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Introduction
SRY-box 2 (Sox2) is a SoxB1 HMG domain transcription factor crit-
ical for establishing and maintaining the pluripotency of embry-
onic stem cells (1, 2) and, in combination with other defined fac-
tors, induces pluripotent stem cells (3, 4). Sox2 also directs cellular 
differentiation in multiple developing organs, including the CNS 
(5–9), retina (10), cochlea (11), hair follicles (12), lens (13), and 
the foregut and its derivatives (14–17). Besides designating tissue- 
specific progenitors in these developing organs, Sox2 governs cell 
specification (10, 11, 17,) with deficiencies leading to anophthal-
mia and epilepsy as well as trachea-esophageal and genital anom-
alies in both mice and humans (10, 17–20).

Sox2-expressing somatic stem cells are widely distributed in 
adult animals and are essential for tissue homeostasis and repair 
(16, 21–23). For example, Sox2 loss of function impairs adult neu-
rogenesis and tracheal repair (16, 24–26). Moreover, Sox2 is upreg-
ulated during spinal cord regeneration, with damage inducing the 
proliferation of Sox2+ cells, and inhibition of Sox2 limiting their 
regeneration in a dose-dependent manner (27). Thus, the prevail-
ing notion is that Sox2 insufficiency impairs both the development 
and regeneration of tissues.

In the developing mouse cochlea, Sox2 expression marks the 
prosensory region, which harbors cells primed to give rise to the 
mechanosensory hair cells and nonsensory supporting cells of the 
organ of Corti. Sox2 is required for hair cell specification, as pro-

sensory cells in Sox2-deficient cochleae fail to acquire a hair cell 
fate (11, 28). A subset of Sox2+ cells first express the prosensory 
transcription factor Atoh1 around E13.5 (29). Specified sensory  
cells expressing Atoh1 then mature by upregulating Pou4f3, a 
transcription factor linked with inherited progressive hearing loss 
in humans (30, 31), as well as Gfi1 (32) and myosin 7a (33). Con-
versely, Sox2 is downregulated in maturing hair cells and becomes 
undetectable in the early postnatal period, while adjacent sup-
porting cells maintain Sox2 expression (34). By binding to its 
enhancer region, Sox2 can directly activate Atoh1 (35–38) and is 
sufficient for inducing ectopic sensory hair cells in vitro (38) and 
in vivo (39) in the embryonic cochlea. A subsequent reduction of 
Sox2 expression is also necessary for hair cell maturation, as high 
levels of Sox2 antagonize Atoh1 and prevent hair cell formation 
when overexpressed in vitro (28, 35), and Sox2 activates repres-
sors of Atoh1 (40). Because Sox2 is initially required for hair cell 
specification and subsequently inhibits hair cell differentiation, 
its relationship with hair cell formation is coined an “incoherent 
feed-forward loop” (41).

Here, we examined the effects of Sox2 haploinsufficiency 
on cell division and hair cell regeneration in response to damage 
in the postnatal cochlea. We found that Sox2-haploinsufficient 
mice had extranumerary cochlear hair cells and normal audito-
ry function in adulthood. Although terminal mitosis normally 
occurs around E14.5 (42), supporting cells in the postnatal Sox2- 
haploinsufficient cochlea still divided. After hair cell ablation in 
the neonatal cochlea, supporting cells that proliferate and form 
new hair cells are limited in number and spatially restricted (43). 
In the damaged Sox2-haploinsufficient cochlea, we found an 
increase in and expansion of the domain of dividing (EdU+) and 
transitional (Atoh1+) supporting cells along the cochlea. Moreover, 
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tic emissions (DPOAEs) and found no statistical differences in 
thresholds between Sox2CreERT2/+ mice and WT mice at 4 weeks of 
age (Figure 1J and Supplemental Figure 1I). These results demon-
strate that Sox2 haploinsufficiency (Sox2haplo) leads to delayed ter-
minal mitosis and ectopic inner hair cell formation without com-
promising auditory function.

Sox2haplo enhances mitotic regeneration and transitional cell forma-
tion. Our prior work showed that supporting cells in the apical turn 
mitotically regenerate hair cells after hair cell ablation in the neo-
natal cochlea (43). Here, we compared damaged (Pou4f3DTR/+) (44) 
cochleae with damaged, Sox2haplo (Pou4f3DTR/+ Sox2CreERT2/+) cochleae 
(Figure 2A and Supplemental Figure 3E). Cochleae from WT ani-
mals injected with diphtheria toxin (DT) showed no hair cell loss 
or EdU-labeled supporting cells (Figure 2, B–D). As expected, DT- 
induced hair cell loss in Pou4f3DTR/+ mice resulted in a modest 
increase in EdU+ hair cells (0.3 ± 0.1 per 160 μm, myosin 7a+) and 
supporting cells (1.4 ± 0.5 per 160 μm, Sox2+myosin 7a–) in the apical 
turn (Figure 2E and Supplemental Table 1). We found no prolifera-
tive cells in the middle or basal turns of the damaged cochlea (Fig-
ure 2, F and G). In the Pou4f3DTR/+ Sox2CreERT2/+ (damaged, Sox2haplo) 
cochlea, we found a significantly larger number of EdU-labeled sup-
porting cells (10.3 ± 1.9 per 160 μm) and hair cells (1.5 ± 0.3 per 160 
μm) in the apical turn (Figure 2H), with EdU-labeled supporting cells 
also present in the middle turn (Figure 2I) but not the basal turn (Fig-
ure 2J). On average, there was a 9.2-fold increase in the total number 
of EdU-labeled cells in damaged, Sox2haplo cochleae compared with 
total numbers in the damaged-only cochleae (Figure 2K and Sup-
plemental Table 1). These results indicate that Sox2haplo increases the 
degree and expands the domain of damage-induced proliferation 
along the length of the cochlea.

Hair cell regeneration in the neonatal mammalian cochlea can 
also occur without an antecedent mitotic event (43, 45), through 
the direct transition of supporting cells into hair cells. We directly  
assessed the degree of new hair cell formation through immunos-
taining of damaged cochleae for the transcription factor Atoh1 
(Figure 3, A and B, and Supplemental Figure 3A), which is upregu-
lated in nonmitotic hair cell precursors in the regenerating mouse 
vestibular system (46, 47). Atoh1 is highly expressed in nascent 
hair cells in the embryonic cochlea and is rapidly downregulated  
postnatally (48, 49). In agreement with previous reports, we 
detected Atoh1 protein expression in hair cells in the E18.5 cochlea 
and its reduction in a base-to-apex direction between P0 and 
P3, with no expression detected in hair cells at P4 or in support-
ing cells at any of these ages (Figure 3C and Supplemental Figure 
2, A–L). We examined the P1 Atoh1GFP/+ cochlea (50) and found a 
similar apical-basal gradient of GFP expression in hair cells and 
none in supporting cells (Supplemental Figure 2, M–O). Two days 
after DT-induced hair cell loss on P1, we detected Atoh1, Sox2 
double-positive supporting cells in the apical and middle turns in 
damaged-only (Pou4f3DTR/+) mouse cochleae (Figure 3, D and E, 
and Supplemental Figure 3, B–D). To ascertain whether the Atoh1+ 
cells were supporting cells acquiring a hair cell phenotype, we 
examined P3 cochlea and found that Atoh1+Sox2+ supporting cells 
also expressed Gfi1, another hair cell transcription factor normally 
absent in supporting cells (Figure 3D and Supplemental Figure 3, 
F and I). The following day (P4), we found that many Atoh1+Sox2+ 
cells also expressed myosin 7a in the apical and middle turns and 

Sox2 haploinsufficiency and damage act as permissive signals to 
β-catenin–induced proliferation and formation of transitional cells 
(cells undergoing a direct phenotypic conversion from supporting 
cells to hair cell–like cells) in neonatal, but not mature, cochlea. 
Together, our results show cooperative roles of Sox2 haploinsuf-
ficiency and Wnt signaling in regulating the spatiotemporally 
restricted regenerative responses — proliferation and transitional 
cell formation — in the postnatal mouse cochlea.

