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Canonical Notch Signaling Is Not Necessary for Prosensory

Induction in the Mouse Cochlea: Insights from a Conditional
Mutant of RBPjk

Martin L. Basch,' Takahiro Ohyama,’ Neil Segil,* and Andrew K. Groves'>

'Departments of Neuroscience and Molecular and Human Genetics, and 2Program in Developmental Biology, Baylor College of Medicine, Houston, Texas
77030, *Division of Cell Biology and Genetics, House Ear Institute, Los Angeles, California 90057, and “Department of Cell and Neurobiology, Keck School of
Medicine, University of Southern California, Los Angeles, California 90033

The mammalian organ of Corti consists of a highly organized array of hair cells and supporting cells that originate from a common
population of prosensory progenitors. Proper differentiation of this complex cellular mosaic requires lateral inhibition mediated by
Notch signaling. Several studies have implicated Notch signaling in the earlier induction of the prosensory domain that lies along the
length of the cochlear duct, and which forms before the onset of hair cell and supporting cell differentiation. To investigate the role of
Notch signaling in prosensory domain formation, we conditionally inactivated the transcriptional mediator of canonical Notch signaling,
RBPjk, throughout the inner ear. Although RBPjk mutants have severe vestibular defects and a shortened cochlear duct, markers of the
prosensory domain appear at the normal time and location in the cochlea of RBPjk mutants. Despite the lack of RBPjk;, hair cell and
supporting cell markers also appear at appropriate times in the cochlea, suggesting that RBPjk is dispensable for differentiation of the
cochlear sensory epithelium. However, we also observed that differentiating hair cells and supporting cells rapidly die in RBPjk mutants,
suggesting a requirement of RBPjk for cell survival in this tissue. Finally, in contrast to the chick basilar papilla, ectopic activation of
Notch signaling did not induce ectopic sensory patches in nonsensory regions of the cochlea. Our results indicate that canonical Notch
signaling is not necessary for prosensory specification in the mouse cochlea, suggesting that other signaling pathways may specify this

highly derived sensory organ.

Introduction

The organ of Corti is a highly patterned cellular mosaic, with one
row of inner hair cells and three rows of outer hair cells sur-
rounded by several different types of supporting cells. The organ
of Corti arises from a common population of postmitotic cells in
the cochlea, termed the prosensory domain (Chen et al., 2002;
Kelley, 2006). It is not clear how this region of the cochlea be-
comes specified, but analogies with the development of the eye
and peripheral nervous system in Drosophila have led to the idea
that the Notch signaling pathway may be necessary for the for-
mation of inner ear prosensory domains (Eddison et al., 2000;
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Daudet and Lewis, 2005). In this scheme, Notch signaling is pos-
tulated to act twice during the generation of sensory cells, with an
initial phase of Notch signaling inducing prosensory patches and
a second phase establishing the fine-grained pattern of hair cells
and supporting cells through lateral inhibition (Daudet and
Lewis, 2005).

Several lines of evidence support this two-phase model of
Notch action in the mammalian cochlea. First, components of
the Notch pathway are expressed in a location consistent with a
role in prosensory specification (Lanford et al., 1999; Morrison et
al., 1999; Zine et al., 2000; Zine and de Ribaupierre, 2002; Hayashi
et al., 2008). Second, activation of Notchl at early stages of ear
development can induce ectopic sensory patches containing both
hair cells and supporting cells near the chicken vestibular organs
and basilar papilla (Daudet and Lewis, 2005) and in nonsensory
regions of the mouse cochlea (Hartman et al., 2010; Pan et al.,
2010). Third, Jagl conditional mutant mice show a downregula-
tion of prosensory markers and have severely reduced numbers
of hair cells and supporting cells in the organ of Corti (Brooker et
al., 2006; Kiernan et al., 2006). However, other loss-of-function
experiments using the gamma-secretase inhibitor DAPT to pre-
vent Notch signaling gave conflicting results on the formation of
the prosensory domain and differentiation of the organ of Corti
(Takebayashi et al., 2007; Hayashi et al., 2008). Moreover, Notch1
conditional mutants or compound Jag2/Deltal mutants show no
defects in prosensory formation and only exhibit supernumerary
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hair cells predicted by a failure of Notch-mediated lateral inhibi-
tion in the organ of Corti (Kiernan et al., 2005a).

In light of these data, it is still unclear whether Notch sig-
naling is required for the initial induction of a prosensory
domain in cochlear development before the requirement for
Notch-dependent lateral inhibition during hair cell and support-
ing cell differentiation. The canonical Notch signaling pathway
involves binding of Delta or Jagged ligands of Notch receptors,
resulting in the cleavage and release of the intracellular domain of
the Notch receptor (NICD). NICD travels to the nucleus and
forms a transcriptional complex with RBPjk, the transcriptional
mediator of the canonical pathway (Honjo, 1996; Tanigaki and
Honjo, 2010). To address the role of canonical Notch signaling in
induction of the cochlear prosensory domain, we conditionally
inactivated RBPjk in the entire inner ear. Our data suggest that
canonical Notch signaling is neither necessary nor sufficient
for the induction of the prosensory domain in the developing
mammalian cochlea.

Materials and Methods

Conditional inactivation of RBPjk, Jagl, and Pofutl in the inner ear. Mice
homozygous for conditional alleles of RBPjk (Han et al., 2002), Jagl
(Brooker et al., 2006), or Pofutl (Shi et al., 2005) were crossed with
Pax2-Cre mice (Ohyama and Groves, 2004) that were also heterozygous
for a null mutation in the gene of interest. Pax2-Cre mice are available
from the Mutant Mouse Reginal Resource Centers (stock number 010569-
UNC). The ROSA-EYFP Cre reporter line (Srinivas et al., 2001) is available
from Jackson Laboratories (stock number 006148). The following primers
were used for genotyping: Pax2-Cre: CrelF (GCCTGCATTACCGGTC-
GATGCAACGA) and CrelR (GTGGCAGATGGCGCGGCAACACCATT)
yield a 700 bp band; RBPjk floxed, deleted, and wild-type allele: RBPJ1 (AA-
CATCCACAGCAGGCAA), RBPJ2 (GATAGACCTTGGTTTGTTTGG),
and RBPJ3 (CCACTGTTGTGAACTGGCGTGG) yield a 500 bp floxed al-
lele band, a 700 bp deleted allele band, and a 300 bp wild-type allele band,
respectively; JagI floxed, deleted, and wild-type allele: J1C, (TGA ACT CAG
GAC AGT GCT C), J1D (ATA GGA GGC CAT GGA TGA CT), and J1F
(GTTTCA GTG TCT GCCATT GC) yield a 500 bp floxed allele band, a 330
bp deleted allele band, and a 390 bp wild-type allele band, respectively; and
Pofutl foxed, deleted, and wild-type allele: PS644 (GGG TCA CCT TCA
TGT ACAAGT GAG TG) and PS645 (ACCCACAGG CTGTGCAGT CTT
TG) yield a 960 bp floxed allele band and either a 700 bp wild-type band or a
300 bp deleted allele band, respectively.

