DIGITAL ACCESS 10 -
SCHOLARSHIP st HARVARD HARVARD LIBRARY

Office for Scholarly Communication
DASH.HARVARD.EDU

C-MYC Transcriptionally Amplifies SOX2 Target
Genes to Regulate Self-Renewal in Multipotent Otic
Progenitor Cells

Citation

Kwan, Kelvin Y., Jun Shen, and David P. Corey. 2015. “C-MYC Transcriptionally Amplifies SOX2
Target Genes to Regulate Self-Renewal in Multipotent Otic Progenitor Cells.” Stem Cell Reports
4 (1): 47-60. doi:10.1016/j.stemcr.2014.11.001. http://dx.doi.org/10.1016/j.stemcr.2014.11.001.

Published Version
do0i:10.1016/j.stemcr.2014.11.001

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:13890722

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:13890722
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=C-MYC%20Transcriptionally%20Amplifies%20SOX2%20Target%20Genes%20to%20Regulate%20Self-Renewal%20in%20Multipotent%20Otic%20Progenitor%20Cells&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=1e5d4486e680b897fa3dad7dae64e615&department
https://dash.harvard.edu/pages/accessibility

ISSCR

Stem Cell Reports

Article

OPEN ACCESS

C-MYC Transcriptionally Amplifies SOX2 Target Genes to Regulate
Self-Renewal in Multipotent Otic Progenitor Cells

Kelvin Y. Kwan,'* Jun Shen,?3 and David P. Corey?

1Department of Cell Biology & Neuroscience, Rutgers University, Piscataway, NJ 08854, USA

2Howard Hughes Medical Institute, Department of Neurobiology, Harvard Medical School Boston, MA 02115, USA
3Department of Pathology, Brigham and Women’s Hospital, Boston, MA 02115, USA

*Correspondence: kwan@dls.rutgers.edu

http://dx.doi.org/10.1016/j.stemcr.2014.11.001

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).

SUMMARY

Sensorineural hearing loss is caused by the loss of sensory hair cells and neurons of the inner ear. Once lost, these cell types are not re-
placed. Two genes expressed in the developing inner ear are c-Myc and Sox2. We created immortalized multipotent otic progenitor (iMOP)
cells, a fate-restricted cell type, by transient expression of C-MYC in SOX2-expressing otic progenitor cells. This activated the endogenous
C-MYC and amplified existing SOX2-dependent transcripts to promote self-renewal. RNA-seq and ChIP-seq analyses revealed that
C-MYC and SOX2 occupy over 85% of the same promoters. C-MYC and SOX2 target genes include cyclin-dependent kinases that regulate
cell-cycle progression. iMOP cells continually divide but retain the ability to differentiate into functional hair cells and neurons. We pro-
pose that SOX2 and C-MYC regulate cell-cycle progression of these cells and that downregulation of C-MYC expression after growth fac-

tor withdrawal serves as a molecular switch for differentiation.

INTRODUCTION

The six sensory organs of the inner ear—the cochlea, utri-
cle, saccule, and three semicircular canals—mediate our
ability to hear and balance. Within these organs, sensory
hair cells mediate the conversion from mechanical to neu-
ral signals, releasing neurotransmitter onto neurons of the
eighth nerve. Built for exquisite sensitivity, hair cells have
a high metabolic demand and delicate mechanosensory
hair bundles. A variety of insults, such as loud noises
and ototoxic drugs, can cause hair cell death. They can
also cause acute loss of afferent nerve terminals and de-
layed degeneration of the auditory nerve (Kujawa and Lib-
erman, 2009). Degeneration of hair cells and neurons
significantly contributes to hearing loss, as these cells are
not replaced. To regenerate auditory hair cells and neu-
rons, we must understand how progenitor cells give rise
to these cell types.

Sox2 and the Myc family of transcription factors are
crucial for the proper development of inner ear hair cells
and neurons. Human mutations in Sox2 cause anophthal-
mia, a severe eye malformation, and bilateral sensorineural
hearing loss (Fantes et al., 2003; Hagstrom et al., 2005).
Mouse mutants that express low levels of SOX2 in the inner
ear have fewer cochlear hair cells and neurons (Kiernan
et al., 2005; Puligilla et al., 2010). Myc genes, including
c-Myc and N-Myc, are expressed in the inner ear (Domi-
nguez-Frutos et al., 2011; Kopecky et al., 2011). Deletion
of N-Myc in the developing inner ear causes reduced
proliferative growth, and abnormal morphology and differ-
entiation of both sensory and nonsensory cells (Domi-
nguez-Frutos et al., 2011; Kopecky et al., 2011).

P

G} CrossMark

Studies aimed at producing new hair cells and otic neu-
rons have used embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs). iPSCs are generated by con-
verting somatic cells into pluripotent stem cells that
possess properties of both self-renewal and pluripotency
(Takahashi and Yamanaka, 2006). This involves transient
expression of c-Myc, Sox2, KIf4, and Oct4 to activate expres-
sion of the endogenous factors. The endogenous factors
function to promote self-renewal, maintain pluripotency,
and prevent differentiation. Among the four transcription
factors used to generate iPSCs, C-MYC and SOX2 have been
implicated in maintaining self-renewal in ESCs (Cartwright
etal., 2005). Sox2 is also essential for maintaining multipo-
tency in neural stem cells (Suh et al., 2007), and knockout
or knockdown of Sox2 in ESCs results in differentiation
(Ivanova et al., 2006). Although c¢-Myc is dispensable for
direct reprogramming of somatic cells into pluripotent
cells, inclusion of c-Myc increases the number of reprog-
rammed cells and accelerates the formation of iPSCs (Wer-
nig et al.,, 2008). Recent genome-wide binding studies
implicated C-MYC as a global transcription amplifier (Lin
etal., 2012; Nie et al., 2012), providing an elegant explana-
tion of the diverse roles of C-MYC in reprogramming and
in various cellular functions.

