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The auditory organ of Corti is comprised of only two major cell types—the mechanosensory
hair cells and their associated supporting cells—both specified from a single pool of prosen-
sory progenitors in the cochlear duct. Here, we show that competence to respond to Atoh1,
a transcriptional master regulator necessary and sufficient for induction of mechanosensory
hair cells, is established in the prosensory progenitors between E12.0 and 13.5. The transition
to the competent state is rapid and is associated with extensive remodeling of the epigenetic
landscape controlled by the SoxC group of transcription factors. Conditional loss of Sox4
and SoxII—the two homologous family members transiently expressed in the inner ear
at the time of competence establishment—Dblocks the ability of prosensory progenitors to
differentiate as hair cells. Mechanistically, we show that Sox4 binds to and establishes acces-
sibility of early sensory lineage—specific regulatory elements, including ones associated with
Atoh1 and its direct downstream targets. Consistent with these observations, overexpression
of Sox4 or Sox11 prior to developmental establishment of competence precociously induces
hair cell differentiation in the cochlear progenitors. Further, reintroducing Sox4 or Sox11
expression restores the ability of postnatal supporting cells to differentiate as hair cells in vitro
and in vivo. Our findings demonstrate the pivotal role of SoxC family members as agents
of epigenetic and transcriptional changes necessary for establishing competence for sensory
receptor differentiation in the inner ear.
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During embryogenesis, timely specification of the differentiated cell types relies on acqui-
sition of competence by the lineage-specific progenitor cells. In the central nervous system
(CNS), neurogenesis starts from a pool of proliferative neuroepithelial stem cells that
transform into radial glia and acquire competence to differentiate as diverse neuronal and
glial cell types (1, 2). Similarly, the differentiation of major neuronal and photoreceptor
populations in the retina depends on both spatial and temporal cues that modulate the
competence of progenitor cells to differentiate sequentially into particular retinal deriva-
tives (3). Yet, how the responsiveness to differentiation cues is acquired by the progenitor
cells in these systems remains incompletely understood, partly due to their rich cellular
diversity and also because self-renewing progenitors, committed progenitors, and differ-
entiated cells coexist in these tissues over a prolonged developmental time window.

In the organ of Corti, the auditory sensory epithelium of the inner ear, induction of
sensory differentiation is spatially and temporally uncoupled from the cell cycle exit
making it a unique system to study the molecular basis of competence establishment
and lineage commitment (4—10). The organ of Corti originates from a Sox2-positive
domain established in the early cochlear duct, where cells undergo active mitosis until
embryonic day 12.0 (E12.0) (4, 8-10). Between E12.5 and E14.5, a narrow strip of
cells within the broader Sox2-positive domain exit the cell cycle in a wave, spreading
from the apex toward the base of the cochlea. Organ of Corti progenitors in this undif-
ferentiated but postmitotic prosensory domain express high level of the cyclin-dependent
kinase inhibitor p27Klpl (5, 6, 10). After proliferation ceases, a wave of sensory differ-
entiation is initiated by upregulation of the basic helix-loop-helix transcription factor
Atoh1, which occurs in an opposing base-to-apex gradient starting at E14.5. Arohl
expression in progenitor cells is refined by Notch-mediated lateral inhibition into a
stereotyped mosaic of Atoh1-positive hair cells and Atoh1-negative supporting cells — the
only two major cell types in the organ of Corti (7, 10-12). Construction of a functional
auditory system depends on this strict regulation of the timing for cell cycle exit and
differentiation (6). In p27""?'-deficient mice, where the cell cycle exit and sensory dif-
ferentiation become coupled in the organ of Corti similar to vestibular sensory organs,
retina, and the CNS, patterning defects arise, leading to the profound hearing deficits
(5,6, 13).
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Significance

Understanding the molecular
basis of competence acquisition
by the lineage-specific progenitor
cells provides insights into tissue
development and regeneration.
The sensory epithelium of the
inner ear represents a convenient
model to study this process,

as only two cell types—the
mechanosensory hair cells and
their associated supporting
cells—are specified from a single
pool of progenitors in this lineage.
In the present manuscript, we
uncover some of the mechanisms
by which competence for
mechanosensory receptor
differentiation is acquired in the
early organ of Corti progenitor
cells. Specifically, we show that
the two SoxC family members,
Sox 4 and Sox11, establish a
permissive chromatin landscape
that allows the hair cell gene
regulatory network to be activated
upon differentiation cues.
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In nonmammalian vertebrates, dying hair cells can be replenished
by the residual supporting cells, either directly through transdiffer-
entiation, or after undergoing mitosis (14-16). During embryonic
and neonatal development in mammals, supporting cells retain the
capacity for hair cell differentiation (17-23). However, this plas-
ticity is lost during the first week after birth, rendering the organ
of Corti incapable of hair cell regeneration by postnatal day 6 (P6)
(24-30). Because hair cells are limited in number and can be easily
damaged by noise or ototoxic drugs (24, 25, 31), the inability of
supporting cells to give rise to new hair cells in mammals leads to
irreversible hearing loss and balance disorders.

In this study, we characterized the competence of cochlear prosen-
sory progenitor cells to differentiate as hair cells in response to
Atohl. We demonstrated that competence is rapidly established in
the developing cochlea between E12.0 and E13.5, immediately
following but independent of the cell cycle exit. Using unbiased
genome-wide analyses, we identified a group of genomic loci made
accessible de novo during competence acquisition. We demonstrated
that two SoxC transcription factors, Sox4 and Sox11, are required
to establish accessibility of these putative regulatory elements. Using
single-cell RNA-sequencing (scRNA-seq), we showed that condi-
tional loss of SoxC genes blocks both spontaneous and Atoh 1-induced
hair cell differentiation in the organ of Corti without affecting either
establishment of the prosensory domain or the timing of cell cycle
exit. Moreover, overexpression of SoxC genes prior to the onset of
differentiation promoted hair cell fate in the noncompetent progen-
itor cells in vitro. Finally, we showed that at later stages of postnatal
development, SoxC genes are down-regulated as supporting cells
lose the ability to transdifferentiate into hair cells and that ectopic
expression of either Sox4 or Sox11 restored this ability.