Results
Sox2 haploinsufficiency leads to ectopic hair cell formation and delayed 
terminal mitosis. The mammalian cochlea is organized as a checker-
board of hair cells intercalated by Sox2+ supporting cells (34) (Fig-
ure 1A). In the P5 cochlea, Sox2 expression was robust in most sup-
porting cell subtypes (Hensen’s cells, Deiters’ cells, pillar cells, and 
inner phalangeal cells) and also in cells residing in the greater epi-
thelial ridge (Figure 1A). This pattern was confirmed by Cre reporter 
expression in Sox2CreERT2/+ Rosa26RTdTomato/+ cochleae induced on P1 
and by GFP expression in Sox2GFP/+ cochleae (Figure 1, B and C) (21).

To determine whether hair cell formation and proliferation are 
affected by Sox2 haploinsufficiency, we first examined cochleae 
from Sox2CreERT2/+ mice (Figure 1D). The Sox2CreERT2/+ mouse was gen-
erated as an inserted targeted mutation in the single exon of the Sox2 
gene (21), resulting in Sox2 haploinsufficiency (Sox2haplo). We per-
formed quantitative PCR (qPCR) on cochleae from P5 Sox2CreERT2/+ 
mice and found a reduction of approximately 27.3% in Sox2 expres-
sion relative to WT cochleae (Figure 1E, P < 0.05). P5 WT cochleae 
had the normal complement of myosin 7a+ hair cells (3 rows of outer 
hair cells and 1 row of inner hair cells) (Figure 1F). In Sox2CreERT2/+ 
cochleae, we noted extranumerary myosin 7a+ hair cells juxtaposed 
to inner hair cells (Figure 1G) along the length of the cochlea. We 
also observed ectopic hair cells along the cochleae from a second 
Sox2-knockin mouse line (Sox2GFP/+) (Supplemental Figure 1, B–E; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI97248DS1) (21). On average, we observed 78.2 
± 38.1 and 65.5 ± 27.0 ectopic hair cells in whole cochleae from  
Sox2CreERT2/+ and Sox2GFP/+ mice, respectively, compared with 3.3 ± 1.5 
ectopic hair cells in WT control cochleae (Figure 1H).

The last mitotic event in the developing organ of Corti occurs 
in the basal turn around E14.5 (42). EdU pulses (P2–P4, Figure 1D) 
failed to label any hair cells or supporting cells in the WT cochlea, 
confirming its mitotic quiescence (Figure 1F). With the same EdU 
regimen (Figure 1D and  Supplemental Figure 1A), we observed 
10.2 ± 4.8 and 22.8 ± 13.8 EdU-labeled supporting cells in the api-
cal turn of Sox2CreERT2/+ and Sox2GFP/+ cochleae, respectively (Figure 
1, G and I, Supplemental Figure 1C, and Supplemental Table 1). 
There were no EdU+ supporting cells in the middle or basal turns 
(Supplemental Figure 1, D and E). To determine the timing of ter-
minal mitosis in Sox2CreERT2/+ mice, we delayed the EdU injection 
schedule by 1 day (P3–P5) and failed to detect any EdU-labeled 
supporting cells in the organ of Corti (n = 3, data not shown). 
This indicates that terminal mitosis is delayed until around P2 
in the Sox2CreERT2/+ cochlea. We confirmed this finding by immu-
nostaining for the proliferation marker Ki67 in Sox2CreERT2/+ and  
Sox2GFP/+ cochleae (P4–P5) and found no Ki67+ cells in the organ of 
Corti (Supplemental Figure 1, F–H). We also measured the audi-
tory brainstem response (ABR) and distortion product otoacous-
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transitional cells. Thus, unlike the proliferative cells that were lim-
ited to the apical turn of the damaged cochlea, Atoh1+ transitional  
cells were found in all 3 cochlear turns (Figure 3I, and Supple-
mental Figure 3, G and J). In comparison with the damaged-only 
cochlea (P4), the damaged, Sox2haplo cochlea contained a signifi-
cantly larger number of transitional cells in all turns (Figure 3, H 
and I, and Supplemental Figure 3, H and K). Collectively, these 

rarely in the base (9.7 ± 0.6, 5.0 ± 1.0, and 0.3 ± 0.6, respective-
ly) (Figure 3G, Supplemental Figure 3, G and J, and Supplemen-
tal Table 2). By P4, when cochlear hair cells normally lack Sox2 
expression (Figure 3F), we found that Atoh1+myosin 7a+ cells also 
expressed Sox2 and Gfi1 (Figure 3G), suggesting that they were 
supporting cells transitioning into nascent hair cells (Figure 3B). 
Given these findings, we hereafter define Atoh1+Sox2+ cells as 

Figure 1. Sox2 haploinsufficiency results in 
continued proliferation and formation of super-
numerary hair cells in the neonatal cochlea. 
(A) Immunostaining of P5 WT cochlea shows 
Sox2 expression in Hensen’s cells, Deiters’ cells, 
pillar cells, and the lateral portion of the greater 
epithelial ridge. (B) Whole-mount preparation 
of cochlea from P4 Sox2CreERT2/+ R26RtdTomato/+ 
mice given tamoxifen on P2, showing tdTomato 
expression in supporting cells and some hair 
cells. (C) GFP+ supporting cells in the P5 Sox2GFP/+ 
cochlea. (D) Schematic of EdU administration to 
Sox2CreERT2/+ mice, Sox2GFP/+ mice, and WT litter-
mates (once daily, P2–P4). haplo, haploinsuffi-
cient. (E) qPCR showed a significant reduction of 
Sox2 expression in Sox2CreERT2/+ cochleae compared 
with expression in WT littermates. (F) Confocal 
images show no EdU+ hair cells or supporting 
cells in the P5 WT cochlea. EdU labeling was seen 
in cells in the lesser epithelial ridge and greater 
epithelial ridge. (G) Sox2CreERT2/+ cochlea contained 
occasional extranumerary hair cells adjacent 
to inner hair cells (arrowheads). Extranumerary 
hair cells were noted in all cochlear turns of 
Sox2CreERT2/+ mice. Image shows EdU+ supporting 
cells (chevrons) in the apical turn. No EdU+ hair 
cells were noted. (H) Quantification of extranu-
merary hair cells in WT, Sox2CreERT2/+, and Sox2GFP/+ 
cochleae. (I) Quantification of EdU+ cells in 
WT, Sox2CreERT2/+, and Sox2GFP/+ cochleae. (J) P28 
Sox2CreERT2/+ mice had normal ABR thresholds, 
comparable to those of their WT littermates. DC, 
Deiters’ cell; GER, greater epithelial ridge; HC, hair 
cell; IHC, inner hair cell; IP, inner pillar cell; IPhC, 
inner phalangeal cell; LER, lesser epithelial ridge; 
OHC, outer hair cell; OP, outer pillar cell; Ortho, 
orthogonal view; PC, pillar cell; SC, supporting 
cell. Data represent the mean ± SD. *P < 0.05 and 
**P < 0.01, by 2-tailed Student’s t test. n = 3–8. 
Scale bar: 20 μm.
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results suggest that Sox2haplo enhances transi-
tional cell formation in the damaged neonatal 
cochlea.

Sox2haplo promotes the survival of regener-
ated hair cells. A previous study showed that 
regenerated hair cells in the neonatal mouse 
cochlea undergo subsequent cell death (51). 
To determine whether Sox2haplo promotes the 
survival of regenerated hair cells, we com-
pared the damaged, Sox2haplo cochlea with the 
damaged-only cochlea on P21 (after treat-
ment with DT on P1 and with EdU from P3 to 
P5) (Supplemental Figure 4A). As expected, 
we detected no EdU incorporation in the WT 
cochlea (Supplemental Figure 4B). We found 
that the damaged-only cochlea contained 
few hair cells among disorganized support-
ing cells in the apical turn, with occasional 
EdU labeling of each cell type (Supplemental 
Figure 4, C and F). In contrast, the Sox2haplo, 
damaged cochleae had significantly more 
EdU+ hair cells and supporting cells in the api-
cal turn than did the damaged-only cochle-
ae (Supplemental Figure 4, D and F). Early 
after damage (P5, P7, and P10), we found a 
significantly greater number of  hair cells in 
most turns of the Sox2haplo, damaged cochleae  
than in the damaged-only cochleae, even 
though there were few EdU-labeled cells in 
the middle turn and none in the basal turn 
on P5 (Supplemental Tables 1 and 3). By P21, 
both the damaged-only and Sox2haplo, dam-
aged cochleae had a gradual loss of hair cells 
and EdU-labeled cells (Supplemental Figure 
4, E and F, and Supplemental Table 3), with 
hair cells remaining only in the apical turn. 