We exploited C-MYC to activate the endogenous c-Myc
gene and enhance gene expression in neurosensory cell
types. By doing so, we derived a self-renewing immortal-
ized multipotent otic progenitor (iMOP) line from SOX2-
expressing neurosensory precursors of the inner ear. We
show that the endogenous C-MYC binds to most of the
same promoters as SOX2 and amplifies transcripts that pro-
mote cell-cycle progression. This enhanced expression
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contributes to self-renewal but allows iMOP cells to retain
their capacity to differentiate into hair cells, supporting
cells and neurons.

RESULTS

Induction of Self-Renewal by Transient C-MYC
Expression

During embryonic development of the murine cochlea,
progenitors begin exiting the cell cycle at embryonic day
12.5 (E12.5). Terminal mitosis spreads in a wave-like
manner from the apex to the base of the cochlea,
completing cell-cycle exit by E14.5 (Lee et al., 2006;
Ruben 1967). Progenitors stop dividing and express the
cell-cycle inhibitor Cdkn1b (p275'") at E14.5 to initiate dif-
ferentiation (Chen and Segil, 1999). We obtained and
dissociated cochleas from E11.5-12.5 embryos into
single cells. Dissociated cells were cultured in defined
medium supplemented with basic fibroblast growth factor
(bFGF). Cells were plated on untreated tissue culture
dishes to produce both adherent cells and colony-forming
cells (Figure S1A available online). Colony-forming otic
cells (known as otospheres) were enriched by gently
superfusing the cultures and collecting the suspension of
otospheres (Figure S1B). In 50 otospheres examined,
~60% of cells expressed detectable levels of SOX2, and
in culture they incorporated the nucleotide analog 5-ethy-
nyl-2'-deoxyuridine (EdU), indicating they were dividing
(Figure S1C).

Cells from postnatal cochleas can form three types of oto-
spheres: solid, transitional, and hollow (Diensthuber et al.,
2009). Otospheres from postnatal vestibular and auditory
organs contain dividing cells that can become neurons
and sensory cells (Oshima et al., 2007). To identify spheres
derived from embryonic cochlea, we dissociated cochleas
and cultured cells for 3-5 days until otospheres were
observed. Primary otospheres were fixed, embedded in
plastic, serially sectioned, and observed by transmission
electron microscopy (TEM). In 100 otospheres examined,
we found cells in all sections, suggesting that embryonic
primary otospheres are similar to solid spheres from post-
natal inner ear organs (Figure S1D).

We next sought a way to promote long-term self-renewal,
and asked whether a single gene, c-Myc, could amplify
the underlying gene-expression profile to promote self-
renewal. We used a retrovirus to introduce exogenous
C-MYC into SOX2-expressing neurosensory precursors
and assessed activation of endogenous C-MYC in these
cells. Primers were designed to detect and distinguish total
¢-Myc, endogenous c-Myc, and transgenic c-Myc transcripts.
As controls, we used ESCs cultured under normal condi-
tions and in otic progenitor media used for culturing
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SOX2-expressing otospheres to detect all four transcription
factors that induce pluripotency. We found that expression
of the four transcription factors was not altered in ESCs.
In progenitor cells, Oct4, a crucial factor for pluripotent
ESCs and iPSCs (Takahashi and Yamanaka, 2006), was not
detected, whereas Sox2 was detected in all samples. This
suggests that the iMOP cells, unlike iPSCs, are not pluripo-
tent but are fate restricted. Viral c-Myc was transiently up-
regulated along with KiIf4 2 days after infection but
decreased after the cells were cultured for 2 weeks. Endog-
enous ¢-Myc and total c-Myc were present in iMOP cells
and did not show a large upregulation in transcript levels
even after integration of the c-Myc retrovirus (Figure 1A).
To determine the contribution of endogenous and viral
c-Myc to total c-Myc levels, we performed quantitative
RT-PCR (qPCR) and normalized the transcript levels to
total c-Myc levels. At 2 days postinfection, endogenous
and viral c-Myc represented 37.6% and 62.4% of total
¢-Myc, respectively. At 2 weeks postinfection, viral c-Myc
was 1.4% of total, indicating that the c-Myc retrovirus
had been silenced (Figure 1B), similar to what was previ-
ously observed in factor-based reprogramming of iPSCs
(Hotta and Ellis, 2008). To compare c-Myc transcript levels
with endogenous levels in the inner ear, we performed
gPCR and normalized the transcript levels to E12.5 co-
chleas. ESCs and c-Myc-infected-progenitor cells showed
increased c-Myc transcript compared with uninfected pro-
genitor cells (Figure S1E).

To select for dividing cells that still maintained their otic
identity, we cultured cells in defined medium with bFGF.
bFGF promotes the proliferation of inner ear epithelia cul-
tures (Zheng et al., 1997) and also induces otic cell identity
(Groves and Bronner-Fraser, 2000). Mesenchymal and
pluripotent stem cells that were previously used to generate
hair cells were also treated with bFGF to propagate cultures
and induce otic cell fate (Hu and Corwin, 2007; Oshima
et al.,, 2010; Koehler et al., 2013). We continuously
expanded the cells in bFGF medium for up to 36 months
to maintain otospheres. Otosphere clones derived from
single cells were compared with ESCs (Figures S2A and
S2B). To ensure that these were proliferative proneurosen-
sory cells that retained a restricted identity, we assessed
the expression of endogenous alkaline phosphatase, a
marker for pluripotent cells (Stadtfeld and Hochedlinger,
2010). Unlike pluripotent ESCs, progenitor cells derived
from otospheres did not express endogenous alkaline phos-
phatase and were unlikely to be pluripotent (Figures S2C
and S$2D). To determine the expression level of proneuro-
sensory markers relative to the inner ear, we performed
gPCR for Sox2, Pax2, and Isl1 using progenitors and
c-Myc-infected progenitor cells. Transcript levels were
normalized to E12.5 embryonic cochlea. Both cell types re-
tained expression of all three proneurosensory markers

