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Precise control of organ growth and patterning is executed
through a balanced regulation of progenitor self-renewal and dif-
ferentiation. In the auditory sensory epithelium—the organ of
Corti—progenitor cells exit the cell cycle in a coordinated wave
between E12.5 and E14.5 before the initiation of sensory receptor
cell differentiation, making it a unique system for studying the
molecular mechanisms controlling the switch between prolifera-
tion and differentiation. Here we identify the Yap/Tead complex
as a key regulator of the self-renewal gene network in organ of
Corti progenitor cells. We show that Tead transcription factors
bind directly to the putative regulatory elements of many stem-
ness- and cell cycle-related genes. We also show that the Tead
coactivator protein, Yap, is degraded specifically in the Sox2-
positive domain of the cochlear duct, resulting in down-regulation
of Tead gene targets. Further, conditional loss of the Yap gene in
the inner ear results in the formation of significantly smaller audi-
tory and vestibular sensory epithelia, while conditional overexpres-
sion of a constitutively active version of Yap, Yap5SA, is sufficient to
prevent cell cycle exit and to prolong sensory tissue growth. We
also show that viral gene delivery of Yap5SA in the postnatal inner
ear sensory epithelia in vivo drives cell cycle reentry after hair cell
loss. Taken together, these data highlight the key role of the Yap/
Tead transcription factor complex in maintaining inner ear progen-
itors during development, and suggest new strategies to induce
sensory cell regeneration.

Yap | Hippo signaling pathway | organ of Corti | Taz | inner ear

The two major cell types in the sensory organs of the inner
ear—hair cells and supporting cells—are derived from the

Sox2-positive progenitors specified in the prosensory domain of
the otic vesicle (1). In the otolithic vestibular sensory organs, the
utricle and the saccule, progenitor cells begin to differentiate
into sensory hair cells in the central region of the macula early
during embryonic development (2, 3). Concurrent with hair cell
differentiation, a wave of cell cycle exit initiates in the macula,
spreads toward the periphery of the organ, and gradually restricts
progenitor cell proliferation between embryonic day (E) 11.5 and
postnatal day (P) 2 (2–6). In contrast to the vestibular sensory
epithelia, the auditory organ of Corti undergoes a rapid, 48-h
wave of cell cycle exit that arrests progenitor cell proliferation
between E12.5 and E14.5, before the initiation of differentiation
(2, 7, 8).
Despite these differences in the spatiotemporal patterns of

cell cycle exit in the vestibular and auditory sensory epithelia, this
exit has been linked to p27Kip1 up-regulation in both systems (3,
7, 9). In the organ of Corti, a particularly striking wave of tran-
scriptional activation of the Cdkn1b gene, coding for p27Kip1,
spreads from the apex to the base of the cochlear duct and
controls both the timing and the pattern of cell cycle exit (8).

However, what initiates this increase in Cdkn1b expression re-
mains unclear. In addition, conditional ablation of Cdkn1b in the
inner ear is not sufficient to completely relieve the block on
supporting cell proliferation (9, 10), suggesting the existence of
additional repressive mechanisms.
We previously demonstrated that the pattern of cell cycle exit

and the dynamics of the vestibular sensory organ growth are
controlled by a negative feedback mechanism mediated by the
Hippo pathway (6). This evolutionarily conserved signaling cas-
cade controls organ growth mainly by repressing cell pro-
liferation (11). Hippo’s downstream effector proteins, Yap and
Taz, function in a complex with Tead transcription factors to
directly activate the expression of cell cycle, prosurvival, and
antiapoptotic genes (12, 13). Mechanistically, the Yap/Tead
complex recruits the Mediator complex to distal regulatory ele-
ments of their target genes (14, 15). The molecular output of this
signaling is highly tissue- and context-dependent, as evidenced,
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for example, by the large variation observed between Yap/Tead
targets in different cancer cell lines (15, 16). However, little is
known about the Yap/Tead targetome in developing embryonic
tissues in situ, and the role of this transcription factor complex
during organ of Corti development has not been investigated.
In this study, we characterized changes in gene expression and

chromatin accessibility that occur during cell cycle exit in organ
of Corti progenitor cells. We uncovered a key role for the Yap/
Tead transcription factor complex in maintaining progenitor cell
self-renewal and identified many direct target genes of the Yap/
Tead complex in this tissue. In addition, our results suggest that
reactivation of Yap/Tead signaling in the postnatal inner ear
sensory epithelia is sufficient to induce a proliferative response
and so can potentially be used as a strategy to promote inner ear
sensory organ regeneration.

Results
A Self-Renewal Gene Network Is Rapidly Repressed in Organ of Corti
Progenitor Cells between E12 and E13.5. To identify the gene net-
work that controls self-renewal in the developing organ of Corti,
we analyzed gene expression in actively dividing (E12.0) and
postmitotic (E13.5) progenitor cells. We used Sox2-GFP mice
(17) to purify progenitors at E12.0 and p27Kip-GFP mice (8) to
purify progenitor cells at E13.5 (Fig. 1A). Principal component
analysis of RNA sequencing (RNA-seq) data revealed that the
overwhelming percentage of variance (96%) between E12.0 and
E13.5 samples could be explained by the first principal compo-
nent, composed of genes associated with cell division (Fig. 1 B
and C and Dataset S1). In particular, 365 genes shown to be
associated with regulation of the cell cycle (GO:0051726) were
significantly differentially expressed between the two time points,
facilitating a sharp transition to a postmitotic state (false dis-
covery rate [FDR] <0.01) (Fig. 1D). These genes included known
key regulators of cell proliferation in the developing cochlea,
such as cyclin D1 (Ccnd1) (10) and p27Kip1 (Cdkn1b) (7, 9).