Figure 2. Reduced Sox2 levels enhance and expand 
the domain of proliferation in the damaged 
neonatal mouse cochlea. (A) Schematic of hair cell 
ablation in neonatal cochlea. Briefly, Pou4f3DTR/+ and 
Pou4f3DTR/+ Sox2CreERT2/+ mice were injected with DT 
on P1 to induce hair cell loss, followed by administra-
tion of EdU (P3–P5), and cochleae were examined on 
P5. (B–D) No EdU+ hair cells or supporting cells were 
found in any of the 3 WT cochlear turns. (E–G) In the 
Pou4f3DTR/+ cochlea, after DT-induced hair cell dam-
age, EdU+myosin 7a+ hair cells (arrowhead) and some 
EdU+Sox2+ supporting cells (chevrons) were observed 
in the apical turn, but not in the basal or middle 
turns. (H–J) In Pou4f3DTR/+ Sox2CreERT2/+ cochlea, there 
was robust EdU labeling of both myosin 7a+ hair cells 
(arrowheads) and Sox2+ supporting cells (chevrons) 
in the apical turn. EdU+Sox2+ supporting cells were 
also found in the middle turn. (K) Quantification 
of EdU+myosin 7a+ hair cells and myosin 7a–Sox2+ 
supporting cells per cochlear turn. Data represent 
the mean ± SD. *P < 0.05 and ***P < 0.001, by 1-way 
ANOVA with Holm-Sidak multiple comparisons test. 
n = 5–6. Scale bar: 20 μm.
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Figure 3. Sox2 reduction enhances transitional cell formation 
in the damaged neonatal mouse cochlea. (A) Schematic of hair 
cell ablation. P1 Pou4f3DTR/+ and Pou4f3DTR/+ Sox2CreERT2/+ pups 
were injected with DT, and cochleae were examined on P3 and 
P4. (B) Cartoon depicts supporting cells forming transitional 
cells during regeneration. (C) Confocal images of P3 WT cochlea 
show no Atoh1 or Gfi1 expression in supporting cells. (D) After 
hair cell damage in the Pou4f3DTR/+ cochlea, some Sox2+ support-
ing cells expressed Atoh1 (chevrons) and Gfi1 (arrowheads), both 
early hair cell markers. All Gfi1+Sox2+ supporting cells expressed 
Atoh1, but some Atoh1+Sox2+ supporting cells did not express 
Gfi1. (E) Quantification of transitional cells (Atoh1+Sox2+ and 
Atoh1+Sox2+Gfi1+) from WT and Pou4f3DTR/+ cochleae. (F) P4 
WT cochlea showed Gfi1 expression limited to hair cells and no 
Atoh1 or Gfi1 expression in Sox2+ supporting cells. Atoh1 was 
absent in hair cells. (G) After DT-induced hair cell loss in  
Pou4f3DTR/+ cochlea, Gfi1 was downregulated in the remain-
ing myosin 7a+ hair cells. Many transitional cells (arrows) 
(Atoh1+Sox2+myosin 7a+Gfi1+) were detected in all 3 cochlear 
turns. Like the P3 Pou4f3DTR/+ cochlea, all transitional cells 
expressed Atoh1 and Sox2. In contrast to the P3 Pou4f3DTR/+ 
cochlea, most transitional cells expressed myosin 7a by P4. 
Myosin7a+ cells with no expression of Sox2, Atoh1, or Gfi1 
(chevron) likely represent surviving hair cells (G and H). (H) In 
the P4 Pou4f3DTR/+ Sox2CreERT2/+ cochlea, there were noticeably 
more transitional cells (arrows). (I) Quantification of transitional 
cells (Atoh1+Sox2+myosin 7a+Gfi1+ and Atoh1+Sox2+Gfi1+) in WT, 
Pou4f3DTR/+, and Pou4f3DTR/+ Sox2CreERT2/+ cochleae. Hair cell abla-
tion led to a significantly greater number of transitional cells in 
each cochlear turn compared with that seen in controls. There 
were significantly more transitional cells detected in  
each turn of damaged, Sox2haplo cochleae than in the damaged- 
only cochleae. The SD of transitional cell counts in the basal 
turn of damaged, Sox2haplo cochleae is zero. Data represent the 
mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way 
ANOVA with Holm-Sidak multiple comparisons test. n = 3.  
Scale bars: 20 μm.
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There were, however, still significantly more hair cells in the  
Sox2haplo, damaged cochleae than in the damaged-only cochleae.  
After DT administration, both Pou4f3DTR/+ and Pou4f3DTR/+  
Sox2CreERT2/+ animals showed markedly elevated auditory thresh-
olds (Supplemental Figure 4G). Taken together, these results  
indicate that Sox2haplo modestly promotes the survival of regener-
ated hair cells in the damaged cochlea, but the extent of survival is 
insufficient to establish auditory function.

Sox2haplo enhances β-catenin–induced proliferation in the dam-
aged neonatal cochlea. β-Catenin is the central mediator of the 
canonical Wnt signaling pathway, with exon 3 encoding a domain 
to be phosphorylated by glycogen synthase 3β. Phosphorylated 
β-catenin is degraded by the destruction complex, rendering the 
pathway inactive (52). In heterozygotes carrying β-catenin lacking 
exon 3, β-catenin is stabilized, leading to aberrant activation of 
Wnt signaling, and thus acts as a dominant mutation (53). Previous 
studies show that β-catenin stabilization in the neonatal cochlea 
causes proliferation and ectopic hair cell formation (54, 55). To 
further explore its role after damage, we first used 2 Cre-LoxP 
model systems to enhance Wnt signaling by stabilizing β-catenin 
in neonatal supporting cells (Figure 4, A and B). In Fgfr3-iCre mice 
given tamoxifen at P2, we detected Cre activity in approximately 
86.9% of supporting cells in the P4 cochlea (using Ai14 tdTomato  
reporter mice; data not shown). To determine whether β-catenin  
stabilization enhances mitotic regeneration, we examined  
Pou4f3DTR/+ Fgfr3-iCre Ctnnb1fl(ex3)/+ (referred to hereafter as dam-
aged, β-cateninGOF) cochleae and compared them with damaged- 
only (Pou4f3DTR/+) cochleae. We observed significantly more (~3.5-
fold) EdU-labeled supporting cells and hair cells in the damaged, 
β-cateninGOF cochleae, a finding that was limited to the apical turn 
(Figure 4, C–E, and I, and  Supplemental Table 1). This suggests 
that β-cateninGOF increases mitotic regeneration without expand-
ing its domain to the middle or basal turns.

We next probed the effects of Sox2haplo on β-catenin–
induced mitotic regeneration by examining damaged, Sox2haplo,  
β-cateninGOF (Pou4f3DTR/+ Sox2CreERT2/+ Ctnnb1fl(ex3)/+) cochleae. We 
found many EdU+ supporting cells and hair cells in both the apical 
and middle turns and also observed EdU+ supporting cells in the 
basal turn (Figure 4, F–I, and Supplemental Table 1). In compari-
son with the damaged, β-cateninGOF cochlea, we observed an addi-
tional increase in the number of EdU+ supporting cells and hair 
cells in the apical and middle turns (Figure 4I and Supplemental 
Table 1). Relative to the damaged, Sox2haplo cochlea, the damaged, 
Sox2haplo, β-cateninGOF cochlea contained more EdU+ supporting 
cells and hair cells in the apical turn only, while the cells in the 
middle and basal turns were not significantly different (Supple-
mental Table 1). These results indicate that both β-cateninGOF and 
Sox2haplo enhanced mitotic regeneration in the apical turn in the 
damaged cochlea. While  Sox2haplo extended the domain of mitot-
ic regeneration into the middle and basal turns of the damaged 
cochlea, β-cateninGOF failed to induce proliferation in this region, 
thus its mitogenic effect is spatially restricted to the apex.

