The Journal of Neuroscience, May 13, 2020 - 40(20):3915-3932 - 3915

Development/Plasticity/Repair

YAP Mediates Hair Cell Regeneration in Balance Organs of
Chickens, But LATS Kinases Suppress Its Activity in Mice
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Loss of sensory hair cells causes permanent hearing and balance deficits in humans and other mammals, but for nonmam-
mals such deficits are temporary. Nonmammals recover hearing and balance sensitivity after supporting cells proliferate and
differentiate into replacement hair cells. Evidence of mechanical differences between those sensory epithelia and their sup-
porting cells prompted us to investigate whether the capacity to activate YAP, an effector in the mechanosensitive Hippo
pathway, correlates with regenerative capacity in acceleration-sensing utricles of chickens and mice of both sexes. After hair
cell ablation, YAP accumulated in supporting cell nuclei in chicken utricles and promoted regenerative proliferation, but YAP
remained cytoplasmic and little proliferation occurred in mouse utricles. YAP localization in supporting cells was also more
sensitive to shape change and inhibition of MST1/2 in chicken utricles than in mouse utricles. Genetic manipulations showed
that in vivo expression of the YAP-S127A variant caused robust proliferation of neonatal mouse supporting cells, which pro-
duced progeny that expressed hair cell markers, but proliferative responses declined postnatally. Expression of YAP-5SA,
which more effectively evades inhibitory phosphorylation, resulted in TEAD-dependent proliferation of striolar supporting
cells, even in adult utricles. Conditional deletion of LATS1/2 kinases abolished the inhibitory phosphorylation of endogenous
YAP and led to striolar proliferation in adult mouse utricles. The findings suggest that damage overcomes inhibitory Hippo
signaling and facilitates regenerative proliferation in nonmammalian utricles, whereas constitutive LATS1/2 kinase activity
suppresses YAP-TEAD signaling in mammalian utricles and contributes to maintaining the proliferative quiescence that
appears to underlie the permanence of sensory deficits.
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Loud sounds, ototoxic drugs, infections, and aging kill sensory hair cells in the ear, causing irreversible hearing loss and bal-
ance deficits for millions. In nonmammals, damage evokes shape changes in supporting cells, which can divide and regenerate
hair cells. Such shape changes are limited in mammalian ears, where supporting cells develop E-cadherin-rich apical junctions
reinforced by robust F-actin bands, and the cells fail to divide. Here, we find that damage readily activates YAP in supporting
cells within balance epithelia of chickens, but not mice. Deleting LATS kinases or expressing YAP variants that evade LATS-
mediated inhibitory phosphorylation induces proliferation in supporting cells of adult mice. YAP signaling eventually may be
harnessed to overcome proliferative quiescence that limits regeneration in mammalian ears. j

in the inner ear is a major and permanent cause of these impair-

Introduction ) )
Hearing loss affects over 400 million people worldwide, and bal- ~ ments because lost HCs are not effectively replaced in humans
and other mammals (Forge et al., 1993; Nadol, 1993; Warchol et

ance disorders afflict millions more (Agrawal et al., 2009; World
Health Organization, 2018). The loss of sensory hair cells (HCs)
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al., 1993; Golub et al., 2012; Mizutari et al., 2013). In contrast,
birds, fish, and amphibians efficiently replace HCs after damage
and recover sensory function (Corwin and Cotanche, 1988; Ryals
and Rubel, 1988; Jones and Corwin, 1996; Smolders, 1999;
Harris et al, 2003; Smith et al, 2006; Lush and Piotrowski,
2014). In those nonmammals, neighboring supporting cells
(SCs) either generate progeny that replace HCs, or convert
directly into HCs (Balak et al., 1990; Adler and Raphael, 1996;
Baird et al., 1996). However, the capacity for mammalian SCs to
divide and replace HCs declines sharply after birth, for reasons
that are yet unclear (Burns et al., 2012a; Cox et al., 2014). Efforts
to enhance the regenerative response of mammalian SCs have
included treatments with growth factors, inhibition of Notch sig-
naling, and stimulation of canonical Wnt signaling (Gu et al,,
2007; Wang et al., 2015a; You et al., 2018). These manipulations
show promise in neonatal mice, but their efficacy diminishes as
mammals mature and SCs transition to a more persistent state of
quiescence (Gu et al., 2007; Collado et al., 2011b; Maass et al.,
2015; Atkinson et al, 2018; Samarajeewa et al., 2018). There
remains a need to understand the mechanisms that maintain
mammalian SCs in this quiescent state.