Tead Transcription Factors Control the Self-Renewal Gene Network in
the Organ of Corti Progenitor Cells. To gain a mechanistic un-
derstanding of how proliferation in the cochlear prosensory do-
main is controlled before cell cycle exit, we identified the
presumptive regulatory elements specific for the self-renewal
state. By profiling chromatin accessibility in E12.0 and E13.5 or-
gan of Corti progenitor cells using ATAC sequencing (ATAC-seq),
we demonstrated that more than two-thirds of all accessible chro-
matin regions identified in E12.0 progenitor cells remained open as
these cells exited the cell cycle, while one-third of the regions were
specifically associated with the self-renewal state (Fig. 1E). Tran-
scription factor motif enrichment analysis, using Homer software
(18), demonstrated that Tead DNA-binding motifs were among the
most significantly enriched in accessible chromatin regions specific
to E12.0 progenitors and regions common to E12.0 and E13.5
progenitors, but not in accessible chromatin regions seen only in
E13.5 progenitors (Fig. 1 F and F′).
Using a recently published low-input in situ alternative to

chromatin immunoprecipitation (ChIP) sequencing, CUT&RUN
(19, 20), we tested whether Tead transcription factors bound di-
rectly to the regulatory elements associated with the proliferative
state in the E12.0 organ of Corti. Our analysis identified 74,966
chromatin regions occupied by Tead inclusive of two CUT&RUN
replicates, almost 40% of which (28,648) mapped to the open
chromatin regions identified by ATAC-seq at the same stage
(Fig. 2A). We also performed CUT&RUN for histone 3 lysine 27
acetylation (H3K27Ac), a known marker of active promoters and
enhancers (21, 22). Strikingly, >85% (24,845) of Tead-bound ac-
cessible chromatin regions were also marked by H3K27Ac, sug-
gesting that these regions are active regulatory elements in E12.0
progenitor cells. GREAT analysis (23) revealed that terms asso-
ciated with stem cell maintenance and cell division were among

the most enriched in the genes closest to, and thus likely to be
controlled by (22, 24), Tead-bound putative regulatory elements
(Fig. 2C).
Chromatin accessibility and H3K27Ac status of most (>85%)

putative regulatory elements bound by Tead in E12.0 progenitors
remained unchanged as these cells exited the cell cycle (Fig. 2 D
and E). Nevertheless, the putative Tead targets included many
positive regulators of the cell cycle that were down-regulated
between E12.0 and E13.5 (Fig. 2F). Examples of such regula-
tors include ATP-dependent RNA helicase (Ddx3x) (25), Aurora
B kinase (Aurkb) (26), Cyclin d1 (Ccnd1) (27), and mitotic
centromere-associated kinase (Kif2c) (28), among many others
(Fig. 2E and Dataset S2). Gene Set Enrichment Analysis
(GSEA) (29) confirmed that putative Tead target genes associ-
ated with the cell cycle (GO:0007049) included almost none of
the negative regulators and thus were significantly coordinately
down-regulated in the cochlear progenitors between E12.0 and
E13.5 (Fig. 2G). These data strongly suggest that Tead tran-
scription factors directly control the self-renewal gene network in
the developing organ of Corti before the cell cycle exit.

Degradation of Yap Protein Is Associated with Cell Cycle Exit in the
Organ of Corti. It is well established that Tead transcription fac-
tors activate gene expression in a complex with Yap and Taz
cofactors, the downstream effectors of the Hippo signaling
pathway (12) (Fig. 3B). Gene Ontology (GO) analysis identified
Hippo signaling as one of the most enriched terms among the
genes differentially expressed between E12.0 and E13.5 (Fig. 1C).
In 22 of 30 genes currently associated with Hippo signaling
(GO:0035329), expression was significantly changed in sensory
progenitor cells during cell cycle exit (FDR <0.01; Fig. 3A). Most
notably, between E12.0 and E13.5, the transcriptional activators
Yap and Wwtr1 (Taz) were down-regulated by more than twofold,
and Dlg5, a known suppressor of the Hippo signaling pathway that
inhibits the association between Mst1/2 and Lats1/2 kinases (30),
was down-regulated by more than fivefold. In addition,Mst2, Lats1,
Nf2, Vgll4, and Wwc1(Kibra) were all significantly up-regulated
in postmitotic progenitor cells, consistent with activation of
Hippo signaling (31).
Because the level of gene expression does not directly corre-

