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Age-Dependent In Vivo Conversion of Mouse Cochlear Pillar
and Deiters’ Cells to Immature Hair Cells by Atoh1 Ectopic
Expression
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Unlike nonmammalian vertebrates, mammals cannot convert inner ear cochlear supporting cells (SCs) into sensory hair cells
(HCs) after damage, thus causing permanent deafness. Here, we achieved in vivo conversion of two SC subtypes, pillar cells (PCs)
and Deiters’ cells (DCs), into HCs by inducing targeted expression of Atohl at neonatal and juvenile ages using novel mouse
models. The conversion only occurred in ~10% of PCs and DCs with ectopic Atohl expression and started with reactivation of
endogenous Atohl followed by expression of 11 HC and synaptic markers, a process that took approximately 3 weeks in vivo. These
new HCs resided in the outer HC region, formed stereocilia, contained mechanoelectrical transduction channels, and survived for
>2 months in vivo; however, they surprisingly lacked prestin and oncomodulin expression and mature HC morphology. In
contrast, adult PCs and DCs no longer responded to ectopic Atohl expression, even after outer HC damage. Finally, permanent
Atohl expression in endogenous HCs did not affect prestin expression but caused cell loss of mature HCs. Together, our results
demonstrate that in vivo conversion of PCs and DCs into immature HCs by Atohl is age dependent and resembles normal HC
development. Therefore, combined expression of Atoh1 with additional factors holds therapeutic promise to convert PCs and DCs

into functional HCs in vivo for regenerative purposes.

Introduction

The auditory sensory epithelium of the cochlea, also known as the
organ of Corti, contains one row of inner hair cells (IHCs) and
three rows of outer hair cells (OHCs), as well as surrounding
supporting cells (SCs), including the two SC subtypes: pillar cells
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(PCs) and Deiters’ cells (DCs), which are directly underneath
hair cells (HCs) (see Fig. 1 A). During cochlear development, HCs
and SCs are believed to share the same prosensory progenitors
(Fekete et al., 1998). Atohl is a basic helix-loop-helix transcrip-
tion factor required for HC development (Chen et al., 2002;
Woods et al., 2004 ); no HCs appear in Atoh1 germline knock-out
mice (Bermingham et al., 1999).

When HC damage occurs in nonmammalian vertebrates, in-
cluding birds and fish, their SCs spontaneously turn on Atohl,
and some change cell fate to become new HCs (Cafaro et al.,
2007); however, mammals have lost this capacity and suffer per-
manent deafness after HC damage (Brigande and Heller, 2009).
In vitro ectopic expression of Atohl in the nonsensory greater
epithelial ridge (GER) (see Fig. 1A) of neonatal rat cochlear ex-
plants generates ectopic HCs (Zheng and Gao, 2000), first sug-
gesting the sufficiency of Atohl in specifying a HC fate in a
permissive cellular environment. In addition, in vivo overexpres-
sion of Atohl in mouse otocysts by electroporation (Gubbels et
al., 2008) and in the adult cochlea of guinea pigs by viral trans-
duction (Izumikawa et al., 2005) also leads to new HCs. However,
it is unclear whether various postmitotic mouse SC subtypes, at
different postnatal ages, are able to respond to ectopic Atohl
expression and be converted into HCs. This question is of partic-
ular interest for PCs and DCs, given that they lie directly under-
neath HCs and that regenerated HCs in birds are derived from the
SCs that surround damaged HCs (Stone and Cotanche, 2007).
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These data demonstrate that neonatal and
juvenile PCs and DCs can be converted
into immature HCs in vivo by targeted ex-
pression of Atohl, and this potential
declines with age. Furthermore, such con-
version recapitulates normal HC develop-
ment; however, in contrast to common
belief, Atohl is insufficient to complete
the maturation of new HCs and addi-
tional factors are required. Our results
thus have significant therapeutic implica-
tions for human deafness.

Materials and Methods

HA Mouse models. CAG-loxP-stop-loxP-Atohl-
HA+ transgenic mouse lines were generated
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by the following method. The Atoh1-HA con-
struct was designed by creating primers that
attached two hemagglutinin (HA) tags to the 3’
end of the pGEM-T EASY Atohl vector. It was
then put back into the pGEM-T EASY vector.
Notl restriction enzyme was used to cut out the
Atohl1-HA-HA (abbreviated as Atohl-HA
hereafter). The vector pCAGGS-S-stop-IRES-
GFP was also digested with NotI to remove the
IRES-GFP. The Atohl-HA was then ligated
into the pCAGGS-S-stop vector. The final size
after the backbone was digested out with Sall
was 4.8 kb. Prox]1“FR/* | Fefy3iCreERY L CAG-
loxP-stop-loxP-EGFP+, Rosa26-CAG-loxP-stop-
loxP-tdTomato, Gfil "“'*, a9 AChR-EGFP+,
and AtohI-EGFP+ mice were described previ-
ously (Zuo et al., 1999; Chen et al., 2002; Na-
kamura et al., 2006; Srinivasan et al., 2007;
Rivers et al., 2008; Madisen et al., 2010; Yang et
al., 2010a; Young et al., 2010). Tamoxifen was
injected intraperitoneally (i.p.) once daily at 3
mg/40 g for neonatal [postnatal days (P) 0 and
P1] or juvenile mice (P12 and P13) and at 9
mg/40 g for adult mice (P30 and P33).

Atoh1-HA+ (Ctrl)

Figure1.

cells; Clau, Claudius cells. Scale bars: 20 pm.

Moreover, it is unclear whether ectopic Atohl expression
alone in SCs is sufficient to promote the complete maturation
of new HCs.