Sox2haplo acts as a permissive signal for β-catenin–responsive tran-
sitional cell formation in the damaged neonatal cochlea. To assess 
whether β-cateninGOF also enhances transitional cell formation, we 
stained for Atoh1 and Gfi1 in the damaged, β-cateninGOF cochlea 
(P4) and found transitional cells (Atoh1+Gfi1+Sox2+) in the apical 

and middle turns (Figure 5, A, B, and D). However, we detected no  
transitional cells in the base (Figure 5F). Compared with damaged- 
only cochlea without stabilized β-catenin, fewer transitional  
cells expressed myosin 7a, although there was no significant 
change in the total number (Figure 5H and  Supplemental Table 
2), suggesting that β-cateninGOF alone does not enhance transi-
tional cell formation.

We next assessed whether Sox2haplo affects β-catenin–induced 
transitional cell formation and examined damaged, Sox2haplo,  
β-cateninGOF cochleae. We detected a robust and significant 
increase in the number of transitional cells in all 3 cochlear 
turns compared with cell numbers in damaged, β-cateninGOF or  
damaged-only (Pou4f3DTR/+) cochleae (Figure 5, C, E, G, H, and 
Supplemental Table 2). Furthermore, to distinguish the effects 
of Sox2haplo from those of  β-cateninGOF, we compared the effects 
and found that the number of transitional cells was significantly 
higher in damaged, Sox2haplo, β-cateninGOF cochleae than in dam-
aged, Sox2haplo cochleae without stabilized β-catenin (Supplemen-
tal Table 2). Taken together, these data suggest that both Sox2haplo 
and damage act as permissive signals for β-catenin–induced tran-
sitional cell formation in the neonatal cochlea.

Sox2haplo primes the neonatal cochlea for β-catenin–induced pro-
liferation. We next probed the relationship between Sox2haplo and 
β-cateninGOF by examining the undamaged cochlea. After admin-
istering tamoxifen on P2 to β-cateninGOF (Fgfr3-iCre Ctnnb1(ex3)/+) 
mice, we did not detect any EdU-labeled supporting cells or ecto-
pic hair cell formation in the P5 cochlea (Figure 6, A and B, and 
Supplemental Figure 5, A–C). However, after the same tamoxifen 
and EdU regimen, we found many EdU+ supporting cells (but not 
hair cells) in the pillar cell region in the Sox2haplo, β-cateninGOF  
(Sox2CreERT2/+ Ctnnb1fl(ex3)/+) cochleae (Figure 6, A, C, and G, and 
Supplemental Figure 5, A, D, and E). To test whether cochlear 
supporting cells become β-catenin responsive upon acute down-
regulation of Sox2, we next concurrently stabilized β-catenin and 
partially deleted Sox2 by using Fgfr3-iCre Sox2fl/+ Ctnnb1fl(ex3)/+ 
(conditional Sox2haplo, β-cateninGOF) mice (Figure 6D and Supple-
mental Figure 5F) (32). As expected, no EdU+ cells were detected  
in cochleae from β-cateninGOF (Fgfr3-iCre Ctnnb1fl(ex3)/+) mice 
given tamoxifen on P1 and EdU from P3 to P5 (Figure 6E, and 
Supplemental Figure 5, G, and H). This contrasts with the con-
ditional Sox2haplo, β-cateninGOF (Fgfr3-iCre Sox2fl/+ Ctnnb1fl(ex3)/+) 
cochleae, in which we observed many EdU+ supporting cells in 
the apical and middle turns (Figure 6, F and G, and Supplemental  
Figure 5, I and J).

To directly assess the effects of Sox2haplo on Wnt signaling, we 
immunostained for the Wnt target Lef1 (56). In the P5 WT cochlea, 
we found that Lef1 expression was restricted to below the basilar 
membrane, where Wnt-responsive, tympanic border cells reside, 
as previously described (57), and we detected no expression in the 
sensory epithelium (Supplemental Figure 6, A–C). Similarly, we 
failed to detect Lef1 in the sensory epithelium from β-cateninGOF 
or Sox2haplo mice (Supplemental Figure 6, D–I). In the organ of 
Corti from Sox2haplo, β-cateninGOF cochlea, we found many Lef1+ 
supporting cells in the apical turn, some of which were arranged 
as foci within the pillar cell region (Supplemental Figure 6, J–L). 
Thus Sox2haplo acts as a permissive signal for β-catenin–induced 
Wnt activation in the undamaged, neonatal cochlea.
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We next immunostained for Atoh1 and Gfi1 to detect tran-
sitional cells in the undamaged, Sox2haplo, β-cateninGOF cochlea 
(Fgfr3-iCre Sox2fl/+ Ctnnb1fl(ex3)/+ and Sox2CreERT2/+ Ctnnb1fl(ex3)/+) 
(Figure 6H and Supplemental Figure 5K). We detected no Atoh1 
expression and found that Gfi1 expression was confined to 
hair cells in cochleae subjected to β-catenin stabilization only  
(Fgfr3-iCre Ctnnb1fl(ex3)/+) (Figure 6I and Supplemental Figure 5, L 
and M). Similarly, no transitional cells were found in the undam-
aged, Sox2haplo, β-cateninGOF cochleae from either model (Fig-

ure 6, J and K, and Supplemental Figure 5, N–Q). These data indi-
cate that Sox2haplo acts as a permissive signal for β-catenin–induced 
proliferation in the undamaged, neonatal cochlea. Moreover, we 
found that, in the absence of damage and Sox2haplo, β-cateninGOF 
does not induce transitional cell formation.

Sox2haplo and β-cateninGOF do not promote proliferation or hair 
cell formation in the mature cochlea. To test whether Sox2haplo and  
β-cateninGOF can induce regeneration in the damaged, mature 
cochlea, we used 2 models of hair cell ablation: aminoglycoside 

Figure 4. β-Catenin stabilization 
and Sox2 haploinsufficiency 
coordinate to increase mitotic 
regeneration in the damaged 
neonatal mouse cochlea. (A) 
Pou4f3DTR/+ Fgfr3-iCre Ctnnb1fl(ex3)/+ 
and Pou4f3DTR/+ Sox2CreERT2/+  

