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Activation of the RhoA-YAP-β-catenin signaling axis promotes
the expansion of inner ear progenitor cells in 3D culture
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Abstract

Cellular mechanotransduction plays an essential role in the development and differ-

entiation of many cell types, but if and how mechanical cues from the extracellular

matrix (ECM) influence the fate determination of inner ear progenitor cells (IEPCs)

remains largely unknown. In the current study, we compared the biological behavior

of IEPCs in Matrigel-based suspension and encapsulated culture systems, and we

found that the mechanical cues from the ECM promote the survival and expansion of

IEPCs. Furthermore, we found that the mechanical cues from the ECM induced the

accumulation of Ras homolog family member A (RhoA) and caused the polymerization

of actin cytoskeleton in IEPCs. These changes in turn resulted in increased Yes-

associated protein (YAP) nuclear localization and enhanced expansion of IEPCs, at

least partially through upregulating the canonical Wnt signaling pathway. We there-

fore provide the first demonstration that the RhoA-YAP-β-catenin signaling axis

senses and transduces mechanical cues from the ECM and plays crucial roles in pro-

moting the expansion of IEPCs.
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1 | INTRODUCTION

The organ of Corti is the sensory receptor for hearing in mammals,

and it is composed of mechanosensory hair cells and surrounding

supporting cells. Different from other vertebrates, hair cells in

mammals do not automatically regenerate after injury to the cochlea,

and this results in permanent hearing loss,1-4 especially after the neo-

natal period. Because supporting cells share the same precursor cells

with hair cells in the prosensory domain during inner ear develop-

ment, supporting cells are regarded as the ideal source for hair cell

regeneration. It has been reported that a subtype of supporting cells
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can reenter the cell cycle and transdifferentiate into hair cells under

certain conditions, and these progenitor cells of the inner ear are mar-

ked by the expression of Lgr5, one of the Wnt-responsive mole-

cules.5-7 However, the numbers of these progenitors as well as their

regenerative capacity decreases significantly along with aging, and

nearly no hair cell regeneration has been identified in the organ of

Corti in adult mammals.8-10 Thus, investigations into the regulation of

the proliferation, differentiation, and survival of progenitor cells in the

inner ear will be beneficial for developing strategies for hair cell regen-

eration and the restoration of hearing.

Isolated Lgr5+ cells can proliferate to form spheroids and differ-

entiate into multiple cell types of the inner ear in intro, and these cells

provide an ideal research model for studying development in the inner

ear.11 In early studies, inner ear progenitor cells (IEPCs) were

suspended in the culture medium on low-adherence plates for prolif-

erating and for forming spheres.9 However, because cells reside

in vivo surrounded by the extracellular matrix (ECM), which serves as

a natural scaffold providing both structural integrity and biological

cues, such suspension culture systems could not completely mimic

the in vivo physiological environment. Recently, three-dimensional

(3D) cell cultures with animal-derived and synthetic ECM have been

used to optimize in vitro systems for culturing stem cells,12 and such

systems provide more cues from the natural microenvironment that

play important roles in the survival, proliferation, differentiation, and

migration of the stem cells.13,14

It has been shown that cells cultured in 3D systems sense and

adapt to external forces as well as to the mechanical constraints of the

ECM through mechanotransduction signaling, especially through

integrin-based adhesion and its connections with the intracellular

actin cytoskeleton.15,16 Ras homolog family member A (RhoA) acts

as a mechanotransducer of mechanical cues by promoting actin

polymerization,17 and RhoA-mediated cytoskeletal contractility has

been shown to play important roles in stem cell maintenance and differ-

entiation.18-20 In addition, the transcriptional effector of the Hippo

pathway—the Yes-associated protein (YAP)/transcriptional coactivator

with PDZ-binding motif (TAZ)—has been found to serve as another

sensor and mediator of mechanical signals in response to ECM

cues.21,22 The Hippo pathway comprises two core kinases (MST1/2

and LATS1/2), YAP/TAZ, and other adaptor ligands, and activation by

upstream signals causes MST1/2 to phosphorylate and activate

LATS1/2, which in turn directly phosphorylates and inhibits YAP activ-

ity.23,24 Nuclear YAP protein is enriched in multiple mouse stem

and progenitor cells,25 and the overexpression of YAP maintains the

pluripotency of human embryonic stem cells (ESCs) and induced plurip-

otent stem cells (iPSCs).26 Activation of YAP has also been shown to

induce primary dedifferentiated cells to convert into a tissue-specific

progenitor and stem cell state,27 and thus activation of YAP serves as a

major regulator of stem/progenitor cell proliferation and plays crucial

roles in organ development and regeneration.28-30 However, the roles

of RhoA and YAP, the two signaling pathways most closely associated

with the mediation of mechanical signals in response to the ECM, on

the biological characteristics of IEPCs remain to be investigated. Such

research will provide a better understanding of the mechanisms

involved in the regulation of IEPCs and a better understanding of the

interactions between these two important pathways, and this will ulti-

mately lead to new methods for rebuilding the integrity of the hearing

sensory epithelium by activating the remaining IEPCs.

In the current study, we first compared the biological behaviors

of IEPCs in a traditional suspension culture system and in a

Matrigel-encapsulated 3D culture system to explore the effects of

the external forces as well as the mechanical constraints induced by

the ECM on the IEPCs in vitro. We then supplied the culture

medium with multiple small molecules for interfering with the RhoA

and YAP signals, and this allowed us to identify the downstream

targets of the mechanical force induced by the ECM as well as the

mechanism behind the proliferation and differentiation of IEPCs in

the 3D culture system. We conclude that the mechanical cues from

the ECM that are transduced via RhoA signaling and the actin cyto-

skeleton are essential for the survival and expansion of IEPCs and

that YAP serves as a downstream nuclear mediator and effector of

actin cytoskeletal contraction through β-catenin in order to promote

IEPC expansion.