Inducible activation of N1ICD. Mice carrying a conditionally activated
Notchl intracellular domain followed by an IRES-GFP sequence
(cN1ICD floxed/floxedy (Murtaugh et al., 2003) were crossed to B6.Cg-Tg
(CAG-cre/Esr1) > ™ mice (Jax stock number 004682) (Hayashi and
McMahon, 2002) in which the Cre gene is fused to a tamoxifen-sensitive
mutant of the estrogen receptor. The resulting cN1ICD;CMV-Cre/ESR1
offspring express Notch1-ICD and GFP after exposure to tamoxifen.

Organotypic cochlear culture and electroporation. Cochleas from E13.5
mice were collected in PBS and incubated in calcium-magnesium-free
PBS containing dispase (1 mg/ml; Invitrogen) and collagenase (1 mg/ml;
Worthington) for 8 min at room temperature as previously described
(Doetzlhofer et al., 2009) to free the cochlear duct from surrounding
condensed mesenchyme tissue. Embryonic cochlear explants were cul-
tured on SPI black membranes (SPI Supplies) in DMEM-F12 (Invitro-
gen) with N2 supplement (Invitrogen). All cultures were maintained in a
5% CO,/20% O, humidified incubator. For induction of N1ICD-IRES-
GFP, a 5 mM solution of OH-tamoxifen (Sigma-Aldrich) in 95% ethanol
was added to the medium for a final concentration of 5 um. Cochlea
electroporations were performed as previously described (Doetzlhofer et
al., 2009).

Paint filling of the inner ear. Paint fillings of E13.5 inner ears from
either CD1 mice or RBPjk conditional mutants were performed based on
aprotocol from Kiernan et al. (2006). Injections of 0.1% gloss white paint
in methyl salicylate were done by hand using a Picospritzer III pressure
injector (General Valve Corporation).
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Inssitu hybridization. The inner ears from E14.5, E16.5, or P1 mice were
fixed in 4% paraformaldehyde in PBS overnight at 4°C, sunk in 30%
sucrose in PBS at 4°C, incubated in OCT at room temperature for 1 h,
and frozen in liquid nitrogen. Digoxigenin-labeled antisense ribroprobes
to mouse Notchl, Notch3, Hey2, and Bmp4 were synthesized using stan-
dard protocols (Stern, 1998). The in situ hybridization procedure was
modified from a protocol by Henrique et al. (1995). Detailed protocols
are available upon request.

Immunohistochemistry. Antibodies used in this study were anti-
activated caspase-3 (Cell Signaling Technology), anti-p27 <! (NeoMarker),
anti-parvalbumin and clone PARV-19 (Sigma), anti-myosin-VI (Proteus),
anti-Jagged] (Santa Cruz Biotechnology), anti-ProxI (Millipore Bioscience
Research Reagents), anti-Hey2 (Doetzlhofer et al., 2009), anti-RBPJk
(CosmoBio), and anti-Notchl intracellular domain (Millipore). Fluores-
cently labeled secondary antibodies were Alexa-594 or Alexa-488 from In-
vitrogen. Secondary anti-rabbit HRP conjugated from Invitrogen. DAB
staining was done using a DAB kit (Vector Labs). For anti-p27 *P!staining
and Jagged], sections were boiled for 10 min in 10 mw citric acid, pH 6.0.
RBPJk and NICD stainings were performed as previously described
(Morimoto et al., 2010).

Quantitative real-time PCR. For RNA extraction, total RNA from dis-
sected cochleas or cultured cochlear explants was isolated by using a
Qiagen RNeasy Micro kit. cDNA was synthesized by using Superscript III
First Strand Synthesis System for RT-PCR (Invitrogen). Quantitative real-
time PCR (qPCR) was performed with a Master SYBR Green kit (Applied
Biosystems) and gene-specific primer sets on a Step One Plus real-time PCR
system (Applied Biosystems). Each PCR was performed in triplicate. Relative
gene expression was analyzed by using the DDCT method (Livak and
Schmittgen, 2001) and L19 was used as an endogenous reference. The gene-
specific primer sets used were as follows: L19 (RpL19): 5'-ggtctggttggatc-
ccaatg-3’ and 5'-cccgggaatggacagtca-3’, Hesl: 5'-gcttcagegagtgeatgaac-3’
and 5'-cggtgttaacgcectcaca-3', Hes5: 5'-gcaccagceccaactccaa-3 and 5'-
ggcgaaggctttgetgtgt-3', Heyl: 5'-cactgcaggagggaaaggttat-3' and 5'-ccc-
caaactccgatagtccat-3', Hey2: 5'-aagcgeccttgtgaggaaa-3' and 5'-tcgcte-
cccacgtegat-3', HeyL: 5'-gcgcagagggatcatagagaa-3' and 5'-tcgcaattca-
gaaaggctactg-3', RBPJk: 5'-tggctacatccattacgggeag-3’ and 5'-gtgg-
agttgtgatacagggtcg3'.

TUNEL cell death assay. For cell death detection using the TUNEL
method, we used a TMR in situ cell detection kit (Roche) with a modified
protocol based on manufacturer’s instructions (protocol is available
upon request).

Results

Timeline of prosensory development and Notch pathway
activation in the cochlea

The mouse cochlea develops as an outgrowth of the ventral oto-
cyst from embryonic day 11 onwards. Initially, the Sox2 tran-
scription factor and the Notch ligand Jagl are expressed
throughout the thickened portion of the cochlear duct (Fig. 1A)
(Ohyama et al., 2010). These genes are gradually downregulated
in the abneural side of the duct over the next 36 h, and by E12.5—
E13.0, the central region of the duct expresses Sox2, the cyclin-
dependent kinase inhibitor p27, and the bHLH transcription
factor Hey2 (Fig. 1 A) (Chen and Segil, 1999; Hayashi et al., 2008;
Li et al., 2008; Doetzlhofer et al., 2009). This region—termed the
prosensory domain—will ultimately give rise to the organ of
Corti; it begins to differentiate into hair cells and supporting cells
in the midbasal region of the cochlea at E13.5, with differentia-
tion proceeding to the apex of the cochlea over the next few days
(Fig. 1A) (Chen et al., 2002; Lee et al., 2006). Between E12.5 and
E13.5, the central prosensory domain (Sox2 ", Hey2 ™, p27 )
(Fig. 1A,B) is bounded on its neural side by Kélliker’s organ
(Jagl ™, Sox2 ™) (Fig. 1) and on its abneural side by the future
outer sulcus, which expresses Bmp4 (Fig. 1A, B) (Ohyama et al.,
2010). At this time, the Notch1 receptor is expressed throughout
the ventral portion of the cochlea duct, with Notch3 expressed at
much lower levels (Fig. 1B).
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Canonical Notch pathway signaling
involves cleavage of the intracellular do-
main of Notch receptors, where they
travel to the nucleus and form a transcrip-
tional complex with RBPJk and MAML
proteins. We visualized canonical signal-
ing through the Notchl receptor using
antibodies to the activated Notchl intra-
cellular domain (N1ICD). Between E12.5
and E13.5, we were unable to detect
NI1ICD in the prosensory domain of the
cochlea, although N1ICD staining could
be readily observed in vestibular sensory
tissue in the same sections where hair cells
and supporting cells are already present
(Fig. 1C). N1ICD staining could first be
detected in the midbasal region of the co-
chlea after E13.5, coincident with the dif-
ferentiation of hair cells and supporting
cells. At E14.5, N1ICD staining could be
seen in cells adjacent to differentiating
hair cells (Fig. 1C). N1ICD staining could
also be seen in a subset of supporting cells in
the neonatal cochlea (Fig. 1C). These data
suggest that canonical signaling through the
Notchl receptor is not occurring in the pro-
sensory domain of the cochlea, but only
commences once hair cell and supporting
cell differentiation is underway.