48 Stem Cell Reports | Vol. 4 | 47-60 | January 13,2015 | ©2015 The Authors



Stem Cell Reports

Function of Sox2 and c-Myc in Inner Ear Progenitor Cells

A B c 1704
.6 1001 o0
@ LL B Xx 101
3 o239 80 2
& L & S Q ]
<Z( » J) g & & 604 ft A0 |
Ouwuwao o = 0)1
3 404 = 30
Oct4 = ©107
o =
- S 20 E 160. c-Myc infected
Sox2 © 4
0 ; " 107 .
endo viral endo viral uninfected
L J
-Klf4 two days two weeks 0O 2 4 6 8 10
post-infection  post-infection weeks
- tOtaI C-Myc D E 1 00 1
{a # 4 A g
% EH 3y g8 (x) ©
‘ w
; . g
-“'“"'C'M” M g
£E% B 23 k% "‘.' ER @ %
M 80 2 pf s ‘ g
Gapds o 0 BEG0 §0 B0 F = 25
] ES
i -
1 O_

Figure 1. Determining Properties of Self-Renewal and Pluripotency in iMOP Cells

(A) RT-PCR of stem cell factors in ESCs and progenitor cells (P) revealed the presence of Sox2 in all conditions, and transient expression of
Klf4 and c-Myc after infection with a c-Myc retrovirus. The pluripotency gene Oct4 was present in ESCs cultured either in ESC media or in
progenitor-cell media, but was absent in progenitor cells.

(B) Real-time PCR to detect the presence of both endogenous and viral c-Myc transcripts 2 days or 2 weeks after infection with the c-Myc
retrovirus. After 2 weeks of culturing, less than 2% of the total c-Myc transcript was the viral form and the great majority was endogenous
¢-Myc, apparently due to silencing of the retroviral c-Myc gene. Independently derived cultures were used as replicates (n = 3); error bars are
depicted as SEM.

(C) Growth curves. iMOP cells continuously divided, whereas primary cells had a limited capacity to proliferate. The doubling time of the

iMOP cells was ~18 hr.

(D) Karyotype of a clonal iMOP cell line. iMOP cells maintained a normal ploidy with 19 autosomes and a pair of XY chromosomes.
(E) Real-time PCR of iMOP cells showed continued expression of proneurosensory transcripts Sox2, Pax2, and Isl1. Isl? served as a negative
control. Independently derived cultures were used as replicates (n = 3); error bars are SEM.

See also Figures S1-S4 and Table S3.

(Figure S2E). We thus named the c-Myc-infected progenitor
cells immortalized multipotent otic progenitor (iMOP)
cells.

To determine the proliferative capacity of iMOP cells
after transient C-MYC expression, we clonally derived
and expanded three primary otospheres and three iMOP
cell lines. Cells (10*) were passaged and the cumulative
cell counts were tabulated weekly. Primary cells from oto-
spheres initially expanded exponentially (Figure S3), but
stopped dividing after 5 weeks in culture, whereas iMOP
cells continued to divide at a much faster rate during
10 weeks in culture (Figure 1C), doubling in ~18 hr at a
rate similar to that observed for ESCs.

Many immortalized cell types, such as ESCs and iPSCs,
acquire chromosomal abnormalities in continuous culture.
The karyotype of ESCs is well known to be metastable, with
50%-60% of cells showing a normal karyotype and a high
degree of aneuploidy (Rebuzzini et al., 2008). For cells in
culture, aneuploidy presumably would be disadvantageous
and the cells might not continue growing. We examined
one of the clonal iMOP cell lines for chromosomal stability.
It displayed a normal karyotype with 19 pairs of autosomes
and an XY chromosome (Figure 1D) and had a distribution
of chromosome numbers similar to that found for ESCs
(n=40) (Figure S4). Thus, iMOP cells showed a genomic sta-
bility similar to that of pluripotent ESCs. To determine
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whether the cells still retained transcripts for otic neurosen-
sory markers, we conducted qPCR. The proneurosensory
transcripts Sox2, Pax2, and Isl1 were enriched relative to
pluripotent ESCs (by 31.5%, 79.4%, and 96.0%, respec-
tively), whereas the negative control IsI2, a marker for
differentiating sensory and nonsensory cells of the inner
ear (Huang et al., 2008), showed no significant changes
in transcript levels (<1%; Figure 1E). Infection of otic pro-
genitors with a c-Myc retrovirus apparently activates the
endogenous c-Myc before silencing itself, and allows for
prolonged proliferation of cells that retain otic neurosen-
sory transcripts.

Transcriptional Amplification of SOX2 Target Genes
by C-MYC

Because the endogenous c-Myc transcript accounts for most
(98.6%) of the total c-Myc transcript (Figure 1B), we asked
whether endogenous C-MYC and SOX2 are responsible
for self-renewal in iMOP cells. At early stages of otic devel-
opment, SOX2 could maintain or establish neurosensory
cell fate and promote proliferation, while C-MYC transcrip-
tionally amplified SOX2 target genes. To identify their
genome-wide targets in iMOP cells, we used chromatin
immunoprecipitation sequencing (ChIP-seq) with anti-
bodies against C-MYC or SOX2. In parallel, we defined pro-
moter regions around known transcriptional start sites
(TSSs) using reads obtained from RNA polymerase I (POLII)
ChIP-seq in iMOP cells. Binding sites of SOX2 and endog-
enous C-MYC at promoter regions were determined by
enrichment of sequences within the +5 kb region of the
TSS. Genes with both RNA POLII and the transcription fac-
tors bound in the promoter region were considered target
genes.

Mapping the overlapping RNA POLII,, C-MYC-, and
SOX2-binding sites on the c¢-Myc and Sox2 genes, we
observed three RNA POLII peaks for the c-Myc gene (Fig-
ure 2A, arrowheads). These correspond to the promoter
regions of three known c-Myc splice variants. In the
promoters of the c-Myc gene, both C-MYC and SOX2
were bound. For the Sox2 gene, RNA POLII occupied a
broad peak in the promoter. C-MYC and SOX2 both occu-
pied the same promoter region on the Sox2 gene (Fig-
ure 2A). These results suggest that C-MYC and SOX2
occupy each other’s promoter regions and may auto- and
cross-regulate RNA-POLII-dependent transcription at each
other’s promoter.

