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Abstract
Mammalian auditory sensation is mediated by the organ of Corti, a specialized sensory epithelium
found in the cochlea of the inner ear. Proper auditory function requires that the many different cell
types found in the sensory epithelium be precisely ordered within an exquisitely patterned cellular
mosaic. The development of this mosaic depends on a series of cell fate decisions that transform
the initially nearly uniform cochlear epithelium into the complex structure of the mature organ of
Corti. The prosensory domain, which contains the progenitors of both the mechanosensory hair
cells and their associated supporting cells, first becomes distinct from both the neural and the non-
sensory domains. Further cell fate decisions subdivide prosensory cells into populations of inner
and outer hair cells, and several different types of supporting cells. A number of different
signaling pathways and transcription factors are known to be necessary for these developmental
processes; in this review we will summarize these results with an emphasis on recent findings.

Introduction
In mammals, the perception of sound is mediated through a specialized sensory epithelium,
referred to as the organ of Corti, which extends along the length of the coiled cochlear duct
located in the ventral region of the inner ear. The organ of Corti contains both
mechanosensory hair cells, which act as the primary transducers of auditory stimuli, and
surrounding supporting cells, which, as their name suggests, provide both structural and
physiological support to the hair cells. One of the more remarkable aspects of the organ of
Corti is the precise alignment of hair cells and supporting cells into highly ordered rows that
extend along the length of the cochlear duct. Both hair cells and supporting cells are derived
from progenitor cells that originate in the otocyst, a placodally-derived ectodermal
invagination that arises adjacent to the developing hindbrain. In addition to hair cells and
supporting cells, progenitor cells within the otocyst will give rise to a number of other cell
types; this suggests that specific cellular and molecular interactions direct a subset of otocyst
cells along a developmental pathway, culminating in the formation of a hair cell or a
supporting cell. While the factors that dictate these fate choices remain incompletely
understood, recent results have identified factors that both positively and negatively regulate
these cell fate decisions.

Overview of inner ear development and cochlear anatomy
As discussed, all of the cells within the organ of Corti, as well as most other cell types
within the membranous portion of the inner ear, are derived from the otocyst. The otocysts
can first be visualized as bilateral thickenings (otic placodes) within the ectoderm located
adjacent to the hindbrain. In mice, otic placodes first become evident at embryonic day 8.5
(E8.5), with fully invaginated and enclosed otocysts usually present by 24 hours later.
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Following enclosure, a population of neuroblasts delaminates from the ventral region of the
otocyst. These cells migrate a short distance ventromedially and then coalesce to form the
developing VIIIth cranial (statoacoustic) ganglion. Following neuroblast delamination, the
spherical otocyst undergoes an extended and elaborate series of morphogenetic changes,
which results in the formation of distinct dorsal vestibular and ventral cochlear regions. The
vestibular region is characterized by the presence of the three semi-circular canals and the
endolymphatic duct, while the ventral region contains the coiled cochlea. As the cochlear
duct extends and coils, a subset of cells within its ventral aspect begins to develop as the
sensory epithelium, also referred to as the organ of Corti. Development of the organ of Corti
continues throughout the embryonic and early post-natal period, with an onset of hearing
function around postnatal day 10 (P10)-P14 in mice.

At the cellular level, the structure of the organ of Corti is striking (Fig. 1). Sound induced
pressure waves are detected by small bundles of modified microvilli, referred to as
stereocilia, located on the apical surfaces of mechanosensory hair cells. Two types of hair
cells, inner hair cells (IHCs) and outer hair cells (OHCs), are arranged in ordered rows that
extend along the length of the spiral. A single row of IHCs is located on the medial edge of
the organ of Corti while three, or sometimes four, rows of OHCs are located on the lateral
edge. IHCs and OHCs are morphologically and physiologically distinct from one another.
Moreover, virtually all of the afferent neurons within the cochlea form synapses on IHCs,
indicating that these are the predominant cells that respond to sounds, while OHCs are
primarily innervated by efferent neurons, indicating that they act to modulate the response of
the organ of Corti to a particular sound. In fact, OHCs have been shown to be electrically
motile and to modulate hearing acuity.