The vestibular system is severely
malformed in RBPjk mutant mice
To determine the role of canonical Notch
signaling in cochlear prosensory specifi-
cation and lateral inhibition in the inner
ear, we generated a conditional mutation
of RBPjk by crossing RBPjk oxed/floxed pjce
with Pax2-Cre/+, RBPjk“"" mice. The
Pax2-Cre transgene is expressed throughout
the otic placode beginning at E8.5 and
therefore induces recombination in the cells
that give rise to the inner ear (Ohyama and
Groves, 2004). Pax2-Cre, RBPjk del/flox g
spring lack both wild-type alleles of RBPjk
and will be henceforth referred to as RBPjk
conditional knock-outs (CKO). Because the
Pax2 locus also drives Cre expression in
other tissues, such as the midbrain, mid-
brain neural crest, and kidney, RBPjxk CKO
mice die at E13.5, likely due to requirements
for Notch signaling in vascular development
(Cheng et al., 2007).

To first analyze the effects of RBPjk in-
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Figure 1.  Components of canonical Notch signaling are expressed in the developing cochlea. 4, Schematic diagram illustrating
the differentiation of the cochlea between E11.5 and E14.5. At E11.5, the ventral half of the cochlear duct expresses Jag1 and Sox2
(Ohyama et al., 2010). Between E12.5 and E13.0, this Jag1 ™;Sox2 * domain becomes restricted to Kdlliker's organ (KO) on the
neural side of the cochlear duct. A prosensory domain (PD) develops in the central portion of the duct, expressing Sox2, p27, and
Hey2. It is bounded on the abneural side by the future outer sulcus (0S), which expresses Bmp4. At this stage, the entire cochlear
duct expresses the Notch 1 receptor. As hair cells (HC) and supporting cells (SC) differentiate after E13.5, activation of Notch1 can be
observed in supporting cells (€). B, Sections through the cochlear duct of E13.5 embryos. p27 " and Sox2 immunostaining label
the prosensory domain. Jagged1 and Hey2 label Kdlliker's organ and the prosensory domain, respectively. In situ hybridization for
NotchT and Notch3 show expression throughout the ventral wall of the cochlea, with Notch3 being expressed at low levels. €,
Notch1receptoractivation in the cochlea and vestibular system. At E12.5and E13.5, the intracellular portion of the Notch1 receptor
(N11CD) can be detected in the vestibular system (boxes 1and 3) but not in the cochlear duct on the same sections (boxes 2 and 4).
Scale bars, 50 m. At E14.5, N1ICD (arrowheads) can be detected in cells adjacent to differentiating Atoh1-expressing hair cells.
These are likely to become supporting cells. By postnatal day 1, N1ICD is seen ina subset of supporting cells (arrowheads). Scale bar,
25 pm.

activation on the gross morphology of the ear, we paint-filled the
inner ears of mutants and wild-type littermates between E11.5
and E13.5. RBPjk inactivation produced severe malformations in
the vestibular portion of the inner ear at E13.5 (Fig. 2A). These
malformations varied in severity in the 10 mutant ears observed.
The least severe phenotype (n = 6) had truncations of the vestib-
ular labyrinth, with remnants of all three semicircular canals still
present and a much reduced saccule and utricle (Fig. 2A). This
phenotype was reminiscent of an ear-specific Jagl conditional
mutant phenotype reported previously (Kiernan et al., 2006). In

the most severe cases (n = 2), the whole vestibular portion of the
inner ear was reduced to a vestigial fork-shaped structure and
contained no remnants of the semicircular canals, ampullae, utri-
cle, or saccule (Fig. 2A). The remaining two mutant ears had an
intermediate phenotype (data not shown). The degeneration of
the vestibular portion of the ear occurred quite rapidly—at E11.5,
the ears of RBPjk mutants were morphologically indistinguish-
able from their wild-type littermates; at E12.0, defects in the fu-
sion and remodeling of the canal plates started to occur (Fig. 2A).
By E12.5, the mutant inner ears were significantly smaller than
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in RBPjk mutants, we were unable to de-
tect Bmp4 * cristae in any of the RBPjk
mutant ears examined (Fig. 2B).

In all paint-filled RBPjk mutant ears,
the auditory portion of the inner ear was
present but the overall length of the mu-
tant cochlea was shorter compared with
controls and the midbasal portion of the
cochlear duct was thicker than the rest of
the cochlea (Fig. 2C). At E13, the RBPjk
mutant cochlear duct was only 60% the
length of wild-type control (1448 vs 2520
pm, n = 7) (Fig. 2C). These results sug-
gest that canonical Notch signaling is ab-
solutely necessary for the survival of the
vestibular portion of the inner ear and
that canonical Notch signaling is neces-
sary to establish the correct size and/or
outgrowth of the cochlear duct.

A cochlear prosensory domain develops
in RBPjk CKO mice

Since the cochlea is significantly shorter in
RBPjk mutants, we analyzed cochlear de-
velopment in more detail to look for pat-

[<]
“é terning defects. To determine whether a
© prosensory region was specified in the ab-
Zzzz cochied length () sence of canonical Notch signaling, we an-
5060 alyzed a panel of markers expressed in the
- 1500 ] prossnfory region of the cochlea at E13.§.
: 1000 p27"" and Sox2 were both expressed in
2 . the cochleas of RBPjk mutants in the same
& o pattern as in wild-type embryos (Fig.
CostaL RBPJ CKO 3A,B). The expression of these markers
relative to each other also remained unaf-

. kip1

Figure2.  RBPjk mutants develop severe inner ear morphological defects. 4, Paint-filled inner ears from wild-type and RBPjx fected in the mutants. p27" normally