Together our data demonstrate that SoxC transcription factors
induce competence to respond to Atoh1 by setting up a permissive
chromatin state in cochlear progenitor cells. This primed state is
maintained in neonatal supporting cells that retain SoxC expres-
sion and the ability to transdifferentiate, and is lost postnatally.
These data suggest that SoxC genes are necessary for both estab-
lishment and maintenance of competence for hair cell differenti-
ation in the inner ear.

Results

The Organ of Corti Progenitor Cells Acquire Competence to
Differentiate as Hair Cells and Supporting Cells upon Transition
to the Postmitotic State. Prior to diﬁerentiating as hair cells and
supporting cells, Sox2-positive progenitors in the prosensory
domain of the cochlear duct rapidly up-regulate p27°*" and exit
the cell cycle between E12.5 and E14.5 (Fig. 1A) (5, 6, 10). It has
been previously shown that p27*""-positive postmitotic progenitor
cells have the capacity for sensory differentiation that they retain
in cochlear explants (32, 33). However, hair cell differentiation
is disrupted when cochlear cultures are initiated at E12.0 (32).
To confirm these observations, and to test if loss of sensory dif-
ferentiation in the cochlear explants is caused by the lack of parac-
rine signals that may be present in vivo, we used three-dimensional
organotypic cultures that preserve near-innate anatomy of the coch-
lear duct and all surrounding tissues (34). The auditory organs were
explanted from embryos either prior to initiation of the wave of
progenitor cell cycle exit (E12.0 and E12.5), or after p27 Kipt -positive
postmitotic domain establishment (E13.5) (10). The explants were
embedded in collagen matrix and cultured for either 3 d (E12.0 and
E12.5) or 2 d (E13.5), before harvesting for subsequent analysis.
Initiation of sensory differentiation was assessed using reporter mice,
which express green fluorescent protein (GFP) under the control of
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Fig. 1. Prosensory progenitors in the cochlear duct acquire competence to
differentiate as hair cells and supporting cells between E12.0 and E13.5. (A)
Diagram demonstrates early embryonic development of the organ of Corti.
At E12.0, Sox2-positive proliferating progenitors (yellow) start to exit cell
cycle in a wave spreading from the apex toward the base of the cochlea. By
E13.5, most progenitors become postmitotic and express high levels of p274P’
(cyan). At E14.5, Atoh1-positive hair cells (HCs, green) and the surrounding
Sox2-positive supporting cells (SCs, red) are specified. (Scale bar, 50 pm.) (B)
Representative immunofluorescent images of the whole cochleae isolated
from E12.0 and E13.5 Atoh7-GFP transgenic reporter animals and harvested
for characterization after 3-d or 2-d in culture, respectively. GFP-positive hair
cells (green) and Sox2-positive supporting cells (red) are labeled. (Scale bar,
20 pm.) (€) Quantitative analysis of the cultures in B demonstrates activation
of Atoh1-GFP reporter in E12.0 explants (0.8%; n = 6), E12.5 explants (3.6%;
n=3)and E13.5 explants (47%; n = 3). (D) Representative immunofluorescent
images show the progenitor cells isolated from the cochlear ducts at E12.0 and
E13.5, infected with Ad-RFP-control or Ad-Atoh1-RFP virus, and maintained in
culture for 3 d. Note that only in E13.5 cultures Atoh 7 overexpression results in
formation of the sensory rosettes with a small lumen formed by the actin-rich
(Phalloidin, white) apical surfaces of the polarized Pou4f3-positive hair cells
(green) and surrounding Sox2-positive supporting cells (blue). (Scale bar, 20
um.) (E) Bar graph shows the quantitative analysis of cultures in D. Compared
to other conditions, a significant increase in the percentage of Pou4f3-positive
hair cells is observed in the E13.5 cultures where Atoh7 was overexpressed
(n = 3 for each condition).
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the Aroh1 3" autoregulatory enhancer to visualize differentiating hair
cells (Aroh I-GFP reporter) (35). After 3 d in culture, fewer than one
percent of Sox2-positive progenitors differentiated as GFP-positive
hair cells in E12.0 explants and 3.6% in E12.5 explants (n = 6 for
E12.0and n = 3 for E12.5; Fig. 1 Band Cand SI Appendix, Fig. S1).
In stark contrast, 47% of Sox2-positvie progenitors converted to the
hair cells in E13.5 explants cultured for 2 d (n = 3; P < 0.05; Fig. 1
Band Cand S/ Appendix, Fig. S1).

It was shown that Atohl is both necessary and sufficient to initiate
sensory hair cell differentiation in the organ of Corti. Atoh1 directly
up-regulates a number of key hair cell-specific genes, including tran-
scription factor Pou4f3 (36, 37). To directly compare the competence
of E12.0 and E13.5 progenitor cells to respond to Atoh1 induction,
we ectopically up-regulated this transcription factor in vitro. Cochlear
ducts from E12.0 or E13.5 wild-type (WT) mice were dissociated
and infected with adenoviruses expressing either Atoh I (Ad-Atoh1-RFP)
or a control RFP-reporter construct (Ad-REP). We used this dissoci-
ated culture system as, unlike intact organ cultures, dissociated coch-
lear cells have only a limited capacity to spontaneously differentiate
as hair cell (38). Consistent with these earlier observations, only a few
Pou4f3-positive hair cells were detected in either E12.0 or E13.5
RFP-controls after 3 d in culture, despite 80 to 90% infection efh-
ciency (Fig. 1 D and E and SI Appendix, Fig. S2). Atoh1 overexpres-
sion dramatically increased the number of E13.5 progenitor cells
differentiated as Pou4f3-positive hair cells (32% =+ 0.8%; Fig. 1 D
and E). In these E13.5 AwhI-overexpression cultures, we also observed
formation of the sensory rosettes, where hair cells and supporting
cells were polarized with their actin-rich apical surfaces pointing to
a small lumen. In contrast, Atohl induced significantdy fewer
Pou4f3-positive hair cells scattered throughout disorganized mon-
olayered cultures at E12.0 (10% + 1.4%; n = 3, P < 0.01; Fig. 1 D
and £), resembling RFP-controls (SI Appendix, Fig. S2).

Together, these two experiments strongly suggested that the
competence to form hair cells, as determined by spontaneous and
Atohl-induced differentiation, is acquired by the organ of Corti
progenitor cells between E12.0 and E13.5.