Using our newly generated CAG-loxP-stop-loxP-Atohl-HA
transgenic mouse line bred with different SC-specific CreER
mouse lines, we found that PCs and DCs from neonatal and
juvenile mice can be converted into HCs. Newly generated HCs
resided in the OHC region and survived for more than 2 months
but surprisingly lacked expression of oncomodulin and prestin,
late and terminal differentiation markers, respectively, for OHCs.
They also lacked the morphology of mature OHCs both in cell
shape and stereocilia structure. Interestingly, even in the context
of OHC damage, such conversion did not occur in adult mice. In
addition, permanent Atohl expression in endogenous HCs did
not affect prestin expression but induced cell loss of mature HCs.

Prox1CreER* : Atoh1-HA+

Reprogramming of neonatal PCs and DCs into HCs by ectopic Atoh1-HA expression in Prox 1“5 ;Atoh -HA+ mice.
A, Cross-section of a P6 wild-type mouse cochlea. HCs are labeled by myosin VI (red), SCs by Sox2 (green), and nuclei by Hoechst
(blue). B, lllustration of the strategy to induce ectopic Atoh1-HA expression. €, D, Mice of the indicated genotypes received
tamoxifen (TMX) at PO and P1and were analyzed at P22. Triple staining of HA (green), prestin (red), and myosin VI (pink) at P22 in
control (Ctrl) (€) and experimental mice (D). Arrowheads in D and its inset are the same two newly generated HCs. Hen, Hensen's

5-Ethynyl-2-deoxyuridine (EdU, Invitrogen)
was injected i.p. once daily at 10 ug/g. Mice of
either sex were used for all experiments. The
care and use of the mice during the course of
this study were approved by the Institutional
Animal Care and Use Committee at St. Jude
Children’s Research Hospital (Memphis, TN).

In vivo OHC damage and FM4-64FX uptake.
OHC damage at adult ages with kanamycin
[1000 mg/kg, subcutaneous (s.c.), Sigma] and
furosemide (400 mg/kg i.p., Hospira) was per-
formed as described previously (Oesterle et al.,
2008). Injection of the red fluorescent FM 4-64FX dye (F34653, Invitro-
gen) in neonates was described previously (Meyers et al., 2003). To facil-
itate FM 4-64X dye reaching the cochlea in adults, furosemide (400
mg/kg, i.p., Hospira) was given 30 min after FM4-64FX (5 mg/kg, s.c.)
injection. FM 4-64FX and furosemide were injected at P59, and samples
were analyzed at P60.

Tissue preparation, immunofluorescence, and analysis. Tissue was pre-
pared and examined as described previously (Liu et al., 2010; Yu et al.,
2010). All images were taken using confocal microscopy (Zeiss LSM 700).
The following primary antibodies were used: anti-myosin VI (1:200, cat-
alog no. 25-6791, Proteus Bioscience), anti-myosin VIIa (1:200, catalog
no. 25-6790, Proteus Bioscience), anti-calbindin (1:500, catalog no.
AB1778, Millipore), anti-calretinin (1:500, catalog no. AB5054, Milli-
pore), Alexa Fluor 546-conjugated phalloidin (1:100, catalog no.
A22283, Invitrogen), anti-parvalbumin (1:2000, catalog no. P3088,
Sigma), anti-HA (1:100, catalog no. 11867431001, Roche), anti-prestin
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(1:200, catalog no. sc-22692, Santa Cruz Biotechnology), anti-
oncomodulin (1:200, catalog no. OM3, Swant), anti-KCNQ4 (1:200,
catalog no. sc-20882, Santa Cruz Biotechnology), anti-synaptotagmin I
(1:50, catalog no. 105011, Synaptic Systems), anti-synaptophysin (1:200,
catalogno. 101011, Synaptic Systems), anti-cysteine string protein (CSP)
(1:1000, catalog no. AB1576, Millipore), anti-Lhx3 (1:2000, catalog no.
AB3202, Millipore), anti-GFP (1:1000, catalog no. ab13970, Abcam),
and anti-Sox2 (1:1000, catalog no. sc-17320, Santa Cruz Biotechnology).
All secondary antibodies were purchased from Invitrogen and used at a
1:1000 dilution. EAU staining protocol was described previously (Yu et
al., 2010).

Quantification of newly generated hair cells. Cochlear samples were cut
into three parts. After scanning each part with a confocal microscope
usinga 10X lens, the total length of the cochlea was measured. Then, each
cochlea was divided into three turns (basal, middle, and apical) with
equal length. For the ProxI CreER+ . Atoh1-HA+ model, because of the
limited new HC numbers, each entire cochlea was imaged using a 40X
lens, taking Z-stack images at a 1 yum interval. For the Fgfr3"“"*R* ;Atoh1-
HA+;Atohl-EGFP+ model at P15 and P19, all cochlear turns were
scanned. For the Fgfr3"“"*R*;Atohl-HA+ and Fgfr3"“""™ *;Atohl-
HA+;Atoh1-EGFP+ models at P42, because there were plenty of new
HCs found with relatively even distribution across cochlear turns, two
regions at each basal, middle, and apical turn were randomly chosen and
an averaged HC number was calculated for each sample.