In addition to hair cells, the organ of Corti also contains between five and seven distinct
types of non-sensory cells, collectively referred to as supporting cells. The variation in the
number of supporting cells arises not from differences among species, but as a result of the
rather vague definition of a supporting cell as any cell that is associated with a hair cell but
is not a hair cell. The bodies of most supporting cells are located adjacent to the basement
membrane, but virtually all of these cells extend apical projections to the lumenal surface.
Single border cells contact the medial and lateral sides of each IHC, while each IHC is
separated from neighboring IHCs by the lumenal projection from a single inner phalangeal
cell. Similarly, each OHC is separated from neighboring OHCs within the same row and in
adjacent rows by a lumenal projection from a single Deiters cell. The single row of IHCs
and the first row of OHCs are separated by single rows of inner and outer pillar cells. The
two rows of pillar cells combine to form the tunnel of Corti, a triangular structure that is
thought to play a role in stiffening of the organ of Corti. Finally, lateral to the outermost row
of OHCs are several rows of cells referred to as the Cells of Hensen and Cladius, with
Hensen's cells located closer to the OHCs. At this point it is not clear whether either
Hensen's or Claudius' cells should or should not be considered as supporting cells.

Specification of prosensory cells
As discussed, virtually all of the cell types within the membranous portion of the inner ear,
including the afferent neurons, are derived from multipotent epithelial progenitor cells
initially located in the otocyst. As a result, three main lineages are derived from otocyst
cells, prosensory (cells that will develop as either hair cells or associated supporting cells),
proneural (cells that will develop as auditory or vestibular neurons), and nonsensory (all
other otocyst derived cells). Prosensory cells become localized to restricted and highly
stereotyped regions of the inner ear, including a narrow stripe that extends along the length
of the cochlear duct (Morsli et al., 1998; Morrison et al., 1999; Cole et al., 2000). Based on
the nearly complete absence of hair cells or supporting cells outside of the prosensory
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regions, it has been suggested that cells within the prosensory lineage possess a unique
ability to develop as hair cells or supporting cells. However, as will be discussed below,
recent results should prompt a reconsideration of this aspect of the prosensory cell
hypothesis.

Analysis of expression patterns in the otocyst identified three genes as candidates for
markers of the prosensory domains: the Notch ligand, Jagged1 (Jag1), the Notch regulator,
Lunatic fringe (Lfng), and the secreted signaling molecule, Bone morphogenetic protein 4
(Bmp4) (Morsli et al., 1998). However, Bmp4 expression does not persist in the prosensory
regions of the cochlea, and deletion of Lfng or Bmp4 does not lead to loss of hair cells or
supporting cells in the cochlea (Zhang et al., 2000; Chang et al., 2008). Although early
cochlear expression of JAG1 does not correspond exactly to the eventual position of the
organ of Corti (Kiernan et al., 2006), several studies suggest a crucial role for Jag1 in
sensory development in the cochlea. Two different N-ethyl-N-nitrosourea (ENU)-induced
mutations first implicated Jag1: mice heterozygous for the slalom and headturner mutations
both showed a reduction in OHC number (Kiernan et al., 2001; Tsai et al., 2001). Moreover,
in an inner ear-specific deletion of Jag1, no hair cells or supporting cells are present at the
base of the cochlea, while a reduced number are present at the apex (Kiernan et al., 2006).
Markers of the prosensory domain, such as the SRY-related high-mobility-group (HMG)-
box transcription factor SOX2, and the cyclin-dependent kinase inhibitor, CDKN1B (also
referred to as p27kip1), are greatly reduced. In humans, mutations in JAG1 are associated
with Alagille syndrome, a syndrome that primarily consists of liver, eye, and cardiovascular
defects, but hearing loss has also been reported in some cases (Le Caignec et al., 2002).

Since JAG1 is a Notch ligand, activation of the Notch signaling pathway should be required
for prosensory development. Consistent with this hypothesis, in vitro inhibition of Notch
signaling in cochlear explants with the γ-secretase inhibitor DAPT at early stages does
reduce the number of hair and supporting cells that develop (Hayashi et al., 2008a). This
result is in contrast to the well-established role for Notch signaling later in hair cell
specification (discussed below). Moreover, based on expression, the same study identified
the Notch effectors, Hey1 and Hey2 (sometimes referred to as Hesr1 and Hesr2), as likely
mediators of Notch signaling at this stage, but presumed functional redundancy and early
embryonic lethality precluded definitive loss-of-function analysis. Another Notch signaling
mediator, Hes1, is broadly expressed at early otocyst stages (Li et al., 2008) and could also
be involved in defining the prosensory domain. Gain-of-function studies using the
constitutively active, intracellular domain of Notch1, NICD, induced expression of
prosensory markers when over-expressed in the embryonic mouse cochlea (Dabdoub et al.,
2008), and caused the formation of ectopic sensory patches in embryonic chickens (Daudet
and Lewis, 2005). These studies support an inductive role for Notch signaling in the
formation of prosensory patches within the inner ear, in addition to a subsequent role in
lateral inhibitory signaling that determines hair cell versus supporting cell fates later in
development.