CKO embryos between E11.5 and E13.5. The RBPjk CKO displays no morphological defects at E11.5, but begins to show defects in
semicircular canal formation at E12.0. At E13.5, two examples of mutant phenotype are shown, one (a) in which semicircular canal
and vestibular sensory organ development are abnormal, and a second (b) in which the vestibular system is entirely absent. ed,
Endolymphatic duct; asc, anterior semicircular canal; psc, posterior semicircular canal; Isc, lateral semicircular canal; ut, utricle; sac,
saccule; cd, cochlear duct; vp, ventral plate; hp, horizontal plate; asterisks, canal truncations. B, Vestibular sensory patches are
absent in RBPjk mutants. Whole-mount in situ hybridization with a Bmp4 probe on inner ears dissected from E11.5-E12.5
wild-type and RBPjk mutant embryos detects developing cristae in wild-type embryos (arrowheads) but not in RBPjk mutants
(asterisks). Bmp4 continues to be expressed along the abneural side of the cochlear duct in both wild-type and mutant ears
(brackets). C, The RBPjk CKO cochlea is shorter than wild-type. Bright field images of control and mutant E13.5 cochleas showing
tracings of the cochlear duct using the length measurement function of Axiovision 4.7 software (white lines). The average cochlear

begins to be expressed in the cochlear duct
between E12 and E12.5, correlating with
the start of cell cycle exit in the prosensory
domain (Lee et al., 2006). p27 expression
initiated at E12 in both wild-type and
RBPjk mutant cochlear ducts (data not
shown). Hey2 is another marker for the
prosensory domain that we have recently
shown is regulated in the neonatal cochlea

length is displayed graphically (RBPjk CKO, n = 7; control, n = 7; error bars show SD).

their wild-type counterparts, with gaps in the anterior and lateral
semicircular canals and reduction in the size of the ampullae,
utricle, and saccule (Fig. 2A).

Notch signaling has been implicated in the development of
vestibular sensory patches (Daudet and Lewis, 2005; Kiernan et
al., 2006; Daudet et al., 2007; Pan et al., 2010; Neves et al., 2011).
Moreover, defects in semicircular canal formation are typically
also accompanied by defects in crista formation (for review, see
Bok et al., 2007). To determine whether the vestibular defects we
observed included a failure of cristae to develop, we examined
RBPjk mutants between E11.5 and E12.5 for expression of Bmp4,
which marks developing cristae in birds and mice (Wu and Oh,
1996; Morsli et al., 1998). Although Bmp4 continued to be ex-
pressed along the abneural edge of the developing cochlear duct

by FGF, but not Notch signaling (Doetzl-
hofer et al., 2009). Hey2 expression in the
RBPjk mutant cochlea was also similar to
controls at E12.5 (data not shown) and
E13 (Fig. 3C,D). We also examined markers of Kolliker’s organ
and the future outer sulcus, which are nonsensory regions of the
cochlea immediately adjacent to the prosensory domain on its
neural and abneural side, respectively. The expression of Jagl in
Kolliker’s organ and Bmp4 in the outer sulcus of RBPjk mutants
showed no difference in their expression pattern compared with
control embryos (Fig. 3C, left, right). To determine whether the
position of Kolliker’s organ or the outer sulcus was altered rela-
tive to the prosensory domain, we examined the expression of
Jagl or Bmp4 together with the prosensory markers Hey2 and
p27%%! In both RBPjk CKO and control cochleas, the expression
of Jagl and Bmp4 formed a sharp boundary with the prosensory
domain on its neural and abneural sides, respectively (Fig. 3D).
Previous studies have shown that Heyl and Hey2 are both ex-
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Figure 3.  Normal patterning of the E13.5 cochlea in the absence of RBPjk. A, Sox2 and p27
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antibody labeling of whole-mount cochleas from controls (top) or RBPjk CKO (bottom) showing

the prosensory domain. B, Sox2 and p27 " antibody labeling of sections of controls (top) or RBPjx CKO (bottom) showing the prosensory domain (brackets). €, Jagged1 antibody staining and Hey2
and Bmp4 in situ hybridizations label Kélliker's organ, the prosensory domain, and outer sulcus, respectively. Top, Sections of controls; bottom, RBPjk CKO; brackets, position of the prosensory
domain. D, The border of the prosensory domain and Kélliker's organ (white arrows) and the border of the prosensory domain and the outer sulcus (black arrowheads) are maintained in controls (top)
and RBPjk CKO (bottom). Panels show Jag1 and p27 " antibody labeling, Bmp4in situ hybridization, Hey2 in situ hybridization (left), and Hey2 immunostaining (right). £, mRNAs for the prosensory
markers Hey1 and Hey2 are expressed at comparable levels in E13.5 wild-type and RBPjk mutant cochleas as measured by qPCR.

pressed in the prosensory domain of the cochlea from E12.5 on-
wards (Hayashi et al., 2008; Li et al., 2008; Doetzlhofer et al.,
2009). We observed no significant differences in Heyl or Hey?2
mRNA levels in cochleas isolated from E13.5 RBPjk CKO and
wild-type embryos (Fig. 3E). We also confirmed the expression
pattern of these genes was unaltered by in situ hybridization (data
not shown).

Our results show that the prosensory domain and its adjacent
neural and abneural domains develop in the correct location and
at the correct times in the absence of canonical Notch signaling.
This result was surprising, given that Notch signaling has previ-
ously been hypothesized to induce prosensory tissue in the inner
ear (Eddison et al., 2000; Daudet and Lewis, 2005; Brooker et al.,
2006; Pan et al., 2010). To be sure that our conditional RBPjk
mutants efficiently delete the RBPjk gene in a timely manner, we
examined the recombination efficiency in Pax2-Cre mice by
crossing with a Cre reporter line that expressed EYFP in a Cre-
dependent manner (Srinivas et al., 2001). We examined serial
sections through the otocyst or cochlea of E10.5 and E13.5 Pax2-
Cre;Cre reporter embryos. No EYFP-negative cells were found in
the ventral half of the otocyst in any section examined. At E13.5,
the entire cochlear duct consisted of EYFP-positive cells in every
section examined (Fig. 4A). We also examined RBPJk protein in
sections of E10.5 and E13.0 RBPjk mutants. We could not detect
RBPJk protein in the otic or cochlear epithelium of RBPjk mu-
tants at either age (Fig. 4A). In contrast, the mesenchyme sur-
rounding the inner ear of RBPjk mutants—which does not
express Pax2, and so does not undergo Cre-mediated recombi-
nation— contained abundant RBP]Jk protein (Fig. 4A). Next, we
examined RBPjk mRNA levels in E13.5 cochleas from wild-type
and RBPjk mutant embryos and compared these to the levels of
RBPjk mRNA in E8.5 RBPjk-null mutants (Fig. 4B). RBPjk
mRNA levels in the cochlea of conditional mutants were virtually
undetectable and not significantly different from those detected

in E8.5 null embryos. Our results demonstrate that the Pax2-Cre
transgene is able to efficiently disrupt RBPJk mRNA and protein
expression in the cochlear anlagen by E10.5, 48 h before the for-
mation of the prosensory domain of the cochlea, defined by the
onset of p27 expression and cell cycle exit. Thus, the formation of
the prosensory domain in RBPjk mutants is not simply due to a
failure to efficiently delete the RBPjk gene, but rather suggests
that prosensory induction can proceed in the absence of RBPjk.