Results

Generation of mouse lines with inducible expression of Atohl
Atohl is normally undetected in SCs at postnatal ages (Woods et
al., 2004; Chow et al., 2006). In the current study, we focused on
the SC subtypes PCs and DCs, which are directly underneath
endogenous HCs (Fig. 1A), with the belief that they may be a
good source for HC regeneration in situ. To express Atohl in
postnatal PCs and DCs, we generated inducible CAG-loxP-stop-
loxP-Atoh1-HA (Atohl-HA) transgenic mouse lines in which
Atoh1 (with two hemagglutinin tags at the C terminus) is driven
by the ubiquitous CAG promoter with its expression blocked
until the STOP fragment flanked by 2 LoxP sites is deleted in a
Cre-mediated manner (Utomo etal., 1999) (Fig. 1 B). To confirm
that HA-tagged Atohl has similar biological activity as untagged
Atohl, granule neuronal progenitors, purified from the cerebella
of wild-type mice, were infected with retroviruses expressing
Atoh1-HA and Glil and orthotopically transplanted into the cor-
tex of CD1-nu/nu recipient mice as reported previously (Ayrault
et al., 2010). Medulloblastoma formed with the same time of
onset and similar incidence using the Atoh1-HA construct (data
not shown) compared to previous reports using untagged Atohl
(Ayrault et al., 2010). These data demonstrated that the HA tags
did not affect the activity of Atoh1.

After pronuclear injection of the transgenic construct, we ob-
tained four independent founders. While all four founders
(numbers 10, 11, 12, and 19) ectopically expressed Atoh1-HA in
PCs and DCs when crossed with different CreER lines, conver-
sion of PCs and DCs into HCs only occurred in founder number
10 (F10). Therefore, only F10 was used for subsequent analyses.

Ectopic Atoh1-HA converts neonatal pillar and Deiters’ cells
into immature hair cells

To induce ectopic expression of Atohl1-HA specifically in neonatal
PCs and DCs (white arrows in Fig. 1 A), we crossed Prox1<"*®/*
mice with AtohI-HA+ mice. Cre activity of ProxI“"**** is lim-
ited to PCs and DCs when tamoxifen is given at PO and P1 (Yu et
al.,2010). ProxI“"E®'*; Atoh1-HA+ mice formed the experimen-
tal group and littermate Atohl-HA+ mice (Cre-negative) were
used as the control group, with both groups receiving the same
tamoxifen treatment at PO and P1. We used a HA antibody to
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Figure 2. Reactivation of multiple HC markers in newly generated HCs. 4, B, Mice with the
indicated genotypes received tamoxifen (TMX) at PO and P1and were analyzed at P22. Double
labeling of HA (white) and parvalbumin (red) in control (4) and experimental mice (B). Arrow-
heads in B are two new HCs. Inset in B shows Atoh1-HA +/parvalbumin-negative PCs/DCs that
remained in the lower SCnuclear layer. Double labeling of HA (white) and calbindin (red) at P22
in control (€) and experimental mice (D) is shown. Arrowheads in D are two newly generated
HCs. Arrow in D points to the regions where endogenous OHCs are missing. £, Quantification of
the new HCs at P22 and P60 in the entire cochlea (*p << 0.05 as determined by a Student’s t
test). Scale bars, 20 um.

visualize ectopic Atoh1-HA expression, which allowed analysis at
a single cell resolution. Consistent with the gradient of Cre activ-
ity in the different cochlear turns of Prox1“"**** mice (Yu et al.,
2010), ~5% of PCs and ~16% of DCs were Atoh1-HA + in apical
turns, while ~3% of PCs and ~7% of DCs were Atoh1-HA+ in
middle and basal turns of Prox1<™E®*;Atoh1-HA+ mice at P6
(n = 4). We never found Atoh1-HA+ cells in control samples.
Cre-mediated ectopic expression of Atohl-HA is permanent
(Fig. 1B), allowing us to perform lineage tracing of Atoh1-HA+
PCs and DCs and to further determine whether they can be con-
verted into HCs by colabeling with HA and different HC-specific
markers.

We analyzed samples at P6, P12, P22, and P60 in Prox!I CreER/
Atohl-HA+ and littermate control mice. P22 was the earliest age
at which we found colabeling of HA and myosin VI, HA and
parvalbumin, and HA and calbindin (Figs. 1C,D, 2A-D). Myosin
VI, calbindin, and parvalbumin are specific markers expressed in
HCs, but not in SCs (Avraham et al., 1995; Oesterle et al., 2008;
Buckiovd and Syka, 2009); thus, we defined cells expressing
Atoh1-HA (derived from PCs or DCs) and multiple HC markers
as new HCs. Since there were a limited number of new HCs in
the Prox1<E*";Atoh1-HA+ model, we quantified new HCs by
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Prox1CreER*; Atoh1-HA+

Prox1CreER*; Atoh1-HA+;
a9 AChR -EGFP+

Expression of additional HCand synaptic markers. Mice of the indicated genotypes received tamoxifen (TMX) at PO and P1and were analyzed at P22. A, B, Double staining of HA (white)

and calretinin (red) in control (4) and experimental (B, B') mice at P22. Bis calretinin alone and B’ is the merged image. (—F’, Triple staining of HA (white), calbindin (green), and KCNQ4 (red) in
control (C, D) and experimental (E-F') mice at P22. Eis KCNQ4 alone and E’ is the merged image. Fis KCNQ4 alone and F' is the merged image. E~F’ show the same cell visualized at confocal Y-Z
plane (E, E') and X-Y plane (F, F") to better show the KCNQ expression pattern. G—L’, Costaining of o9 AChR-EGFP (green) and HA (white) in control (G) and experimental (H, H') mice at P22. H
is &9 AChR-EGFP alone and H" is the merged image. Triple staining of HA (white), a9 AChR-EGFP (green), and CSP (red) in control (/) and experimental (J,J") mice at P22. Jis CSP alone
andJ' is the merged image. Triple staining of HA (white), &9 AChR-EGFP (green), and synaptophysin (red) in control (K) and experimental (L, L") mice at P22 is shown. L is synaptophysin
alone and L’ is the merged image. All images were visualized in the confocal Y-Z plane, except D, F, and F’, which were imaged in the X—Y plane. Scale bars: 20 um (4, C, G, 1, K), 10

um (B’ E',H",J',L"),and 5 wm (D).

scanning the entire cochlea using confocal microscopy. The
number of new HCs per cochlea was much higher at P60 (27 = 5,
n = 4) than at P22 (12 = 2, n = 3), while the total number of
Atoh1-HA+ cells per cochlea remained similar (Fig. 2E). This
suggests heterogeneity in the reprogramming efficiency among
individual Atoh1-HA+ PCs and DCs. Note that new HCs (ar-
rowheads in Fig. 2 B) that migrated into the HC layer had a much
higher level of Atoh1-HA expression than the Atoh1-HA+ PCs
and DCs that did not express HC markers and resided in the SC
layer (inset in Fig. 2 B). Cell loss of endogenous OHCs adjacent to
new HCs was also frequently observed (arrow in Fig. 2 D).