Competence for Hair Cell Differentiation is Associated with
the Emergence of Newly Established Accessible Chromatin
Regions in the E13.5 Progenitor Cells. Despite its necessity for
hair cell differentiation, Atohl lacks pioneer factor activity
necessary to facilitate chromatin remodeling needed for hair
cell maturation (29, 30). We hypothesized that a permissive
chromatin state may be established prior to AzohI upregulation
and is required in the progenitor cells to respond to Atohl as
part of the competence for sensory differentiation. To test this
hypothesis, we used previously published assay for transposase-
accessible chromatin with sequencing (ATAC-seq) data to directly
compare the chromatin states in E12.0 and E13.5 progenitor
cells (39), focusing on the loci that gained accessibility during the
transition to the competent state. We identified 13,352 of such
loci and demonstrated that, consistent with their potential role
in hair cell fate acquisition, these were maintained in immature
hair cells and supporting cells at E17.5 (Fig. 24). The same
regions lost accessibility in P6 supporting cells no longer capable
of transdifferentiation as sensory hair cells (Fig. 24). Further
suggesting their role in establishment of competence in the organ
of Corti, almost a quarter of the chromatin regions that gained
accessibility at E13.5 overlapped with previously characterized
putative regulatory elements bound by Atohl in E17.5 hair cells
(24%; 3,163 of 13,352; Fig. 24) (29).

We analyzed the potential regulatory functions of the 13,352
newly emerged E13.5 peaks using genomic regions enrichment of

annotations tool (GREAT) (40) and identified that genes involved
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in cell fate commitment [Gene ontology (GO): cell fate commit-
ment, P < 0.001] were strongly associated with these genomic loci
(Fig. 2B). These included many established prosensory lineage
genes, such as Is/1, Eyal, and Fgf20, highly up-regulated at E13.5
(n = 85; P < 0.001; Fig. 2C). In addition, the E13.5 de novo sites
were also associated with genes involved in inner ear morphogenesis
(GO: Ear morphogenesis, P < 0.001; GO: Inner ear morphogenesis,
P<0.001; Fig. 2B), including both hair cell (HC)—and supporting
cell (SC)—specific genes not yet expressed at E13.5 [n = 14; P< 0.01
(HC) and P < 0.01 (SC); Fig. 2D]. These included the key regula-
tors and markers of sensory hair cell lineage differentiation such as
Atoh1, Myo6, and ProxI (Fig. 2 E and F).

Together these observations suggested that the genomic loci
that became accessible at E13.5 may be required for Atoh1-induced
differentiation and, more broadly, encompass a gene regulatory
network that is necessary to establish the competence for sensory
hair cell differentiation in the cochlea.

SoxC Genes Are Required for Sensory Hair Cell Differentiation
but Are Dispensable for Establishment of the Postmitotic
Prosensory Domain in the Cochlea. To identify transcription
factors that may establish chromatin accessibility as part of
acquisition of competence for sensory differentiation, we analyzed
the newly accessible E13.5 regulatory elements for enriched DNA
motifs (HOMER)(41). This analysis identified several motifs
associated with transcription factors previously shown to play roles
in the inner ear development, most prominently represented by
the Sox, Six, and Gata families (Fig. 34) (42—47). We noted that
Sox DNA-binding motifs were the most enriched and represented
in 32.31% of the peaks (P < 0.001; Fig. 34).

Suggestive of their role in establishing competence for sensory
differentiation in the inner ear, the Sox family of transcription
factors is well documented to contain regulators of cell fate com-
mitment and sensory specification (48). To identify the members
of the family that may be responsible for de novo chromatin
remodeling at E13.5, we analyzed previously published RNA-seq
data for E12.0 and E13.5 progenitor cells (39), as well as E17.5,
P1, and P6 supporting cells (29). Sox2, Sox4, Sox10, and Sox13
expression was significantly up-regulated in E13.5 progenitors as
compared to E12.0 (Sox2: fold = 5, P < 0.001; Sox4: fold = 32,
P <0.001; Sox10: fold = 5, P < 0.001; Sox13: fold = 5, P< 0.001).
However, expression of only Sox4 was also lost in the P6 support-
ing cells (Fig. 3B), temporally correlating with the loss of compe-
tence for hair cell differentiation and loss of chromatin accessibility
at the 13,352 competence-related loci (Fig. 24).

Sox4 and its close homologue Sox11 belong to the SoxC fam-
ily of transcription factors (49-51) and loss of both genes dis-
rupts hair cell formation via an uncharacterized molecular
mechanism (52). Using conventional in situ hybridization, we
have previously reported that in the developing utricle, Sox11
expression is largely restricted to the marginal regions of the
growing sensory epithelium, while Sox4 is expressed more
broadly throughout the macula (52). We confirmed this pattern
of expression in the E15.5 utricle using RNAScope (81 Appendix,
Fig. S3). We then investigated if the pattern of Sox4 and Sox11
expression in the developing organ of Corti was as predicted by
the RNA-seq results (Fig. 3B). While Sox// was most highly
expressed in the cochlear duct and the spiral ganglion at E12.0,
its expression remained in the same structures but decreased at
E13.5 and E17.5 (8] Appendix, Fig. S3). Sox4 expression was
also most prominent in the cochlear duct and the spiral ganglion
and increased from E12.0 to E13.5, with the strong signal
remaining in the immature hair cells and spiral ganglion neurons

at E17.5 (SI Appendix, Fig. S3).

https://doi.org/10.1073/pnas.2301301120 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301301120#supplementary-materials

A Newly accessible peaks Atoh1 Cut&Run B GO terms
E12.0 Prog E13.5 Prog E17.5HC E17. 5 SC P6 SC E17.5HC E13.5 newly accessible peaks(13,352)
. 3 i 3,163
@ § i : Atoh1
g : | ____ __ |ltargets
8 { = -Log10 pvalue
o : 'T Regionalization 5.27
s} 3 (p<0.001) . .
Yo 3 Embryonic organ morphogenesis  5.12
2—§ Cell fate commitment 4.79
g Ear morphogenesis 3.81
(0]
3 Inner ear morphogenesis 3.76
= Cardiac chamber development 3.7
<
' ' ' +3Kkb
C GO: Cell fate commitment D GO: Ear morphogenesis
*kk **k%
: p = 8.36-09 ! ' p=1.2e-04 '
*k ***
p = 0.006 p= Mo =24e-04"
ke 4 N.S.
p= Mp=9.1e-15! f p=0.26 !
3
33 T 2
= =
< <
w 2 L1
o o
> >
o 9 S
0 xdan - '~
E12.0 E13.5 E17.5 E17.5 E12.0 E13.5 E17.5 E17.5
Prog Prog HC SC Prog Prog HC sC
E Genomic loci accessibility
Atoh1 Myo6 Prox1
65kb 140kb 201kb
E12.0 Ly E12.0 .u..uld.m.m...h..wy P TIPIRTA TR T E12.0 Ao s i
E13.5 ‘Ll.dulmu bt nll—t < ikt b s ik E13.5 WORTE T FOr L L E13.5 JMW,EMMLM.M.MMM
F Gene Expression
E12.0 Prog |0 E12.0 Prog |2.03 E12.0 Prog 0.88
E13.5 Prog|2.33 E13.5 Prog |5.57 E13.5 Prog | 2.54
E17.5 HC 169.51 E17.5 HC 148.52 E17.5SC 126.1
P1 HC [ 88.15 P1 e [ 26717 P1 sc M 76.69
FPKM