To identify all the genes regulated by C-MYC and SOX2
in iMOP cells, we defined SOX2 and C-MYC target genes
based on binding of RNA POLII and the two transcription
factors in the promoter region. A total of 4,994 target genes
were identified as direct targets of SOX2 while 5,422 genes
were direct targets of C-MYC (Table S1). By comparing the
overlap of promoter binding regions, we found that 4,231
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genes or ~85% of SOX2 target gene promoters were also
occupied by C-MYC (Figure 2B).

We predicted that by amplifying the existing SOX2
transcriptional program, C-MYC helps retain cellular pro-
cesses attributed to SOX2 in iMOP cells. To determine
how much iMOPs and primary otospheres differ, we per-
formed a hierarchical clustering analysis on all detectable
transcripts from RNA sequencing (RNA-seq) samples ob-
tained from ESCs, on two independently derived iMOP
cell lines, and on three independently derived otospheres
(Figure 2C). Based on gene expression, otospheres and
iMOP cells cluster together rather than with ESCs. RNA-
seq samples from otospheres and iMOP cells showed a
high Spearman’s rank correlation coefficient of p > 0.8
(where 1.0 suggests perfect correlation). At the level of
the transcriptome, iMOP cells appear similar to cells
from primary otospheres and only a subset of transcripts
are differentially expressed.

To determine whether C-MYC occupies the promoter
and enhancer regions near the TSS, we assessed binding
sites of RNA POLII and C-MYC by mapping the quantile
normalized RNA POLII ChIP-seq density +5 kb around
the TSS. The majority of C-MYC binding was within
1 kb of the TSS and had a similar distribution to RNA
POLII (Figure 2D). This suggests that C-MYC binds in
the promoter proximal sites near the TSS, genome wide.
To see whether C-MYC transcriptionally amplifies the
SOX2 target genes in iMOP cells relative to primary oto-
spheres, we selected normalized reads from the 4,231
genes that were both C-MYC and SOX2 targets. We ranked
and compared individual target genes from two iMOP cell
lines and three primary otospheres. To display the relative
changes for each gene, we normalized reads from C-MYC
and SOX2 target genes by subtracting the median read
from each gene and dividing by the median absolute devi-
ation. These reads were compiled on a heatmap, which re-
vealed that transcripts from C-MYC and SOX2 target
genes displayed a graded degree of amplification in
iMOP cells (shown in red) relative to primary otospheres
(Figure 2E).

To understand the distribution and extent of the tran-
script increase in iMOPs compared with otospheres, we
plotted the cumulative distribution of reads per kilobase
per million (RPKM) from individual genes. A nonlinear,
sigmoidal distribution of transcripts was observed in pri-
mary otospheres. A similar distribution was also observed
in iMOP cells, except that the global distribution of tran-
scripts in iMOP cells was shifted to the right (p < 1.5 x
10~? in Welch's two-tailed t test; Figure 2F). The global in-
crease in transcripts of C-MYC and SOX2 targets in iMOP
cells relative to primary otospheres is consistent with the
universal and nonlinear amplification by C-MYC of this
subset of actively transcribed genes.
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Figure 2. Binding Sites of C-MYC and SOX2 and Target Gene Transcript Levels in iMOP cells

(A) Differential binding of C-MYC and SOX2 near RNA-POLII-binding regions at the c-Myc and Sox2 genes shows enrichment patterns near
promoters of c-Myc splice variants and Sox2.

(B) C-MYC binds to ~85% (4,231/4,994) of SOX2 target genes.

(C) Hierarchical clustering analysis of RNA-seq samples from ESCs, iMOP cells, and otospheres (0S) using all expressed genes. Numbered
samples denote RNA-seq data from individual cell lines. iMOP cells and otospheres show a high degree of correlation (Spearman’s rank
correlation p > 0.80)

(D) Quantile normalized RNA POLII and C-MYC ChIP-seq densities map +5 kb around the TSS.

(E) Relative gene expression from SOX2 and C-MYC target genes. RPKM are plotted for each gene from three otosphere samples (0S) and two
iMOP samples. RPKM are plotted for each gene and the relative read counts are denoted by color. The maximum fold increase is 5,540 and
the mean and median fold increases are 4.7 and 1.3, respectively.

(F) SOX2 and C-MYC target genes. The cumulative distribution of normalized reads from averaged otosphere and iMOP samples is shown.
C-MYC and SOX2 target genes with 1-10* RPKM from otosphere and iMOP samples were plotted. The difference between the two samples is
statistically significant using Welch’s two-tailed t test (p < 1.4 X 10™%).

See also Tables S1 and S2.

iMOP Cells Adopt a Molecular Signature that Promotes and indirectly affected by C-MYC. We performed RNA-
Proliferation seq on proliferating iMOP cells and primary otospheres
To determine the consequences of amplification of this cultured with bFGE To identify these transcripts, we
subset of genes, we wished to identify all the genetic factors compared ESC, iMOP, and otosphere samples. Gene expres-
attributed to self-renewal, including genes both directly sion in iMOP cells was much more similar to that in cells
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Figure 3. Transcriptome Comparison of iMOP and Otosphere
Cells

(A) Heatmap of detectable transcripts from ESC, iMOP, and oto-
sphere (0S) RNA-seq samples, plotted with relative read counts
depicted by color.

(B) Differentially expressed genes from pairwise comparison be-
tween averaged iMOP samples and otospheres. Genes that displayed
statistically significant differences (p < 0.05) were identified. In-
dividual C-MYC and SOX2 target genes are noted on the heatmap on
the right.