2 | MATERIALS AND METHODS

2.1 | Animal model

Lgr5-EGFP-IRES-creERT2 mice were purchased from the Jackson Labora-

tory (Stock #008875). β-cateninflox(exon3) mice were generously provided

by Mark Taketo (Kyoto University). All animal experiments were approved

by the Institutional Animal Care and Use Committee of Fudan University.

2.2 | Culture of the IEPCs from the organ of Corti

The cochleae from postnatal day (P) 0–2 mice were dissected in phos-

phate buffered saline (Hyclone) on ice, and the sensory epithelium

Significance statement

The impact of extracellular matrix (ECM) mechanical cues and

mechanotransduction signaling upon inner ear progenitor

cells (IEPCs) fate has not been described. The authors provide

the first demonstration that Ras homolog family member A-

mediated actin cytoskeletal contractility plays a critical role in

regulating the response of IEPCs to their microenvironment

mechanical cues, using suspension and encapsulated culture

systems. More specifically, the authors first characterized the

action of Yes-associated protein (YAP) as mediators of

mechanotransduction signaling to promote the expansion of

IEPCs, partly through regulating ß-catenin activity. This study

reveals the role and mechanism of YAP dependent

mechanotransduction signaling in IEPCs proliferation.
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was separated along with the modiolus and the stria vascularis. For

the preparation of single cell suspensions, the isolated cochlear

sensory epithelium was treated with 0.125% trypsin (Thermo Fisher

Scientific) for 12 to 15 minutes at 37�C, followed by an equal volume

of trypsin neutralizer solution (Thermo Fisher Scientific) to stop the

enzymatic reaction. The samples were triturated with a plastic pipette,

and dissociated cells were passed through a cell strainer with a pore

size of 40 μm. For traditional culture, the single cell suspension was

maintained with the culture medium in low-attachment 24-well plates

(Corning), and a droplet of 40 μL Matrigel (Corning) was placed at the

bottom of each plate in order to account for any possible influence of

water-soluble factors in the Matrigel. For the encapsulated culture, the

single cell suspension was embedded in 40 μL Matrigel and dropped to

the bottom of each plate at room temperature to solidify the Matrigel,

and then supplied with culture medium. The culture medium was com-

posed of the basic culture medium (advanced Dulbecco's modified

Eagle's medium/F12 supplemented with penicillin/streptomycin, N2,

and B27), EGF (20 ng/mL), bFGF (10 ng/mL), and IGF (50 ng/mL), all

from Thermo Fisher Scientific. In general, the culture medium was

changed every 2 days. As indicated, the following small molecules and

proteins were supplied to the culture media at the specified concentra-

tions: Y-27632 (25 μM, Selleck), ML-7 (10 μM, Selleck), Blebbistatin

(10 μM, Sigma), Cytochalasin D (10 μM, Sigma), Oleoyl-L-α-

lysophosphatidic acid sodium salt (LPA) (2.5 μM, Sigma), Verteporfin

(0.5 μM and 1 μM, Sigma), CHIR99021 (3 μM, Sigma), IWP-2 (2 μM,

Sigma), CT04 (0.2 μg/mL and 0.5 μg/mL, Cytoskeleton), and CN03

(0.1 μg/mL and 0.2 μg/mL, Cytoskeleton). For the cell proliferation

assay, EdU was supplied at a concentration of 5 μM for 4 hours

prefixation. (Additional materials and methods are described in the

Supplementary Materials and Methods.)

3 | RESULTS

3.1 | The viability of IEPCs is enhanced in the
encapsulated 3D culture

We compared the viability of IEPCs in the suspension culture system

and in the Matrigel-encapsulated 3D culture system (Figure 1A). After

being cultured for 3 days, IEPCs formed spheroids (Figure 1B) in both

culture systems. As time progressed, however, more dead cells were

seen in the spheroids cultured in suspension. At day 7, there were

more dead cells in the suspension culture group than in the 3D-

encapsulated culture group (Figure 1B-D), and the differences were

even more pronounced at day 12. Furthermore, we performed a 3D

Cell Titre Glo assay to detect the viability of cultured IEPCs, and after

5 days of culture, the viability of IEPCs was significantly lower in the

suspension culture system than in the encapsulated cultured system.

As time progressed, greater viability of IEPCs was detected in the

spheroids cultured in the encapsulated system, and the differences

were even more pronounced at day 12. These results indicate that

the viability of IEPCs was well preserved in the 3D-encapsulated cul-

ture system.

3.2 | Encapsulated 3D culture promotes the
expansion of IEPCs

In order to compare the proliferative capacity of IEPCs in the two

culture systems, we evaluated their proliferative ability by counting

the number of EdU+ cells in cultured spheroids and by labeling them

with the proliferative marker Ki67. After culture for 7 days, the per-

centage of EdU+ cells in the individual spheroids was higher in the

3D-encapsulated culture system compared with the suspension cul-

ture system (40.76 ± 1.26% vs 20.37 ± 0.87%, P < .01) (Figure 2A). In

accordance with the results of EdU labeling, the percentage of Ki67+

cells in individual spheroids was also higher in the 3D-encapsulated

culture system than in the suspension culture system (37.75 ± 1.25%

vs 16.98 ± 1.43%, P < .01). The spheroids were also larger in the 3D-

encapsulated system than in the suspension culture system (diameter:

80.58 ± 5.40 μm vs 41.28 ± 3.17 μm) (Figure 2B).