Fig. 2. Progenitor cell competence for sensory differentiation is associated with emergence of newly established accessible chromatin regions. (A) A Heatmap
demonstrates that most of the ATAC-seq accessible genomic regions (orange) newly emerged during the transition from E12.0 to E13.5 (13,352 peaks) remain
open in E17.5 HC and supporting cells (SC), and gradually lose accessibility in the postnatal supporting cells (P6 SC). Out of 13,352, 3,163 genomic loci are bound
by Atoh1 in E17.5 HC (Atoh1 Cut&Run, blue). Scale of each sample column is +3 kb from the center the peaks. (B) GO analysis using GREAT shows the top six
most-enriched biological process terms for E13.5 newly accessible peaks. (C) Violin plots show that expression [Log,,(FPKM+1)] of the genes in the cell fate
commitment GO term is significantly up-regulated in E13.5 progenitors and then down-regulated in E17.5 supporting cells and hair cells (Wilcoxon signed-rank
test). (D) The same analysis shows that expression of hair cell-specific and supporting cell-specific genes in the inner ear morphogenesis GO term is unchanged
at E13.5 but is significantly up-regulated upon differentiation (Wilcoxon signed-rank test). (£) Integrative Genomics Viewer (IGV) tracks show ATAC-seq profiles
of representative genomic loci of hair cell-specific (Atoh1, Myo6) and supporting cell-specific genes (Hes5, Prox1) at E12.0 and E13.5. Their putative enhancers
that gain accessibility at E13.5 are highlighted in gray boxes. (F) The expression of the hair cell- and supporting cell-specific genes shown in E is shown in E12.0
and E13.5 progenitor cells (Prog) and in E17.5 and P1 HC or supporting cells (SC).

We have previously reported that conditional inner ear—specific
ablation of the two SoxC genes using Pax2° (53) and Sox4™
Sox1 1™ (54) transgenic animals resulted in formation of stunted
sensory epithelia that completely lack sensory hair cells (52). In

40f12 https://doi.org/10.1073/pnas.2301301120

particular, we showed that cochlear outgrowth was affected and
that at E18.5 Sox2-positive cells in, what appeared to be, an undif-
ferentiated prosensory domain remained in multiple nuclear layers
similar to that in the WT E12.0 cochlea (52). To test their role in
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Note that Sox4 expression is significantly up-regulated in E13.5 progenitors prior to the onset of Atoh7 expression. (C) Representative immunofluorescent images
show the whole cochleae isolated at E14.5 from the WT and SoxC cKO littermate embryos. Ki67-positive (magenta) proliferating cells and the p27kip1-positive
(green) postmitotic progenitor cells (Left) are labeled. Note that progenitor cell cycle exit is not affected in the SoxC cKO organs. Sox2-positive supporting cells
(magenta) and one row of Pou4f3-positive inner hair cells (green) are detected in the WT but not in the SoxC cKO organs. Cell nuclei are labeled with DAPI (blue).
(Scale bar, 100 um.) (D) Representative immunofluorescent images show dissociated cochlea cells isolated at E14.5 from the SoxC cKO and WT mice littermates,
infected with Ad-RFP control or Ad-Atoh1-RFP virus, and maintained in culture for 3 d. Actin is labeled by Phalloidin (white), hair cells are labeled with Pou4f3
(green), and supporting cells are labeled by Sox2 (blue). Note that although the cells are organized into the sensory rosettes, Atoh7 overexpression fails to induce
Pou4f3-positive hair cells (green) in absence of SoxC. (Scale bar, 20 um.) () Bar graph shows quantitative analysis of the cultures in D. Compared to the WT cultures,
the percentage of hair cells is significantly decreased in the SoxC cKO cultures transduced with either Ad-RFP or Ad-Atoh1-RFP virus (n = 3 for each condition).

establishing competence for sensory hair cell differentiation in the
organ of Corti, we assessed the effects of Sox4 and SoxI1 ablation
early during cochlear development in the same transgenic animals.
Signifying the initiation of sensory differentiation at E14.5, a single
row of Pou4f3-positive inner hair cells was detected in the mid-base
reglon of the WT cochlea (Fig. 3C). However, although the
p27 ipl -positive postmitotic prosensory domain was established in
the knockout littermates, initiation of hair cell differentiation failed
in absence of Sox4 and Sox11. To exclude the possibility that hair
cell survival rather than differentiation was affected, we also assessed
for activated Caspase-3 activity. This analysis revealed no difference
in the rate of apoptosis in the cochlear epithelia between the WT
and the knockout organs (SI Appendix, Fig. S3).

PNAS 2023 Vol.120 No.34 e2301301120

To directly test if loss of SoxC rendered organ of Corti progen-
itor cells incapable of sensory differentiation, we overexpressed
Atohl in E14.5 dissociated progenitor cells isolated from SoxC
double knockout or control littermate cochleae (Fig. 3 D and E).
Strikingly, Atoh1 overexpression failed to induce hair cell differ-
entiation in absence of SoxC genes, as only 2.6% of Sox2-positive
infected progenitor cells up-regulated Pou4f3. This rate of differ-
entiation was over 12-fold lower than that in the E13.5 WT cells
(n=3; P<0.001; Fig. 3 D and E).