(C) Functions of differentially expressed genes (p < 0.05) from iMOP
and otosphere samples. The table shows pertinent biological pro-
cesses based on Gene Ontology analysis and the associated p value.
(D) Differential expression of significantly altered genes (p < 0.05)
from Gene Ontology analysis from pairwise comparison of iMOP and
0S samples.

derived from otospheres than to ESCs (Figure 3A). We per-
formed a pairwise comparison between iMOP cells and
otosphere samples and identified transcripts that were
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significantly different between iMOP and otosphere sam-
ples (p < 0.05). Reads from individual genes were plotted
on a heatmap to show the relative changes between
iMOP cells and otospheres (Figure 3B). The upper and lower
portions of the heatmap showed highly upregulated and
downregulated genes. We observed an ~34-fold increase
in c-Myc (p < 10~"**) and an ~5,700-fold increase in Sox2
(p < 10718% in iMOP cells relative to otospheres. Selected
upregulated genes in iMOP cells (labeled) were direct tar-
gets of both C-MYC and SOX2 as determined by ChIP-
seq. To determine all of the genes that promote self-renewal
in iMOP cells, we identified all of the differentially ex-
pressed genes and categorized them based on Gene
Ontology. Significant functional groups included genes
for DNA replication, cell cycle, mitosis, and cell prolifera-
tion (Figure 3C). One of these genes was Wdr5, a WD-
repeat-containing protein that is essential for histone
H3K4 methylation and mediates self-renewal in ESCs
(Ang et al., 2011). Wdr5 showed an ~5.9-fold increase
(p < 107 in iMOP cells compared with otospheres.
Many cyclin-dependent kinases were also identified. Cdk1
(2.3-fold increase; p < 102" is part of a highly conserved
cyclin-dependent protein-kinase complex that is essential
for G1/S and G2/M phase transitions of the eukaryotic
cell cycle. Cdk2 (3.7-fold increase; p < 1073%) is another
cyclin-dependent kinase that allows the G1/S transition.
Cdk4 (2.1-fold; p < 10~*%) promotes progression through
the G1 phase of the cell cycle. Other genes, such as Cdc7
(10-fold; p < 107%%), Mcm2 (4.1-fold; p < 107°8), Cdt1 (4.4-
fold; p < 10°%), and Skp2 (1.7-fold; p < 10~®), regulate
the initiation of DNA replication.

Many of the downregulated genes function to inhibit
cell-cycle progression. We observed a decrease in the
cyclin-dependent kinase inhibitor Cdknla (p21™") (—41-
fold; p = 0). Similarly, both Lats1 (—2.2-fold; p < 1073}
and Lats2 (—2.4-fold; p < 1072, tumor suppressors that
negatively regulate cell-cycle progression, showed a
decrease in transcript levels. Wee2 (—11.4-fold; p < 3 X
10™%), a gene that encodes a kinase that phosphorylates
and inhibits CDK1, was also decreased in iMOP cells. The
altered levels of both positive and negative regulators of
cell-cycle progression could contribute to the increased
proliferative capacity of iMOP cells relative to primary oto-
spheres. This constellation of signature cell-cycle genes
may contribute to the ability of iMOP cells to continually
divide and retain their otic cell identity.

We next determined how iMOP cells undergo self-
renewal by following the growth of single cells and assess-
ing the retention of neurosensory markers. We dissociated
iMOP cells into single-cell suspensions and immobilized
individual cells on Matrigel to maintain their positions
throughout the growth period. Single-cell cultures were
allowed to proliferate and form colonies over 7 days
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C Hoechst PAX2
D Hoechst ISL1

Figure 4. Immobilization of a Single iMOP Cell to Test for
Symmetrical Self-Renewal

Hoechst stain labels nuclei and antibody labeling reveals SOX2,
PAX2, and ISL1 expression.

(A) Tracking of a single cell embedded in Matrigel showed colony
formation progressing to a multicellular otosphere.

(B) iMOP colony derived from a single cell. Most cells expressed
SOX2 in their nuclei.

(C and D) iMOP cells also expressed (C) PAX2 and (D) ISL1. Scale
bars represent 10 um unless otherwise noted.

See also Figure S5 and Table S2.

(Figure 4A). Immunostaining showed that 92% (956/
1,036) of the cells retained SOX2 labeling (n = 20) (Fig-
ure 4B). iMOP cells also maintained expression of other
lineage-restricted markers. PAX2 is a neuroectoderm
marker that is expressed early in otic vesicle development
(at E10.5) and specifies cell types in the cochlea (Burton
et al., 2004; Li et al., 2004a). ISL1 is expressed in the pro-
neurosensory domain at E11.5, as the cochlea starts to
develop and mature to form hair cells and auditory neurons
(Radde-Gallwitz et al., 2004; Li et al., 2004b). We found that
most of the continually proliferating iMOP cells were
labeled with antibodies against PAX2 (781/852; 91.7%)
and ISL1 (652/720; 90.0%), suggesting that they retained
an otic neurosensory cell fate during proliferative culture
(Figures 4C and 4D). As a negative control for antibody

staining, clonal adherent cells derived from primary
cochlear cultures expressed C-MYC, but not the proneuro-
sensory markers observed in iMOP cells (SOX2, PAX2, and
ISL1; Figure S5). The results are consistent with symmetri-
cal self-renewal in iMOP cells.

In the developing embryo, cell-cycle arrest is strongly
linked to differentiation, so we asked whether treatment
that leads to cell-cycle arrest promotes iMOP differentia-
tion. iMOP cells were cultured in media lacking bFGF and
containing only the B27 supplement for 7 days to monitor
markers known to correspond to cell-cycle arrest in sup-
porting cells and hair cells (Figure S6A). In the developing
inner ear, supporting cells and auditory neurons express
CDKN1B (p27X™") after cell-cycle exit (Chen and Segil,
1999; Endo et al., 2002), and hair cells express the retino-
blastoma protein RB (Sage et al., 2006). In iMOP cells, in
the presence of bFGF, C-MYC was expressed and was
located in the Hoechst-stained nuclei in many cells
(35.2%; 361/1,025; n = §5; Figure 5A). Upon removal of
growth factor for 1 day, C-MYC labeling largely disap-
peared from otospheres, dramatically dropping to 4.1% of
cells (61/1,422; n =5; Figure 5B). After 5 days of growth fac-
tor withdrawal, CDKN1B appeared in a punctate pattern in
48.5% (245/495) of iMOP cells (Figure 5C), and RB ap-
peared as a diffuse signal in 30.0% (146/491; n = 5) of cells
(Figure 5D). In the presence of bFGE, iMOP cells showed
low levels of CDKN1B and RB expression (Figures S6C
and S6D). Thus, in iMOP cells, bFGF withdrawal induced
cell-cycle arrest and blocked C-MYC expression concomi-
tantly with the induction of CDKN1B and RB expression.