To confirm that expression of these three HC markers was due
to a global change in gene expression profiles after ectopic ex-
pression of Atoh1-HA, we costained HA with five additional HC
markers. We found new HCs at P22 that also expressed calre-
tinin (Fig. 3A-B’) (Dechesne et al., 1994) and the potassium
channel, KCNQ4 (Fig. 3C-F") (Kubisch et al., 1999). To deter-
mine whether the a9 nicotinic acetylcholine receptor (a9 AChR)
was present in new Atohl-HA+ HCs, we used the a9 AChR-

EGFP+ mouse model where EGFP is driven by the a9 AChR pro-
moter (Zuo et al., 1999) and found EGFP+ new HCs in the
Prox1<"**¥* :Atoh1-HA+;09 AChR-EGFP+ mice at P22 (Fig. 3G~
H'). However, new HCs did not express prestin (inset in Fig. 1D)
and oncomodulin (data not shown), which are late or terminal dif-
ferentiation markers of OHCs that are turned on in wild-type OHCs
after P2 (Legendre et al., 2008; Simmons et al., 2010). In addition, we
found evidence of three synaptic markers, CSP (Fig. 3I-J') (Eybalin
etal,, 2002), synaptophysin (Fig. 3K-L") (Mustapha et al., 2009), and
synaptotagminl (data not shown) (Beurg et al., 2010) at the basal
regions of new Atohl-HA+ HCs, which indicates synapse forma-
tion between new HCs and neuronal fibers. These results provide
strong evidence that ectopic Atoh1 converts PCs and DCs into par-
tially reprogrammed or immature new HCs.

Triple staining of parvalbumin, HA, and actin showed that
some new HCs had intense actin staining at their apical surfaces
(Fig. 4A—A"). Consistent with this intense actin staining, ~10%
of new HCs and the remaining endogenous HCs, but not neigh-
boring SCs, took up FM4-64FX dye in vivo (Fig. 4 B-B"), which
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occurs through the mechanoelectrical
transduction (MET) channels found at
the top of HC stereocilia bundles. These
data suggest that some new HCs form
actin-enriched stereocilia and have MET
channels, features that resemble endoge-
nous HCs. In addition, among the total
number of Atohl-HA+ PCs and DCs at
P60, only 6 = 2% (n = 4) were converted
into HCs; the remaining 94% maintained
PC/DC cell fate (Fig. 4C). Among the new
HCs at P60, ~86.5% of them maintained
the SC marker, Sox2 (Hume et al., 2007),
while ~ 13.5% were Sox2-negative (Fig.
4C). Interestingly, we have shown that

Actin

Atoh1-HA
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Atoh1-HA + Parvalbumin
H
v |B 4

Intense actin

Sox2 might not affect the differentiation No actin
of HCs (Liu et al., 2012). At P60, none of

the new HCs in the OHC region expressed C
oncomodulin or prestin (data not Atoh1-HA+
shown). They also lacked the morphology PCs/DCs

PCs/DCs 94%
4 Sox2+ 86.5%

and polarity of wild-type HCs (Figs. 1C,D,
2A-D), suggesting that new HCs derived
from Atohl-HA+ PCs and DCs remain
immature and not fully differentiated at 2
months.

Figure4.

NewHCs 6%
v \Sox2-negative 13.5%

New Atoh1-HA+ HCs have stereocilia bundles and MET channels. Prox7<eE% " -Atoh1-HA + mice received tamoxifen
(TMX) at P0and P1and were analyzed at P60. A—A", Triple staining of phalloidin (actin, green), HA (white), and parvalbumin (red)
in experimental mice at P60. 4 was visualized in the confocal X—¥ plane, while A" and A” are in the X~Zplane. Arrow in A labels the

new HC imaged at high magnification in A" without obvious actin signal. Arrowhead in A labels the new HC imaged at high

Juvenile pillar and Deiters’ cells can be
converted into immature hair cells by
ectopic expression of Atoh1-HA

We next determined whether juvenile
(i.e., ~P12-13) PCs and DCs that are in
the process of terminal differentiation can still respond to ectopic
Atoh1-HA expression and be converted into HCs. Since Prox1
rapidly declines after birth in mouse SCs (Bermingham-
McDonogh et al., 2006), ProxI CreER/* cannot be used to drive
ectopic Atoh1-HA expression at juvenile ages; therefore, we used
another inducible transgenic mouse line, Fgfr3"“"*®* (Rivers et
al., 2008; Young et al., 2010). When tamoxifen was given to
Fgfr3'“*ER* :CAG-loxP-stop-loxP-EGFP+ reporter mice at P12
and P13, the majority (96%) of EGFP+ cells were PCs and DCs,
2% were Hensen’s and Claudius cells (other SC subtypes outside
the organ of Corti; Fig. 1A), and 2% were OHCs (primarily in
apical turns) at P21 (Fig. 5A—E). Among all PCs and DCs, about
93% were EGFP+ at P21, and there was no difference in Cre
activity among cochlear turns.