Together, these experiments demonstrated that SoxC transcrip-
tion factors are necessary for establishment of competence for
sensory hair cell differentiation and that these factors likely act
upstream of Arohl. Interestingly, these data also revealed that
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sensory cell fate commitment is established independently of cell
cycle exit, as loss of Sox4 and SoxI1 did not affect formation of
the postmitotic prosensory domain or the timing of p27**" upreg-
ulation in the cochlea.

SoxC Transcription Factors Control Expression of the Key
Sensory Lineage Genes. To identify downstream targets of
SoxC in the developing organ of Corti, we performed scRNA-
seq analysis of knockout cochlear duct epithelia prior to the
onset of hair cell differentiation (E13.5). For a comparative
analysis between WT and knockout organs, we integrated the
two datasets using the canonical correlation analysis (CCA)
algorithm (Fig. 4A4). Cells were visualized using uniform manifold
approximation and projection (UMAP) plots after clustering
and dimension reduction. After excluding nonepithelial cell
types (e.g., mesenchyme — cluster 9), the same 10 clusters were
identified in both WT and knockout datasets, suggesting that loss
of Sox4 and Sox11 did not affect the overall cellular composition
of the cochlear duct (Fig. 44). Established markers for known
cochlear cell populations were used to assign identity to each
cluster (Fig. 4C and SI Appendix, Fig. S4 and Dataset S1).
Postmitotic sensory progenitor cells grouped distinctly as cluster
2 in WT and knockout organ, characterized by combined
expression of Cdknlb (6), Sox2 (8), and Hey2 (Fig. 4 B and C
and Dataset S1) (55). In addition, other cell populations such
as the Ox2-positive cochlear roof domain (56), Bmp4-positive
outer sulcus (57), as well as Sox2- and Jagl-positive Kolliker's
organ (58, 59) were identified in both WT and KO cochlear
ducts (81 Appendix, Fig. S4 and Dataset S1).

To investigate the prosensory role of SoxC transcription factors,
we assessed the gene expression changes associated with loss of Sox4
and Sox11 in the postmitotic progenitor cells (cluster 2) (Fig. 4D
and ST Appendix, Fig. S4 and Dataset S2). Suggesting that SoxC
function as transcriptional activators, two-thirds of the most sig-
nificantly differentially expressed genes were down-regulated in the
knockouts [Log,(Fold change) > 1.5, P < 0.01; Fig. 4D]. These
genes included many crucial regulators of sensory lineage specifi-
cation, such as Is/1 (60), Eyal (61), Sox9 (62-64), and Fgf20 (65).
Among potential targets of SoxC, we also identified genes with no
known function in the inner, but shown to be essential for neuronal
lineage specification, such as Ebf1 (66) and Sal/3 (67). We con-
firmed downregulation of these key sensory lineage factors in the
knockouts using immunohistochemistry (Fig. 4F), asserting the
role of SoxC transcription factors as crucial regulators of hair cell
fate initiation.

SoxC Transcription Factors Regulate Progenitor Cell Chromatin
Accessibility to Promote Hair Cell Differentiation. To understand
how SoxC factors establish competence in the organ of Corti
progenitor cells, we profiled chromatin accessibility changes in E13.5
cochlear epithelium after ablation of Sox4 and Sox/I genes. This
analysis demonstrated that accessibility of 18% of the genomic regions
(42,725 out 0f 266,580) was dependent on SoxC and was lost in the
knockouts (ST Appendix, Fig. S5). GREAT analysis demonstrated that
genes associated with regulation of timing of cell differentiation and
auditory receptor cell fate commitment were associated with these
SoxC-dependent regions (SI Appendix, Fig. S5). Of the peaks that
lost accessibility in the knockout cochlear duct, 4,374 overlapped
with the progenitor-specific peaks found either at E12.0 or E13.5.
Strikingly, 61% of these genomic regions corresponded to the loci
that newly gained accessibility at E13.5 (Fig. 5A4). Conversely, of the
genomic regions that gained accessibility in the knockout cochlea
epithelium, 6,246 were open in the progenitor cells and 70% of
those regions were specific to E12.0 (Fig. 5A4). These data strongly
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suggested that loss of SoxC genes reverted the chromatin accessibility
in the postmitotic E13.5 progenitor cells to that largely resembling
E12.0 noncompetent state.

To assess if SoxC transcription factors directly control the accessi-
bility of the competency-related regulatory elements, we profiled
Sox4 targetome in the E13.5 progenitor cells using CUT&RUN
(Fig. 5B). This analysis demonstrated that 21% of the genomic
regions that gained accessibility between E12.0 and E13.5 and lost
accessibility in absence of SoxC represented direct targets of Sox4
(Dataset S3). Notably, around 20% (515 out of 2,659) of SoxC-
dependent regions also contained Atoh1-binding sites (Fig. 5B). To
determine if the chromatin accessibility changes were responsible for
the changes in gene expression observed in the knockout sensory
epithelia, we associated the SoxC-dependent genomic regions with
the closest genes and analyzed their expression in our scRNA-seq
dataset (Fig. 5C). This analysis demonstrated that both direct
(Sox4-occupied) and indirect putative downstream target genes were
significantly down-regulated in SoxC-deficient progenitor cells (direct
targets, P < 0.05; indirect targets, P < 0.01), while the expression of
genes associated with SoxC-independent genomic regions remained
unchanged (P > 0.05). HOMER analysis revealed that, in addition
to Sox transcription factors, Gata and Isl motifs were significantly
enriched in the SoxC-dependent peaks lost in the knockouts, sug-
gesting these families of transcription factors may also be involved in
setting up the permissive chromatin state established at E13.5 in
conjunction with or downstream of SoxC (8] Appendix, Fig. S5).
Further, by correlating the chromatin accessibility (ATAC-seq) in the
WT and SoxC knockout progenitors and Sox4 DNA-binding
(CUT&RUN), we have identified a number of confident direct tar-
gets of Sox4 (Dataset S3). These included key transcription factors
previously shown to control sensory hair cell fate, such as Arh 1,
Bellla, Eyal, and Is/1 (Fig. 5D) (17, 60, 68). In particular, we showed
that Sox4 occupies several putative distal enhancer elements. For two
of these, located around 130 and 180 kb downstream of the Aroh1
transcription start site, accessibility was established at E13.5 and lost
in SoxC cKO, coinciding with the loss of Atoh1 upregulation in the
cochlear prosensory domain (Fig. 5D).