Lgr5+ is a marker of progenitor cells in the inner ear, and after

7 days of culture the percentage of Lgr5+ cells in the suspended

spheroids decreased significantly compared to the 3D-encapsulated

spheroids (9.35 ± 1.44% vs 45.19 ± 3.85%, respectively, P < .01), and

this provided further evidence for the sustained proliferative ability of

IEPCs in the 3D-encapsulated culture system (Figure 2B). Further-

more, we compared the gene expression profiles of spheroids cultured

in the suspension system and the Matrigel-encapsulated system, and

we identified increased expression of Lgr5 and reduced expression of

P27Kip1, an indicator of cell cycle exit, in the encapsulated culture

system (Figure 2C). In order to further identify the possible differenti-

ation process during the expansion of IEPCs in vitro, we investigated

the expression of the genes involved in differentiation in the inner

ear, and we found that there was no significant difference on the

expression of supporting cell markers, including Sox2 and Jagged1,

although the expression of Prox1 was much higher in the suspended

spheroids. Meanwhile, the expression of hair cell markers, including

Atoh1, Pou4f3, Prestin, and Vglut3, was also higher in the suspended

spheroids (Figure 2C). We further labeled the spheroids with Myo-

sin7a and Sox2 after 10 days in culture, and we identified several

Myosin7a+ cells in the spheroids from the suspension culture system,

but not in the spheroids from the 3D-encapsulated culture system

(Figure 2D), and these Myosin7a+ cells were also labeled with Sox2

indicating that they were newly generated hair cells. These results

suggested that the proliferative capacity of IEPCs decreased during

their expansion in the suspension culture system, and this was subse-

quently accompanied by the unavoidable differentiation process,

while, in the 3D-encapsulated culture system, the expansion capacity

of IEPCs were significantly enhanced along with the reduced cell

differentiation.

3.3 | Mechanotransduction signaling modulates
the expansion of IEPCs in the 3D culture system

In order to further dissect the mechanism behind the enhanced survival

and proliferative capacity of the IEPCs in the 3D-encapsulated culture
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system, we investigated the possible roles of mechanotransduction

signaling on the Matrigel-encapsulated spheroids. It has been reported

that the intracellular actin cytoskeleton senses and transmits

mechanical changes in the microenvironment and that this activity is

regulated by RhoA.31 The accumulation of RhoA was observed in the

encapsulated spheroids compared to the suspension spheroids

(Figure 3A,C), especially at the edges of the spheroids. Similar to the

distribution of RhoA, intensive F-actin cytoskeleton polymerization was

observed close to the cell-ECM interface of the encapsulated

spheroids, while only a scattered and loosely formed F-actin cytoskele-

ton was identified in the suspended spheroids, which suggested that

cell-ECM interactions might contribute to the cytoskeletal organization.

In order to investigate the signal transduction from the external

ECM mechanical cues to gene transcription in the Matrigel-encapsulated

IEPCs, we used qPCR to measure the expression of RhoA and the down-

stream targets of YAP/TAZ—CTGF and CYR6. The expression of RhoA,

CTGF, and CYR61 was significantly upregulated in the encapsulated

spheroids compared to the suspended spheroids (Figure 3B). In addition,

F IGURE 1 IEPCs grown in encapsulated culture retain high viability. A, Schematic showing that IEPCs from Lgr5-EGFP mice grow into
spheroids in suspension and 3D-encapsulated culture systems. B, Transmitted light and fluorescence microscopy images of spheroids from
suspension culture stained for dead cells after 3, 5, 7, and 12 days. Scale bar = 100 μm. C, Transmitted light and fluorescence microscopy images
of spheroids from the 3D-encapsulated culture system stained for dead cells after 3, 5, 7, and 12 days. Scale bar = 100 μm. D, The number of
dead cells per spheroid. The data are presented as mean ± SEM (n = 30 spheroids for each group), *P < .05; **P < .01 vs suspension culture on the
same day (two-way ANOVA followed by Sidak's multiple comparisons test). E, Luminescent cell viability assay comparing two independent
culture system-generated spheroids at 3, 5, 7, and 12 days. The data are presented as mean ± SEM (n = 6), **P < .01 vs suspension culture on the

same day (two-way ANOVA followed by Sidak's multiple comparisons test)
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by Western blotting we found repressed LATS1 and enhanced YAP

activity in IEPCs in the encapsulated culture system, as shown by lower

phosphorylation levels of LATS1 and YAP at Ser127 in the encapsulated

spheroids compared to the suspended spheroids (Figure 3C). The encap-

sulated IEPCs also had elevated levels of TAZ and CTGF. We also con-

firmed that the expression of p-YAP (s127) protein was downregulated

in the encapsulated spheroids compared to the suspended spheroids

(intensity: 21.61 ± 1.70 vs 37.94 ± 2.12, P < .01) (Figure 3D) and that

the nuclear distribution of YAP, which is the functional form of the YAP

protein, was much higher in the encapsulated spheroids compared to

the suspended spheroids (54.93 ± 2.50% vs 21.82 ± 1.79%, P < .01)

(Figure 3E). Our results showed that YAP signaling was strongly acti-

vated during the culture of IEPCs in the Matrigel-encapsulated 3D cul-

ture system.