late with Yap activity, we investigated the phosphorylation state
of the key proteins in the Hippo pathway in the actively dividing
and postmitotic organ of Corti. The wave of cell cycle exit ini-
tiated at the apex at E12.5 reaches the base of the cochlea by
E14.5; thus, these two time points were chosen for the analysis (7).
We demonstrated that although the total amount of Yap protein
remained relatively unchanged between E12.5 and E14.5, the level
of Yap phosphorylation increased between these stages, suggest-
ing activation of Hippo signaling at E14.5 (Fig. 3C).
In addition to phosphorylation status, nuclear versus cyto-

plasmic localization of Yap serves as a proxy for its activity (31)
(Fig. 3B); thus, we focused on Yap protein distribution during
normal organ of Corti development. At E12.5, when the first
progenitor cells at the apex of the prosensory domain of the
cochlear duct begin to exit the cell cycle, cytoplasmic retention
and some degradation of Yap protein are observed (Fig. 3D). As
the wave of cell cycle exit progresses and reaches the base of the
cochlea by E14.5, the Sox2-positive domain, in which the first
Atoh1-positive sensory cell differentiation occurs, can be clearly
identified as a Yap protein-depleted region in which little to no
nuclear Yap protein can be observed (Fig. 3D). This depletion
becomes even more striking at P6, when regenerative potential is
permanently lost from the cochlear sensory epithelia (32).

Conditional Loss of Yap in the Inner Ear Results in Formation of
Significantly Smaller Sensory Organs. To directly test the role of
the Yap/Tead complex in driving progenitor cell proliferation,
we generated conditional knockout mice deficient for Yap in the
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sensory organs of the inner ear using Pax2-Cre and Yapfl/fl mice
(33, 34). Consistent with previous reports (7, 8), at E12.5 an
average of 70% of the Sox2-positive sensory progenitor cells in
the midbase of the cochlear duct were actively cycling in Cre-
negative, phenotypically wild-type (WT) littermates (Fig. 4 A and
B). The percentage of mitotic cells in the Sox2-positive domain
decreased by >20% in conditional Yap knockouts (P < 0.01; n =
9). This decrease in cell proliferation was accompanied by a
significant reduction in the total number of Sox2-positive cells
(P < 0.05; n = 9) (SI Appendix, Fig. S1 A and B); however, we did
not observe apoptotic cells within the cochlear duct of either WT
or Yap CKO littermates, as shown by the absence of active
caspase 3 labeling (n = 6) (SI Appendix, Fig. S1A).
We confirmed the efficiency of Pax2-Cre–driven recombination

by demonstrating an absence of the Yap protein in Yap CKO
cochleae at E13.5 (SI Appendix, Fig. S1C). We noted that at this
stage, p27Kip1 expression expanded to the abneural domain in the
apex of the cochlear duct, where no EdU incorporation was

observed in the knockouts (SI Appendix, Fig. S1 C and D). Nev-
ertheless, up-regulation of p27Kip1 and cell cycle exit in the pros-
ensory domain still occurred in a wave spreading from apex to
base in the Yap mutants, suggesting no direct correlation between
loss of Yap and transcriptional Cdkn1b up-regulation.
Consistent with the reported pattern of Pax2-Cre expression

(33), by later stages of embryonic development, Yap CKO ani-
mals exhibited midbrain/hindbrain defects and died shortly after
birth (SI Appendix, Fig. S2A). At E18.5, decreased numbers of
the sensory progenitors in conditional Yapmutants manifested in
a drastic reduction in the size of the organ of Corti (Fig. 4 C and
F). However, the pattern of cellular differentiation remained
largely intact, with four rows of hair cells and underlying rows of
supporting cells detected throughout the entire length of the
cochlear duct (Fig. 4 C and D). Although the overall number of
hair cells was reduced proportionally to the reduction in cochlear
length (Fig. 4G), we consistently observed ectopic hair cells and
supporting cells on the abneural side of the cochlear duct at the
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Fig. 1. RNA-seq and ATAC-seq reveal dramatic changes in the regulation of self-renewal genes in organ of Corti progenitor cells between E12.0 and E13.5.
(A) To demonstrate the timing of cell cycle exit in the organ of Corti, an EdU pulse was applied 30 min before inner ear dissections at E12.0 and E13.5.
Immunofluorescence analysis shows that at E12.0 Sox2-positive progenitors incorporate EdU, confirming that these are actively cycling cells (Top). In contrast,
at E13.5, the Sox2-positive progenitor cells up-regulate p27Kip1 expression and no longer incorporate EdU (Bottom). To FACS-purify organ of Corti progenitor
cells before (E12.0) and after (E13.5) the cell cycle exit, Sox2-GFP and p27Kip-GFPmice were used. (Scale bars: 100 μm.) (B) Principal component analysis of RNA-
seq data from E12.0 and E13.5 organ of Corti progenitor cells demonstrating that the two replicates collected for each stage cluster tightly with each other.
Almost all the variance between E12.0 and E13.5 samples can be explained by the first principal component (PC1 = 96.25%). (C) GO enrichment analysis
performed with DAVID software demonstrating that the term associated with the cell cycle is most enriched in the genes differentially expressed (FDR <0.01)
between E12.0 and E13.5 in the organ of Corti. (D, Left) Heatmap demonstrating the relative expression levels of 365 cell cycle genes differentially expressed
between E12.0 and E13.5 progenitor cells (FDR <0.01; n = 2 for each condition). Highly expressed genes are shown in red, while the genes with relatively low
levels of expression are depicted in blue. (D, Right) Bar graphs showing FPKM values of the top up-regulated and down-regulated genes. (E) Heatmap
showing differentially accessible chromatin regions determined by ATAC-seq in E12.0 and E13.5 organ of Corti progenitor cells, generated using deepTools.
The open chromatin regions, specific to E12.0 (24,530), common between E12.0 and E13.5 (61,498), and specific to E13.5 (13,352) are identified. (F) The top-
four transcription factor DNA-binding motifs enriched in the open chromatin regions preferentially accessible at E12.0 and at E13.5 (F′) in the organ of Corti
progenitor cells identified using Homer motif enrichment analysis. The Tead DNA-binding motif is significantly enriched in E12.0-specific regions.
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apex, where expanded p27Kip1 expression was detected at E13.5
(Fig. 4 C–E). Confirming our previous observation that Yap
controls growth of the vestibular organs (6), the utricle and
saccule were also significantly smaller in Yap CKO mice (SI
Appendix, Fig. S2 B–D). Nevertheless, the hair cell density
remained unchanged in these organs (SI Appendix, Fig. S2E).
Collectively, these observations strongly suggest that while