Collectively these data strongly suggested that SoxC transcrip-
tion factors establish competence for sensory receptor differenti-
ation by directly binding to and establishing accessibility of the
regulatory elements to initiate expression of the key sensory lineage
genes, including master regulator Aroh 1.

SoxC Transcription Factors Induce Hair Cell Formation In Vitro
and In Vivo. To directly test if SoxC transcription factors can
promote Afohl expression and sensory differentiation, we
overexpressed cither Sox4 or SoxI! in the dissociated E12.5
progenitor cells not capable of differentiating toward hair cells
spontaneously (Fig. 1) (38). Isolated from the Aroh1-GFP reporter
mice, the E12.5 cochlea progenitor cells were infected with
adenoviruses containing RFP, Sox2-RFP, Sox4-RFP, or SoxI1-
RFP coding sequences, and hair cell formation was analyzed 3 d
later. While RFP- or Sox2-control overexpression failed to promote
GFP reporter activation (S/ Appendix, Fig. S6), either Sox4 or
Sox11 potently induced formation of the GFP-positive hair cells
(sixfold increase in the percentage of Aroh1-GEP-positive hair cells;
n =3, P<0.01; Fig. 6 A-C). SoxC also induced supporting cells
and hair cells to organize as the sensory rosettes similar to ones
induced by Atoh1 at E13.5 (Figs. 1C and 64). Together with the
loss-of-function data, these results demonstrate that Sox4 and
Sox11 transcription factors are both necessary and sufficient for
sensory cell fate initiation in the organ of Corti progenitor cells.

In mammals, organ of Corti maturation is associated with reduc-
tion in transdifferentiation potential of supporting cell and is
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Fig. 4. scRNA-seq indicates that SoxC transcription factors promote hair cell differentiation by regulating expression of the key sensory lineage genes.
(A) UMAP plots of 7,365 cells collected from WT cochlea duct epithelium and 5,693 cells collected from SoxC cKO cochlea duct epithelium at E13.5 generated by
integration using Seurat CCA are shown. The same 11 cell types are identified in the WT and SoxC cKO organs, and the cells within each cell type group together
regardless on the genotype. Note that cluster 9, representing mesenchyme, is removed. (B) UMAP visualization of WT and SoxC cKO cochlea cell populations
plotted based on the genotype. Cluster 0 represents nondividing Kolliker's organ cells, Clusters 1 and 8 are nondividing outer sulcus cells, cluster 2 represents
postmitotic organ of Corti progenitor cells, and Cluster 5, 6, and 10 are nondividing cells of the cochlea roof domain. Proliferating cells of the Kélliker's organ and
organ of Corti (cluster 3), outer sulcus (cluster 4), and roof (cluster 7) are also identified. Note that cluster 9, representing mesenchyme, is removed. (C) Feature
plots demonstrate transcript levels for cell markers specific to the known cochlear cell types. The organ of Corti progenitor cell population is identified based
on the Cdkn1b, Sox2, and Hey2 expression. The roof domain of the cochlear duct is identified by high level of Otx2 expression. A full list of Top 20 genes for each
cluster can be found in Dataset S1. (D) Heatmap visualizes the 109 genes most significantly differentially expressed between SoxC cKO and WT postmitotic organ
of Corti progenitor cell clusters [Log,(Fold change) > 1.5, P < 0.001]. Key sensory lineage genes, including Is/1, Sox9, and Eya1, are highlighted. High expression
level is shown in yellow, low expression level is depicted in purple. A full list of genes can be found in Dataset S2. (£) GO analysis performed using the database
for annotation, visualization and integrated discovery shows top six biological process terms enriched in the genes most significantly down-regulated in SoxC
cKO progenitor cells compared to WT control. (F) Violin plots show the average expression (FPKM) of the representative genes significantly down-regulated in
SoxC cKO progenitor cells compared to WT control. Accompanying immunofluorescent images of the sections through E14.5 cochlear ducts validate decreased
protein levels for the same genes. Sox2-positive progenitor cells (red) are counterstained in each section for the investigated protein (Ebf1, Sox9, Isl1; green).
(Scale bar, 20 pm.)
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Fig. 5. SoxC transcription factors control chromatin accessibility to promote hair cell differentiation in the E13.5 organ of Corti. (A) Heatmap shows accessible
genomic regions identified by ATAC-seq in the SoxC cKO cochlea at E13.5 in relation to the E12.0 and E13.5 progenitor cell peaks. Among all the SoxC-dependent
peaks, 2,659 that lose accessibility in the SoxC cKO cochlea overlap with E13.5 newly emerged regions; 4,395 peaks that gain accessibility in the SoxC cKO overlap
with E12.0 progenitor-specific regions that are closed at E13.5. Scale of each sample column is +3 kb from the center of the peaks. Venn diagrams on the
right show numbers and percentages of the overlap between SoxC-dependent genomic regions and E13.5 (Upper) or E12.0 (Lower) unique progenitor peaks.
(B) Heatmap shows direct and indirect Sox4 targets identified using ChIP-seq (Sox4 Cut&Run) in E13.5 progenitors. Twenty-two percent (577) of the E13.5 newly
opened SoxC-dependent progenitor peaks (2,659) are direct targets of Sox4. Atoh1 Cut&Run on the right demonstrates the genomic loci bound by Atoh1in E17.5
hair cells (HC): 103 SoxC-dependent peaks are both Sox4 and Atoh1 direct targets, 412 indirect Sox4 targets are directly bound by Atoh1. Dotted lines separate
direct/indirect targets of Atoh1. (C) Violin plots show the expression changes [log,,(FPKM+1)] of genes associated with SoxC-dependent (577 direct targets and
2,082 indirect targets demonstrated in panel B) and SoxC-independent (88,674 peaks common in between WT and KO) regulatory elements in WT and SoxC cKO
progenitor cells (scRNA-seq datasets). Genes associated with SoxC-dependent regulatory elements are significantly down-regulated, while genes associated
with SoxC-independent regulatory elements are not significantly changed upon SoxC ablation. (D) IGV tracks show ATAC-seq profiles (orange) and Sox4 Cut&Run
profile (blue) of representative genomic loci for key sensory lineage genes (Atoh1, Bcl11a, Eyal and Isl1). The putative enhancers highlighted in gray boxes, gain
accessibility in E13.5 progenitors (Prog), lose their accessibility upon SoxC ablation, and are bound by Sox4 transcription factor.
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culminated in loss of capacity for hair cell regeneration by P6 (24-30).
Concomitantly, both expression of Sox4 and Sox11 genes (Fig. 3B)
and the accessibility of the competence-related chromatin loci
(Fig. 24) are lost. To test if SoxC transcription factors can reestablish
competence for sensory differentiation, we overexpressed Sox4 or
Sox11 in postnatal supporting cells. LﬁngFP transgenic mice were
used to purify supporting cells via fluorescence-activated cell sorting
(FACS) from P6 cochlea and transfected with adenoviruses carrying
RFP-control, Sox4-RER or SoxII-RFP (SI Appendix, Fig. S7). As
demonstrated by Myo7a-positivity, Sox4 or SoxII overexpression
significantly increased the percentage of Ling-GFP-positive infected
supporting cells that converted to hair cells compared to RFP-control
(eightfold for Sox4, fivefold for Sox11; n = 3; P < 0.05; SI Appendix,
Fig. S7). We also noted the presence of GFP-positive neuron-like
cells in Sox11 overexpression condition.