We analyzed Fgfr3'“"****; Atoh1-HA + mice as the experimen-
tal group and Atohl-HA+ (Cre-negative) littermate mice as the
control group; both were injected with tamoxifen at P12 and P13
and analyzed at P42. In the control mice, we did not find newly
generated HCs or endogenous OHC loss (Fig. 5F-F"). In
Fgfr3'“*ER* : Atoh1-HA+ mice, we observed 80 * 5% (n = 3) of
PCs and DCs that were Atohl-HA+. In an averaged 160 um
cochlear length, 11 * 2 (n = 4) Atohl-HA+/calbindin+ cells
(defined as new HCs) migrated into the HC layer, resided in the
OHC region, and did not express oncomodulin (data not shown)
or prestin at P42 (Fig. 5G—G"). This number of new HCs repre-
sents 11.7 & 1.9% (n = 4) of the total Atoh1-HA+ PCs and DCs
observed at the same age. Additionally, new HCs also expressed
parvalbumin and Lhx3, another transcription factor expressed
during HC differentiation (Hertzano et al., 2007; Hume et al.,
2007; Huang et al., 2008) (Fig. 5SH-H"). Atohl-HA+ PCs and
DCs that did not express HC markers remained in the SC layer
(inset in Fig. 5G) and could not be visualized in the single confocal

magnification in A” with intensive actin signal. B—B"", Triple staining of FM4-64 FX (red), HA (green), and parvalbumin (white) in
experimental mice at P60. Arrowheads label one new HC that had taken up FM4-64 FX dye, which suggests the presence of MET
channels. Nuclei are labeled by Hoechst (blue). ¢, Summarized reprogramming efficiency of Atoh1-HA in PCs/DCs. Scale bars: 10
m (4")and 20 wmiin (4, B”).

slice images taken at the HC layer (Fig. 5G,H ). Although some new
HCs seemed to be multinucleated (Fig. 5H"), none were EdU+
when Fgfr3*“"*®*;Atoh1-HA+ mice were given EU at P22, P24,
P26, P28, and P30. Finally, cell loss of endogenous OHCs was fre-
quently observed at P42 (Fig. 5G-H").

Ectopic Atoh1-HA expression cannot convert adult PCs and
DCs into immature HCs
We next determined whether ectopic Atohl-HA expression
could convert fully differentiated adult PCs and DCs into HCs.
When tamoxifen was given to Fgfr3*““***;Rosa26-CAG-loxP-
stop-loxP-tdTomato mice (n = 3) once at adult ages (P30) and
analyzed at P39, 92% of tdTomato+ cells were PCs and DCs, and
8% were Hensen’s and Claudius cells (Fig. 6A-E). Note that
tdTomato+ OHCs were never observed (Fig. 6E). When
Fgfr3iC’°ER+;Atoh1 -HA+ mice were treated with tamoxifen once
at P30, ~90% of PCs and ~50% of DCs were Atoh1-HA + at P60.
Surprisingly, we no longer observed Atohl-HA+/calbindin+
HCs or endogenous OHC loss (Fig. 6 F, G). We further analyzed
mice at P90 and P120 to allow Atoh1-HA+ PCs and DCs to have
a longer amount of time to respond to Atohl-HA expression.
Again, no new HCs were found (data not shown). Consistently,
100% of Atoh1-HA+ PCs and DCs remained in the SC layer and
maintained expression of the SC marker, Sox2 (Fig. 6 H-H").
We next speculated that OHC damage before Atoh1-HA in-
duction might promote adult PCs and DCs to respond to ectopic
Atohl-HA expression. Adult OHCs were first damaged at P30
using a single dose of kanamycin and furosemide (Oesterle et al.,
2008). OHC damage was confirmed by auditory brainstem re-
sponse (ABR) tests at P33 (n = 3) (data not shown), followed by
tamoxifen injection once at P33 and analysis at P63 (Fig. 61-K)
or P83. While almost all endogenous OHCs were lost (Fig. 61,])
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Ectopic Atoh1-HA expression reprogrammed juvenile PCs and DCs into HCs. Mice of the indicated genotypes received tamoxifen (TMX) at P12 and P13 and were analyzed at P21 (A—E) or P42

(F-H").A-D, Double staining of EGFP (green) and calbindin (red) at HC layer (4), DClayer (B), outer PClayer (OPC) (€), and inner PC layer (IPC) (D) at P21. Nuclei are labeled by Hoechst (blue). E, Quantification
of EGFP+ cells among different cell types. Data are presented as mean == SEM. F—G", Triple staining of HA (green), calbindin (blue), and prestin (red) in control (F-F"") and experimental (6—G"") mice at P42.
Arrowsin G—G" point to one new HC. Inset in G shows Atoh1-HA -+ PCs and DCs that maintain the SCfate and reside at the SClayer. Many endogenous prestin+ OHCs are missing in experimental mice, while
IHCs were normal (6—G'). H—H"', Triple staining of HA (red), Lhx3 (green), and parvalbumin (blue) in experimental mice at P42. Arrows in H—H"" point to one new HC. Arrowheadsin H" and H” point to one
endogenous Lhx3+ HC. Note that the endogenous HCs have parvalbumin expression, but it s expressed at a much lower level than in new HCs. Scale bars, 20 m.

and ~90% of PCs and ~50% of DCs were Atoh1-HA+ in the SC
layer (Fig. 6 K), we did not find any new HCs, and hearing im-
pairment caused by drug damage was not improved when mice
were analyzed by ABR at P63 or P83 (data not shown). We also
tried tamoxifen injection at P30 (n = 3) and performed drug
damage 3 d later (P33) to allow adult PCs and DCs to express
Atoh1-HA before OHC damage. Again, no new HCs were found,
and there was no improvement in hearing (data not shown).
Therefore, we conclude that ectopic Atohl expression cannot
convert adult PCs and DCs into immature HCs.