Ctnnb1fl(ex3)/+ pups were injected 
with DT on P1, tamoxifen on P2, and 
EdU daily (P3–P5), and cochleae 
were collected on P5. (B) Schematic 
depicting the domains of Fgfr3 and 
Sox2 expression in the neonatal 
mouse cochlea. (C–E) Confocal 
images of cochleae from P5  
Pou4f3DTR/+ Fgfr3-iCre Ctnnb1fl(ex3)/+ 
mice showing EdU+myosin 7a+ hair 
cells (arrowhead) and EdU+Sox2+ 
supporting cells (chevrons) in the 
apical turn, but not in the middle 
or basal turn. Note that many 
EdU+Sox2– cells resided outside 
the sensory epithelium. (F–H) In 
Pou4f3DTR/+ Sox2CreERT2/+ Ctnnb1fl(ex3)/+ 
cochlea, there was a robust increase 
in the number of EdU+myosin 7a+ 
hair cells (arrowheads) and Sox2+ 
supporting cells (chevrons) in the 
apical turn. As with Pou4f3DTR/+  
Sox2CreERT2/+ cochlea, EdU+ sup-
porting cells were noted in the 
middle turns and occasionally in the 
basal turns. Many EdU+Sox2– cells 
outside the sensory epithelium 
were also noted. (I) Quantifica-
tion of EdU+myosin 7a+ hair cells 
and EdU+Sox2+ supporting cells in 
Pou4f3DTR/+, Pou4f3DTR/+ Fgfr3-iCre 
 Ctnnb1fl(ex3)/+, and Pou4f3DTR/+  
Sox2CreERT2/+ Ctnnb1fl(ex3)/+ cochleae. 
Data represent the mean ± SD.  
*P < 0.05 and ***P < 0.001, by 
1-way ANOVA with Holm-Sidak 
multiple comparisons test. n = 3–5. 
Scale bar: 20 μm.
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Figure 5. β-Catenin stabilization and Sox2 haploinsufficiency coordinate to increase transitional cell formation in the damaged neonatal mouse 
cochlea. (A) Pou4f3DTR/+ Fgfr3-iCre Ctnnb1fl(ex3)/+ and Pou4f3DTR/+ Sox2CreERT2/+ Ctnnb1fl(ex3)/+ mice were injected with DT on P1, followed by tamoxifen adminis-
tration on P2, and cochleae were examined on P4. (B, D, and F) As with Pou4f3DTR/+ cochlea, some transitional cells (Atoh1+Gfi1+Sox2+myosin 7a+, arrows) 
were detected in the apical and middle turns of the Pou4f3DTR/+ Fgfr3-iCre Ctnnb1fl(ex3)/+ cochlea. Some Atoh1+Gfi1+Sox2+ (myosin 7a–) cells (arrowheads), 
which were rarely seen in the Pou4f3DTR/+ cochlea, were also noted in the supporting cell layer of apical and middle turns. Some myosin 7a+Atoh1–Gfi1– hair 
cells (chevrons) were also observed in all 3 turns and were presumed to be surviving hair cells. (C, E, and G) In the Pou4f3DTR/+ Sox2CreERT2/+ Ctnnb1fl(ex3)/+ 
cochlea, a marked increase in transitional cells was observed in all 3 turns. (H) Quantification revealed that significantly more transitional cells were 
detected in all 3 turns in the Pou4f3DTR/+ Sox2CreERT2/+ Ctnnb1fl(ex3)/+ cochleae than in either Pou4f3DTR/+ or Pou4f3DTR/+ Fgfr3-iCre Ctnnb1fl(ex3)/+ cochleae. Data 
represent the mean ± SD. **P < 0.01 and ***P < 0.001, by 1-way ANOVA with Holm-Sidak multiple comparisons test. n = 3. Scale bar: 20 μm.
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and β-cateninGOF, respectively) (Figure 7H). Cochleae from 
Fgfr3-iCre (damaged only) and Sox2CreERT2 (damaged, Sox2haplo) 
mice served as controls. Tamoxifen administration on P22 led to 
approximately 70.8% ± 14.9% Cre+ supporting cells in Fgfr3-iCre  
Rosa26tdTomato/+ cochleae (data not shown) and a decrease of 30.0% ± 
18.1% in Ctnnb1 exon 3 mRNA levels in whole Fgfr3-iCre Ctnnb1fl(ex3)/+ 
cochleae (Figure 7I), suggesting that activated Cre recombinase and 
β-catenin were effectively modified for stabilization.

In the AG- and DT-damaged cochleae, we detected no EdU- 
labeled cells within the organ of Corti in the β-cateninGOF or Sox2haplo, 

(AG) (sisomicin with furosemide) (58) and DT (44) treatment (Fig-
ure 7A and Supplemental Figure 7A). After drug administration 
on P21, both damage paradigms led to significant hair cell loss by 
P28 (Figure 7, B–E). AGs caused primarily outer hair cell loss, and 
DT (Pou4f3DTR/+) caused mainly inner hair cell loss. Both damage 
models showed significantly elevated ABR thresholds, with the AG 
model also showing higher DPOAE thresholds (Figure 7, F and G).

To test the effects of Sox2haplo and β-cateninGOF on damaged, 
mature cochlea, we examined the Fgfr3-iCre Ctnnb1fl(ex3)/+ and  
Sox2CreERT2/+ Ctnnb1fl(ex3)/+ mice (β-cateninGOF alone and Sox2haplo  

Figure 6. Sox2 haploinsufficiency acts as a 
permissive signal for β-catenin–induced pro-
liferation in the undamaged neonatal cochlea. 
(A) Schematic of the experimental paradigm. 
Fgfr3-iCre Ctnnb1fl(ex3)/+ and  
Sox2CreERT2/+ Ctnnb1fl(ex3)/+ pups were given 
tamoxifen on P2, followed by daily administra-
tion of EdU (P3–P5), and cochleae were exam-
ined on P5. (B) No EdU+ cells were detected in 
the organ of Corti in cochleae from Fgfr3-iCre 
Ctnnb1fl(ex3)/+ mice treated with tamoxifen on 
P2. (C) EdU+ supporting cells but not hair cells 
arranged as foci (dashed lines, arrowhead) 
were found in P5 Sox2CreERT2/+  
Ctnnb1fl(ex3)/+ cochleae. (D) Fgfr3-iCre  
Ctnnb1fl(ex3)/+ and Fgfr3-iCre Sox2fl/+ Ctn-
nb1fl(ex3)/+ pups were given tamoxifen on P1, 
followed by EdU administration daily (P3–P5), 
and cochleae were examined on P5. (E) The 
apical turn of Fgfr3-iCre Ctnnb1fl(ex3)/+ cochleae 
revealed no EdU+ hair cells or supporting cells. 
(F) Like Sox2CreERT2/+ Ctnnb1fl(ex3)/+ cochlea, but 
in contrast to Fgfr3-iCre Ctnnb1fl(ex3)/+ cochlea, 
EdU+ cells arranged as clusters (dashed lines, 
arrowheads) were found in Fgfr3-iCre  
Ctnnb1fl(ex3)/+ Sox2fl/+ cochlea (tamoxifen 
was given on P1). (G) Quantification of EdU+ 
cells. The differences in EdU+ cells between 
Sox2haplo and conditional Sox2haplo models can 
be attributed to the timing or degrees of Sox2 
partial deletion. (H) Fgfr3-iCre Ctnnb1fl(ex3)/+, 
Sox2CreERT2/+ Ctnnb1fl(ex3)/+, and Fgfr3-iCre Sox2fl/+ 
Ctnnb1fl(ex3)/+ pups were injected with tamoxifen 
on P1, and cochleae were harvested on P4. 
(I) Gfi1-labeled hair cells were present, but 
no Atoh1- or Gfi1-labeled Sox2+ supporting 
cells were detected in Fgfr3-iCre Ctnnb1fl(ex3)/+ 
cochlea. (J) No Atoh1- or Gfi1-labeled Sox2+ 
supporting cells were detected in Sox2CreERT2/+ 
Ctnnb1fl(ex3)/+ cochlea, although foci-like clusters 
were still noted in the pillar cell region (dashed 
lines, arrowheads). (K) Neither Atoh1- nor 
Gfi1-labeled transitional cells were detected in 
Fgfr3-iCre Ctnnb1fl(ex3)/+ Sox2fl/+ cochlea (tamoxi-
fen was administered on P1), although foci-like 
clusters could still be observed (dashed line, 
arrowhead). Data represent the mean ± SD.  
*P < 0.05 and ***P < 0.001, by 1-way ANOVA 
with Holm-Sidak multiple comparisons test.  
n = 3. Scale bars: 20 μm.
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Figure 7. Sox2 haploinsufficien-
cy and β-catenin stabilization 
do not induce mitotic hair cell 
regeneration in the damaged 
adult cochlea. (A) Schematic 
showing the use of AG (sisomicin 
combined with furosemide) or DT 
to damage the mature cochlea in 
WT and Pou4f3DTR/+ mice. (B–D) 
Saline-treated mice containing 
a full complement of myosin 7a+ 
cochlear inner hair cells and outer 
hair cells. A loss of outer hair cells 
after AG treatment and of inner 
hair cells after DT treatment was 
observed. Some outer hair cell loss 
after DT treatment was observed. 
(E) Quantification revealed a 
significant decrease in hair cell 
numbers in both damage para-
digms. (F and G) ABR thresholds 
were significantly higher in both 
the AG- and DT-treated animals 
as compared with controls. A 
significant threshold shift was 
also observed in the DPOAEs in 
AG-treated animals, but not in 
the animals treated with DT. (H) 
Schematic of transgenic mouse 
models and experimental timeline. 
Cochleae were damaged on P21, 
tamoxifen was given on P22, 
followed by EdU administration 
from P23 to P25, and the animals 
were sacrificed after ABR on P28. 
(I) qPCR showing a significant 
reduction of Ctnnb1 (exon3) mRNA 
expression but not of Ctnnb1 (exon 
13) mRNA expression in cochleae 
from Fgfr3-iCre Ctnnb1fl(ex3)/+ mice. 
(J–M) No EdU+Sox2+ supporting 
cells or myosin 7a+ hair cells were 
detected after AG treatment in 
any of the genotypes examined. A 
persistent loss of outer hair cells 
was seen in these cochleae, with-
out any new Sox2+myosin 7a+ hair 
cells. (N–Q) There were no EdU+ 
hair cells or supporting cells after 
DT treatment or formation of new 
Sox2+myosin 7a+ hair cells in any 
of the mouse cohorts. (R and S) 
Quantification of hair cells in AG- 
and DT-treated cochleae showing 
no change in hair cell numbers 
among genotypes. Data represent 
the mean ± SD. *P < 0.05 and **P 
< 0.01, by 2-tailed Student’s t test 
or 1-way ANOVA with Holm-Sidak 
multiple comparisons test. n = 
3–11. Scale bars: 20 μm.
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mediate the permissive signals conferred by Sox2haplo or damage 
to induce proliferation, the formation of transitional cells, and 
responsiveness to β-cateninGOF.