To identify additional genes with altered expression after
growth factor withdrawal, we conducted RNA-seq on two
independently derived iMOP cell lines cultured in the pres-
ence of bFGF and two independent iMOP cell lines cultured
in the absence of bFGF for 7 days. Normalized reads from
significantly altered target genes (p < 0.05) were ranked
and plotted on a heatmap (Figure 5E; genes of interest are
noted). After bFGF withdrawal, c-Myc levels decreased
by 1.8-fold (p < 2 x 10~'7), consistent with decreased pro-
liferation after growth factor withdrawal. Eight of the
downregulated genes are SOX2 targets as identified by
our ChIP-seq analysis. These genes (Cdkl, Cdk2, Cdk4,
Wdr5, Cdc7, Mcm2, Cdtl, and Skp2) are involved in regu-
lating cell-cycle progression and DNA replication. These
data suggest that SOX2 and C-MYC together regulate tran-
scription of genes that iMOP cell proliferation.

Along with the reduced expression of genes that modu-
late the cell cycle, we observed an increase in genes
involved in otic differentiation. For instance, Eyal, which
promotes early induction of otic cell fate, increased 2.2-
fold (p < 0.02) (Xu et al., 1999). Tecta (encoding the extra-
cellular matrix protein alpha tectorin) increased 17.2-fold
(p < 107%%) and Otoa (encoding otoancorin A) increased
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Figure 5. Molecular Profiling of iMOP Cells after bFGF Withdrawal

(A) Nuclei of iMOP cells marked by Hoechst staining and C-MYC marked with antibody label. In the presence of bFGF, cells expressed C-MYC.
(B) Removal of bFGF downregulated C-MYC expression.

(C and D) Removal of bFGF also caused expression of the cell-cycle inhibitory proteins (C) CDKN1B(p27*™") and (D) RB. Scale bars
represent 10 pum.

(E) Heatmap of all detectable genes in iMOP cells in the presence or absence of bFGF. Individual genes are listed on the right.

(F) Gene Ontology analysis of differentially expressed genes (p < 0.05) revealed changes in proliferation (highlighted in red) and neuronal
and otic differentiation.

(G) Changes in expression levels of individual genes taken from the Gene Ontology analysis.

See also Figure S6 and Table S2.
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8.0-fold (p < 2x1077). Expression of both Tecta and Otoa is
restricted to the inner ear (Rau et al., 1999; Zwaenepoel
et al., 2002). Tubb3, encoding the neuronal B-tubulin,
also showed a 2.9-fold increase (p < 10~*'). Hes5, a tran-
scription factor that is activated downstream of Notch, is
expressed in supporting cells, and inhibits differentiation
of hair cells (Zine et al., 2001), also increased 3.6-fold (p <
107%Y). Myo6, a marker for early differentiation of hair
cells (Hasson et al., 1997), increased 1.3-fold (p < 107%.
Together, these data suggest that after growth factor with-
drawal, iMOP cells begin exiting the cell cycle and start
expressing genes characteristic of differentiating otic cell
types, including hair cells, supporting cells, and neurons.

When neurosensory precursors stop dividing in vivo,
they start to differentiate into epithelia by forming circum-
ferential actin bands and junctions containing CDH1
(E-cadherin) (Whitlon et al., 1999). After 10 days in cul-
ture without bFGF, iMOP cells were immunostained for
MYOG®, a hair cell marker, and ATOH]1, a key transcription
factor for hair cell differentiation (Chen et al., 2002). Of
the differentiated iMOP cells, 26.3% (228/865) showed
MYO6 and 11.3% (78/685) showed ATOH1 labeling (Fig-
ure 6A). These cells differentiated toward an epithelial
phenotype, forming circumferential actin bands and
CDH1-containing junctions as early as 3 days after bFGF
withdrawal (Figure 6B).

To promote neuronal differentiation, we removed bFGF
and cultured iMOP cells on an adherent laminin-coated
surface (Figure S6B). After 7 days, 22.8% (54/236) of the
cells developed processes that labeled with antibodies
against TUBB3 (neuronal B-III tubulin) (Figure 7A). The
vast majority of neuronal TUBB3-positive cells were pseu-
dounipolar or bipolar, similar to auditory neurons. In addi-
tion, the differentiated iMOP cells were also labeled with
antibodies against NEFH (neurofilament) (Figure 7B).

The cellular environment is important for regulating the
iMOP cell phenotype. In vitro, hair cell differentiation after
cell-cycle arrest requires additional, as yet unidentified cues
provided by neighboring otic cells (Doetzlhofer et al., 2004;
Oshima et al., 2010). To determine whether iMOP cells can
become hair cells when provided with cues from the inner
ear, we engrafted iMOP cells into developing chicken oto-
cysts. To distinguish the mouse iMOPs from the host
chicken cells, we first engineered iMOP cells using the
Tol2 transposon system (Kwan et al.,, 2007) to express
nuclear-localized mCherry fluorescent protein and the
neomycin resistance gene, and selected transfected cells
by culturing with neomycin. Neomycin-resistant cells
showed nuclear mCherry expression (Figure 7C). Geneti-
cally modified mCherry-labeled cells were then injected
into chick otocysts at E2-3 and embryos were allowed to
develop until E17. At this stage of chick development, the
basilar papilla (the ortholog of the cochlea in birds) con-

tains hair cells with mature hair bundles and functional
mechanotransduction (Si et al., 2003).

We found both hair cells and supporting cells derived
from iMOP cells in the chicken basilar papilla. iMOP-
derived cells were identified by mCherry expression and
hair cells were distinguished from supporting cells by phal-
loidin labeling of the stereocilia (Figure 7D). In addition,
hair-cell nuclei were not as deep in the epithelium as sup-
porting cell nuclei. Among 1,192 selected cells in chicken
basilar papilla, we observed 628 hair cells, 350 supporting
cells, and 207 auditory neurons. Of these, 53 cells
(~5.3%) were labeled by nuclear mCherry and thus were
derived from iMOPs. Of the mCherry-labeled cells, 11
were hair cells (~21%), 30 were supporting cells (~57%),
and 12 were auditory neurons (~23%).