As mentioned above, the transcription factor SOX2 is another marker of the prosensory
region, although not a specific one, as it is also expressed in the inner ear proneural domain.
In developing CNS tissues, SOX2 is associated with progenitor and stem cell populations
(for review, see Ellis et al., 2004); the same appears to be true for the sensory progenitors of
the cochlea. SOX2 is widely expressed in the otocyst, but as the inner ear develops and
proneural cells delaminate, its expression becomes restricted to presumptive prosensory
domains, though it does not entirely overlap with expression of JAG1, which is found more
medially within the cochlea (Fig. 2). Mice carrying mutations in regulatory regions of Sox2
that specifically reduce (Sox2Ysb) or nearly ablate (Sox2Lcc) Sox2 expression in the inner ear
also show loss of both hair cells and supporting cells, confirming the requirement for Sox2
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in prosensory development (Kiernan et al., 2005b). Sensorineural hearing loss has also been
reported in humans with mutations in SOX2, along with eye, hypothalamus, pituitary, and
brain defects (Hagstrom et al., 2005; Kelberman et al., 2006).

While both JAG1 and SOX2 were identified as candidate inducers of prosensory fate based
on their expression patterns, and confirmed by loss-of-function studies in mice, the
transcriptional co-activator gene, Eyes absent homolog 1 (Eya1), was identified based on its
association with Branchio-oto-renal (BOR) syndrome in humans (Abdelhak et al., 1997).
Eya1 is widely expressed in the otocyst, similarly to SOX2, and their overlap in prosensory
expression continues until late stages, when Eya1 is found in hair cells, while SOX2 is
restricted to supporting cells (Dabdoub et al., 2008; Zou et al., 2008). Total deletion of Eya1
results in arrest of cochlear development at the otocyst stage, precluding analysis of all but
the earliest markers (Xu et al., 1999), but a more recent study used an allelic series of
hypomorphs to address the role of Eya1 in sensory development (Zou et al., 2008). The
number of sensory cells decreased in proportion to the level of Eya1 expression, and
expression of prosensory markers, such as Bmp4 and Lfng, was also reduced. SOX2 was still
present, though reduced, even in Eya1 null otocysts, suggesting that at least the initial
expression of Eya1 and SOX2 may be independently regulated.

As development continues, prosensory cells within the cochlear duct up-regulate CDKN1B
(Chen and Segil, 1999). The timing of CDKN1B expression (beginning at E13) correlates
with terminal mitosis within the prosensory domain, and deletion of Cdkn1b leads to
prolonged proliferation. As discussed, CDKN1B expression is dependent on expression of
JAG1, and is similarly decreased in Sox2 mutants. The onset of CDKN1B expression closely
precedes the first signs of hair cell differentiation, making it perhaps the most definitive
marker of the prosensory domain, at least in the cochlea. However, hair cells and supporting
cells are present in Cdkn1b mutants, indicating that it is not required for prosensory
specification. Finally, as cells within the IHC region are beginning to differentiate
(approximately E14), prosensory cells located lateral to the developing IHCs become
positive for the transcription factor, PROX1 (Bermingham-McDonogh et al., 2006;
Kirjavainen et al., 2008). As is the case for SOX2, developing OHCs down-regulate PROX1
while pillar cells and Deiters cells maintain expression. PROX1 and its Drosophila
homolog, prospero, play key roles in development of a number of systems, including
lymphatic vasculature, neural retina, and the CNS (reviewed in Cook, 2003; Hong and
Detmar, 2003; Karcavich, 2005). The specific pattern of PROX1 expression in the organ of
Corti suggests it is important in this system as well. However, experiments that test this
hypothesis have not yet been reported.