p27Kip1 up-regulation serves as the major driver of cell cycle exit
in the prosensory domain of the cochlear duct, Yap signaling
controls the number of progenitor cells to be formed in the au-
ditory and vestibular sensory organs to regulate their final size.

Constitutive Activation of Yap Prevents Cell Cycle Exit Resulting in
Sensory Epithelia Overgrowth. If loss of the Yap/Tead transcrip-
tion complex causes cell cycle exit in the sensory epithelia of the
inner ear, then preventing Yap degradation should result in
prolonged cell proliferation. To test this hypothesis, we used a
transgenic mouse model in which a constitutively active version
of Yap, Yap5SA, can be expressed conditionally on Cre-driven
recombination (35). Sox2-CreER (17) mice were used to induce
the expression of FLAG-tagged Yap5SA in the sensory pro-
genitor cells before the initiation of cell cycle exit at E11.5

(Fig. 5A and SI Appendix, Fig. S3 A and B). The progression of
cell cycle exit in the sensory organs was evaluated by assessing
Ki67 positivity at E14.5 and E17.5, 3 and 6 d after the induction,
respectively. The samples were counterstained with antibodies
against Sox2 and FLAG to identify the cells in which Yap5SA
expression was induced. However, no FLAG labeling was ob-
served in these samples, suggesting rapid Yap5SA-FLAG deg-
radation, loss of the cells in which recombination was induced,
or, most likely, failure to induce the overexpression construct in
organ of Corti progenitors. As a result, no excess Ki67 and
Sox2 double-positive cells were found in the induced organs of
Corti at E14.5 compared with Cre-negative controls (SI Appen-
dix, Fig. S3C).
In contrast to the organ of Corti, robust induction of Yap5SA-

FLAG expression was observed in the vestibular sensory epi-
thelia at E14.5, 3 d after Cre induction (Fig. 5D). The same
organs showed a greater than twofold increase in the number of
Ki67 and Sox2 double-positive cells in the utricular macula,
where cell cycle exit was already evident in the Cre-negative
control littermates (Fig. 5 B and D). This overproliferation
phenotype became more overt at E17.5, when the vestibular
organs of Yap5SA-induced animals appeared grossly overgrown,
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Fig. 2. Tead transcription factors directly bound to the putative regulatory elements of many stemness and cell cycle genes. (A) Venn diagram demonstrating
the overlaps among E12.0 Tead-bound, E12.0-accessible (E12.0 ATAC), and E13.5-accessible (E13.5 ATAC) chromatin regions. A clear majority (25,423) of the
Tead-bound chromatin regions identified by CUT&RUN (C&R) at E12.0 were also identified through ATAC-seq as being accessible at that stage and remained
accessible at E13.5, when the progenitor cells exit the cell cycle. (B) Homer motif enrichment analysis confirming that a Tead DNA-binding motif is enriched in
the Tead-bound chromatin regions that are accessible at E12.0. (C) Identified using GREAT software, GO terms associated with stem cell maintenance and cell
division are enriched in the genes associated with the Tead-bound and ATAC-accessible chromatin regions at E12.0. (D) deepTools-generated heatmaps
showing a comparative analysis of the chromatin accessibility, assessed by ATAC-seq (gray), and H3K27Ac (green) of the chromatin regions occupied by Tead
in E12.0 progenitor cells. As also demonstrated by the Venn diagram in A, >85% (25,423) of Tead-occupied accessible chromatin regions identified at E12.0
remain accessible after the cell cycle exit at E13.5. The H3K27Ac status of the same regions remains largely unchanged. (E) bigWig tracks for the repre-
sentative examples of the putative Tead target genes associated with cell cycle progression visualized using the IGV. Note that chromatin associability (ATAC;
gray) and H3K27Ac (green) is unchanged at the putative regulatory elements occupied by Tead (blue; black bars). (F) Heatmap showing relative expression
levels of the differentially expressed putative Tead targets associated with cell cycle (FDR < 0.01; n = 2 for each condition). Highly expressed genes are shown
in red, while the genes with relatively low levels of expression are depicted in blue. (G) GSEA enrichment plot demonstrating a significant correlation
(FDR <0.0001) between gene expression and Tead-occupancy for the cell cycle-related genes (GO:0007049) at E12.0.