Discussion
Sox2 directs the cell cycle and cell fate during the development 
of diverse tissue types. Complete and partial Sox2 deficiencies 
cause multiorgan defects including anophthalmia, epilepsy, and 
trachea-esophageal, cochlear, and genital anomalies in mice and 
humans (10, 11, 17–20). Moreover, some regenerating tissues are 
sensitive to Sox2 dosage and are dependent on Sox2 activation 
(10, 17, 27). Our study shows that Sox2 haploinsufficiency allows 
essentially normal development of the cochlea. Furthermore, in 
contrast to the previous notion that Sox2 upregulation promotes 
tissue regeneration, Sox2 haploinsufficiency primes the cochlea to 
regenerate in vivo.

Competence and domains of tissue regeneration. In the avian 
cochlea, 2 mechanisms mediate hair cell regeneration in distinct 
regions of the organ: nonmitotic, direct transdifferentiation in the 
abneural region and mitotic regeneration in the neural domain 
(59). While the mature mammalian cochlea does not regenerate, 
fate-mapping studies demonstrate that supporting cells in the 
neonatal cochlea spontaneously proliferate and form new hair 
cells after damage (43, 45). Cox and colleagues showed that pro-
liferation primarily occurred in the apical region, while the fate-
mapped, immature hair cells were present in all 3 turns of the neo-
natal cochlea. Given the results of these studies, we hypothesized 
that proliferation competence and phenotypic conversion (which 
we characterize as transitional cell formation) are distinct and dif-
ferentially regulated.

Several findings in our study support the notion that cell prolif-
eration and transitional cell formation are differentially governed. 
First, while mitotic cells in the Sox2haplo cochlea mainly resided in 
the apical turn, we found ectopic hair cells in all 3 cochlear turns. 
After damage, mitotic regeneration occurred primarily in the api-
cal turn, with transitional (Atoh1+) cell formation observed more 
broadly in the apical and middle turns (Figure 8F). Thus, as with 
Sox2haplo, damage confers competence in supporting cells to both 
proliferate and form transitional cells. Moreover, the effects of 
Sox2haplo and damage appear additive in conferring to support-
ing cells the competence to mitotically regenerate and form tran-
sitional cells. Building on previous studies showing that Sox2 
antagonizes hair cell specification in the embryonic cochlea (11) 
and inhibits proliferation (60), the current results unveil roles for  
Sox2haplo as a positive modulator of mitotic hair cell regeneration and 
transition cell formation in the damaged postnatal cochlea. How-
ever, Sox2 is required during hair cell regeneration in the zebrafish 
inner ear (61), and whether Sox2 is similarly indispensable during 
mammalian hair cell regeneration remains to be determined.

Competence to respond to Wnt activation. In contrast to previ-
ous studies (54, 55), our results indicate that postnatal cochlear 
supporting cells in a resting, undamaged state are not compe-
tent to proliferate or form ectopic hair/transitional cells upon 
Wnt activation. Rather, damage or Sox2haplo confers to support-
ing cells the competence to proliferate in response to Wnt acti-
vation. Further, the competence to form additional transitional 
cells in response to Wnt activation requires the presence of both 

β-cateninGOF cochleae 1 week after damage (Figure 7, J–Q, and Supple-
mental Figure 7, B–Q), nor did we detect any EdU-labeled cells within 
the organ of Corti 3 weeks after damage (data not shown). Moreover, 
BrdU administered via the drinking water for 2 weeks (P23–P37) to 
AG-damaged Fgfr3-iCre Ctnnb1fl(ex3)/+ mice also failed to label cells in 
the organ of Corti (Supplemental Figure 7, V–X). To assess for transi-
tional cell formation, we immunostained cochleae from AG-treated, 
Sox2haplo, β-cateninGOF (Sox2CreERT2/+ Ctnnb1fl(ex3)/+) mice and found no 
Atoh1+ supporting cells 4 days after damage (not shown). In addition, 
myosin 7a+ hair cell counts did not differ among the 4 groups: (a) 
damaged-only control cochleae, (b) damaged and Sox2haplo cochleae, 
(c) damaged and β-cateninGOF cochleae, and (d) damaged, Sox2haplo,  
β-cateninGOF cochleae) 1 week (Figure 7, R and S) or 3 weeks after 
damage (data not shown). Lastly, ABR and DPOAE measurements 
revealed no differences in thresholds among damaged-only, dam-
aged and β-cateninGOF, and damaged, Sox2haplo, β-cateninGOF animals 
3 weeks after damage (Supplemental Figure 7, R–U). Thus, our data 
indicate that supporting cells in the damaged, mature cochlea are not 
competent to divide or form transitional cells in response to Sox2haplo 
and/or β-cateninGOF.

Downstream targets of Sox2 haploinsufficiency. Our results so 
far suggest that Sox2haplo acts as a permissive signal for supporting 
cells to proliferate, form transitional cells, and be responsive to 
β-catenin in the damaged, neonatal cochlea but not in the dam-
aged, mature cochlea. To gain insights into possible mechanisms 
governing this phenomenon, we measured mRNA expression 
of Notch (Hes5, Hes1, and Hey1) and Wnt (Axin2, Lef1, and Lgr5) 
target genes in 4 groups of cochleae from P5 and P25 mice: (a) 
undamaged WT; (b) undamaged, Sox2haplo (Sox2CreERT2/+); (c) dam-
aged only (Pou4f3DTR/+); and (d) damaged, Sox2haplo (Pou4f3DTR/+  
Sox2CreERT2/+) (Figure 8A and Supplemental Figure 8A).

Both the neonatal and mature Sox2haplo cochleae expressed sig-
nificantly lower levels of Sox2 (23.1% ± 11.1% and 42.7% ± 29.2%, 
respectively) when compared with levels in WT tissues (Figure 8, 
B and C). We also detected a significant reduction in Sox2 levels in 
the damaged-only (Pou4f3DTR/+, 29.1% ± 16.7%) cochleae and dam-
aged, Sox2haplo (Pou4f3DTR/+ Sox2CreERT2/+, 21.4% ± 6.1%) cochleae  
compared with levels in WT control cochleae (Figure 8B). By con-
trast, Sox2 levels did not significantly change after damage in the 
mature cochlea (Figure 8C).