As the prosensory domain differentiates to generate hair cells
and supporting cells, canonical Notch signaling is activated in
supporting cells by lateral inhibitory signaling from hair cells,
likely mediated by Deltal and Jagged2 ligands. Notch signaling in
supporting cells is revealed by the expression of Notch target
genes such as Hes!I, Hes5, Heyl, and HeyL. To determine whether
loss of RBPjk affects the expression of Hes and Hey genes in
differentiating supporting cells, we cultured E13.5 wild-type and
RBPjk mutant cochleas for 2 d and measured relative levels of
these genes by qPCR. Levels of Hesl, Hes5, Heyl, and HeyL
mRNA were all significantly downregulated in RBPjk mutant
cochleas relative to wild-type embryos (Fig. 4C). We observed
similar results when wild-type E13.5 cochleas were cultured for
2 din the presence of the gamma secretase inhibitor DAPT, which
blocks Notch signaling (Fig. 4C). Significantly, we did not ob-
serve downregulation of Hey2 in either RBPjk mutant cochleas or
in wild-type tissue cultured in DAPT (Fig. 4C). This is consistent
with previous work from our laboratory showing that Hey2 is not
regulated by the Notch signaling pathway in the cochlea (Doet-
zlhofer et al., 2009).

RBPjk is required for survival but not for differentiation of
the organ of Corti

Our results in Figures 3 and 4 demonstrate that markers for the
prosensory region of the cochlea are expressed the absence of
canonical Notch signaling. However, the prosensory domain is
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also defined functionally as the region of the cochlea containing
the progenitor population for hair cells and supporting cells that
form the organ of Corti. We therefore examined whether the
prosensory region we observed in RBPjk CKO mice can differen-
tiate into these cell types. We cultured E13.5 mutant and control
cochleas to allow the differentiation of hair cells and supporting
cells to take place. Dissected E13.5 cochleas were placed in culture
in chemically defined medium for 48 h and analyzed for the
presence of hair cells and supporting cells (Fig. 5A—H ). Hair cells
differentiated in the RBPjk mutant cochlea in a midbasal to apical
pattern, as shown by Myo6 or parvalbumin staining. However,
the hair cells were not organized in the characteristic pattern of
three rows of outer hair cells and one row of inner hair cells (Fig.
5A,E). Supporting cells also differentiated, as shown by ProxI
staining, but their number was reduced (Fig. 5B, F). In control cul-
tures, Prox1 labeled five rows of supporting cells, whereas in RBPjk
mutants, we observed only two or three rows of ProxI-labeled cells.
These Prox1+ supporting cells expressed p75™ ™ (data not
shown), suggesting they are pillar cells, which we previously
showed are not responsive to Notch-mediated lateral inhibition
(Doetzlhofer et al., 2009). The observed reduction in the number
of supporting cells is consistent with a model of Notch-mediated
lateral inhibition in the organ of Corti, whereby hair cells inhibit
supporting cells from adopting a hair cell fate. Nevertheless, we
did not observe an obvious increase in the number of hair cells
that would be predicted by the lateral inhibition model. Rather,
we saw fewer hair cells in RBPjk mutants (32 = 5 hair cells/100
um, n = 7; compared with 58 = 2 hair cells/100 wm in controls,
n=4).

E85KO E13.5WT E13.5CKO

1.4 mE13.5 RBPJk CKO+ 2DIV
m E13.5 WT+DAPT+ 2DIV

Hey1 Hey2 HeyL

Efficient conditional inactivation of RBPjx by Pax2-Cre mice. A, Pax2-Cre transgenic mice were crossed to Rosa-YFP
reporters to analyze the efficiency of recombination. Embryos were sectioned at E10.5 or E13.5 and all sections analyzed showed
100% recombination in the ventral otocyst and cochlear duct (top). The absence of RBPj protein was confirmed by immunostain-
ing in controls and conditional mutants at the same ages (middle and bottom). B, RBPjx mRNA levels of E13.5 conditional mutant
cochleas or E8.5 null embryos were compared with controls by quantitative PCR. RBPjxk mRNA levels in the E13.5 conditional
mutant cochleas are undetectable compared with wild-type. A similar result is seen in E8.5 RBPjk-null embryos compared with
wild-type embryos of the same age (all measurements were performed in triplicate; n = 3 in each case). C, E13.5 wild-type and
RBPjk mutant cochleas were cultured for 2 d and assayed for expression of Hes1, Hes5, Hey1, Hey2, and HeyL mRNA by gPCR. In
addition, extra wild-type cultures were grown in the presence of DAPT for 2 d to inhibit Notch signaling. All Hes and Hey genes are
significantly downregulated in RBPjk mutants and DAPT-treated cultures, with the exception of Hey2. All measurements were
performed in triplicate; N = 7 for Hes and Hes5; n = 4 for Hey1, Hey2, and HeyL. Exror bars represent SEM.
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It is possible that in the absence of

RBPjk function, hair cells differentiate

from prosensory progenitors but die

shortly after differentiation occurs. To test

whether cell death is responsible for the

reduced numbers of hair cells in RBPjk

mutant cochleas, we analyzed cell death in

wild-type and mutant cochleas that had

n=3 been cultured for 2 or 4 DIV. After 2 d, we

“E18.5 0K observed a large increase in cell death in

the sensory region of RBPjk mutant co-

chleas, as shown by activated caspase-3

staining (Fig. 5C,G). We confirmed this

result with TUNEL assays (Fig. 5D,H).

After 4 DIV, hair cells were absent from

the basal half of the RBPjk mutant co-

chleas and cell death continued in the hair

cells in the apical half (Fig. 5I-L). The tim-

ing and pattern of caspase-3 staining sug-

gests that, in the absence of canonical

Notch signaling, a wave of cell death fol-

lows the basal to apical gradient of differ-

entiation in the organ of Corti. This result

indicates that RBPjk is required for the

survival of the differentiated hair cells in

the sensory epithelium of the organ of
Corti.

To confirm that no precocious differ-
entiation of hair cells and supporting cells
occurs in the absence of canonical Notch
signaling, we stained sections of E13.5
RBPjk mutant inner ear with antibodies
against Myo6 and ProxI. All cochlear sec-
tions were negative for these markers
(data not shown), suggesting that RBPjk does not repress sensory
differentiation in the progenitor population before differentia-
tion of the organ of Corti. We also examined the expression of
Atohl, the first gene to be expressed in differentiating hair cells.
Atohl expression was first detected in the midbasal region of both
E13.5 wild-type and RBPjk CKO cochleas after 1 d in culture (Fig.
5M,N), although the Atohl expression domain appeared wider
in RBPjk CKO tissue (Fig. 5M', N'). This broadened domain is
consistent with the overproduction of hair cells seen in other
Notch pathway mutants (Kiernan et al., 2005a).