To test whether the iMOP-derived hair cells were func-
tional, we incubated freshly dissected chicken basilar
papilla for 2 min in 5§ pM FM1-43FX, a fixable analog of a
fluorescent styryl dye that enters through functional hair-
cell mechanotransduction channels (Meyers et al., 2003).
The chicken basilar papilla were fixed and labeled with
phalloidin to highlight the hair cells. As expected, 95% of
the 691 hair cells we observed in E17 cochlea took up
FM1-43FX. Twelve of them were labeled with nuclear
mCherry, and 11 of the 12 accumulated the dye (Figure 7E).
Thus, mouse iMOP cells, given the appropriate cues, can
become bona fide hair cells. Intriguingly, the mouse hair
cells in the chicken cochlea had bundles with the
morphology of chicken hair cells, showing that at least
some part of bundle morphogenesis is controlled by exog-
enous factors.

Since pluripotent cells have been described in the inner
ear (Lietal., 2003), we asked whether iMOP cells, like plurip-
otent stem cells, can form other cell types. To address this
question, we employed a teratoma-formation assay. ESC-
or iPSC-derived teratomas contain cells from the three pri-
mordial germ layers (ectoderm, mesoderm, and endoderm).
We transplanted iMOP cells in the kidney capsule of SCID
mice and allowed them to divide and differentiate. Masses
obtained from the kidney capsules were fixed in formalde-
hyde, embedded in paraffin, and stained with hematoxylin
and eosin. We found that iMOP cells were capable of form-
ing an encapsulated mass next to the kidney. However,
histological analysis of iMOP-derived tumors did not
show any differentiation, in contrast to iMOP cells grafted
into the developing inner ear, and instead remained as a
single homogeneous cell type (Figure 7F).

Next, we determined the methylation status of the Oct4
promoter, which is a correlate of pluripotency of iMOP
cells. In pluripotent ESCs, the promoter region of Oct4 is
unmethylated, whereas more lineage-committed cell types
show varying degrees of methylation (Meissner et al.,
2008). The methylation status of the Oct4 promoter in
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Figure 6. Differentiation of iMOP Cells in Suspension after
bFGF Withdrawal

(A) iMOP cells in an otosphere 10 days after bFGF withdrawal. Nuclei
were marked by Hoechst staining and the indicated proteins were
marked with antibody label. Images are merged in the last panel.
Many cells showed expression of MY06 and ATOH1.

(B) Cells of another otosphere 3 days after bFGF withdrawal,
showing circumferential actin bands labeled with phalloidin and
adherent junctions labeled with antibodies to CDH1 (E-cadherin).
Images are merged in the last panel. Scale bars represent 10 um.
See also Table S2.
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particular is indicative of whether reprogramming of so-
matic cells into the pluripotent state has occurred (Fouse
et al.,, 2008). We performed bisulfite sequencing and
methylation analysis on the regulatory region of Oct4.
The methylation pattern of CpG dinucleotides in the up-
stream regulatory region of the Oct4 gene in ESCs and
iMOP cells is displayed in Figure 7G. In the ten sequences
used for analysis, the Oct4 regulatory region in ESCs was
vastly unmethylated, with only 2% (3/150) methylated
CpG dinucleotides. In contrast, the regulatory region in
iMOP cells was heavily methylated, with 80.7% (121/
150) methylated CpG dinucleotides. The methylated pro-
moter observed in iMOP cells suggests transcriptional
silencing of Oct4. Since engraftment of iMOP cells into an
inappropriate cellular environment did not result in differ-
entiation, and the Oct4 regulatory region is methylated, the
iMOP cells apparently are not pluripotent but are lineage
restricted. Only when provided with the appropriate cues
from the inner ear are these progenitors able to differen-
tiate into hair cells, supporting cells, and neurons.

DISCUSSION

Induction of Self-Renewal by Transient Expression of
C-MYC

The formation of otospheres has been attributed to the
presence of self-renewing tissue stem cells from the inner
ear. Otosphere-forming cells have a limited capacity to
divide, but can become neurons and hair cell precursors
(Oshima et al., 2007). We derived solid otospheres express-
ing SOX2, a marker for neurosensory precursor cells, from
embryonic cochleas. By transiently expressing C-MYC,
we activated endogenous C-MYC expression through a
positive-feedback loop and amplified SOX2 targets to pro-
mote long-term self-renewal. The sustained expression of
endogenous C-MYC and SOX2 accounts for the self-
renewal properties of iMOP cells. Regulating the expression
of genes involved in cell-cycle progression and initiation of
DNA replication is a key feature of how C-MYC and SOX2
promote self-renewal and drive proliferation in iMOP cells.
We propose that, unlike reprogramming of iPSCs, induc-
tion with a single factor, C-MYC, amplifies the SOX2 target
genes that are responsible for self-renewal in otic cell types,
but does not perturb the expression of lineage-restricted
genes or the potential to differentiate.

SOX2 and C-MYC Mediate a Transcriptional Switch
from Self-Renewal to Differentiation

During cochlear development, SOX2 has been proposed
to mark a common pool of precursors that is later sepa-
rated into spatially distinct neurogenic domains and pros-
ensory regions (Appler and Goodrich, 2011). Fate mapping
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Figure 7. Differentiation of iMOP Cells in Different Cellular
Contexts and Culture Conditions

(A) iMOP cells spontaneously differentiated into neurons and are
marked by TUBB3 (neuronal B-III tubulin) using a Tuj1 antibody.
(B) iMOP-derived neurons are also marked by NEFH (neurofila-
ment).
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suggests that at least some hair cells and otic neurons share
a common precursor (Raft et al., 2007; Jiang et al., 2013).
Zebrafish also have a common population of neurosensory
progenitors that become hair cells and neurons (Sapéde
et al., 2012). These otic neurosensory precursors rapidly
proliferate and exit the cell cycle before they differentiate.
By transcriptome analysis, we showed that iMOP cells are
very similar to cells from SOX2-expressing otospheres ob-
tained from E11.5-12.5 embryonic cochleas. Using iMOP
cells as a cellular platform for otic progenitors, we modeled
the in vivo events of proliferation, cell-cycle arrest, and dif-
ferentiation by growth factor withdrawal. We propose that
at least one of the functions of C-MYC and SOX2 during
the development of neurosensory precursors is to regulate
proliferation and initiate differentiation.