Neonatal cochleae from Sox2CreERT2/+ mice had a significant 
reduction in levels of the Notch target gene Hes5 (47.8% ± 29.9%) 
relative to levels in WT control cochleae (Figure 8D). This decrease 
was also detected using semiquantitative in situ experiments on 
sections from Sox2CreERT2/+ and WT cochleae (Supplemental Figure 
9, A–F). After DT damage alone (Pou4f3DTR/+) or when combined 
with Sox2haplo (Pou4f3DTR/+ Sox2CreERT2/+), we also observed a sig-
nificant decrease in Hes5 expression (25.4% ± 10.3% and 31.3% 
± 10.6%, respectively) (Figure 8D). However, no change in Hes5 
expression was detected in the mature cochlea (Figure 8E). More-
over, we observed no changes in the levels of expression of other  
Notch target genes (Hes1 and Hey1) in the neonatal or mature 
cochleae (Supplemental Figure 8, B–E). We also found no signif-
icant changes in the expression of Wnt target genes (Axin2, Lgr5, 
and Lef1) in the 4 groups of neonatal and mature cochleae exam-
ined (Supplemental Figure 8, F–K). These results suggest that 
decreased expression in components of the Notch pathway may 
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enin–induced proliferation (67). This study posits a model in which 
Sox2 represses the mitogenic and prosensory effects of β-catenin 
activation, possibly via activation of the Notch signaling effector 
Hes5. Although we did not detect a significant change in defined 
Wnt target genes in Sox2haplo or damaged cochleae, it is also possible 
that decreased Sox2 expression causes a small degree of disinhibi-
tion of Wnt signaling and directly facilitates the effects induced by 
β-catenin stabilization. In support of our finding of Notch signaling 
involvement, Sox2 regulates retinal progenitor cell proliferation/
differentiation in a dose-dependent manner via Notch signal-
ing (10). Moreover, Notch1 deletion enhances β-catenin–induced 
mitotic generation of hair cells in the neonatal cochlea (68). Like 
Sox2, Hes5 suppresses Atoh1 during cochlear development (69, 70), 

damage and Sox2haplo. These findings lend additional evidence 
for the differential regulation of mitotic regeneration and tran-
sitional cell formation.

While the context-dependent effects of Wnt activation are 
known (62), the mechanisms dictating the permissiveness to 
respond to β-catenin activation remain poorly understood. A poten-
tial mechanism is the differential inhibition of Wnt signaling, a 
finding noted in intestinal polyposis and hepatic carcinogenesis 
(63). Several Sox family transcription factors directly interact with 
β-catenin to repress Wnt transcriptional responses, while others 
can enhance Wnt target gene expression (64). Sox2 represses pro-
liferation in Wnt-driven gastric adenoma formation (65) and cancer 
(66), but in other contexts such as breast cancer, it stimulates β-cat-

Figure 8. qPCR of Notch and Wnt target 
genes in damaged and Sox2-haplo-
insufficient cochleae. (A) Neonatal 
(P1) and mature (P21) WT, Sox2CreERT2/+, 
Pou4f3DTR/+, and Pou4f3DTR/+ Sox2CreERT2/+ 
mice were treated with DT, and cochleae 
were collected 4 days later. (B) A 
significant decrease was detected in 
Sox2 expression levels in the neonatal 
Sox2CreERT2/+, Pou4f3DTR/+, and Pou4f3DTR/+ 
Sox2CreERT2/+ cochleae relative to levels 
in WT controls. (C) Only the mature 
Sox2CreERT2/+ and Pou4f3DTR/+ Sox2CreERT2/+ 
cochleae had lower Sox2 levels than 
those detected in control cochleae. (D) A 
significant decrease in the levels of the 
Notch target gene Hes5 was detected in 
Sox2CreERT2/+, Pou4f3DTR/+, and Pou4f3DTR/+ 
Sox2CreERT2/+ cochleae relative to levels in 
WT cochleae on P5. (E) When measured 
on P25, no significant changes in the 
expression levels of Hes5 were seen 
relative to WT cochleae. Expression lev-
els of Sox2 and Hes5 in the mature WT 
cochleae were lower than levels in P5 
WT cochleae. (F) Schematics depicting 
the extent and patterns of prolifera-
tion and Atoh1+ transitional cells under 
various defined conditions. Darker colors 
represent more robust proliferation or 
the formation of transitional cells. (G) 
Proposed model of Sox2 and damage 
coordination in regulating mitotic regen-
eration, transitional cell formation, and 
Wnt responsiveness. *P < 0.05 and **P 
< 0.01, by 1-way ANOVA with Holm- 
Sidak multiple comparisons test. n = 4.
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Methods
Mice. The following mouse strains were used: Sox2fl/+ (The Jackson Lab-
oratory; stock 13093) (84); Fgfr3-iCre (gift of W. Richardson, Wolfson 
Institute for Biomedical Research, University College London, Lon-
don, United Kingdom) (85); R26RtdTomato/+ (The Jackson Laboratory; 
stock 7914) (86); Ctnnb1fl(ex3)/+ (gift of M. Taketo, Kyoto University, Kyo-
to, Japan) (53); Sox2GFP/+ (The Jackson Laboratory; stock 17592) (21);  
Pou4f3DTR/+ (gift of E. Rubel, Department of Otolaryngology – Head 
and Neck Surgery, University of Washington, Seattle, Washington, 
USA) (44); Sox2CreERT2/+ (The Jackson Laboratory; stock 17593) (21); and 
Atoh1GFP/+ (The Jackson Laboratory; stock 13593) (50). Mice of both 
sexes were used. To induce Cre recombinase activity, tamoxifen (dis-
solved in corn oil; MilliporeSigma) was injected i.p. into neonatal (0.075 
mg/g) and adult (0.225 mg/g) mice. In neonatal mice, hair cell loss was 
induced on P1 by i.p. administration of DT (6.25 ng/g; MilliporeSigma). 
In WT mice, damage was induced on P21 by a combined treatment with 
the AG sisomicin sulfate (i.p., 200 mg/kg; OChem) and the loop diuret-
ic furosemide (i.p., 300 mg/kg; Novaplus) (58). P21 Pou4f3DTR/+ mice 
were administered DT (i.p., 6.25 mg/kg), EdU (i.p., 25 mg/kg; Invitro-
gen, Thermo Fisher Scientific), or BrdU (1 mg/ml in the drinking water; 
Invitrogen, Thermo Fisher Scientific).

Genotyping and qPCR. A genomic DNA template was pro-
duced by adding 180 μl of 50 mM NaOH to tissue biopsies and 
incubating at 98°C for 1 hour, at which point 20 μl of 1 M Tris-HCl 
was added. The primers used were as follows: Cre mutant, for-
ward (5′-GCGGTCTGCCAGTAAAAACTATC-3′), Cre mutant, 
reverse (5′-GTGAAACAGCATTGCTGTCACTT-3′); Cre WT, 
forward (5′-CTAGGCCACAGAATTGAAAGATCT-3′), Cre WT, 
reverse (5′-GTAGGTGGAAATTCTAGCATCC-3′); Ctnnb1fl(ex3)/+, 
forward (5′-AAGGTAGAGTGATGAAAGTTG-3′), Ctnnb1fl(ex3)/+, 
reverse (5′-CACCATGTCCTCTGTCTATTC-3′); Fgfr3-iCre, for-
ward (5′-GAGGGACTACCTCCTGTACC-3′) and Fgfr3-iCre, reverse 
(5′-TGCCCAGACTCATCCTTGGC-3′); R26RtdTomato/+ mutant, for-
ward (5′-CTGTTCCTGTACGGCATGG-3′), R26RtdTomato/+ mutant, 
reverse (5′-GGCATTAAAGCAGCGTATCC-3′); R26RtdTomato/+ WT, 
forward (5′-AAGGGAGCTGCAGTGGAGTA-3′), R26RtdTomato/+ WT, 
reverse (5′-CCGAAAATCTGTGGGAAGTC-3′); Pou43fDTR/+, for-
ward (5′-GTCAAAAAATGTGCCTTAGAGCGG-3′), Pou4f3DTR/+, 
reverse (5′-CCGACGGCAGCAGCTTCATGGTC-3′); Pou4f3DTR/+ 
WT, forward (5′-CACTTGGAGCGCGGAGAGCTAG-3′), Pou4f3DTR/+ 
reverse (5′-CCGACGGCAGCAGCTTCATGGTC-3′); Sox2fl/+, for-
ward (5′-TGGAATCAGGCTGCCGAGAATCC-3′), Sox2fl/+, reverse 
(5′-TCGTTCTGGCAACAAGTGCTAAAGC-3′); Sox2GFP/+ mutant, 
forward (5′-AAGTTCATCTGCACCACCG-3′), Sox2GFP/+ mutant, 
reverse (5′-TCCTTGAAGAAGATGGTGCG-3′); Sox2GFP/+ WT, for-
ward (5′-CGTGATCTGCAACTCCAGTC-3′), Sox2GFP/+ WT, reverse 
(5′-GGAGCGGGAGAAATGGATATG-3′); Atoh1GFP/+ WT, forward 
(5′-AGGGTCAGCTTGCCGTAGGT-3′); and Atoh1GFP/+ mutant, 
forward (5′-GCGATGATGGCACAGAAGG-3′), Atoh1GFP/+ mutant, 
reverse (5′-GAAGGGCATTTGGTTGTCTCAG-3′).