Prosensory specification occurs in the cochlea of other Notch
pathway mutants

Induction of prosensory patches by Notch signaling in the
chicken and mouse inner ear has been proposed to occur through
the Jagl ligand (Daudet and Lewis, 2005; Brooker et al., 2006;
Kiernan et al., 2006). Previous studies analyzed the cochlear phe-
notype of Jagl conditional mutant mice at the onset of hair cell
differentiation and, although hair cell differentiation was per-
turbed, hair cells nevertheless differentiated to some extent in
these mutants (Brooker et al., 2006; Kiernan et al., 2006). We
therefore examined the expression of prosensory markers in
younger embryos in which Jagl had been conditionally inacti-
vated with Pax2-Cre mice. We analyzed the expression of Sox2,
P27, Hey2, Jagl, and Bmp4 in E13.5 cochleas of Jagl CKO mice
and compared them with RBPjk mutants (Fig. 6 A). All prosen-
sory domain markers were expressed in the correct location in
Jagl mutants, suggesting that Jagl signaling though the Notch
receptor is not necessary for the specification of the prosensory
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Cochlear hair cells form and subsequently die in the absence of RBPjk. A-L, E13.5 cochleas were cultured in a defined medium for 2 d (A-H) or 4 d (/-L). Cultures were

stained with an antibody against activated caspase-3 (C, G, I, K) or TUNEL assays were performed (D, H, J, L) to analyze cell death. Hair cells were labeled with antibodies to Myo6 (A, E)
or parvalbumin (D, H, 1, K, J, L). Supporting cells were labeled with Prox1 antibodies (B, F). The sensory epithelium in RBPjk mutants showed a significant increase in cell death (G,
arrows; H', K, L', arrowheads) compared with controls (C, D, D", 1,1',J,J'). K, asterisk, Basal portion of the cochlea where hair cells died. D', H', I’ K’,J', L’, Confocal planes through
the dotted boxesin D, H, I, K, J, L, respectively, showing activated caspase-3 staining or positive TUNEL signal in the sensory epithelium of RBPjk CKO cultures (H', arrowheads). Scale
bar, 200 m. M, N, Atoh1 is expressed in the basal turn of the cochleas of E13.5 wild-type and RBPjk mutants cultured for 24 h. The domain of Atoh1 is broader in RBPjx mutants (N”)

compared with wild-type cochleas (M").

domain (Fig. 6A). Bmp4, a marker of the future outer sulcus on
the abneural side of the prosensory domain, was also expressed in
the same pattern as in controls, suggesting that the overall patterning
of the cochlea is not disrupted in the absence of Jagl-Notch signal-
ing. At E14.5, we continued to observe Hey2, p27, and Sox2 expres-
sion in all three turns of the Jagl mutant cochlea (Fig. 6 B).

We also compared RBPjk mutants with ear-specific condi-
tional mutants of Pofutl, an O-fucosyltransferase that has been
reported to be required for Notch signaling in a variety of cellular
contexts (Okajima and Irvine, 2002; Sasamura et al., 2003; Shi
and Stanley, 2003; Okamura and Saga, 2008; Schuster-Gossler et
al., 2009). Markers of the cochlear prosensory domain were ex-

pressed normally in Pofut] CKO mice (Fig. 6A). In addition, Jagl
and Bmp4 were expressed normally on the neural and abneural
sides of the prosensory domain, respectively (Fig. 6A).
Although prosensory domain markers were observed in Jag!
and Pofut] mutants, we saw later defects in hair cell patterning in
cochlear cultures derived from both mutants (Fig. 6C). Pofutl
mutant cochleas showed supernumerary hair cells similar to
those observed in Notchl mutants (Kiernan et al., 2005a),
whereas cultured Jagl mutant cochleas showed a loss of outer
hair cells and duplicated inner hair cells (Brooker et al., 2006;
Kiernan et al., 2006). The cochlear phenotype of neonatal Jagl
mutants was also the same as that previously published (data not
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shown) (Brooker et al., 2006; Kiernan et

al., 2006). These data suggest that, al- A

though mutations in Jagl and Pofutl can MV
affect the differentiation of hair cells and

supporting cells, they do not appear to B Sox2

disrupt the induction of the prosensory
domain.

Notch signaling is not sufficient to
direct sensory specification in the
mammalian cochlea

Two previously published lines of evi-
dence suggest that Notch signaling is suf-
ficient to direct a prosensory fate in the
cochlea. First, overexpression of the
NI1ICD can upregulate expression of Sox2
in the greater epithelial ridge (Dabdoub et
al., 2008). However, Sox2 labels not only
the prosensory region, but also portions
of Kolliker’s organ and later the differen-
tiated organ of Corti, so it is not a com-
pletely specific marker for prosensory fate
following Notch activation. Second, over-
expression of N1ICD at early stages of ear
development can induce ectopic sensory
patches in the avian basilar papilla and
nonsensory regions of the mouse cochlea
(Daudet and Lewis, 2005; Pan et al., 2010).
We tested whether N1ICD overexpression c
later in the developing cochlea could in-

Tamoxifen
N1ICD-IRES-GFP

+ Tamoxifen N1ICD-IRES-GFP

o x
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Hey 2 Myo 6 Prox-1

RBPJk CKO cochlea

duce prosensory or sensory fates. We took
advantage of a Cre-inducible mouse line
that allows expression of a N1ICD-IRES-
GFP sequence (Murtaugh et al., 2003).
We crossed this line to mice carrying a
tamoxifen-inducible version of Cre re-
combinase, CreER, driven by a strong
CMV promoter (Hayashi and McMahon,
2002). N1ICD can be activated in tissue
from double transgenic offspring by the
addition of tamoxifen to the culture me-

PCIG

NICD-IRES-GFP

Figure 7.

Activation of Notch signaling is not sufficient to induce prosensory or sensory fates in the cochlea. 4, The diagram

dium. Because the NI1ICD-IRES-GFP
construct is knocked into the Rosa locus,
it has the additional advantage of express-
ing moderate levels of N1ICD, as opposed
to the high overexpression levels achieved
by electroporation. (Fig. 7A). We cultured
E13.5 N1ICD;CMV-CreER cochleas for
48 h in the presence or absence of tamox-
ifen. In all cases, a cultured cochlea from

shows the tamoxifen-inducible system we used to express N1ICD throughout the cochlea. Upon addition of tamoxifen, Cre-ER
removes a floxed stop cassette and allows expression of N7/CD and GFP driven by the Rosa26 promoter. B, E13.5 N1ICD-IRES-GFP,
Cre-ER cochleas were cultured in the presence or absence of tamoxifen and allowed to develop for 48 h. We analyzed the expression
of Sox2, Hey2, Myo6, and Prox1 by antibody staining (red). GFP expression was present in cells that expressed ectopic N1ICD. The
bottom three rows show higher-magnification confocal planes of the dotted boxes above, showing the red channel (marker),
green channel (GFP), and overlays. Only Sox2 was upregulated in response to ectopic N1ICD expression. €, E13.5 cochlear explants
from wild-type mice were electroporated with a GFP control (PCIG) or an NTICD-IRES-GFP construct, cultured, and examined for
expression of Myosin 6 (96 h culture) or p27 and Sox2 (48 h culture). Although Sox2 is induced by N1ICD overexpression, no ectopic
Myosin 6 or p27 cells are seen in the electroporated region. However, Sox2 was not induced when N1ICD was electroporated into

one ear was treated with tamoxifen while
the contralateral cochlea receiving vehicle
only served as a control. We first verified that Sox2 was upregu-
lated in Kolliker’s organ in the presence of ectopic N1ICD (Fig.
7B), which indicated that transgenic overexpression of N1ICD
has the same effect on Sox2 as the previously described technique
using N1ICD electroporation (Dabdoub et al., 2008). Hey2 is a
marker for the prosensory domain of the cochlea before hair cell
differentiation and subsequently becomes restricted to pillar cells
(Doetzlhofer et al., 2009). We did not observe any upregulation
of Hey2 after N1ICD overexpression in our culture system in four
independent experiments (Fig. 7B). Next, we tested whether
N1ICD overexpression could induce ectopic sensory patchesin a