Restriction of the prosensory domain
The studies discussed above have identified a few of the genes necessary for prosensory
formation, but relatively little is known about the factors that act to refine the position and
extent of the prosensory domain within the cochlear epithelium. Recent results suggest that
the Hedgehog signaling pathway, already known to be necessary for early otic patterning
(Riccomagno et al., 2002), may play such a role. Truncating mutations in the zinc-finger
transcription factor, GLI3, a downstream effector of Hedgehog signaling, cause Pallister-
Hall syndrome (PHS) in humans (Kang et al., 1997). Along with the previously described
characteristics of PHS, hearing loss was recently reported (Driver et al., 2008). A mouse
model of PHS, with a targeted deletion of Gli3 that mimics the truncations found in affected
PHS individuals, also showed defects: shortened cochleae, expanded sensory regions, and
ectopic sensory patches in Kölliker's Organ, a region of non-sensory otocyst-derived cells
located adjacent to the organ of Corti (Driver et al., 2008). Because the truncated GLI3
protein is thought to act as a repressor of Hedgehog signaling, the expansion of sensory cells
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within the cochlea suggests that Hedgehog signaling normally acts to restrict prosensory cell
fate. Sonic hedgehog (Shh) is expressed in the spiral ganglion (SG) underlying Kölliker's
Organ, which may be a source of the repressive signal (Fig. 2). Exogenous SHH added to
cochlear explants in vitro does repress sensory cell formation, and expansion of prosensory
marker expression in Gli3 mutants suggests that Hedgehog signaling acts upstream of JAG1/
Notch.

In other tissues, most famously the neural tube, but also the developing otocyst (Bok et al.,
2007), BMP and/or canonical Wnt signaling often antagonize Shh signaling. It is tempting to
speculate that the sensory-repressive, medial SHH signal from the spiral ganglion in the
cochlea may be opposed by another, sensory-inducing signaling center on the opposite side
of the organ of Corti. As mentioned previously, Bmp4 is expressed in some prosensory
domains early in ear development, but in the cochlea is restricted to the lateral side of the
organ of Corti, where the Hensen's and Claudius' cells will develop (Morsli et al., 1998).
While experiments modulating BMP signaling with exogenous BMP4 protein or the BMP
inhibitor, Noggin, in the chicken have produced conflicting results (Li et al., 2005; Pujades
et al., 2006), loss-of-function analysis in the mouse has shown that Bmp4 is not required for
sensory patterning in the cochlea (Chang et al., 2008). However, other experiments
modulating BMP signaling in mouse cochlear explants, but beginning after the prosensory
domain is formed, did show that BMP4 induced hair cells, whereas Noggin inhibited hair
cell formation (Puligilla et al., 2007). These results suggest that BMP and SHH could act in
opposing fashions across the cochlear epithelium, but given the difference in timing of the
experiments, it remains to be seen whether this is in fact the case.

The ectopic patches of hair cells seen in Kölliker's Organ in the Gli3 mutants suggest that
Hedgehog signaling acts to repress formation of sensory cells in this region. Moreover, in
vitro experiments demonstrated that the formation of these ectopic cells is dependent on
activation of Notch signaling (Driver et al., 2008). If Notch signaling is normally inhibited
in this region, thus restricting the prosensory domain, then loss of endogenously expressed
Notch inhibitors might result in formation of ectopic hair cells. In fact, in Hes5 mutants,
scattered ectopic hair cells were observed in this region (Zine et al., 2001). Previous studies
have shown that Kölliker's Organ cells readily become both hair cells and supporting cells
(Zheng and Gao, 2000; Woods et al., 2004), so the development of only a few ectopic hair
cells in this region in Hes5 mutants may be a result of functional redundancy of the various
Hes and Hey genes expressed in the cochlea. It will be interesting to see if genetic
manipulations allowing for inner-ear specific deletions of multiple Hes and Hey genes
uncover more roles for these genes in patterning the developing cochlear epithelium.