To further explore the role of RhoA on the expansion of IEPCs,

we treated IEPCs with the Rho GTPase inhibitor CT04 in the

F IGURE 2 Encapsulated culture promotes IEPC expansion. A, Confocal images of suspended and encapsulated spheroids showing EdU and
Ki67 staining. Proliferating cells were quantified as the percentage of EdU+ or Ki67+ cells. Scale bar = 15 μm. n = 11 suspended spheroids, and
n = 10 encapsulated spheroids. B, Bright-field and fluorescence microscopy images of spheroids formed from suspended and encapsulated cells
and expressing Lgr5-EGFP. Scale bar = 500 μm. Quantification of the diameter of spheroids from (B); n = 22 suspended spheroids, and n = 18
encapsulated spheroids. Quantification of the percentage of Lgr5-EGFP positive spheroids from (B) (n = 3); C, qRT-PCR analysis showing the
relative expression of cell cycle genes and markers of IEPCs, supporting cells, and hair cells. Results were normalized to GAPDH in the same
sample and then normalized to the suspension group (n = 3). D, Confocal images showing Myosin7a and Sox2 immunofluorescent staining. Scale
bar = 15 μm. Quantification of the percentage of Myosin7a/Sox2 double-positive spheroids from (D) (n = 6), and quantification of the percentage
of Myosin7a/Sox2 double-positive cells per spheroid from (D) (n = 10 spheroids for each group). The data are presented as mean ± SEM; *P < .05;
**P < .01 (unpaired two-tailed Student's t test)
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encapsulated culture for 3 days, and this led to decreased cell via-

bility in a dose-dependent manner (Figure S1A). Treatment with

CT04 also caused a decreased number of spheroids in both the sus-

pension and encapsulated culture systems (Figure S1B). Moreover,

we observed weak F-actin cytoskeleton polymerization and

reduced distribution of YAP in the nucleus of encapsulated spher-

oids after treatment with CT04 (42.45 ± 2.20% and 14.37 ± 1.01%

in the control and the CT04-treated group, respectively, P < .01)

(Figure S1C). Furthermore, we treated IEPCs with the Rho GTPase

activator CN03 for 7 days, and supplementation with CN03

improved the viability of IEPCs in suspension culture (Figure S2A).

We also found an increased spheroid number in the presence

of CN03 in both culture systems (Figure S2B). In addition, an

increased percentage of nuclear localization of YAP was found in

F IGURE 3 Upregulated RhoA enhances cytoskeleton polymerization and activates YAP in encapsulated culture. A, Confocal images of
suspended and encapsulated spheroids showing RhoA and F-actin staining. Scale bar = 15 μm. B, Gene expression of RhoA, CTGF, and CYR61 by
qRT-PCR analysis. Results were normalized to GAPDH in the same sample and then normalized to the suspended group (n = 3). C, Western blot
analysis is shown for the indicated proteins in spheroids from two independent culture systems. GAPDH was used as the loading control. D,
Immunofluorescent staining of p-YAP (s127) in IEPC spheroids. Scale bar = 15 μm. Quantification of the mean fluorescence intensity of antibody
labeling for p-YAP (s-127) from (D) (n = 8 spheroids for each group). E, Immunofluorescent staining of YAP in IEPC spheroids and the percentage
of YAP located in the nucleus. Scale bar, 15 μm. n = 10 spheroids for each group. The data are presented as mean ± SEM; *P < .05; **P < 0.01
(unpaired two-tailed Student's t test)
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the presence of CN03 in the two culture systems (suspension:

18.50 ± 1.95% and 36.97 ± 2.72% in the control and CN03-treated

groups, respectively, P < .01; encapsulated: 42.27 ± 1.98% and

63.87 ± 2.30% in the control and CN03-treated groups, respec-

tively, P < .01) (Figure S2C).

Actin cytoskeletal integrity has been reported to sustain YAP

nuclear localization.32-34 To get a deeper insight into the role of

RhoA/ROCK and the structure of the actin cytoskeleton on the

expansion of IEPCs, we inhibited ROCK by supplying Y-27632, and

we blocked the polymerization of the cytoskeleton by supplying the

myosin light chain kinase (MLCK) inhibitor ML-7, the myosin II

inhibitor Blebbistatin, or the F-actin polymerization inhibitor Cytocha-

lasin D in the Matrigel-encapsulated 3D culture system. The accumu-

lation of F-actin was reduced by all four inhibitors, especially at the

edges of the spheroids, which resulted in the scattered distribution of

the cytoskeleton (Figure 4A). We also found that inhibition of ROCK

as well as blocking cytoskeleton polymerization led to a decreased

number of spheroids and to smaller spheroids in the single-cell sus-

pension (Figure 4B). According to the cell proliferation assay, the per-

centages of EdU+ cells in each cultured spheroid were also decreased

by the RhoA and cytoskeleton polymerization inhibitors compared to

dimethyl sulfoxide (DMSO) treatment (Figure 4D), and this was

F IGURE 4 Inhibition of Rho
kinases and F-actin

cytoskeleton polymerization
leads to reduced expansion
capacity and reduced YAP
nuclear localization in IEPCs.
A, Confocal images showing
F-actin staining in spheroids
treated with DMSO or different
inhibitors. B, Spheroid
formation in 3D-encapsulated
culture treated with DMSO or
different inhibitors by
transmitted light microscopy.
The scale bar on the left is
500 μm and the scale bar on
the right is 50 μm.
Quantification of the number of
spheroids from (B); n = 3. C,
RT-PCR analysis showing the
mRNA expression of Lgr5 in
IEPCs treated with DMSO or
different inhibitors. Results
were normalized to GAPDH in
the same sample and then
normalized to the Control group
(n = 3). D, Confocal images
showing EdU and YAP staining
in IEPCs treated with DMSO or
different inhibitors. Scale
bar = 15 μm. n = 8 spheroids for
each group. The data are
presented as mean ± SEM;
*P < .05; **P < .01 vs DMSO
control (one-way ANOVA

followed by Dunnett's multiple
comparison test)
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accompanied by the downregulation of Lgr5 mRNA expression

(Figure 4C).

Furthermore, we observed reduced distribution of YAP in the

nucleus after treatment with the ROCK and cytoskeleton polymeri-

zation inhibitors mentioned above compared to DMSO-treated con-

trols (Figure 4D). In the current study, we found a correlation

between the polymerization of the actin cytoskeleton induced by

the cell-ECM interaction and the activation of YAP, which showed

that RhoA/ROCK and the actin cytoskeleton regulate the behavior

of the cultured IEPCs and are required to maintain YAP activity in

IEPCs.