Because these results suggested that SoxC overexpression enhances
supporting cell transdifferentiation potential in culture, we then tested
whether Sox4 or Sox11 overexpression may stimulate hair cell regen-
eration after injury invivo. By crossing the Lfng“™ " (69),
Rosa 26 7m reporter (70), and the Poudf3 T®+(71) mice, we gen-
erated transgenic animals in which supporting cells can be perma-
nently labeled with td Tomato prior to induction of hair cell damage.
After tamoxifen administration at P3, diphtheria toxin was injected
to ablate hair cells a day later. At P5, we introduced GFP-control,
Sox4-GFP, or Sox11-GFP overexpression vectors using a synthetic
adeno-associated virus, Anc80 (72). We described previously that
DT-induced hair cell damage allows this viral vector to transduce
inner ear supporting cells (39). Because of the infection efficiency, we
focused this in vivo analysis largely on the vestibular sensory organ
— the utricle. By assessing the proportion of transduced supporting
cells that converted to Myo7a-positive hair cells 10 d after adeno
associated virus (AAV) administration, we first determined the spon-
taneous rate of transdifferentiation in GFP-controls to be about 6%
in the utricle (Fig. 6 D—F), corresponding closely to the previously
published data (71). Introduction of either ectopic Sox4 or Sox11
dramatically increased the proportion of transdifferentiating support-
ing cells to near 40% (Sox4: n = 3, P < 0.05; Sox11: n = 3, P < 0.05;
Fig. 6 D—F). Although the rate of supporting cell infection was
reduced in the cochlea impeding the analysis, several newly formed
hair cells were detected after Sox4- or Sox11-overexpression, in con-
trast to the GFP-controls (S Appendix, Fig. S7). These observations
suggested that reintroduction of SoxC transcription factors promotes
transdifferentiation of postnatal supporting cells in the inner ear.

Discussion

In this study, we have identified a molecular mechanism of com-
petence establishment in the embryonic inner ear. We demon-
strated that the window of plasticity during which organ of Corti
progenitor cells can differentiate as hair cells is governed by the
SoxC transcription factors, Sox4 and Sox11. Mechanistically, we
show that SoxC factors control the ability of Atoh1 to up-regulate
sensory receptor genes by making them epigenetically accessible.
Conditional loss of Sox4 and SoxI1 disrupts sensory progenitor
cell differentiation, while ectopic expression of either gene outside
the window of developmental plasticity is sufficient to promote
hair cell fate in the inner ear. Our study builds a model of sensory
fate establishment and provides insights to understanding failure
of regeneration in the mammalian inner ear sensory organs.

Conserved Role for SoxC in Establishing Competence in Lineage-
Specific Progenitor Cells. SoxC transcription factors are shown to be
critical for neuronal differentiation in other systems (51, 73, 74).
Ablation of Sox4 and SoxII in chick spinal cord and mouse

PNAS 2023 Vol.120 No.34 e2301301120

hippocampus leads to failure of neuronal differentiation, while
overexpression of the transcription factors promotes neurogenesis by
targeting neuron-specific genes, such as 71 and Map2 (51,75, 76).
Similarly, SoxC genes are necessary and sufficient to promote retinal
ganglion cell differentiation and expression of lineage-specific genes
like Zs/1 (74). In these systems, the sensory fate commitment is
thought to be tightly coupled with the cell cycle exit (3, 77-79).
However, we observe that in absence of Sox4 and Sox11 expression,
organ of Corti progenitor cells exit the cell cycle in a timely
manner and are paused in a postmitotic yet undifferentiated state.
Further, loss of SoxC transcription factor activity prevents sensory
progenitor differentiation even when the master regulator of hair
cell fate—Atoh1—is ectopically expressed. These data demonstrate
that sensory cell fate commitment is not directly dependent on
the cell cycle exit, suggesting that SoxC-dependent chromatin
remodeling in postmitotic progenitor cells may be a common
molecular mechanism for competence establishment in a number
of cell lineages.

Beyond regulation of gene expression, SoxC transcription
factors are known to cooperate with chromatin remodelers to
alter epigenetic states (80—82). For example, Sox4 recruits SW1/
SNF subunits to remodel chromatin during human MRC-5
fibroblast to neuron conversion and knockdown of the gene is
sufficient to block reprogramming due to loss of around 60%
of accessible chromatin regions (81). Mechanistically, chromatin
immunoprecipitation assays with sequencing (ChIP-seq) results
reveal that Sox4 binding on the regulatory elements of key neu-
ronal lineage genes induces acetylation of the lysine 27 on his-
tone 3 (H3K27ac)—the active histone mark that promotes gene
expression (81). However, Sox4 was also shown to up-regulate
expression of the epigenetic modifier Ezh2, a functional enzy-
matic component within the Polycomb Repressive Complex 2
(PRC2) that establishes repressive chromatin structure by intro-
ducing trimethylation of lysine 27 on histone 3 (H3K27me3)
(82). These data are consistent with our results, as ATAC-seq
experiments revealed both gain and loss of chromatin accessi-
bility in SoxC cKO organ of Corti at E13.5, where chromatin
structure largely reverted to that of E12.0 noncommitted pro-
genitor cells. Further, scRNA-seq revealed that Ez/2 expression
is largely down-regulated in SoxC cKO. Whether SoxC tran-
scription factors cooperate with chromatin remodelers to estab-
lish histone modifications in the otic lineage requires further
characterization.