Specification of individual cell types
Following the specification of the prosensory domain, individual cells within the domain are
thought to become broadly specified to develop as either hair cells or supporting cells.
Studies examining the early expression of specific morphological markers indicated that hair
cells become specified prior to supporting cells, suggesting that the hair cell fate represents
the primary fate within the prosensory domain. This conclusion is supported by hair cell
ablation studies in explants of the embryonic organ of Corti which demonstrated that hair
cell removal results in the differentiation of replacement hair cells from surrounding
uncommitted progenitors that would normally have developed as supporting cells (Kelley et
al., 1995). Similar results have been demonstrated in hair cell regeneration paradigms in the
chicken cochlea (reviewed in Stone and Cotanche, 2007). The results of these studies are
also consistent with the presence of a lateral inhibitory mechanism in which developing or
mature hair cells prevent neighboring cells from adopting the same fate.
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Lateral inhibitory interactions, such as the one described above for hair cells and supporting
cells, are often mediated through the Notch signaling pathway (reviewed in D'Souza et al.,
2008). In fact, a series of publications over the last 10 years has confirmed a crucial role for
Notch in formation of the mosaic of hair cells and supporting cells (Lanford et al., 1999;
Kiernan et al., 2005a; Brooker et al., 2006). Notch1 is broadly expressed throughout the
cochlear duct, while Jagged2 (Jag2), Delta-like 1 (Dll1) and Delta-like 3 (Dll3) are
observed only in developing hair cells (Lanford et al., 1999; Morrison et al., 1999; Hartman
et al., 2007). In addition, several Notch-target genes, including Hes1, Hes5, Hey1, Hey2, and
Heyl (also referred to as Hesr3), have been reported to be expressed in supporting cells and
the expression of at least some of these genes has been shown to be dependent on Notch
activation (Lanford et al., 2000; Zheng et al., 2000; Zine et al., 2001; Murata et al., 2006;
Hayashi et al., 2008a; Li et al., 2008; Doetzlhofer et al., 2009). Moreover, as would be
predicted, deletion of any of the implicated genes leads to a variable over-production of hair
cells. For instance, a conditional inner-ear deletion of Notch1 leads to more than a two-fold
increase in the number of hair cells, with a concomitant decrease in supporting cells. These
results are consistent with the demonstrated lateral inhibitory interactions between
developing hair cells and surrounding undifferentiated progenitors; they suggest that, with
the exception of two specific subtypes of supporting cells to be discussed below, virtually all
cochlear prosensory cells will develop as hair cells if Notch signaling is eliminated.

The initial demonstration of an important role for Notch signaling in the inhibition of hair
cell fate also provided valuable insight into the identification of other genes that might be
important for hair cell specification. In particular, studies in both vertebrates and
invertebrates had demonstrated that members of the basic-Helix-Loop-Helix (bHLH) family
of transcription factors were often negatively regulated by Notch signaling (reviewed in
Cornell and Eisen, 2005). An examination of bHLH family member expression in the
developing cochlea identified the atonal homolog, Atoh1, as a likely candidate, and a
concomitant analysis of Atoh1 mutant mice confirmed the necessity of this gene for hair cell
formation (Bermingham et al., 1999; Lanford et al., 2000). The onset of Atoh1 promoter
activity and mRNA expression precedes that of Dll1 and Jag2, and deletion of Atoh1 results
in a complete absence of hair cells. Moreover, forced expression of Atoh1, either within the
prosensory domain, or even outside of the prosensory domain, is sufficient to induce a hair
cell fate (Zheng and Gao, 2000; Woods et al., 2004; Jones et al., 2006). To date, Atoh1 is the
only factor that has been shown to be sufficient for hair cell formation and the timing of its
onset suggests that it is one of, if not the earliest gene to be expressed within the hair cell
lineage.

Given that disruption of Notch signaling leads to an increase in the number of cells that
develop as hair cells, and the demonstration of the key role of Atoh1 in hair cell formation,
these results together suggest that Notch acts to inhibit hair cell fate through inhibition of
Atoh1 expression. This hypothesis implies that Atoh1 is initially expressed in a broad group
of prosensory cells and that subsequent activation of Notch signaling leads to down-
regulation of Atoh1 in those cells that will develop as hair cells. Consistent with this idea,
inhibition of Notch signaling does lead to an increase in the number of Atoh1-positive hair
cells (Lanford et al., 2000; Takebayashi et al., 2007; Doetzlhofer et al., 2009). However, it
has been difficult to determine the full extent of early Atoh1 expression within the cochlea.
Different methods of assaying Atoh1 expression, including promoter activity, mRNA
expression, and protein expression, have given different results, in some cases suggesting
broad expression and in others observing expression that is restricted to committed hair cells
(Lanford et al., 2000; Chen et al., 2002; Woods et al., 2004). Careful lineage studies are
clearly required to determine the extent of Atoh1 expression in cochlear prosensory cells.
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Identification of the factors that regulate the onset of Atoh1 expression has been challenging.
Jagged1 and Sox2 are required for Atoh1 expression, but reciprocal experiments to examine
sufficiency have either not been done (Jagged1) or have yielded negative results (Sox2;
Dabdoub et al., 2008). For Sox2, at least, this suggests that the prosensory domain may
represent an environment that is permissive, rather than instructive, for Atoh1 expression,
and that other factors may actually induce Atoh1 within this domain. Candidate Atoh1-
inducing factors are limited, but a recent study has demonstrated a possible role for
fibroblast growth factor (Fgf) signaling. The Fgf signaling pathway is crucial for early
development and patterning of the otocyst and inner ear in most vertebrates (Leger and
Brand, 2002; Maroon et al., 2002; Wright and Mansour, 2003; Wright et al., 2004; Ladher et
al., 2005). In addition, Fgf receptor1 (Fgfr1) is uniquely required for the formation of both
hair cells and supporting cells within the cochlea (Pirvola et al., 2002). Cochleae from Fgfr1
hypomorphs or animals with a conditional otocyst deletion of Fgfr1 have sparse, mis-
patterned sensory patches containing only inner hair cells. While the prosensory domain was
reported to still be present in these cochleae, a dose dependent decrease in Atoh1 was
observed, suggesting that FGFR1 acts within the prosensory domain to regulate Atoh1. The
ligand for FGFR1 in the cochlea has not been determined, but a recent study generated an
Fgfr1 mutant-like phenotype in cochlear explants using function-blocking antibodies against
FGF20 (Hayashi et al., 2008b). These results suggest that binding of FGF20 to FGFR1 is a
necessary step for Atoh1 expression within the cochlea; however, whether this regulation is
direct or indirect remains to be determined.