A possible explanation arose from studies of the utricle, a type
of balance organ. In cultured sheets of utricular epithelia, SCs
from immature mice rapidly spread and proliferate, but the ability
to spread and proliferate declines abruptly with age (Davies et al.,
2007; Meyers and Corwin, 2007; Lu and Corwin, 2008). At the
same time, mammalian SCs develop reinforced apical junctions
with high levels of E-cadherin and exceptionally thick circumfer-
ential F-actin bands (Burns et al., 2008, 2013; Collado et al., 2011b;
Luo et al,, 2018). In contrast, SCs from chickens express little E-
cadherin, have thin F-actin bands at their apical junctions, and
freely spread and proliferate throughout life (Burns et al., 2008,
2013). The implications led us to investigate the Hippo pathway
and its effector, Yes-associated protein (YAP), which integrate me-
chanical and biochemical input to control proliferation (Irvine
and Shraiman, 2017; Totaro et al., 2018).

In the canonical Hippo pathway, the kinase cascade of MST1/
2 and LATS1/2 phosphorylates YAP, leading to its cytoplasmic
sequestration and degradation (Dong et al., 2007; Zhao et al,
2007, 2010). In the absence of such inhibitory signaling, YAP can
accumulate in nuclei where it promotes proliferation with TEAD
transcription factors (Vassilev et al., 2001; Zhao et al., 2007).
YAP-TEAD transcriptional activity declines in response to
increases in cell density during utricular development, contribut-
ing to the initial arrest of growth (Gnedeva et al., 2017), but the
role of MST1/2 and LATS1/2 in the inner ear has not yet been
studied. We hypothesized that damage would readily reactivate
YAP-TEAD signaling within SCs in the regenerative ears of non-
mammals, but would not in the ears of mammals.

Here, we report that, in the chicken utricle, MST1/2-dependent
Hippo signaling sequestered YAP in the cytoplasm of SCs, and
that HC loss caused YAP to accumulate in nuclei and promote re-
generative proliferation. In SCs of the murine utricle, YAP
remained cytoplasmic after HC loss. There, proliferative quies-
cence was overcome by expression of phosphorylation-insensitive
variants of YAP or conditional deletion of LATS1/2, even in
utricles from adult mice. The findings provide a novel mechanistic
basis to account for differences in the regenerative replacement of
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HCs between mammals and nonmammals and demonstrate, for
the first time, that YAP-TEAD signaling can be harnessed to pro-
mote the proliferation of SCs in the mammalian inner ear.

Materials and Methods

Animals

All experiments and procedures were approved by the University of
Virginia Animal Care and Use Committee (protocol #18350718). Swiss
Webster mice were obtained from Charles River Laboratories. Animals of
either sex were used for all experiments. In some experiments, 5-ethynyl-2-
deoxyuridine (EdU, Cayman Chemical) was injected at 50 ug/g subcutane-
ously to trace the incidence of S-phase entry. Doxycycline hyclate (Sigma
Millipore) was supplied to the mice in drinking water at 2 mg/ml, and/or
via intraperitoneal injection at 100 pg/g body weight dissolved in saline.

Sox10"™" mice were generated by the laboratory of Michael
Wegner (Ludwig et al., 2004) and contain a knock-in allele of the reverse
tetracycline controlled transactivator (rtTA) in the SoxI0 locus. Yap-
§127A mice harbor a doxycycline-dependent human YAPI transgene
with a serine to alanine mutation at Serine 127 in the Collal locus
(Camargo et al,, 2007). Mice were maintained on a mixed background.
Lats"¥o% (stock #024941) and Lats2™%% (stock #025428) mice were
obtained from The Jackson Laboratory and originally developed by the
lab of Randy L. Johnson (Heallen et al., 2013). Plp-CreER mice were
obtained from The Jackson Laboratory (stock #005975) and originally
developed by the lab of Brian Popko (Doerflinger et al, 2003).
Yap™o%; Tz mice were generated and kindly provided by the lab
of Eric Olson (Xin et al., 2011, 2013).