Activation of the endogenous Atohl precedes differentiation
of new HCs

Studies in other tissues support the notion that endogenous mas-
ter cell fate determination genes need to be turned on for efficient
reprogramming (Xie et al., 2004; Zhou et al., 2008; Szabo et al.,
2010). Because ~80% of PCs and DCs had ectopic Atohl1-HA
expression and only ~11% of Atohl-HA+ DCs and PCs (at
juvenile ages) were converted into new HCs in the Fgfr3*“"*8*;
Atohl-HA+ model (Fig. 5), we performed a more detailed anal-
ysis of this model. To determine whether ectopic Atoh1-HA can
turn on endogenous Atohl in new HCs, Fgfr3'“"***;Atoh1-HA +
mice were bred with transgenic Atohl-EGFP+ mice where
EGFP is driven by the Atohl enhancer (Chen et al., 2002). In
Fgfr3'ER* : Atoh1-HA+;Atoh1-EGFP+ mice that were treated
with tamoxifen at P12 and P13, EGFP was used to reflect the
activation of endogenous Atohl due to the positive autoregula-

tion feedback of Afroh1 (Helms et al., 2000). EGFP expression was
visualized in endogenous HCs and inner phalangeal cells (IPHs,
another SC subtype), but not in PCs and DCs in Fgfr3'“****;
Atohl1-EGFP+ control littermates (Fig. 7A—A"). Interestingly,
EGFP+/Atoh1-HA+ PCs appeared in Fgfr3'“"***;Atoh1-HA+;
Atoh1-EGFP+ mice at P15; however, they did not express calbin-
din and resided in the SC layer (Fig. 7B—B"). At P19, the number
of EGFP+/Atoh1-HA+ cells increased significantly, but they still
were calbindin-negative (Fig. 8 A—B"). At P42, we observed new
EGFP+/Atoh1-HA+/calbindin+ HCs in Fgfr3'“"**®";Atoh1-
HA+;Atoh1-EGFP+ mice (Fig. 8C—D"). Interestingly, all Atoh1-
HA+/calbindin+ new HCs also expressed EGFP and all Atohl-
HA+/EGFP+ cells also expressed calbindin (arrowheads in Fig.
8 D-D"); however, Atohl-HA+ cells without EGFP expression
did not express calbindin (arrows in Fig. 8 D-D"). Note that en-
dogenous HCs and IPHs maintained EGFP expression at P42, but
the level was much lower than that in new HCs. Together, our
data suggest that new HCs follow the normal HC developmental
program, where endogenous Atohl turns on first followed by
expression of other HC markers.

Permanent expression of Atoh1-HA in differentiating
endogenous hair cells does not repress initiation of prestin
expression but causes subsequent cell loss

In the above models, ectopic Atoh1-HA expression is induced by
Cre-mediated excision of a floxed stop sequence and thus is per-
manent. We found that PC- and DC-derived HCs were not fully
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Ectopic Atoh1-HA expression cannot convert adult PCs and DCs into immature HCs in Fgfr3 "5 ;Atoh1-HA-+ mice. A—E, Fgfr3 "5 ;Rosa26-CAG-tdTomato" ™™ mice received

tamoxifen (TMX) at P30 and were analyzed at P39. Double staining of tdTomato (endogenous epifluorescence; red) and myosin Vlla (green) at the HC layer (A), DC layer (B), outer PClayer (OPC) (C),
and inner PC (IPC) layer (D) at P39. E, Quantification of tdTomato+ cells among different cell types. F—H", Fgfr3 ™+ ;Atoh1-HA+ mice were injected with tamoxifen (TMX) at P30 and analyzed
at P60. F, Low-magnification cochlear whole mountimage with triple staining of HA (green), calbindin (pink), and Sox2 (red) in experimental mice at P60. High-magnification images of the square
areain (F) at the HC layer (G) and SC nuclear layer (H, H") are shown. Neither OHC loss nor new HCs were found in the HC layer (G). Using inner PCs as an example, all Atoh1-HA+ cells expressed
Sox2and remained in the SClayer (H—H"). I-K, Fgfr3*"R* ;Atoh 1-HA+ mice were injected with kanamycin at P30 and TMX at P33 and analyzed at P63. 1, Low-magnification cochlear whole mount
image double stained of HA (green) and calbindin (pink) after OHC damage in experimental mice at P63. High-magnification images of the square areain / taken at the HC layer (/) and the SCnuclear
layer (K). Arrow in J labels a single OHC that remained. All Atoh1-HA+ PCs and DCs were found in the SC layer (K) and did not express calbindin. Scale bars: 200 wm (4, D); 20 wm (B, C', E, F).

Fgfr3/ceR-; Atoh1-EGFP+
(Ctri)

Fgfr3/ceER-; Atoh1-HA+;
Atoh1-EGFP+

Figure 7.  Reactivation of endogenous Atoh1 in Atoh1-HA+ cells. A-B’, Mice of the indi-
cated genotypes received tamoxifen (TMX) at P12 and P13 and were analyzed at P15. Images
taken from cochlear samples stained with EGFP (green), HA (pink), and calbindin (red) in control
(A-A"") and experimental (B—B"") mice at P15 are visualized in the confocal Y-Z plane. Arrow-
heads (B—B"") label the same Atoh1-HA~+/EGFP+ PC that was calbindin negative, and its
nucleus resided at the bottom of the cell body. Arrows in A and B are IPHs with EGFP expression
in both the control and experimental group. The endogenous HCs were also EGFP+. Scale bar,
20 pm.