For qPCR, total RNA was isolated with an RNeasy Mini Extraction 
Kit (QIAGEN), and then cDNA was synthesized using SuperScript 
VILO cDNA Kit (Invitrogen, Thermo Fisher Scientific). TaqMan Fast 
Advanced Mix and Assays (Applied Biosystems) were used to perform 
qPCR reactions on a CFX Connect Real-Time System (Bio-Rad). All 
qPCR reactions were performed in triplicate, and the relative quantifica-
tion of gene expression was analyzed using the ΔΔCt method (87). These 

and Notch inhibition increases Atoh1 expression and hair cell for-
mation in undamaged (71–73) and damaged neonatal cochleae (74).

In the postnatal cochlea, Hes5 is highly expressed in Sox2+ sup-
porting cells and becomes downregulated in the mature cochlea 
(75–77). The most notable difference between the neonatal and 
mature cochleae is that the former had lower expression of Hes5 as 
a result of Sox2haplo or damage. By contrast, Hes5 and other Notch 
target genes were expressed at low levels and were not altered as 
a result of Sox2haplo or damage in the mature cochlea, suggesting 
that they play a significant role in restricting hair cell regeneration 
in the neonatal, but not the mature cochlea. Thus, Sox2haplo and 
damage may coordinate to dictate mitotic regeneration, transi-
tional cell formation, and Wnt responsiveness via Notch signaling 
in the neonatal cochlea, but not in the mature cochlea (Figure 8G) 
because of age-related changes of these factors. Our results are in 
agreement with previous reports noting a decline of Hes5 expres-
sion in the maturing cochlea (72, 75). Furthermore, Hes5 and Atoh1 
expression remained low in the noise-damaged mature cochlea 
(77). Another important consideration is the largely unknown 
network of transcription factors that act in concert with Sox2 
and Hes5 in the neonatal and mature cochlea. Moreover, gene 
silencing by epigenetic factors occurs as the cochlea develops and 
matures (78), thus a more comprehensive investigation in these 
areas, including further study of the roles of Hes5, should be of 
interest and may help guide future therapy using Sox2 and Wnt 
signaling to regenerate the mature cochlea.

Mouse models to study regeneration. The results of this study 
underscore the potential confounding effects from haploinsuffi-
ciency when using knockin mouse models (79). For example, the 
Foxg1-Cre mouse line can have brain deficits that probably stem 
from alterations in proliferation, possibly as a result of haploinsuf-
ficiency (80–82). In the same vein, the differences between our 
results and those of previous studies, in which β-catenin stabiliza-
tion induced proliferation in the nondamaged neonatal cochlea, 
can be attributed to the knockin mouse lines used (Sox2CreERT2/+ and 
Lgr5CreERT2/+) (54, 55). Moreover, the proliferative cells observed 
after β-catenin stabilization in Lgr5+ cells in the neonatal cochlea 
may have originated from inner phalangeal cells medial to the 
inner hair cells. While the robust proliferation observed in the neo-
natal Sox2CreERT2/+ cochlea is affected by Sox2 haploinsufficiency 
(55, 68, 83), one should also consider the differences in experimen-
tal paradigms used and the supporting cell subtypes examined.

In summary, our results introduce a model system for mam-
malian hair cell regeneration, in which Sox2 haploinsufficiency 
enhances regeneration, and reveal the cooperative roles between 
Sox2 haploinsufficiency and damage in governing mitosis, differ-
entiation, and Wnt responsiveness of hair cell precursors in the 
neonatal cochlea, probably via components of Notch signaling. 
These findings illustrate the differential responsiveness of cochle-
ar supporting cells as hair cell progenitors in resting and damaged 
states. Moreover, these findings demonstrate the possibility of 
priming supporting cells, without hindering their normal function, 
to enhance their regenerative ability in response to damage and/or 
adjuvant therapy such as Wnt activation. Thus, this study should 
provide insights that will help guide the future design of combina-
torial approaches for stimulating mammalian cochlear regenera-
tion to reverse hearing loss.
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Fluor donkey anti-mouse 546 (A10036),  Alexa Fluor donkey anti-
mouse 647 (A31571), Alexa Fluor donkey anti-rabbit 488 (A21206, 
Alexa Fluor donkey anti-rabbit 546 (A10040),  Alexa Fluor donkey 
anti-rabbit 647 (A31573) secondary antibodies (1:250 to 1:500; Life 
Technologies, Thermo Fisher Scientific). Fluoresecence-conjugated  
phalloidin (1:1,000; Invitrogen, Thermo Fisher Scientific; catalog 
A22283); DAPI (1:10,000; Invitrogen, Thermo Fisher Scientific; cat-
alogD1306); and an Alexa Fluor 555 or 647 EdU Detection Kit (Invit-
rogen, Thermo Fisher Scientific; catalog C10338/C10340). To assess 
proliferation in cochleae from mice treated with BrdU following sec-
ondary antibody incubation, tissues were washed with PBS and reper-
meabilized, after which tissues were incubated with 2N HCl in 0.05% 
Triton X-100 for 1 hour at room temperature. The tissues were then 
washed with PBS and blocked and immunostained with anti-BrdU as 
outlined above.

Whole mounts were imaged as Z-stacks on a Zeiss LSM700 confocal 
microscope, and images were captured using Zen Software (Carl Zeiss) 
and analyzed with ImageJ (NIH) and Photoshop CS6 (Adobe Systems).

ISH. Tissues were harvested on ice, fixed in 4% PFA overnight, 
and then embedded for cryosectioning as described previously (57). 
Briefly, tissues were sequentially submerged in 10%, 20%, and 
30% sucrose prior to tissue embedment and freezing in 100% OCT  
(Sakura). Tissue sections were hybridized with commercial probes 
from Advanced Cell Diagnostics according to the manufacturer’s 
instructions for fixed, frozen sections with colorimetric detection 
(88). Briefly, sections were washed in 1× PBS for 5 minutes and then 
treated with H2O2 for 10 minutes. Next, sections were permeabilized 
using target retrieval reagent and proteinase before hybridization. The 
following Advanced Cell Diagnostics probes were used: Hes5 (catalog 
400991), DapB (catalog 310043), Polr2a (catalog 310451), and Sox2 
(catalog 401041). WT and Sox2CreERT2/+ cochleae were processed in par-
allel, with sections collected on the same slide and subjected to mRNA 
detection under identical conditions.

Cell quantification. For cell counting, confocal images were ana-
lyzed using ImageJ. To quantify EdU-labeled cells and ectopic hair 
cells in neonatal cochleae, Z-stack images were taken of the whole 
cochleae, which were divided into apical, middle, and basal turns of 
equal length, and cells were counted from stacks using ImageJ. Other 
cell counts in the neonatal and the adult cochleae were performed on 
representative Z-stack images of individual turns.

Statistics. Data were analyzed using Microsoft Excel and Graph-
Pad Prism Version 7 (GraphPad Software). A 2-tailed Student’s t test 
or ANOVA with post hoc testing was used to calculate statistical sig-
nificance. A P value of less than 0.05 was considered statistically sig-
nificant. Data shown in the figures represent the mean ± SD. For all 
experiments, n values represent the number of animals examined.

Study approval. All experimental protocols were approved by the 
IACUC of Stanford University.
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