Fertilized White Leghorn (W-36) eggs were obtained from Hy-Line
and incubated at 37°C in a humidified chamber with rocking until E18,
after which eggs were incubated without rocking. Utricles were har-
vested from chicks of either sex between posthatch days 0-4.

Utricle dissection and culture

Labyrinths were dissected from temporal bones in ice-cold PBS with
Ca>"/Mg>" (Invitrogen), and isolated utricles were transferred to
HEPES-buffered DMEM/F-12 (Invitrogen) for fine dissection. The utric-
ular roof, otoconia, and nerve were mechanically removed under aseptic
conditions. The dissected organs contained the entire sensory epithe-
lium, a small portion of the surrounding nonsensory epithelium, and the
underlying connective tissue matrix. For organ culture, dissected utricles
were adhered to glass-bottom dishes (Mat-Tek) coated with 0.5 pl of
dried Cell-Tak (BD Biosciences). Utricles were incubated at 37°C with
5% CO, and cultured in HEPES-buffered DMEM/F12 supplemented
with 1% FBS (Invitrogen) and 10 ug/ml ciprofloxacin (Bayer). In some
experiments, 5-bromo-2'-deoxyuridine (BrdU, Sigma) was supplemented
at 5 pg/ml or EAU (Cayman Chemical) was supplemented at 2.5 pg/ml to
trace cells that entered S-phase. Streptomycin sulfate was obtained from
Sigma- Aldrich (#59137) and dissolved in DMEM/F-12. CA3 was obtained
from Selleck Chemicals (#S8661) and reconstituted in DMSO.
Leptomycin B was obtained from Calbiochem predissolved in ethanol
(#431050) and used at 40 ng/ml. XMU-MP-1 (#22083) was obtained from
Cayman Chemical, reconstituted in DMSO, and used at 3 pM.

Adenoviral transduction

Type 5 adenoviral constructs were generated by Vector Biolabs. Viruses
for transduction of WT mouse YAP (#ADV-276436), mCherry (#1767),
and mCherry-T2A-Cre (#1773) were purchased from stock inventory,
and other constructs were custom-made from the following plasmids
that were obtained from Addgene: pCMV-Flag-YAP-5SA (#27371) and
pCMV-Flag-YAP-5SA/S94A (#33103). Cultured utricles were rinsed 3
times with warm DMEM/F12 + HEPES without serum, and then incu-
bated with adenovirus at a final concentration of 1 x 10° PFU/ml for
6 h. Vector Biolabs titers its viruses using the plaque formation assay.
The transduction rate was assessed by counting mCherry " cells in high-
magnification confocal images.

Immunohistochemistry and imaging
Utricles were fixed in 4% PFA (Electron Microscopy Sciences) in PBS
for 1 h at room temperature or in Glyofixx (Shandon) at 4°C overnight.
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Then utricles were rinsed 3 times in PBS with 0.1% Triton X-100 (PBST)
and blocked with 10% normal goat serum (Vector Laboratories) for 2 h
at room temperature. Primary antibodies were incubated at 4°C over-
night in PBST supplemented with 2% normal goat serum. Utricles
were then rinsed 3 times in PBST and incubated with AlexaFluor-
conjugated goat secondary antibodies for 2 h at room temperature in
PBST with 2% normal goat serum. Utricles were then rinsed 3 times
in PBST, mounted in Prolong Diamond, and imaged on an LSM 880
confocal microscope (Carl Zeiss). For BrdU-labeled specimens,
utricles were treated with DNase I from bovine pancreas (50 Kunitz/ml,
Sigma Millipore) for 1 h at 37°C following permeabilization and prior to
blocking and incubation with primary antibodies.