While the importance of Notch signaling in preventing the formation of supernumerary hair
cells is clear, the factors that regulate which and how many progenitors will develop as hair
cells remain unclear. As discussed, Dll1 and Jag2 appear to only be expressed in cells that
have already become committed to a hair cell fate. This observation suggests that other
factors must regulate the selection of the hair cell population. Although the mechanisms of
this regulation remain unknown, several candidate factors have been identified. The first of
these are the IDs (inhibitors of differentiation), a family of four HLH gene products that act
to antagonize bHLH molecules, such as ATOH1, through direct competition for a common
dimerization partner (reviewed in Norton, 2000). Briefly, prior to DNA binding, bHLH
proteins, such as ATOH1, must form heterodimers with a ubiquitously expressed bHLH,
such as E47, or the products of the E2A gene. IDs lack the basic DNA binding domain of
bHLH proteins, but contain the HLH dimerization domain. As a result, IDs can compete
with bHLH molecules for the common dimerization partner with the consequence of ID
binding being sequestration of the dimerization partner. Three of the four Id genes, Id1, Id2
and Id3, are expressed throughout the developing prosensory domain prior to hair cell
development (Jones et al., 2006). However, a specific down-regulation of all three Ids was
observed to occur at about the onset of hair cell formation. Finally, forced expression of ID3
in prosensory cells strongly inhibited hair cell formation.

A second gene that has recently been shown to influence Atoh1 activity is Sox2. As
discussed above, Sox2 plays a key role in specification of the prosensory domain, but the
subsequent down-regulation of SOX2 in developing hair cells led to the suggestion that Sox2
might also act as an Atoh1 antagonist. This hypothesis was supported by co-transfection
experiments, which demonstrated that Sox2 can inhibit the ability of Atoh1 to induce hair
cell formation (Dabdoub et al., 2008). Moreover, animals with reduced, but not completely
absent, Sox2 expression actually show an increased number of hair cells in the organ of
Corti, supporting the idea that Sox2 acts as an Atoh1 antagonist. Prox1, a homeodomain
transcription factor that is expressed in most prosensory cells, is absent in Sox2 mutants and
is induced in Sox2-transfected cochlear cells, and also inhibits Atoh1 activity. Finally, as
would be expected, at least two Notch target genes, Hes1 and Hey2, also inhibit Atoh1-
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induced hair cell formation in co-transfection assays (Zheng and Gao, 2000; Doetzlhofer et
al., 2009).

To summarize, Atoh1 acts as a key inducer of hair cell formation. The factors that regulate
the onset of Atoh1 expression in the cochlea have not been fully determined, nor has the size
of the initial Atoh1-positive population. In contrast, a number of factors that act to
antagonize Atoh1 signaling in the cochlea have been identified. Modulation of these
signaling factors or pathways leads to varying numbers of supernumerary hair cells,
suggesting that multiple pathways act in concert to strictly regulate hair cell number.
Considering the largely invariant pattern of hair cells within the normal organ of Corti, a
clear challenge will be to determine how these different pathways are regulated to specify
the correct number of hair cells.

