interactions underlying proliferation and cell fate decision (right) are
depicted in this scheme. Morphogenesis transforms a small patch of ectoderm between
embryonic days 8 and 12 into a complex labyrinth of ducts and recesses that harbors the six
sensory epithelia of the mammalian ear in strategic positions for extraction of epithelia-
specific energy. Delamination of sensory neurons generates the vestibular and cochlear
sensory neurons that connect specific sensory epithelia of the ear to specific targets in the
hindbrain. One of the earliest steps in this process is the selection of otic placode cells
through the interaction of several diffusible factors; in particular, FGF and WNT signaling
upregulates both inhibitory and activating bHLH genes to switch the cell fate through
downregulation of BMP signaling, specifying the position and size of the otic placode (top
right). These stem cells will, through the interaction of activator- and inhibitor-type bHLH
genes remain in cycling phase without differentiation resulting in clonal expansion. As cells
progress through the cycles, they will change their fate determination, giving rise to
neurosensory stem cells (middle right) that form by asymmetric divisions all sensory
neurons of the ear. Some neurosensory stem cells as well as independently arising cells of
the otic placode turn into sensory epithelia precursor cells (SNP). These cells will give rise
by asymmetric divisions to hair cells and supporting cells (bottom right). Exit from the cell
cycle, combined with proper cell fate specification to, eg hair cell and supporting cell, will

Fritzsch et al. Page 17

Bioessays. Author manuscript; available in PMC 2014 January 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be mediated in part by the NOTCH-reinforced switch to either explosive upregulation of
proneuronal bHLH genes (Atoh1 in the case of hair cells) or of inhibitory bHLH genes (such
as Hes1 or Hes5) by the γ-secretase-cleaved Notch fragment that binds to RBPSUH
(formerly Rbp-J). The action of HES homodimers on N-boxes to turn on proneuronal genes
is enhanced through interaction with the TLE, RUNX, FOXG and genes. Consequently,
eliminating for example Foxg1 results in diminished efficacy of HES signaling resulting in
premature cell cycle exit and differentiation. Shortly after E14, all proliferative activity in
the PNP progenitors stops and no new sensory neurons or hair cells will form. Modified
after Refs 37,38.

Fritzsch et al. Page 18

Bioessays. Author manuscript; available in PMC 2014 January 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Cell-type-specific and overlapping precursors. Analysis of several null mutations suggest
that there is an initial formation of two, partially overlapping, precursor populations, a
neuronal precursor characterized by Neurog1 expression and a neurosensory precursor,
characterized by Sox2 expression. The 40–80% reduction of hair cell and supporting cell
formation in Neurog1 null mice suggests that the size of the common neuronal/neurosensory
precursor population varies in different sensory epithelia. The later-expressed bHLH gene
Neurod1 does not show this massive effect on hair cells and appears to be exclusively
expressed in differentiating neurons. Absence of hair cell differentiation in Sox2 and Atoh1
null mice suggests that these genes are essential for hair cell formation, no matter what
origin. Supporting cells depend on the hair-cell-mediated upregulation of Notch (and Hes)
for their differentiation and will turn into hair cells in the absence of proper Notch/Hes
signaling. Modified after Refs 39,49,61,64,120.
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Figure 3.
Signaling pathways for inner ear proliferation and differentiation. This schematic diagram
represents an overview of the known and presumed interactive pathways for proliferation
and differentiation of the neurosensory cells in the inner ear. Signaling of the membrane-
bound (brown) Notch receptors by binding to their ligands, Delta and Jagged, can be
influenced by the extracellular (purple) Fringe and ADAM enzymes. Fringe inhibits
(blocked line) the Notch binding of Jagged, while Adam cleaves the Notch receptor to
potentate its activation (lined arrow). The cleavage of intercellular domain fragment of
Notch is done by the cytoplasmic (dark blue) γ-secretase complex which then activates the
nuclear protein (red) RBPSUH. Inactivated RBPSUH blocks transcription of the Hes genes
whereas activation enhances transcription. Homodimers of HES proteins can bind to N-
boxes to initiate differentiation (green) of glial precursors. N-box binding of HES
homodimers is regulated further by a FOXG, RUNX and TLE promoter complex.
Heterodimers between HES and E proteins bind and competitively block usage of E-box-
binding sites. Activation of E-box promoter sequences is through the combined E-protein
and the activator bHLH heterodimers and this permits neuronal differentiation. To do this,
the activator bHLH proteins compete with HES proteins for the E-protein-binding partners.
E proteins can also be inactivated from DNA binding through interaction with the inhibitor
of DNA-binding (ID) proteins, which also suppress the cell cycle (blue) retinoblastoma
isoforms. The pRB isoforms alone or in combination E2F proteins cause cell differentiation.
Cell proliferation (green) is mediated through the proteins of cyclin CDK pathway that
phosphorylate Rb to allow E2F proteins to initiate the S-phase entry. The cyclin CDK
proteins can also inhibit differentiation via pRB phosphorylation, whereas cyclin-dependent
kinase inhibitors (Cdkn) prevent proliferation. Expression of the CDKNs is blocked by the
FOXG, RUNX and TLE complex, allowing differentiation of glia cells through enhanced
action of HES homodimers on the N-Box. Modified after Refs 11,46,78,85.
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Figure 4.
Examples of gene effects on histogenesis and morphogenesis. A,B,D,E: Flat-mounted
cochlea or C: entire ears show the effects of targeted deletion of an activator-type bHLH
gene (Atoh1, B; Neurog1, C; Neurod1, E) on the presence of hair cells (revealed by Atoh1–
lac Z expression in A–C) or innervation (revealed by lipophilic dye tracing in D,E). Note
that both the distribution of Atoh1–lac Z-positive cells as well as the overall length of the
cochlea (base and apex are indicated) show little difference in Atoh1–lac Z heterozygote and
null mutants, despite the fact that no hair cells differentiate in Atoh1 null mice. This
suggests that the late upregulation of a bHLH gene in cells destined to exit the cell cycle is
of little consequence for morphogenesis and cellular patterning in the ear. In contrast, earlier
upregulated bHLH genes such as Neurog1 (C) or Neurod1 (E) have a more profound
morphogenetic effect such as shortening of the cochlea (C,E) or almost complete loss of
sensory epithelia (saccule in E). Additional effects are displaced development of some hair
cells outside the typical sensory epithelia (C) or loss of a large fraction of sensory neurons
combined with an alteration in the pattern of innervation. Modified after Refs 39,64,68 AC,
anterior crista; HC, horizontal crista; PC, posterior crista, S, saccule; U, utricle. Bar indicates
100 μm.
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Figure 5.
bHLH gene interactions in retinal ganglion cell specification. The most-detailed single-cell
quantitative PCR analysis shows that relative concentrations of bHLH transcripts vary
systematically during chicken retina ganglion cell formation. In the first phase (red line),
Hes1 transcript exceeds that of Neurog2 and very much that of Atoh7. This dominance of
inhibitory bHLH gene expression will result in homodimers on N-boxes (yellow hexagons)
as well as few heterodimers of Neurog2 with E2a on E-boxes (lilac/blue hexagons). In phase
2 (blue lines) Hes1 is downregulated allowing Atoh7 transcript to become as prominent as
Neurog2 and to form heterodimers with E2a proteins to bind to specific E-boxes (red and
blue hexagons). In the third phase (green line) Atoh7 is further upregulated to drive ganglion
cell differentiation as well as preventing the developing neuron from reentering the cell
cycle. Modified after Refs 109.
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