Mouse anti-E-cadherin (1:200, clone 36) and mouse anti-BrdU (1:20,
B44) were obtained from BD Biosciences. Mouse anti-YAP (1:50, 101199)
was obtained from Santa Cruz Biotechnology, and was validated in
Yap" %, Taz"%.plpCreER mice. Mouse anti-Spectrin (1:50, MAB1622)
was obtained from Millipore. Rabbit anti-Sox2 (1:200, DIB8N), rabbit anti-
phospho-YAP (Ser127) (1:100, 4911), and rabbit anti-TEADI (1:200,
D9X2L) were obtained from Cell Signaling Technology. Rabbit anti-Ki67
(1:200, RM9106S0) was obtained from Thermo Fisher Scientific. Rabbit
anti- B -tectorin (Tectb) (1:1000) was a generous gift from Guy Richardson.
Rabbit anti-Pv3 (1:400) was a generous gift from Stefan Heller. Rabbit anti-
myosin VI (1:200, 25-6791) and rabbit anti-myosin VIIa (1:200, 25-6790)
were obtained from Proteus. Mouse anti-myosin VIIa (1:100, 138-1)
was obtained from the Developmental Studies Hybridoma Bank. Rabbit
anti-ZO-1 (1:200, 61-7300) was obtained from Zymed. AlexaFluor-conju-
gated secondary antibodies (1:500) and AlexaFluor-conjugated phalloidin
(1:200) were obtained from Thermo Fisher Scientific. EAU was visualized
with the Click-it AlexaFluor Imaging Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions.

Quantification of S-phase entry

In experiments with chicken utricles, S-phase entry was measured by
tabulating the number of EdU™ cells in three 225 x 225 wm confocal
images acquired at high magnification from the medial extrastriolar
region. The incidence of S-phase entry in vivo in Yap-S127A;Sox10™4/*
mice was measured by counting the number of EdU™ cells within confo-
cal z stacks obtained with 20x magnification. The average number of
EdU™ cells across five standardized 100 x 100 um regions were com-
bined into a single value that was considered an independent replicate
for statistical purposes. Two 100 x 100 um regions were located in the
lateral aspect of the macula (corresponding to the lateral extrastriola),
one region was located in the center of the macula (roughly correspond-
ing to the striolar region), and two regions were located in the medical
aspect of the macula (corresponding to the medial extrastriolar region).
Only one utricle per mouse was analyzed to quantify S-phase entry
across genotypes in those in vivo experiments. In other experiments, we
counted all cells in the utricular macula that incorporated BrdU or EAU
using confocal z stacks obtained at 20x magnification.

Quantification of YAP nuclear:cytoplasmic intensity ratio

Images were analyzed with FIJI (Schindelin et al., 2012). YAP nuclear:
cytoplasmic intensity ratios (N:C ratios) were calculated from high-magnifi-
cation confocal images of the SC nuclear layer using a custom FIJT script
available at https://github.com/utricle/Y AP-NC-Ratio. Utricles were immu-
nostained for YAP, phalloidin, and Myo7a or Sox2. In samples stained for
Myo7a, pixels that exceeded an Otsu threshold for Myo7a were considered
HCs and excluded from the analysis. On each individual image, the cyto-
plasmic region was defined by pixels which exceeded an Otsu threshold for
phalloidin. The nuclear region was defined by pixels which exceeded an
Otsu threshold for Sox2, or alternatively by using the inverse of the cyto-
plasm region. The average YAP intensity in the cytoplasmic region divided
by the nuclear region was computed for each individual image. Three to
five locations were imaged per utricle. In mouse utricles, at least one lateral,
one central, and one medial image was acquired. The lateral region corre-
sponds to the extrastriolar cells lateral to the line of polarity reversal, the
central region corresponds to striolar cells just medial to the line of polarity
reversal, and the medial region corresponds to extrastriolar cells adjacent to
the medial boundary of the macula. In chicken utricles, all images were
acquired within the large medial extrastriolar region. All YAP N:C ratios
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from a given utricle were averaged together to form a single ratio for each utri-
cle, which was considered an independent replicate for statistical analysis.