The involvement of both C-MYC and SOX2 in promot-
ing proliferation is consistent with the phenotype of Sox2
hypomorphic mice. Loss of Sox2 expression results in the
absence of hair cells, supporting cells, and auditory neu-
rons (Kiernan et al., 2005; Puligilla et al., 2010), which
can be attributed to the loss of the sensory progenitors.
We propose that at E11.5-12.5 of otic development,
C-MYC and SOX2 are coexpressed in neurosensory precur-
sors, and that C-MYC amplifies the transcriptional targets
of SOX2, such as the cyclin-dependent kinases, to promote
proliferation. We hypothesize that the lack of SOX2 alters
the transcription of cell-cycle genes, prevents cell-cycle
progression, and results in the loss of sensory progenitors
due to the lack of cellular proliferation.

¢-Myc, N-Myc, and L-Myc are dynamically expressed in the
developing inner ear (Dominguez-Frutos et al., 2011; Ko-
pecky et al., 2011, 2013). Although c-Myc mutant animals
do not display any inner ear abnormalities, N-Myc may
compensate for many of its developmental functions

(C) Nuclei of progenitor cells, marked here by Hoechst staining,
were genetically labeled to express nuclear mCherry fluorescent
protein. Merged fluorescence shows robust colocalization.

(D) mCherry-labeled iMOP cells in chick otocysts form hair cells, as
shown by phalloidin labeling of hair bundles (arrowhead), as well as
supporting cells.

(E) A mouse iMOP-derived hair cell (marked by arrowhead) accu-
mulated FM1-43X to a similar extent as endogenous chick hair cells.
(F) Hematoxylin and eosin staining of kidney. iMOP cells were in-
jected into the kidney capsule and formed an encapsulated mass
(white arrowhead) next to the kidney (black arrowhead). Undif-
ferentiated iMOP cells make up the encapsulated mass. Scale bars
represent 10 um unless noted otherwise.

(G) Methylation status of the Oct4 promoter region in ESCs and
iMOP cells. Each CpG dinucleotide pair along the Oct4 regulatory
region is denoted by a circle. Filled and unfilled circles correspond
to methylated and unmethylated basepairs, respectively. Ten se-
quences were analyzed for each cell line.

See also Figure S6 and Table S2.
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(Malynn et al., 2000). Deletion of N-Myc from the inner ear
disrupts proliferation, morphogenesis, and patterning, re-
sulting in developmental defects in both the neurosensory
and nonsensory portions of the inner ear (Dominguez-Fru-
tos et al., 2011; Kopecky et al., 2011). A recent study using
conditional ablation of L-Myc and N-Myc after the forma-
tion of hair cells implicates Myc family members in the
development of hair cells, as lack of N-Myc accelerates
cell-cycle exit and delays expression of the essential tran-
scription factor Atohl (Kopecky et al., 2013). Many of the
Myc family members may serve as transcriptional ampli-
fiers during development of the inner ear to promote target
genes for cell-cycle progression and even differentiation.

In early postnatal mouse utricles, a population of cells con-
tinues to divide and is a source of nascent hair cells. Ectopic
expression of C-MYC in utricular cells in newborn mice leads
to a mild but significant increase in proliferative capacity
(Burns et al., 2012a). This may reflect increased transcrip-
tional amplification by C-MYC in supporting cells that are
already proliferating (Burns et al., 2012b). Our mechanistic
proposal fits well with previous in vivo studies of how Myc
family members may affect development of the inner ear.

In addition to genes that are controlled by both C-MYC
and SOX2, we identified genes that are exclusively SOX2
targets. Factors other than C-MYC might regulate tran-
scription of these SOX2 target genes. Among these are
Cdknla (p21°™) and Cdknlb (p27X"), which encode
for cell-cycle inhibitors of cyclinE-CDK2 and cyclinD-
CDK4/6 complexes. CDKN1A maintains quiescence in
hair cells and auditory neurons (Laine et al., 2007, 2010).
CDKNI1B expression correlates with cell-cycle exit during
differentiation of hair cells, supporting cells, and neurons,
but its expression is later confined to postnatal supporting
cells and spiral ganglia neurons of the cochlea (Chen and
Segil, 1999; Endo et al., 2002).

Thus, in the absence of C-MYC, SOX2 may be differen-
tially regulating Cdknla and Cdknlb to exit the cell cycle
and maintain quiescence. Tamoxifen-induced deletion of
Sox2 in early postnatal cochlea shows increased prolifera-
tion in inner pillar cells, but not in Deiter cells (Liu et al.,
2012), suggesting that additional mechanisms may be pre-
sent in cochlear cell types to maintain quiescence. We pro-
pose that Sox2 in conjunction with the Myc family of genes
promotes proliferation in neurosensory precursors of the
developing inner ear. After cell-cycle exit and terminal dif-
ferentiation, Myc levels are downregulated (Dominguez-
Frutos et al., 2011; Kopecky et al., 2011), and Sox2 alone
may be involved in maintaining quiescence of some post-
mitotic cells in the cochlea.

Conclusions
Our results indicate that a fate-restricted cell line can be
generated by transient expression of C-MYC. These iMOP
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cells are otic-fate restricted, self-renewing, and capable of
differentiating into functional hair cells and neurons. In
this study, we used iMOP cells as a cellular platform to un-
derstand the role of C-MYC and SOX2 in the development
of otic neurosensory precursors. Such experiments can be
extended to identify additional factors required for differ-
entiation, as well as to model genetic disorders that affect
hair cells or their associated neurons. Finally, iMOP cells
may join pluripotent stem cells in the repertoire of poten-
tial tools for cellular replacement therapies in the inner ear.
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