RBPjk mutant cochleas. Scale bars, 200 m.

way similar to that reported in the chick basilar papilla (Daudet
and Lewis, 2005). We examined the presence of ectopic hair cells
or supporting cells by immunostaining with Myosin6 or Prox-1,
respectively. We found no ectopic hair cells or supporting cells in
the cultured explants following N1ICD overexpression in four
independent experiments (Fig. 7B). Finally, we repeated the ex-
periments of Dabdoub and colleagues (2008) by electroporating
a N1ICD construct into the greater epithelial ridge of cultured
E13.5 cochleas and cultured the explants for 96 h. Once again, we
observed no expression of hair cell (Myosin 6) or supporting cell
(p27 or Hey2) markers (data not shown), although we again saw
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upregulation of Sox2 protein (Fig. 7C). Electroporation of
N1ICD into RBPjk mutant cochleas did not induce Sox2 (Fig.
7C), suggesting that N1ICD regulates Sox2 expression through a
canonical, RBPJk-dependent process. Together, our results sug-
gest that ectopic activation of Notch signaling in the developing
cochlea is not sufficient to promote prosensory or sensory fates.

Discussion

Notch signaling has been proposed to play two roles in sensory
cell formation in the inner ear: specifying the fine-grained pattern
of hair cells and supporting cells through lateral inhibition; and
an earlier, less-well characterized role in the induction of prosen-
sory patches, likely through signaling by Jagged/Serrate ligands.
To determine whether canonical Notch signaling induces the
prosensory domain of the cochlea, we conditionally inactivated
RBPjk, the transcriptional mediator of canonical Notch signal-
ing. Our results suggest that canonical Notch signaling is not
necessary for prosensory specification in the cochlea. However,
we found that RBPj« is essential for the survival of organ of Corti
epithelium and for vestibular morphogenesis. We also show that,
in contrast to what has been described in the chick basilar papilla,
Notch activation in the mammalian cochlea is not sufficient to
induce sensory cell fates.

Is canonical Notch signaling necessary for cochlear
prosensory specification?

We present several lines of evidence suggesting that canonical
Notch signaling is not necessary for prosensory specification in
the mouse cochlea. First, markers of the prosensory region such
as p27"P! Sox2, and Hey2 are expressed with the correct timing
and location between at E12.5 and E13.5 in RBPjk mutants (Fig.
3). Second, our N1ICD antibody staining data (Fig. 1C) and data
from Murata and colleagues (2006) show that signaling through
the major Notch receptor in the cochlea, Notchl, cannot be vi-
sualized in the developing prosensory domain and is only ob-
served at the onset of hair cell differentiation. Finally, hair cells
and supporting cells differentiate in the cochlea of RBPjk mu-
tants (Fig. 5) butlater die, suggesting that prosensory progenitors
are present in these animals.

Although our data suggest that canonical Notch signaling is
not necessary for cochlear prosensory formation, they do indicate
arole for canonical Notch signaling in inner ear morphogenesis.
RBPjk mutants show a range of severe vestibular malformations
of the vestibular system at E13.5, together with a shortened co-
chlea. The most severe phenotype we observed shows a complete
lack of vestibular development (Fig. 2). It has been proposed that
the presumptive cristae induce the formation of the associated
nonsensory structures (Cantos et al., 2000), suggesting that the
defects in semicircular canal formation could have their origin in
the absence of the vestibular sensory patches. Canonical Notch
signaling through RBPjk may be required for the specification of
sensory progenitors in the mammalian vestibular system. Alter-
natively, RBPjk may be necessary for sensory patch survival, and
death of sensory tissue may be the cause of the severe morpho-
logical abnormalities observed. Our observation that BMP4 *
cristae cannot be detected in the mutants would support either
hypothesis; we are currently analyzing the development of the
vestibular sensory organs in RBPjk mutants in more detail.

The cochlear prosensory domain develops at the correct time
and location in RBPjk mutants; however, the cochlea itself is
nevertheless 40% shorter at E13.5 (Fig. 2A, B). Sections through
the mutant cochlea show that the prosensory domain is of a com-
parable cross-sectional area to controls and is similarly bounded
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by nonsensory regions expressing markers of the developing in-
ner and outer sulci (Fig. 3). In addition, all parts of the RBPjk
mutant ear appear smaller at least as early as E11.5 (Fig. 2A). This
suggests that the shortening of the mutant cochlea may be a
global phenomenon because of a reduction in the number of
inner ear progenitors at early developmental stages, rather than
reflecting a specific role for canonical Notch signaling in prosen-
sory domain induction. Consistent with this idea is previous
work from our laboratory showing that Notch signaling acts very
early in the development of the ear to augment canonical Wnt
signaling in specifying the size of the otic placode (Jayasena et al.,
2008).

Our finding that the prosensory domain is present in the RBPJk
mutant cochlea appears to conflict with a previously proposed role
for Jagl-Notch signaling in cochlear prosensory specification
(Brooker et al., 2006; Kiernan et al., 2006). In these studies, both
p27%P! and Sox2 were downregulated or absent in the basal part
of the cochlea of Jagl conditional mutants. One explanation for
the discrepancy between our work and these studies may be slight
difference in the ages of embryos examined. Since the basal re-
gion of the cochlea differentiates before apical regions (Chen et
al., 2002; Kiernan et al., 2005b), it is possible that the p27 /
Sox2 ™ basal region observed by Kiernan and colleagues (2006) in
the Jagl mutant cochlea at E14.5 reflects a lack of differentiated
supporting cells rather than a lack of a prosensory domain. In-
deed, we still observe p27 and Sox2 expression in E14.5 Jagl
mutant cochleas (Fig. 6 B). The fact that p27 and Sox2 are still
expressed in the apical portion of the E14.5 Jagl mutant cochlea
(Brooker et al., 2006; Kiernan et al., 2006) seems to favor this idea.
Recently, a second study where RBPJk was deleted in the inner ear
with a different Cre driver also reported the formation of a pro-
sensory domain capable of producing Atoh1-expressing hair cells
(Yamamoto et al., 2011), which is in agreement with the results
reported here.

Is Notch signaling sufficient to induce sensory tissue in

the ear?

Previous studies suggest that activation of the canonical Notch
signaling pathway by ectopic expression of the Notch1 intracel-
lular domain is able to generate ectopic sensory tissue in both
birds and mammals (Daudet and Lewis, 2005; Pan et al., 2010).
Moreover, ectopic expression of Jagl is able to stabilize Sox2
expression, although it appears unable to induce it de novo (Neves
etal.,, 2011). Our results show that activation of Notch signaling
in the mouse E13.5 cochlea is not sufficient to elicit hair cell or
supporting cell fates in the nonsensory regions of the mammalian
cochlea. Ectopic activation of N1ICD failed to induce hair cell
(Myo6), supporting cell (Proxl), or prosensory (Hey2, p27)
markers, although we observed a strong upregulation of Sox2, as
previously reported (Dabdoub etal., 2008). Since Sox2 is normally
expressed in the prosensory region, Kolliker’s organ, and later in
supporting cells, it is difficult to unambiguously determine the iden-
tity of the Sox2 * cells seen in our experiments.