differentiated, even though multiple HC-specific genes were ex-
pressed. This could be caused by the lack of additional unknown
factors that are needed to fully convert PCs and DCs into mature
HCs or by permanent Atohl expression that prevents new HCs
from completing terminal differentiation. While the former sce-
nario remains attractive to be explored in the future, we tested the
latter using a HC-specific Cre to permanently express Atoh1-HA in
developing, endogenous HCs. With the assumption that embryonic
differentiating endogenous HCs are similar to PC/DC-derived new
HCs, we used the Gfil“™“" mouse model to express Atohl-HA in
developing HCs. Inside the organ of Corti, Cre activity in Gfil <"
mice starts at embryonic day (E) 15.5 and is specific to HCs (Yang et
al,, 2010a); thus, in Gfil“"*; Atoh1-HA+ mice differentiating, en-
dogenous HCs around E16 or E16.5 should start to have both en-
dogenous Atohl and ectopic Atohl-HA expression in a basal to
apical gradient.

We analyzed cochlear samples of Gfil“"”"; Atohl-HA+ mice
at P3, P14, and P35. Almost all HCs were Atohl-HA+/myosin
VI+ and looked normal at P3 (n = 3) (Fig. 9A—-A"); however, at
P14 ~60% of HCs were lost in the basal turn (n = 3), while
middle and apical HCs were normal (Fig. 9B, D) except for the
most apical region, where varied OHC loss was present. The re-
maining IHCs were Atohl-HA+/calbindin+, and OHCs were
Atoh1-HA+/calbindin+/prestin+ (Fig. 9C-C"”, E-E"). When
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Figure 8. Reactivation of endogenous Atoh1 precedes differentiation of new HCs in
Fgfr 3R+ Atoh1-HA+;Atoh1-EGFP+ mice. A-D", Fgfr3™"R ™ ;Atoh1-HA -+ ;Atoh T-FGFP+
mice received tamoxifen (TMX) at P12 and P13 and were analyzed at P19 (4-B") and P42
(€=D"). Triple staining of HA (white), EGFP (green), and calbindin (pink). B—B", Images were
visualized at the confocal Y—Zplane through the vertical yellow dashed line in A. Yellow arrows
point to an Atoh1-HA+/EGFP+ PCthat did not turn on calbindin, and its nucleus was migrat-
ing into the HC layer. White arrows pointed to endogenous IPH cells. D-D", Images were
visualized at the confocal Y—Z plane through the vertical yellow dashed line in C. Arrowheads
point to an Atoh1-HA+/EGFP +/calbindin+ new HC. Arrows point to an Atoh1-HA -+ /EGFP-
negative/calbindin-negative cell (with low level of Atoh1-HA expression). Scale bars: 200 um
(4,0;20 um (B-B",D-D").

cochlear samples were analyzed at P35 (n = 5), ~98% of HCs in
the middle or basal turns and ~85% of HCs in the apical turn
were lost (Fig. 10 A, B). Consistently, Gfil“"**;Atoh1-HA+ mice
were deaf at P35 by ABR test (Fig. 10C). This novel finding indi-
cates that permanent Atohl-HA expression is not ideal for HC
regeneration and that mature, but not immature, HCs are vul-
nerable to permanent Atohl-HA expression. We can also con-
clude that permanent Atohl-HA expression was not the main
cause for the absence of prestin expression in PC/DC-derived
HCs; however, we cannot rule out the possibility that PC/DC-
derived HCs may not follow the same developmental program of
endogenous HCs.

Discussion

We have achieved inducible, ectopic Atoh1-HA expression spe-
cifically in two subtypes of postnatal cochlear SCs, PCs and DCs,
that reside directly underneath HCs within the organ of Corti. A
fraction (6—11%) of neonatal and juvenile Atoh1-HA+ PCs and
DCs were converted into HCs that first activated endogenous
Atohl and subsequently expressed 11 HC and synaptic markers
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(myosin VI, myosin VIla, calbindin, parvalbumin, calretinin,
Lhx3, KCNQ4, a9 AChR, synaptogaminl, synaptophysin, and
CSP), migrated up into the HC layer, formed stereocilia, had
MET channels, and survived for at least 2 months in vivo. How-
ever, newly generated HCs lacked oncomodulin and prestin ex-
pression and the morphology of mature OHCs (cylinder cell
body shape and characteristic “V” shaped stereocilia) and likely
remained at an intermediate or immature differentiation stage.
In contrast, ectopic Atohl1-HA expression cannot convert adult
PCs and DCs into immature HCs even after endogenous OHC
damage. We also found that permanent Atoh1 expression did not
block initiation of prestin expression in endogenous HCs but
somehow subsequently resulted in cell loss of both IHCs and
OHGC:s. Taken together, our data suggest that a combination of
Atohl expression with other factors is needed to convert PCs
and DCs (especially at adult ages) into fully differentiated,
functional HCs.

Because Cre activity is 100% specific to PCs and DCs within
the organ of Corti in the ProxI1“"***;Atohl-HA+ model, we
could confirm, at single cell resolution, that these converted new
HCs were derived from PCs and DCs by using Atoh1-HA expres-
sion as a lineage tracer. However, at juvenile ages, the Cre activity
ongfr3iC'“ER is not 100% specific to PCs and DCs, with 2% of Cre
activity in OHCs (primarily in apical turns); therefore, it remains
possible, albeit very unlikely that a few Atohl-HA+/calbindin+
new HCs might be endogenous OHCs. We believe that the ma-
jority of Atoh1-HA +/calbindin+ new HCs are derived from PCs
and DCs based on prestin expression and quantitative analysis.
Specifically, new HCs derived from PCs and DCs never expressed
oncomodulin or prestin (Figs. 1 D, 5G-G"), whereas endogenous
OHCs with permanent Atoh1-HA expression expressed prestin
(Fig. 9). Therefore, these Atohl-HA+/calbindin+/prestin-
negative HCs in OHC regions of Fgfr3*“"*™®*;Atoh1-HA+ mice
are derived from PCs or DCs. In addition, quantitatively in each 160
um cochlear length, the number (11 = 2, n = 4) of Atohl-HA+/
calbindin+ cells was much higher than that of OHCs (1 = 1,1 = 3)
traced by reporter gene EGFP in the Fgfr3'“"*%*;CAG-loxP-stop-
loxP-EGFP+ mice. Cre activity of Fgfr3'“"*** was also detected in a
very small fraction of Hensen’s and Claudius cells (Fig. 5E). When
we defined and quantified new HCs, Atoh1-HA+/calbindin+ cells
in regions where Hensen’s and Claudius cells are located (Fig. 1A)
were not included.