3.4 | YAP maintains the proliferative capacity of
the encapsulated IEPCs

Because the activation of YAP mediated by the mechanical cues from

the cell-ECM interaction was observed in the Matrigel-encapsulated

F IGURE 5 Activation of YAP enhances the expansion of IEPCs. A, RT-PCR analysis showing mRNA expression of YAP target genes and Lgr5
in spheroids from controls or spheroids treated with LPA. Results were normalized to GAPDH in the same sample and then normalized to the
control group (n = 3). B, Western blot analysis for the indicated proteins in spheroids from different treated groups. GAPDH was used as the
loading control. C, Western blot analysis of nuclear YAP protein from IEPC spheroids in 3D-encapsulated culture. Lamin B1 was used as the
nuclear loading control. D, Transmitted light microscopy images of spheroid formation after treatment with vehicle or LPA. Scale bar = 500 μm.

Quantification of the number of spheroids from (D) (n = 3). E, Confocal images showing YAP and EdU staining in control IEPCs and IEPCs treated
with LPA in 3D-encapsulated culture at day 7. Scale bar = 15 μm. F, Quantification of the percentage of nuclear YAP or EdU positive cells per
sphere from (E); n = 15 spheroids (Control), n = 12 spheroids (LPA). G, Confocal images showing YAP and EdU staining in IEPCs cultured in the
presence or absence of growth factors (EGF, bFGF, and IGF) at day 14. Cultured IEPCs in 3D-encapsulated culture in the presence of growth
factors for 7 days (Control) are compared to those in which the growth factors were withdrawn (Withdrawn GFs). Scale bar = 15 μm.
H, Quantification of the percentage of nuclear YAP+ or EdU+ cells per sphere from (E). n = 12 spheroids for each group. The data are presented
as mean ± SEM; *P < .05; **P < .01 (unpaired two-tailed Student's t test)
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3D culture system, we performed further experiments to dissect the

role of YAP, one of the effectors of Hippo signaling, on the expansion

of IEPCs. LPA acts as a Hippo signaling agonist by inhibiting LAST1/2

and by increasing the nuclear localization of YAP,35 and we found that

the expression of YAP-targeted genes, including CTGF and CYR61,

was significantly upregulated in the encapsulated spheroids after LPA

treatment (Figure 5A). LPA-induced dephosphorylation of LATS1 and

YAP at Ser127, and LPA also caused increased TAZ expression. The

LPA-induced activation of the Hippo pathway was blocked by the

RhoA inhibitor CT04 (Figure 5B), which indicated that RhoA might

mediate the activation of YAP by LPA. Supplementation with LPA also

increased the number of spheroids that formed from the single cell

suspension (Figure 5D) and upregulated the expression of Lgr5

(Figure 5A), a marker of IEPCs. Moreover, the addition of LPA to the

3D-encapsulated culture system led to an increase in the nuclear

localization of YAP protein, as indicated by Western blot (Figure 5C)

and by immunostaining (55.83% ± 2.18% and 77.19% ± 2.29% of

nuclear YAP+ cells in the DMSO and LPA-treated groups, respec-

tively, P < .05) (Figure 5E,F), and this was associated with an increased

percentage of EdU+ cells in each spheroid (43.00% ± 1.32% and

56.51% ± 1.726% EdU+ cells in the DMSO- and LPA-treated groups).

We next sought to further verify the roles of YAP on the expan-

sion of IEPCs. After growing IEPCs in the 3D-encapsulated culture

system in the classical expansion culture medium containing growth

factors (EGF, bFGF, and IGF) for 7 days, the cells were divided into

two groups—those cultured in the continued presence of growth fac-

tors (controls) and those in which the growth factors were withdrawn.

Compared with the spheroids cultured in growth factor medium for

another 7 days, the spheroids in the growth factor withdrawal group

showed a concomitant decrease in the percentage of nuclear localiza-

tion of YAP (35.73% ± 3.54% vs 14.15% ± 1.99%, P < .01) and in the

percentage of EdU+ cells (17.89% ± 1.67% vs 0.67% ± 0.28%, P < .01)

in each cultured spheroid in the 3D-encapsulated system (Figure 5G,

H). These results further confirm that YAP activity is closely related to

the proliferative capacity of IEPCs.

To investigate whether disruption of YAP alters IEPC growth, we

used lentiviral delivery of short hairpin RNA (shRNA) to deplete YAP.

Depletion of YAP lead to decreased CTGF and CYR61 mRNA and

decreased Lgr5 expression (Figure 6A,B). Compared to shControl,

shYAP significantly decreased the number of spheroids in the encapsu-

lated culture (Figure 6C). It has been reported that Verteporfin (VP) is a

potent inhibitor of YAP, and we observed attenuated proliferation of

IEPCs in a dose-dependent manner after exposure to VP (Figure 6D).

The expression of the target genes of YAP, including CTGF and CYR61,

was also downregulated and served as further evidence for the inacti-

vation of YAP induced by VP (Figure 6E). As expected, compared with

DMSO-treated controls, we found a decreased percentage of nuclear

localization of YAP, a reduced percentage of EdU+ cells in each spher-

oid (Figure 6F), mitigated expression of Lgr5 expression (Figure 6E), and

reduced capacity of the IEPCs to form spheroids after treatment with

VP in the 3D-encapsulated culture system (Figure 6G). Combined with

previous findings, our results highlight the crucial role of YAP in pro-

moting the expansion of IEPCs.