Gnedeva et al. PNAS | June 16, 2020 | vol. 117 | no. 24 | 13555

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental


www.manaraa.com

with Sox2-positive cells continuing to proliferate throughout the
macula (Fig. 5 C and E). This increase in cell proliferation im-
paired differentiation or survival of the sensory receptors, as the
number of Myo7A-positive hair cells remained relatively low in
the Yap5SA-expressing tissue compared with controls (Fig. 5 C
and E).

Constitutive Activation of Yap via Intraventricular Brain Viral Injection
Triggers Cell Cycle Reentry in the Postnatal Sensory Epithelia of the
Inner Ear. Induction of the Yap5SA transgene becomes further
restricted to just hair cells in the inner ear sensory organs at later
embryonic ages (SI Appendix, Fig. S4C). Therefore, to analyze the
function of Yap/Tead complex in vivo postnatally, we used viral
vectors for gene delivery into the inner ear. Round window, pos-
terior semicircular canal, and intraventricular injections are cur-
rently used to achieve gene transfer into hair cells and supporting
cells. These procedures require invasive surgery and are labor-
intensive, time-consuming, and low-throughput. Because inner
ear perilymph is connected directly to the cerebrospinal fluid via
the cochlear aqueduct (SI Appendix, Fig. S5A) (36), we tested
whether virus injected intraventricularly would spread into the
inner ear in neonatal mice. In brief, 5 μL of the Anc80-GFP virus
(37) was injected freehand into the lateral ventricle of P1 to P6
neonatal mice anesthetized on ice (38). Using this new method, we
achieved efficient gene delivery into the central nervous system and
both vestibular and auditory sensory epithelia (SI Appendix, Fig.
S4B). The Anc80 vector has been previously shown to predominantly
infect hair cells, while supporting cells remain uninfected (37).

Importantly, we also demonstrated that intraventricular gene delivery
in Pou4f3DTR/+mice (39), in which hair cells were killed by diphtheria
toxin injection 1 d earlier, resulted in effective gene transfer in the
residual supporting cells (SI Appendix, Fig. S5 C and D).
Using this new viral delivery method, we tested the effects of

Yap signaling activation in the inner ear sensory epithelia after
hair cell ablation (Fig. 6A). Diphtheria toxin was administered at
P6, the stage at which spontaneous regeneration is no longer
observed in the organ of Corti in vivo (32). The next day, Anc80-
GFP control or Anc80-Yap5SA-GFP virus was administered
intraventricularly to the animals carrying the DTR allele. The
animals were injected with EdU and euthanized at 3 d after viral
injections. We found that Yap5SA expression resulted in robust
supporting cell cycle reentry in the utricular macula, where nu-
merous Sox2- and EdU-positive supporting cells were observed
(Fig. 6 B and C). Cell cycle reentry was also initiated upon
Yap5SA overexpression in Sox2-positive cells in Kölliker’s organ
and in the organ of Corti, albeit at a lower efficiency (Fig. 6 B′
and D). These data demonstrate that activation of Yap signaling
is sufficient to drive supporting cell proliferation in postnatal
inner ear sensory organs—a process normally blocked in mammals,
but necessary for sensory hair cell regeneration in nonmammalian
vertebrates.

Discussion
In this study, we characterize the role of the Yap/Tead complex
in maintaining the proliferative state of organ of Corti progeni-
tors before establishment of the postmitotic prosensory domain.
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Schematic depiction of the Hippo pathway. When Hippo signaling is inactive, Yap transcriptional cofactor may translocate to the nucleus, where, together
with Tead transcription factors, it activates gene expression. Phosphorylation and activation of Mst1/2 and Lats1/2 kinases in the Hippo pathway result in
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E12.5 (Left; n = 4), E14.5 (Middle; n = 4), and P6 (Right; n = 6). (Scale bars: 50 μm.)
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We demonstrate that Tead transcription factors directly control
expression of cell cycle genes, and that reactivation of Yap/Tead
signaling is sufficient to prevent cell cycle exit during embryo-
genesis and to induce supporting cell proliferation postnatally.
Before our present work, most research was focused on Wnt

signaling as a major regulator of progenitor self-renewal in the
sensory epithelia of the inner ear (40). Similar to Yap signaling,
canonical Wnt activity is detected at high levels in the prosensory
domain of the cochlear duct before p27Kip1 up-regulation, and is
reduced thereafter (41). In addition, both genetic and small-
molecule activation of Wnt signaling are sufficient to promote
cell proliferation in the embryonic and neonatal organ of Corti
(41–44). Although we show that loss of Yap results in significant
reduction in the proportion of dividing cells within the Sox2-
positive prosensory domain of the cochlear duct at E12.5, the
progenitor cells do not completely lose their mitotic capacity in
the absence of Yap/Tead signaling. Therefore, it is likely that
other mitogenic pathways, such as Wnt, act in parallel with Yap/
Tead signaling to maintain the self-renewal state in the cochlear
prosensory cells. It is important to note, however, that Taz, a
closely related homolog of Yap, is also expressed in the sensory
progenitors of the cochlea duct (Fig. 3A). Taz can drive cell