Although Atohl is required for HC fate commitment and
possibly the differentiation process (Bermingham et al., 1999;
Pan et al,, 2011), not all Atohl-expressing cochlear progenitors
develop into HCs (Woods et al., 2004; Matei et al., 2005; Yang et
al., 2010b), and Atohl-null HCs can be formed in the mosaic
Atohl deletion model (Du et al., 2007). Here, we also noticed
heterogeneity among SCs that express Atoh1-HA, since the ma-
jority (89-94%) of Atoh1-HA+ SCs remained as SCs. Using the
Atoh1-EGFP+ transgenic line, we showed that the Atohl en-
hancer region (or the endogenous Atohl gene) must be reacti-
vated for a SC to become a HC. Within the organ of Corti, we saw
that only those Atohl-HA+ SCs that activated the Atohl en-
hancer became new HCs, while the rest maintained their original
SC fate. In the future it will be interesting to investigate this
heterogeneity at the single cell level. Such studies may provide the
key for unraveling the long-standing mystery of how Atoh1 dic-
tates cell fate determination (Pan et al., 2012).

Atohl is believed to be maximally expressed at embryonic ages
and declines rapidly within the first week after birth when HC
maturation is far from completion (Woods et al., 2004; Chow et
al., 2006), suggesting that Atoh1 is primarily required for HC fate
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Figure9. Effects of permanent Atoh1 expression in endogenous differentiating HCs of Gfi77” ™ Atoh1-HA+ mice. A-A"", Double labeling of HA (green) and myosin VI (red) in cochlear samples
from Gfi17¢ " ;Atoh1-HA+ mice at P3. All Atoh1-HA+ HCs appeared normal. B—E", Triple labeling of HA (green), prestin (red), and calbindin (blue or pink) in the basal (B—C"") and middle/apical
(D—E") turns of the cochlea at P14. B and D are images showing calbindin channel alone. C” and E” are images showing calbindin in pseudo blue color. Many HCs are lost in the basal turn. a, Apical

turn; m, middle turn; b, basal turn. Scale bars, 200 wm (A", B, D), 20 um (4", C", E").
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Figure 10.  Loss of mature HCsin Gfi7" " Atoh1-HA+ mice. A, B, Calbindin (pink) and HA
(green) double staining in cochlear samples from control (A) and experimental (B) mice at P35
is shown. C, Auditory brainstem response test comparing Gfi1* :Atoh1-HA+ (blue line) and
Gi1* control (black line) mice. **p << 0.01 for all frequencies as determined by a two-way
ANOVA followed by a Student’s ¢ test with a Bonferroni correction. Scale bar, 20 m.

commitment and/or initial differentiation of immature HCs.
Such a notion is further supported by our result that conversion
of SCs into HCs recapitulates normal HC development, but new
HCs remain immature in our models. In addition, the new HCs
derived from GER cells by Atoh1 ectopic expression seem im-
mature (Zheng and Gao, 2000). Does permanent ectopic
Atoh1 expression cause the lack of prestin expression in our
models? To test this, we permanently expressed Atoh1-HA in
embryonic endogenous HCs in Gfil““*;Atohl-HA+ mice
and found that prestin was present in surviving OHCs at P14
(Fig. 9), which suggests that the absence of prestin in PC- and
DC-derived new HCs was not caused by permanent Atohl
expression. Instead, it is more likely that additional unknown
transcription factors are needed for prestin expression and
maturation of OHCs. Nonetheless, the significant HC loss in
Gfil“™**;Atoh1-HA+ mice suggests that permanent Atohl-HA
expression is detrimental to mature, adult HCs. Interestingly,
PC- and DC-derived new HCs survived until adult ages, which is
further evidence that these new HCs are immature since our data
suggest that only adult, fully differentiated HCs are sensitive to
permanent Atohl expression.

Converting one cell fate to another by overexpression of key
transcriptional factors is a general and powerful approach for
regenerative medicine (Cohen and Melton, 2011). SCs in non-
mammalian vertebrates are the source for regenerating HCs, and
Atohl is reactivated in the process of HC regeneration (Cafaro et
al., 2007). To endow mammals the capacity to regenerate HCs,
similar to a recent study in the pancreas (Yang et al., 2011), we
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tested the effects of ectopic expression of a single transcription
factor, Atohl, in postnatal PCs and DCs. Our data suggest that
Atohl can convert neonatal and juvenile, but not adult, PCs and
DCs to adopt a HC fate, thus demonstrating that Atohl-
mediated SC-to-HC conversion efficiency is age dependent.
Moreover, newly generated HCs recapitulated the normal HC
developmental program but failed to become fully differentiated.
Thus, the combination of ectopic expression of Atoh1 and other
factors that normally control HC terminal differentiation, espe-
cially those that can turn on prestin, may be valid approaches for
the regeneration of fully differentiated, functional new HCs in
vivo.
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