3.5 | YAP enhances the expansion of IEPCs
through activation of Wnt signaling

It has been established that activation of the canonical Wnt signaling

pathway by overexpressing β-catenin in the inner ear forces progeni-

tors to reenter the cell cycle and thus facilitates progenitor cell prolif-

eration and subsequent differentiation into hair cells.36,37 Considering

the important roles of β-catenin on cell proliferation in the inner ear,

we hypothesized that β-catenin might be a critical downstream target

of YAP for promoting the expansion capacity of IEPCs.

We crossed β-cateninflox(exon3) mice with Lgr5-EGFP-IRES-

creERT2 mice to induce the overexpression of β-catenin (β-catenin-

OE) in the Lgr5+ cells. Tamoxifen induction was performed at P0

and P1, and we harvested the organ of Corti at P7. We found that

overexpression of β-catenin caused elevated Lgr5 expression in vivo

(Figure S3A). Moreover, β-catenin-OE led to an increase in the

capacity of IEPCs to form spheroids (Figure S3B). To further investi-

gate the effects of β-catenin on the proliferation of IEPCs in the

Matrigel-encapsulated 3D system, we added CHIR99021 (CHIR) to

the culture medium to activate Wnt signaling. We observed more

EdU+ and Ki67+ cells in the spheroids after treatment with CHIR,

and these effects could be attenuated by IWP-2, an inhibitor of Wnt

signaling (Figure 7A), which further verified the role of Wnt signaling

on the proliferation of IEPCs in the Matrigel-encapsulated 3D culture

system.

We further dissected the interaction between Hippo and Wnt sig-

naling on the expansion of IEPCs in our system. We observed increased

nuclear localization of β-catenin and more EdU+ progenitors in the cul-

tured spheroids after treatment with LPA, and these effects could be

attenuated by IWP-2 (Figure 7B). We observed fewer EdU+ progeni-

tors in the cultured spheroids after treatment with VP, and this could

be rescued by the addition of CHIR. LPA treatment promoted the abil-

ity of single cells to form spheroids, and this effect could be attenuated

by IWP-2, whereas the sphere-forming ability was inhibited by VP

treatment and could be rescued by CHIR in the Matrigel-encapsulated

3D culture system (Figure 7C). In addition, the expression of Lgr5 and

the target genes of Wnt signaling, including Cyclin D1 and Axin2, was

also upregulated at the mRNA level after treatment with LPA, while the

LPA-induced Wnt downstream gene expression was abated by inhibi-

tion of YAP using VP or shYAP (Figure 7D). Moreover, LPA-induced

nuclear-localized β-catenin was clearly reversed by VP and by shYAP

(Figure 7E). Taken together, these results indicate that the enhanced

expansion of IEPCs in the 3D system was modulated by sensing the

mechanical cues from the ECM and that β-catenin served as the down-

stream nuclear effector for promoting the expansion of IEPCs.

3.6 | Spheroids from encapsulated IEPCs partially
resemble transcriptome signatures of cochlear
epithelium in vivo

We observed the expression of Sox2 and E-caderin in the spheroids

from encapsulated IEPCs by immunostaining, which confirmed that
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the expanded IEPCs preserved the characteristics of epithelial tissue

in vitro (Figure S4A). In order to further investigate the trans-

criptomics of spheroids from encapsulated IEPCs, we performed

RNA-seq to compare the transcriptional profiles between the IEPCs

formed spheroids in 3D-encapsulted culture in vitro and the fresh dis-

sected cochlear epithelium, the source of IEPCs in vivo.

Our results show that there are 1432 differentially expressed

genes (P-adj < .05, |log2Foldchange| > 1) between the IEPCs formed

spheroids in vitro and the fresh dissected cochlear epithelium

(Figure S4B). Compared to the fresh dissected cochlear epithelium,

the genes related to terminal differentiation were significant lower in

the IEPCs formed spheroids in vitro, such as Myo7a, Pou4f3, Espn,

F IGURE 6 Inhibition of YAP attenuates the expansion of IEPCs. A, Western blot analysis of YAP protein in shControl or shYAP IEPCs in 3D-
encapsulated culture. B, RT-PCR analysis showing mRNA expression of YAP target genes and Lgr5 in shControl and shYAP IEPCs in 3D-
encapsulated culture. Results were normalized to GAPDH in the same sample and then normalized to the shControl group (n = 3). C, Transmitted
light and fluorescence microscopy images of spheroids from 3D-encapsulated cultured shControl or shYAP IEPCs. Scale bar = 200 μm.
Quantification of the number of spheroids from C (n = 5). The data are presented as mean ± SEM; **P < .01 vs shControl (one-way ANOVA
followed by Dunnett's multiple comparison test). D, The impact of Verteporfin (VP) on IEPC growth in 3D-encapsulated culture was assessed
with the CCK8 assay (n = 3). E, RT-PCR analysis showing mRNA expression of YAP target genes and Lgr5 in spheroids treated with DMSO or
VP. Results were normalized to GAPDH in the same sample and then normalized to the Control group (n = 3). F, Confocal images showing YAP
and EdU staining in IEPCs treated with DMSO or VP. Scale bar = 15 μm. Quantification of the percentage of nuclear YAP+ or EdU+ cells per
sphere from (E) (n = 8 spheroids for each group). G, Transmitted light microscopy images of spheroids treated with DMSO or VP. Scale
bar = 500 μm. Quantification of the number of spheroids from (G) (n = 3). The data are presented as mean ± SEM; *P < .05; **P < .01 vs Control
(one-way ANOVA followed by Dunnett's multiple comparison test)
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F IGURE 7 YAP enhances the expansion of IEPCs through β-catenin. A, Confocal images showing β-catenin, EdU, and Ki67 staining in
spheroids treated with CHIR, IWP-2, or CHIR+IWP2. Scale bar = 15 μm. Quantification of the percentage of nuclear β-catenin+, EdU+, and Ki67+
cells per sphere from A (n = 8 spheroids for each group). B, Confocal images showing β-catenin and EdU staining in spheroids treated with DMSO,
LPA, LPA+IWP-2, VP, or VP+CHIR. Scale bar = 15 μm. Quantification of the percentage of nuclear β-catenin+ or EdU+ cells per sphere from B
(n = 8 spheroids for each group). C, Transmitted light microscopy images of spheroid formation from cells treated with DMSO, LPA, LPA+IWP-2,
VP, or VP+CHIR. Scale bar = 500 μm. Quantification of the number of spheroids from C (n = 4). D, RT-PCR analysis showing mRNA expression of
β-catenin target genes Cyclin D1 and Axin2 and Lgr5 in IEPC spheroids treated with DMSO, LPA, LPA+VP, or LPA+shYAP. Results were
normalized to GAPDH in the same sample and then normalized to the Control group (n = 3). E, Western blot analysis of nuclear YAP and
β-catenin protein from IEPC spheroids in 3D-encapsulated culture treated with DMSO, LPA, LPA+VP, or LPA+shYAP. Lamin B1 was used as the
nuclear loading control. The data are presented as mean ± SEM; *P < .05; **P < .01 (one-way ANOVA followed by Tukey's multiple
comparisons test)
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Tmc1, and Gfi1 (Figure S4C). While there is no difference on the genes