Specification of supporting cells
In contrast to hair cells, the specification of supporting cells is rather poorly understood.
While a focus on hair cells as the primary transducer of mechanosensory stimuli has
contributed to the limited work on supporting cells, a greater impediment has been the lack
of definitive markers for specific supporting cell types. As discussed earlier in the section on
Specification of prosensory cells, most of the mRNA or protein markers that become
restricted to supporting cells are initially expressed in prosensory cells. As a result, it has
been challenging to discriminate between changes in supporting cell populations and
modulation in the size of the prosensory domain. The ability to create ectopic hair cells has
provided at least one method to assay for the creation of supporting cells. At present, in
every case in which it has been examined, ectopic hair cells appear to be surrounded by
ectopic supporting cells (Woods et al., 2004; Driver et al., 2008). These cells typically
express the supporting cell/prosensory cell markers, JAG1 and SOX2, but in a least one
instance, ectopic supporting cells were also shown to express Otogelin, a supporting cell
marker that is not expressed in prosensory cells (El-Amraoui et al., 2001; Woods et al.,
2004). These results suggest that hair cells employ specific inductive mechanisms to recruit
surrounding cells to develop as supporting cells. The mechanisms for this induction are
unknown. As discussed, the Notch pathway is activated between hair cells and neighboring
cells that will ultimately develop as supporting cells, but whether Notch signaling could act
as a direct inducer of supporting cell fate has not been examined.

The organ of Corti contains several different supporting cell types, including the inner and
outer pillar cells. Pillar cells are only present in mammalian auditory sensory epithelia and
have a unique morphology. Recent results have suggested that the regulation of pillar cell
fate is also unique. Beginning at approximately E16.5 the Fgf receptor, Fgfr3, is upregulated
in a population of progenitor cells that appears to include cells that will develop as pillar
cells, outer hair cells, and Deiters cells (Mueller et al., 2002; Jacques et al., 2007). However,
as development proceeds, expression of Fgfr3 becomes largely restricted to developing
pillar cells. At the same time point, developing inner hair cells, located at the medial edge of
the Fgfr3 domain, begin to express Fgf8, a known ligand for Fgfr3 (Zhang et al., 2006;
Jacques et al., 2007). Deletion of either Fgfr3 or Fgf8 in the inner ear results in similar
phenotypes, in which pillar cell development is specifically disrupted (Colvin et al., 1996;
Hayashi et al., 2007; Jacques et al., 2007; Puligilla et al., 2007). These results are consistent
with an inductive interaction in which FGF8 arising in inner hair cells binds to and activates
FGFR3 in adjacent progenitor cells, leading to the formation of pillar cells. Consistent with
this hypothesis, increased activation of FGFR3, either through the addition of increased
amounts of ligand or deletion of the FGFR antagonist, Sprouty2, leads to an increase in the
number of cells that develop as pillar cells (Mueller et al., 2002; Shim et al., 2005; Jacques
et al., 2007). In the absence of Fgfr3, not only do pillar cells fail to develop, but additional
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outer hair cells are also observed within the organ of Corti, suggesting that prosensory cells
that would have developed as pillar cells have undergone a fate change (Hayashi et al.,
2007; Puligilla et al., 2007). These results indicate that FGFR3 signaling acts to both inhibit
a hair cell fate and to induce a pillar cell fate. A recent study has identified a least one
important factor in the inhibition of hair cell formation in the pillar cell region. Deletion of
Notch1 within the inner ear results in a nearly complete loss of supporting cells within the
organ of Corti. However, a key exception is the population of pillar cells, which appear to be
unaffected, suggesting that some aspect of the Notch signaling pathway may still be active
in pillar cells, even in the absence of Notch1. Based on this result, Doetzlhofer and
colleagues (2009) examined the expression of known Notch target genes in the presence of
Notch or Fgfr antagonists or agonists. They found that Hey2, which is expressed specifically
in pillar cells, is activated by FGFs and that deletion of Hey2, along with inhibition of Notch
signaling, leads to a loss of pillar cells. These results suggest that within the organ of Corti,
Hey2 is regulated by the Fgf pathway, rather than Notch signaling, and that this pathway is
used to specifically regulate pillar cell development. The reasons for this change are
unknown, but may be related to the selective pressures driving the evolution of pillar cells
and the tunnel of Corti. Further experiments are clearly required to determine the
mechanisms that allow the Fgf pathway to regulate Hey2 and the evolutionary changes that
contributed to this change in molecular signaling.