proliferation in complex with Tead transcription factors (12, 13),
and thus may partially compensate for the loss of Yap in con-
ditional inner ear knockouts. Interestingly, a recent study dem-
onstrated that conditional inactivation of Ctnnb1 (β-catenin), as
early as E10.5, does not result in a significant reduction in the
length of the organ of Corti or in the numbers of supporting and
hair cells, suggesting normal progenitor cell proliferation in the
absence of canonical Wnt signaling (45). In stark contrast, con-
ditional loss of Yap drastically affects the size of the organ of
Corti, suggesting the dominance of Yap/Taz/Tead signaling in
driving cell proliferation during development.
Given the similar patterns of Yap degradation and p27Kip1 up-

regulation in the cochlea, it is attractive to propose a functional
relationship between the pathways, or to hypothesize that the
stability of both proteins is regulated by the same upstream
mechanisms. Recent work indicates that YAP can be poly-
ubiquitinated by the SCF-SKP2 E3 ligase complex, which en-
hances its nuclear translocation and Yap/Tead complex stability
(46). The SCF-SKP2 complex is a well-established regulator of
the protein levels of cyclins and cyclin-dependent kinase inhibi-
tors and can degrade p27Kip1 (47). Consistent with this obser-
vation, our data demonstrate an almost fourfold decrease in
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Skp2 expression in postmitotic organ of Corti progenitor cells
(Dataset S1). Moreover, the Yap/Tead complex was recently
shown to directly regulate Skp2 transcription in human breast
cancers, where high Yap and low p21Cip1/p27Kip1 expression levels
are correlated (48). Our data support these observations, as we
identify the Skp2 gene as one of the direct Tead targets in the
sensory epithelia using the CUT&RUN assay (Dataset S2) and
show that conditional loss of Yap in the inner ear results in an
expansion of p27Kip1 expression in the apex of the cochlear duct.
Our data do not support the idea that Yap/Tead degradation

initiates the apical-to-basal wave of transcriptional p27Kip1 acti-
vation, a form of cell cycle control unique to the organ of Corti

(8). It does, however, suggest a similar transcriptional level of
control for the Yap/Tead pathway in the developing organ of
Corti. In particular, we show that Yap expression is down-
regulated, while expression of the core Hippo kinases and
adaptor proteins is up-regulated, as progenitor cells transition
into a postmitotic state (Dataset S1). More research is needed to
understand the intertwined, yet distinct roles for Yap and
p27Kip1 as upstream regulators of the cell cycle in the inner ear.
In addition to expanding the mechanistic understanding of

early inner ear sensory epithelia development, our work provides
insight into how regenerative responses can be initiated in the
inner ear sensory tissue. Adult mammalian supporting cells in
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Fig. 5. Conditional constitutive activation of Yap in the inner ear sensory progenitor cells results in excessive proliferation and overgrowth. (A) Schematic
representation of the experimental design for conditional activation of Yap5SA expression in the sensory epithelia of the inner ear. Tamoxifen (T) was
administered at E11.5, and analysis of WT control (Sox2-CreER+/+ GFP-LSL-Yap5SA-FLAG) and Yap5SA-induced (Sox2-CreERCre/+ GFP-LSL-Yap5SA-FLAG) lit-
termates was performed at E14.5 or E17.5. (B) A significant increase in the percentage of Ki67- and Sox2-positive proliferating progenitor cells is observed in
the utricles where Yap5SA expression was induced compared with the WT littermate controls (n = 4 for each condition; P = 0.0036). (C) Significantly increased
progenitor cell proliferation, quantified as percentage of Ki67- and Sox2-positive cells, is also observed at E17.5 in the Yap5SA-induced utricles (n = 3 for each
condition; P < 0.0001). (D) Immunofluorescence analysis of sections of the inner ears of the WT and Yap5SA-induced littermate embryos at E14.5 demon-
strating that cell proliferation (Ki67; white) is markedly increased but hair cell differentiation (Myo7A; green) is unchanged in the Sox2-positive (red) pro-
genitor cells in the utricular macula. The cells in which Yap5SA-FLAG induction is achieved are shown in yellow. Nuclei of all cells are counterstained with DAPI
(blue). (Scale bars: 50 μm.) (E) The same analysis as in D performed at E17.5 demonstrating a dramatic increase in cell proliferation (Ki67; white) within the
Sox2-positive (red) utricular macula, with reduced hair cell differentiation (Myo7A; green). Nuclei are counterstained with DAPI (blue). (Scale bars: 50 μm.)