involved in the mechanotransduction signaling between those two

groups, such as Itgb4, Itgb8, Fbln2, Rhoa, and Rock1 (Figure S4d). In

addition, the comparable expression profiles were identified in the

genes involved in apoptosis (such as Bad, Bax, Casp3, Casp7, Casp9,

and Fasn), genes related to cell cycle (such as Cdkn1a, Cdk2, Cdk4, and

Mik67) and canonical Wnt signaling targets (such as Ctnnb1, Dkk1,

Fzd2, Lrp5, and Tcf3) (Figure S4E-G) between the IEPCs formed spher-

oids in vitro and the fresh dissected cochlear epithelium. Most impor-

tantly, there is no prominent difference in the IEPCs marker genes

between the spheroids cultured in vitro and fresh dissected sensory

epithelium, such as, Sox9 and Epcam (Figure S4H). These results

suggested that IEPCs cultured in 3D-encapsulated system partially

resemble transcriptome signatures of the source of IEPCs in vivo.

4 | DISCUSSION

In an earlier work, IEPCs were maintained in a suspension culture

system without ECM,9,38,39 but recent evidence suggests that

mechanical cues from the ECM have significant impacts on cell fate

decisions comparable to the biochemical cues induced by growth

factors.40,41 The mechanical properties of the ECM have been

shown to have a great influence on cells’ biological functions, and

during mechanotransduction ECM mechanical stimuli such as

stretching, elasticity, and matrix rigidity are converted into chemical

signals that control cell fate.12,42 The mechanical constraints from

the ECM have also been shown to regulate the growth of murine

inner ear cells during the developmental process,43 and thus we used

a Matrigel-encapsulated 3D culture system to induce similar

mechanical cues in the IEPC culture system that might better mimic

the in vivo microenvironment.

In the current study, we found that mechanical cell-matrix inter-

actions increased the viability and expansion of IEPCs in the Matrigel-

encapsulated IEPC culture system, which has been widely used in

organoid cultures.44,45 It has been reported that cell-ECM interactions

regulate the fate of many different kinds of cells in 3D culture, includ-

ing embryonic stem cells, mesenchymal stem cells, and so on.42,46,47

Cells change their fate in response to integrin-dependent RhoA signal-

ing and actin cytoskeleton dynamics induced by ECM mechanical

stimulation.15 Decreased RhoA activity and disruptions to the actin

cytoskeleton can be observed in vivo during hair cell loss induced by

aminoglycoside antibiotics in the inner ear.48 The results from our

experiments demonstrated that actin cytoskeleton polymerization

regulated by RhoA could affect the proliferative capacity of IEPCs by

transducing the mechanical cues from the external microenvironment,

which is in agreement with studies in other systems.49,50 Furthermore,

we found that activation of RhoA and enhanced actin cytoskeleton

polymerization were primarily located on the surface of spheroids

formed from single IEPCs in the Matrigel-encapsulated 3D culture

system, and this was similar to what has been observed for colonies

formed from human ESCs that displayed strong cell-ECM interactions

at the colony edge.51 Enhanced RhoA activity and actin cytoskeleton

polymerization were also found in spheroid cells that were not in con-

tact with the ECM, and this suggests that mechanical signals from the

ECM might be transmitted among the cells within the IEPC spheroid

and thus affect the expansion of the IEPCs in a similar manner to how

cell-cell contacts can remodel the actin cytoskeleton by regulating

RhoA signaling to maintain cardiomyocyte identity.52

YAP has also been shown to be a sensor and mediator for

mechanical signals in response to ECM cues, and the ECM mechanical

cues that activate YAP require a mechanically stressed cytoskele-

ton.35,53 Pharmacological inhibition of actin cytoskeleton polymeriza-

tion reduced the nuclear localization of YAP, providing further

evidence that the actin cytoskeleton is required for maintaining the

activity of YAP in IEPCs. We found that attenuated LATS1 phosphor-

ylation was accompanied by YAP activation in 3D-encapsulated cul-

ture. We activated YAP signaling by using LPA, which binds to a

family of G protein-coupled receptors and regulates YAP activity via

Ga12/13-coupled receptors,35 and we found that LPA increased the

proliferative potential of IEPCs. In addition, LPA simultaneously

increased YAP activity and decreased LATS1 phosphorylation. These

effects were all blocked by inhibition of RhoA.