It is possible that Notch activation is able to specify a generic
prosensory phenotype characterized by Sox2 expression, but that
additional signals are required to establish a cochlear prosensory
phenotype. In this regard, we suggest that the mammalian organ
of Corti is a more evolutionarily derived structure than other
sensory regions in the ear, and its development may differ from
vestibular tissue in mammals and from all inner ear sensory tissue
in birds. For example, Jagl and Bmp4 are strongly expressed in all
Sox2 * prosensory patches of birds and the cristae in mammals
(Wu and Oh, 1996; Morsli et al., 1998) and Jagl signaling is able
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to stabilize the Sox2 ™" cell state in birds (Neves et al., 2011).
However, in mammals, Jagl and Bmp4 are excluded from and
delimit the Hey2 *;p27 *;Sox2 ™ cochlear prosensory domain as
itis induced (Fig. 1) (Chen et al., 2002; Ohyama et al., 2010), and
recent work from our group has shown that Bmp4 actively sup-
presses Jagl expression in the developing cochlea (Ohyama et al.,
2010). Moreover, Kolliker’s organ expresses both Jagl and Sox2
between E12 and E14 but, unlike vestibular sensory patches, does not
go on to generate either hair cells or supporting cells. This suggests
that Jagl signaling likely has a different role in the mouse cochlea
versus the vestibular organs and all sensory organs of birds.

A second reason for the difference between the present study
and the recent work of Pan and colleagues (2010) may be in the
developmental stage at which Notch is activated. Pan et al. (2010)
activated Notch signaling in the mouse otocyst between E9.5 and
E11.5 and generated patches of sensory tissue—including hair
cells—in nonsensory regions of the ear, including the cochlea. It
is possible that competence of otic tissue to respond to Notch
activation in this manner is lost with time, and our data indeed
suggest that the nonsensory regions of the cochlea have lost compe-
tence to generate sensory tissue in response to Notch signaling by
E13.5 (Fig. 7). Moreover it is not yet clear whether the hair cells
generated by Pan et al. (2010) were of auditory or vestibular charac-
ter. As discussed above, it is possible that canonical Notch signaling is
sufficient to generate vestibular sensory tissue but is not sufficient to
generate the more derived prosensory precursors of the organ of
Corti.

Consequences of losing RBPJk repression in the ear

Deletion of RBPjk causes a failure of canonical Notch signaling
and null mutants for RBPjk display phenotypes similar to other
Notch loss-of-function mutants (Honjo, 1996) such as Notchl
(Conlon et al., 1995), Pofutl (Shi and Stanley, 2003), and double
mutants of Presenilinl and 2 (Donoviel et al., 1999). However,
although RBPjk acts as a mediator of Notch target gene activation
in the presence of canonical Notch signaling, it also acts a tran-
scriptional repressor in the absence of Notch signaling (Tanigaki and
Honjo, 2010). RBPjk mutants may therefore express some genes
normally repressed by RBPjk in addition to exhibiting a loss of ca-
nonical Notch signaling. This can lead to defects in terminally differ-
entiated cells where Notch signaling would normally be absent, such
as those seen in neuronal progeny of sensory organ precursors in
Drosophila Su(H ) mutants (Koelzer and Klein, 2003).

The loss of RBPjk repression may be an explanation for the
cochlear hair cell death observed in RBPjk mutants (Fig. 5). In the
absence of RBPjk, hair cells and supporting cells differentiate in
the developing organ of Corti (Fig. 5) in the normal basal-apical
sequence. As discussed above, this represents clear evidence that
canonical Notch signaling is not necessary for the formation of
the prosensory population that gives rise to these cell types. A
recent study in which RBPjk was deleted with a different Cre
driver reports the absence of hair cells in the late embryonic mu-
tant cochlea with the exception of the apex (Yamamoto et al.,
2011). This study suggested that hair cells do not differentiate in
the basal regions of the cochlea. However, our data suggest that
hair cells do differentiate in the normal basal-apical gradient but
subsequently die. Previous studies in which Notch receptor cleav-
age is blocked with gamma-secretase inhibitors do not show sig-
nificant cell death in the cochlea (Takebayashi et al., 2007;
Hayashi et al., 2008; Doetzlhofer et al., 2009). We suggest instead
that the de-repression of genes normally inhibited by RBPjk in
cochlear hair cells may lead to their death in our RBPjk mutants.
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Canonical versus noncanonical Notch signaling in the

inner ear

Our data suggest that canonical Notch signaling is not necessary
for the induction of the cochlear prosensory domain but is de-
ployed later as the prosensory domain differentiates into hair
cells and supporting cells. If canonical Notch signaling is neither
necessary nor sufficient to induce the prosensory domain of the
cochlea, is a noncanonical pathway responsible? Notch signaling
is used at least twice to specify cell fates in the developing Dro-
sophila eye. A first phase establishes a region of atonal-expressing
progenitor cells and a second phase singles out a single atonal-
expressing R8 progenitor cell through lateral inhibition (Ligox-
ygakis et al., 1998; Li and Baker, 2001). Current evidence suggests
that the first phase of Notch signaling, termed “proneural en-
hancement,” does indeed occur through a noncanonical, Sup-
pressor of Hairless-independent pathway (Li and Baker, 2001).
At present, the mechanism of this noncanonical Notch pathway
in Drosophila is unclear. One possible noncanonical Notch path-
way may involve the Deltex RING finger ubiquitin ligase (Mat-
suno etal., 1997; Ramain et al., 2001; Hori et al., 2004; Fuwa et al.,
2006), although there is currently no clear evidence suggesting
that Deltex is necessary for noncanonical Notch signaling. A sec-
ond noncanonical Notch signaling pathway involving the Abl
tyrosine kinase has been implicated in axonal pathfinding
(Crowner et al., 2003; Le Gall et al., 2008). Finally, the mTOR
pathway is able to regulate some aspects of Notch-dependent
differentiation or Notch-responsive genes (Kelly et al., 2007;
Endo et al., 2009), although current studies differ as to whether
mTOR is regulated through a canonical or noncanonical Notch
pathway (Chan et al., 2007; Perumalsamy et al., 2009).

We currently have no evidence for a RBPjk-independent,
Jagl-independent Notch signaling pathway in the cochlea. How-
ever, recent evidence from our group suggests that BMP signaling
is necessary for the induction of the prosensory domain of the
cochlea (Ohyama et al., 2010). In this study, ear-specific com-
pound mutants of BMPRI receptors Alk3 and Alk6 contain a
cochlear duct that lacks a prosensory domain and instead differ-
entiates exclusively into Kolliker’s organ. It is therefore possible
that the highly derived mammalian cochlea has co-opted an al-
ternative, Notch-independent signaling pathway to specify the
prosensory domain.
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