13558 | www.pnas.org/cgi/doi/10.1073/pnas.2000175117 Gnedeva et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000175117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2000175117


www.manaraa.com

both vestibular and auditory epithelia lack the capacity to reenter
the cell cycle to regenerate lost hair cells in vivo—the main
mechanism by which hearing and vestibular functions are re-
stored in birds (49–52). Despite considerable effort, there has
been only limited success in inducing such proliferative responses
in postnatal mammalian sensory organs in vivo, mostly via con-
stitutive activation of Wnt signaling (42–44). Recent research
clearly demonstrates that the Hippo pathway antagonizes Wnt to
control tissue growth and regeneration (53–56). Our previous
work (6), along with our new data on transgenic and viral in-
duction of Yap5SA expression in the inner ear, provide clear
evidence for Hippo as a major repressor of regeneration in the
tissue, and explain why ablation of p27Kip1 is not sufficient to
substantially relieve the block on supporting cell proliferation
(9, 10).
Although constitutive activation of Yap clearly does not rep-

resent a therapeutically relevant strategy for augmenting proliferative
regeneration in the sensory epithelia, locally administered small-
molecule inhibition of the Hippo and p27Kip1 pathways may repre-
sent a viable strategy for mammalian hair cell regeneration.

Materials and Methods
Animal Care and Strains. All experiments were conducted in accordance with
the policies of the Institutional Animal Care and Use Committees of Keck
Medicine of USC and the Baylor College of Medicine. p27Kip1-GFP mice were
previously described in our laboratory (8). Yapfl/fl mice were described pre-
viously (34). Sox2-CreER and Sox2-GFP mice were obtained from The Jackson
Laboratory. Pax2-Cre mice (33) were provided by Dr. Groves, Baylor College

of Medicine. Yap5SA mice were described previously (35) and were kindly
provided by Dr. Martin, Baylor College of Medicine.

Immunohistochemistry and EdU Labeling. Inner ears were identified, and co-
chleae or utricles were dissected and immunolabeled as described previously
(6, 57). In brief, utricles and cochlear ducts were fixed in 4% formaldehyde
for 20 min at room temperature (RT). Whole inner ears were fixed overnight
(ON) at 4 °C, incubated in 30% sucrose ON at 4 °C, embedded in Tissue-Tek
OCT (Sakura), and frozen in liquid-nitrogen vapor (6). Whole-mount sensory
organs or 10-μm frozen sections were then blocked for 1 h to ON at RT in a
blocking solution composed of 5% normal donkey serum (Sigma-Aldrich),
0.5% Triton X-100 (Sigma-Aldrich), and 20 mM Tris-buffered saline (10× TBS;
Bio-Rad) at pH 7.5. Primary antibodies—goat anti-Sox2 (Santa Cruz Bio-
technology and R&D Systems), mouse anti-p27Kip1 (Thermo Fisher Scientific),
rabbit anti-Myo7A (Proteus Bioscience), rabbit anti-GFP (Torrey Pines Biol-
abs), rabbit anti-Ki67 (Abcam), active caspase 3 (R&D Systems), goat anti-Flag
(Novus Biologicals), mouse anti-Yap (Santa Cruz Biotechnology), and rabbit
anti-Yap (Cell Signaling Technology)—were reconstituted in blocking solu-
tion and applied overnight at 4 °C (6). Samples were washed with 20 mM TBS
supplemented with 0.1% Tween 20 (Sigma-Aldrich), after which Alexa Fluor-
labeled secondary antibodies (Life Technologies) were applied in the same
solution supplemented with 3 μm DAPI (Sigma-Aldrich) for 2 h at RT.

EdU pulse-chase experiments were described previously (6) and initiated
by a single i.p. injection of EdU (Abcam) at 50 ng per gram of body mass.
Animals were euthanized at the indicated times, and the cells in the sensory
epithelia were analyzed by Click-iT EdU labeling (Life Technologies).

Western Blot Analysis. The epithelial preparations of the cochlear ducts were
isolated at E12.5 and E14.5 in ice-cold HBSS (Life Technologies) supplemented
with a mixture of phosphatase/protease inhibitors (Cell Signaling Technol-
ogy). The preparations were then lysed in 50 μL of RIPA lysis buffer (Cell
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Fig. 6. Viral overexpression of Yap5SA in the postnatal inner ear sensory organs in vivo initiates cell cycle reentry. (A) Schematic representation of the
experimental design for diphtheria toxin (DT) hair cell ablation and the subsequent adeno-associated virus (AAV) administration and analysis of neonatal
Pou4f3DTR/+ mice. (B) Immunofluorescence analysis of P10 whole-mount utricles isolated from the Pou4f3DTR/+ mice in which hair cell ablation was induced at
P6 and GFP-control or Yap5SA-GFP AAV injections were performed at P7. To identify the cells that have reentered the cell cycle, an EdU pulse was administered at
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cells in the utricular macula. (B′) The same analysis as in B for the organ of Corti. (C) The increase in the number of proliferating Sox2-positive supporting cells in
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Signaling Technology) supplemented with the same mixture of protease
inhibitors for 30 min at 4 °C. The BCA assay (Thermo Fisher Scientific) was
used to determine the total protein concentration in each sample. Lysates
were stored at −80 °C or used immediately for the subsequent analysis.
Proteins were resolved on a NuPAGE 12% Bis-Tris Protein Gel (Thermo Fisher
Scientific), transferred to a nitrocellulose membrane (Bio-Rad), and stained
with an appropriate antibody, as described previously (6). The primary
antibodies—rabbit anti-Yap (Cell Signaling Technology), rabbit anti-pYap
(Ser127; Cell Signaling Technology), rabbit anti-Lats1 (Cell Signaling Tech-
nology), rabbit anti-pLats1 (Ser909; Cell Signaling Technology Technology),
rabbit anti-Mst1 (Cell Signaling Technology), and rabbit anti-H3 (EMD
Millipore)—were reconstituted at 1:10,000 in Odyssey blocking buffer
(LI-COR), and the membranes were incubated ON at 4 °C. The membranes
were washed in TBS supplemented with 0.1% Tween 20 (TBST) five times at
RT. The anti-rabbit IR800 dye (LI-COR) was applied in TBST for 1 to 2 h at RT,
and the membranes were imaged with an Odyssey CLx imaging system
(LI-COR).