These results indicated that mechanotransduction signaling might

promote IEPC expansion in a LATS-dependent manner in the encap-

sulated culture. In contrast to our results, a previous study showed

that mechanical signals regulate YAP through a LATS-independent

manner in soft ECM hydrogels,54 while another study supports our

results by showing that extracellular mechanical signals modulate YAP

through LATS in low-stiffness ECM.55 This contradiction might be due

to the different cell culture modes and different cell-cell interactions.

LPA-induced IEPC expansion was in accordance with the observation

that LPA plays a positive role in maintaining the pluripotency of

human ESCs and iPSCs by upregulating YAP activity.26 We also found

that the combination of EGF, bFGF, and IGF could sustain the accu-

mulation of YAP in the nucleus, which suggests that there might be

cross-talk between YAP signaling and other signaling pathways, such

as the FGFs, and it has been reported that bFGF-induced YAP nuclear

translocation plays a crucial role in promoting the proliferation of lens

epithelial cells.56

We inhibited YAP signaling using VP, and this significantly

decreased the nuclear expression and downstream genes of YAP and

inhibited the expansion of IEPCs. However, other studies have shown

that the antiproliferative effects of VP are not dependent on YAP in

endometrial cancer and colorectal cancer cells.57,58 Interestingly, VP

attenuated the interaction between YAP and TEAD and suppressed

YAP-dependent liver cancer.59 Moreover, VP has been shown to

inhibit YAP nuclear translocation by increasing its phosphorylation at

Ser7 and to activate MST1 to suppress the growth of C4-2 cells.60

These results suggest that VP is not specific for its target, and it might

have tissue differences as an inhibitor of YAP. To account for this, we

used shRNA to knock down YAP and got the same results as VP,

which further shows the importance of YAP for promoting the expan-

sion of IEPCs. In other tissues, it has been reported that the activation

of YAP signaling reprograms intestinal stem cells and induces the

regeneration of the intestinal epithelium after exposure to ionizing
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radiation28 and that constitutively active YAP signaling upregulates

embryonic and proliferation-related genes and stimulates cardiac

regeneration in the adult heart.61 Our results further demonstrate that

YAP signaling plays a crucial role in promoting the expansion of IEPCs.

Because Wnt/β-catenin signaling is another well-established

essential signaling pathway for the proliferation of Lgr5+ progenitor

cells in the inner ear, and because the stabilization of β-catenin results

in cell-cycle reentry followed by differentiation of IEPCs into hair

cells,36,62 we further investigated the interaction between canonical

Wnt and YAP signaling during the expansion of IEPCs in our culture

systems. The increased β-catenin nuclear translocation and subse-

quent enhancement of IEPC proliferation induced by the YAP activa-

tor LPA could be prevented by adding a Wnt signaling inhibitor, while

the reduced β-catenin nuclear translocation and subsequent decrease

in IEPC proliferation caused by the YAP inhibitor VP could be rescued

by adding a Wnt signaling activator. Although the specific targets

through which YAP regulates Wnt signaling during the expansion of

IEPCs were not explored in our current study, our data still provide

the first evidence that β-catenin might act as a downstream effector

of YAP during the proliferation of IEPCs. Indeed, the interaction

between Wnt and YAP signaling has been verified in other cellular

and biological contexts, and it has been reported that the activation of

YAP enhances cardiomyocyte proliferation and promotes cardiac

regeneration by activating β-catenin,61,63 while another study showed

that activation of YAP reprograms intestinal stem cells and induces

intestinal regeneration by transiently suppressing Wnt signaling.28

According to the comparison and analysis of whole gene sequenc-

ing between the IEPCs formed spheroids in 3D-encapsulted culture

in vitro and the fresh dissected cochlear epithelium, the source of

IEPCs in vivo. We further confirmed that the ECM encapsulated IEPCs

in 3D culture system could mimic the mechanotransduction signaling

surrounded the IPECs in vivo, and the spheroids from encapsulated

IEPCs partially resemble transcriptome signatures of cochlear epithe-

lium in vivo. It has been reported that the biophysical simulation of

nature environment in the cultured progenitors might be not sufficient

to achieve the gene signatures of related tissue in vivo.41,64 Multiple

combinations of growth factors and compounds will be tested in our

Matrigel encapsulated 3D culture system for achieving the self-renewal

of IEPCs as well as the controllable differentiation process65,66

In this study, we provide the first demonstration that external

mechanical signals from the ECM can be transduced into IEPCs

through the RhoA-YAP-β-catenin signaling axis and that this regulates

the survival, proliferation, and differentiation of IEPCs. Thus, such

interactions serve as an important modulating factor for the biological

activities of IEPCs and provide potential therapeutic targets for acti-

vating the progenitor cells and for promoting hair cell regeneration in

the inner ear by pharmacologically or genetically regulating the

function of the RhoA-YAP-β-catenin signaling axis in vitro or in vivo.

In addition, the interacting targets among the whole RhoA-YAP-

β-catenin signaling axis should be further investigated for promoting

hair cell regeneration and for restoring homeostasis in the cochlear

epithelium.

5 | CONCLUSION

In conclusion, we provide the first piece of evidence that RhoA-

mediated actin cytoskeletal contractility plays a critical role in regulating

the response of IEPCs to mechanical cues in their microenvironment by

comparing the survival, proliferation, and differentiation of IEPCs cul-

tured in suspended or in Matrigel-encapsulated 3D systems. We fur-

ther identified YAP as a mediator of mechanotransduction signaling for

promoting the expansion of IEPCs, partly through the regulation of

β-catenin activity. Thus, the RhoA-YAP-β-catenin signaling axis senses

and transmits mechanical cues from the ECM and plays crucial roles in

promoting the expansion of IEPCs.
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