SoxC Transcription Factors Likely Act Downstream of Sox2
but Upstream of Atoh1 to Promote Sensory Receptor Lineage
Specification in the Inner Ear. The master regulator Atohl is
required and sufficient for hair cell differentiation and survival
in the inner ear (7). However, what transcription factors initiate
Atoh1 expression at the onset of sensory differentiation remains
largely unknown. Sox2, the SoxB1 family member, was shown
previously to bind the Atwhl 3’ enhancer to up-regulate its
expression (8, 83-85). In fact, conditional loss of Sox2 prevents
inner ear sensory lineage specification (8, 85, 86). Yet, Sox2 is
expressed in the sensory progenitor cells prior to establishment
of competence for sensory differentiation and its expression in
supporting cells remains high after the loss of transdifferentiation
potential. Further, Sox2 haploinsufficiency was shown to promote
sensory differentiation (58), highlighting its complex role in the
inner ear (8, 58, 83, 84, 86, 87).

We show that expression of Sox4 is initiated at E13.5, imme-
diately prior to the onset of ArhI upregulation, while Sox2
(SoxB1) transcription factor is expressed from initiation of the
otic lineage (88). Further, unlike Sox2, overexpression of Sox4 or
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Fig. 6. SoxC transcription factors are sufficient to trigger new hair cell generation in the utricles and the organ of Corti in vitro and in vivo. (A) Representative
immunofluorescent images demonstrate that overexpression of SoxC promotes sensory differentiation in E12.5 cochlear progenitor cells isolated from the
Atoh1-GFP reporter mice. Atoh 1-GFP-positive hair cells (green) are detected in the Sox4-RFP and Sox117-RFP overexpressing cochlea cultures, where these sensory
receptors and surrounding Sox2-positive supporting cells (blue) are organized into the sensory rosettes. Actin is labeled in white (phalloidin). (Scale bar, 20
um.) (B and C) Bar graphs show quantitative analysis of the cultures in A. (B) A significant increase in the percentage of Atoh7-GFP-positive hair cell and (C) a
corresponding decrease in the percentage of Atoh7-GFP-negative supporting cells is observed within the population of infected Sox2-positive cells in Sox4-RFP
and Sox11-RFP overexpression conditions compared to the RFP-control (n = 3 for each condition). (D) Schematic representation shows the experimental design for
in vivo overexpression of Sox4 and Sox11 in Lfng“®* Pou4f3°™® mice after hair cell damage. Tamoxifen was administrated at P3 to permanently label supporting
cells (SCs). Diphtheria toxin (DT) was injected at P4 to ablate Pou4f3-positive hair cell (HC) and the Anc80-AAV viruses containing each construct (GFP-control,
Sox4-GFP, and Sox11-GFP) were injected at P5 through posterior semicircular canal. Sensory organs were collected at P15 for analysis. (F) Representative images
show immunohistochemical labeling of the whole-mount utricles isolated at P15 from the GFP-control or Sox4-GFP overexpression conditions described in
detail in D. tdTomato-labeled supporting cells are shown in gray, Anc80-infected cells expressing GFP-reporter are labeled in green, hair cells are labeled with
MyoVlla in red. White arrows indicate transdifferentiated triple labeled supporting cells. (Scale bar, 20 pm.) (F) Quantification analysis of the rate of supporting
cell transdifferentiation in the utricles in £ is shown. An increase in numbers of transdifferentiated supporting cells is detected in Sox4-GFP and Sox11-GFP
overexpression conditions compared to GFP-controls (n = 3 for each condition).
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Sox11 strongly promoted Atohl expression in undifferentiated
organ of Corti progenitor cells. These data demonstrate that SoxC
transcription factors likely act upstream of Az0/ 1 and may directly
up-regulate its expression. Mechanistically, CUT&RUN data
showed that Sox4 does not bind the proximal preestablished
autoregulatory 3’ enhancer of AzhI occupied by Sox2. However,
in Atoh1-GFP transgenic mice where reporter expression is driven
by this enhancer, GFP expression lags the endogenous onset of
AtohI upregulation in the prosensory domain (35, 89). These data
suggest that the initial upregulation of Az 1 relies on other reg-
ulatory elements, and we noted several putative enhancers in the
Atoh1 locus. Two of such elements, located around 130 kb and
180 kb downstream of the Azh 1 transcription start site, are estab-
lished during the transition to the competent state, occupied by
Sox4, and disappear in SoxC cKO. It will be important to test if
Sox4-mediated accessibility of this putative enhancer directly reg-
ulates initial AzhI upregulation to drive sensory differentiation
in the inner ear.

SoxC Transcription Factors and Hair Cell Regeneration. Previous
studies concluded that reintroducing Atoh1 alone in the mammalian
cochlea after P6 is not sufficient to trigger hair cell regeneration
(20, 21), likely due to loss of chromatic accessibility and decom-
missioning of hair cell-specific enhancers (29, 30). Our data further
suggest that the normal downregulation of SoxC expression and
the consequent decrease in accessibility of the competence-related
genomic regions in the postnatal supporting cells may hamper their
transdifferentiation potential. By reintroducing SoxC gene expression,
we were able to promote supporting cell transdifferentiation in the
postnatal ear after hair cell damage. Additionally, both Sox4 and Sox11
genes are significantly up-regulated during direct reprogramming of
mouse embryonic fibroblasts of induced hair cells (90). Further, sox4a
is one of the first genes up-regulated just prior to az0h1a during hair
cell regeneration in the zebrafish lateral line (91). Together these
data suggest that expression of SoxC'in supporting cells after hair cell
damage may promote plasticity and stimulate sensory regeneration.
Further experiments, using coexpression of Awh1, SoxC, and other
key hair cell lineage genes may achieve better transdifferentiation rates
and promote hair cell recovery in the mature inner ear in mammals.
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Materials and Methods
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Animal Care and Use Committees of the Keck School of Medicine at the University
of Southern California. p27“”"-GFP mice were previously described in our labo-
ratory (10). Atoh1-GFP mice were obtained from Jane Johnson at University of
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Groves, Baylor College of Medicine.To create conditional double knockouts, Sox4 /
" Sox11"" Sox127~ mice were obtained from Veronique Lefebvre (49) bred to
Pax2“ line. Lfng“*™ mice were obtained from Andrew Groves, Baylor College
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