Conclusions
The organ of Corti represents a remarkable achievement in the regulation of cell fate and
patterning. At least seven different cell types are specified in specific ratios to one another
and then arranged in a rigorous mosaic pattern. While overall understanding of the
mechanisms that are required to create and refine this structure remains limited, significant
progress has been made (see summary diagram in Fig. 3). The progenitor cells that will give
rise to the organ of Corti are specified as a population of prosensory cells that originate at
the otocyst stage of inner ear development. The Notch signaling pathway and the
transcription factor, SOX2, along with others, play key roles in specifying prosensory
identity, while other pathways, including Hedgehog signaling, appear to inhibit prosensory
formation in other regions of the inner ear. Once prosensory cells are established, expression
of the transcription factor, Atoh1, possibly induced by Fgfr1 signaling, initiates a genetic
program that is sufficient for formation of mechanosensory hair cells. Once specified, hair
cells influence neighboring prosensory cells through both Notch-mediated inhibitory actions
and undefined inductive signals that combine to recruit a population supporting cells. The
factors that regulate specification of individual supporting cell types are largely unknown,
with the exception of pillar cells, which are formed through an inductive interaction between
FGFR3 and FGF8. Concomitant with cell fate specification, prosensory cells must become
patterned into ordered rows. Only now, with a good baseline understanding of how the
primary cell types are specified, is it possible to begin to examine these patterning events.
Recent results have identified the nuclear protein, SOBP1, the Myosin II motor protein, and
members of the planar cell polarity pathway as regulators of cellular patterning
(Montcouquiol et al., 2003;Wang et al., 2005;Chen et al., 2008;Yamamoto et al., 2009).
Hopefully, future experiments will demonstrate how cell fate specification and cellular
patterning pathways are coordinated during cochlear formation.
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Figure 1. Anatomy of the organ of Corti
Cross-sectional (A) and lumenal surface (B) illustrations of the cellular anatomy of the
organ of Corti. Medial and lateral sides are labeled for orientation. A single row of inner hair
cells (red) is located on the medial side of the epithelium, while three rows of outer hair cells
(red) are located more laterally. Inner hair cells are separated from one another by border
cells and inner phalangeal cells (dark green), while outer hair cells are separated by Deiters
cells (light green). The inner and outer hair cell regions are separated by the tunnel of Corti,
a fluid filled structure that is bounded by single rows of inner and outer pillar cells (purple).
Hensen and Claudius cells (beige, yellow) are located at the lateral edge.
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Figure 2. Development of the organ of Corti
(A) Cross section through the cochlear duct at Embryonic day 13 (E13). Medial is to the left.
The prosensory domain is marked by expression of Jag1 (green) and Sox2 (blue) in partially
overlapping domains in the floor of the duct. Neurons within the developing spiral ganglion
(SG) are labeled in red. The cartoon to the left indicates that spiral ganglion neurons act as a
source of sonic hedgehog (Shh) that may act to inhibit sensory formation in the medial half
of the duct. (B) Similar view of the duct at E15. Note that the prosensory domain is now
located on the lateral half of the floor of the duct. Atoh1-positive hair cells (red) are present
within the Jag1/Sox2-positive prosensory domain. A zoomed-in view of the prosensory
domain is illustrated in the cartoon. In addition, the patterns of expression for Bmp4 (blue)
and Prox1 (gold) are illustrated. (C) Cross-section at E18. Hair cells now express MyosinVI
(red). Surrounding supporting cells are still positive for Jag1 (green). Innervating spiral
ganglion neurites are labeled in blue. Cartoon summarizes expression patterns for most of
the factors discussed in the text.
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Figure 3. Summary of factors that direct and/or are expressed in otocyst cells along the
prosensory, hair cell, and supporting cell lineages
Lineages are indicated with black arrows, inductive interactions are marked with green
arrows, and inhibitory interactions are marked in red. Briefly, the Notch signaling pathway,
along with Sox2 and Eya1, is believed to direct otocyst cells towards a prosensory fate.
Next, an undetermined number of prosensory cells become positive for Atoh1, possibly
through activation of Fgfr1. Sox2 and Id1, 2, and 3 act to limit the number of cells that
become Atoh1 positive. Cells that have begun to develop as hair cells express Jag2, Dll1,
and Dll3, leading to activation of Notch1 and the downstream targets Hes1, Hes5, Hey1,
Hey2, and Heyl in neighboring prosensory cells. Notch activation inhibits these cells from
developing as hair cells. At the same time, hair cells also generate largely unknown
inductive signals that recruit neighboring cells to develop as supporting cells. Pillar cell
formation is dependent on an inductive interaction between Fgf8, expressed in inner hair
cells, and Fgfr3, expressed in progenitor cells, possibly acting through Hey2. Finally,
activation of the Hedgehog pathway, possibly mediated through expression of Shh in
neuroblasts, acts to inhibit non-sensory cells from moving into the prosensory lineage.
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