Adenoviral Gene Transfer. The pAnc80L65AAP vector (37) (Addgene plasmid
92307) was used to create adeno-associated viral vectors containing the full-
length coding sequence of GFP or Yap5SA-GFP fusion protein (Addgene
plasmid 33093) under the control of a cytomegalovirus promoter. Viral
particles were packaged in HEK 293T cells and purified by CsCl-gradient
centrifugation, followed by dialysis (Viral Vector Core Facility, Sanford
Burnham Prebys Medical Research Institute). At P7, each animal was injected
with 5 μL of virus at a titer of 1012 PFU/mL into the lateral ventricle as de-
scribed previously for infection of central nervous system neurons (38).

RNA-Seq Analysis. Total RNA from FACS-purified organ of Corti progenitor
cells was extracted using the Quick-RNA MicroPrep Kit (Zymo Research) and
stored for up to 2 wk at −80 °C. RNA samples were then processed for library
preparation with the QIAseq FX Single Cell RNA Library Kit (Qiagen), and the
quality of the library was confirmed by Quick Biology using a Bioanalyzer.
Two biological replicates were collected for each stage (E12.0 and E13.5),
and at least 20 million 150-bp paired-end reads were sequenced for each
replicate. The reads were mapped to the GRCm38/mm10 genome assembly
using STAR (58). Differentially expressed protein coding genes were identi-
fied by DESeq2 (FDR <0.05) (59). For data visualization, principal component
analysis was performed by PCAExplorer using the top 1,000 most signifi-
cantly differentially expressed genes (60).

ATAC-Seq and CUT&RUN. The ATAC-seq protocol was described previously
(61). Tn5 transposase was expressed and purified according to Picelli et al.
(62) and used with the following modifications. In brief, 5,000 FACS-purified
progenitor cells were used for each of three biological replicates sequenced
for E12.0 and E13.5 organ of Corti. Tn5 transposition was performed for
20 min at 37 °C. At least 30 million paired-end reads were sequenced for
each sample.

The CUT&RUN method for in situ ChIP, described previously (19, 20), was
used to profile Tead occupancy and lysine 27 acetylation on histone 3
(H3K27Ac) of the chromatin in E12.0 and E13.5 progenitors. At least 20,000
cells were used for each of two Tead CUT&RUNs, 5,000 cells were used for
each of two biological replicates of H3K27Ac for E12.0 and E13.5 progenitor
cells, and 1,000 cells were used as IgG-only control. Protein A/MNase fusion
protein was a kind gift from Dr. Steven Henikoff’s laboratory, Fred Hutch-
inson Cancer Research Center. Rb anti-pan Tead (Cell Signaling Technology)
and rb anti-H3K27Ac (Active Motif) antibodies were used. To construct
CUT&RUN libraries, Accel-NGS 2S plus DNA prep kits with single index and
molecular identifiers (Swift Bioscience) were used. At least 20 million paired-
end reads were sequenced for each sample.

Encode pipelines were adapted for alignment and quality control for
ATAC-seq and CUT&RUN data. In brief, the next-generation reads were
trimmed to 37 bp and aligned to the GRCm38/mm10 genome assembly (58).
PCR duplicates were removed based on genomic coordinates for ATAC-seq,
or by molecular identifiers using UMI-tools for CUT&RUN (63). Peaks were
called by model-based analysis of ChIP-Seq (MACS2) with a FDR <0.01 and
the dynamic lambda (–nolambda) option for individual replicates (64). IDR or
pooled peaks were identified between the biological replicates for each
sample and used for the downstream analysis. bigWig files were generated
with deepTools (65). Individual genomic loci were visualized with the In-
tegrative Genomics Viewer (IGV) (66) using fold-enrichment tracks gener-
ated in MACS2 (64, 67). Heatmaps were generated with deepTools based on
normalized bigWig signal files. To identify transcription factor binding en-
richment in the subsets of the genomic regions, the whole genome was used
as a background in HOMER (18).

Data Availability. All sequencing data for RNA, ATAC, and CUT&RUN analysis
have been deposited in the National Center for Biotechnology Information’s
Gene Expression Omnibus (GEO) database, accession number GSE149254.
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