In P30 mouse utricles that were transduced with adenovirus, the
YAP N:C ratios were collected by hand. Cells that expressed the
mCherry reporter were identified in high-magnification confocal images
of the SC nuclear layer, and ROIs were drawn in the nucleus (excluding
nucleoli) and in the thin surrounding cytoplasmic space. The number of
cells analyzed per utricle ranged from 15 to 96, with at least 128 total
cells analyzed per experimental group. Values from the same utricle
were averaged and considered a single independent replicate for statisti-
cal analysis.

Micropunch lesions

Micropunches were fabricated as previously described (Meyers and
Corwin, 2007). Blunt 29-gauge hypodermic needles with internal diame-
ter of 180 pum (catalog #91029, Hamilton) were electrolytically etched in
a solution of 34% sulfuric acid and 42% phosphoric acid at 1.5 V, 500
mA, and rough edges were removed with polishing paper (catalog
#337308, Rio Grande), creating a sharp, circular edge. After utricles from
P2 chickens or P1 mice were cultured for 24 h, the micropunch was
pressed into the center of the macula. The epithelium within the lesion
site was excised with a sharpened tungsten filament (catalog #716200,
A-M Systems), leaving the underlying stroma intact. Utricles were cul-
tured for an additional 48 h with or without 10 pM EdU prior to
fixation.

Confocal image stacks were acquired within the lesion site and an
undamaged region at the periphery of the macula. Because the diameter
of the micropunch exceeds the mediolateral span of the striola (~100
um), lesion sites included both striolar and extrastriolar regions. In each
utricle, SC apical domains in the lesion site were visualized with phalloi-
din staining and measured using hand-drawn ROIs in FIJI. The corre-
sponding nuclei were identified in the z stack for measurement of the
YAP N:C ratio. For each SC, one ROI was drawn in the nucleus, avoid-
ing nucleoli, and one ROI was drawn in the perinuclear region to serve
as the cytoplasm ROI. The average intensity of YAP immunostaining in
the nuclear ROI was divided by that in the cytoplasm ROI to calculate
the YAP N:C ratio. In this manner, the 30 SCs at the center of each
lesion site were analyzed in each of four utricles (120 SCs total). The
regression analysis of SC area and YAP N:C ratio was performed using
GraphPad Prism 8 software. To compare the YAP N:C ratio in chicken
and mouse SCs, SCs were separated based on area into four different
groups (<50 umz, 50-75 umz, 75-100 umz, and >100 umz), with 19-58
SCs of each species per group. A two-way ANOVA was used to compare
the YAP N:C ratio across species and area.

In the undamaged region outside of the lesion site, the area of 30 SC
apical domains per utricle were measured as described above. The YAP
N:C ratio in the undamaged region was calculated from a confocal image
slice of the SC nuclear layer using the custom FIJI script described above.

Quantification of macular area and cell density
Yap-S127A™;Sox10"™* mice and littermate controls (WT, Yap-
S127A™", and Sox10™"™'") received an intraperitoneal injection of doxy-
cycline at P1. Utricles were harvested and fixed on P5 for immunostaining
for rabbit anti-ZO-1 and mouse IgG1 anti-Myo7a. After mounting as
whole mounts, utricles were imaged on a LSM 880 confocal microscope
(Carl Zeiss). Macular areas were measured from maximum intensity pro-
jections of Myo7a imaged with a 20x objective. Higher-magnification
images were obtained from the lateral, central, and medial region of each
utricle, and the total number of SCs (Myo7a™ cell apices) and HCs
(Myo7a™ cell apices) were counted. The lateral image corresponded to the
lateral extrastriola, the central image roughly corresponded to the striola,
and the medial image corresponded to the medial extrastriola. The totals
from each region were averaged to produce an overall SC density, HC
density, and total cell density for each utricle (normalized to 10,000 pm?),
which was considered an independent statistical replicate. Only one utricle
was analyzed per mouse.

Quantification of E-cadherin immunoreactivity
Yap-S127A™;Sox10"™* mice and littermate controls (WT, Yap-
$127A™, and Sox10™**) received an intraperitoneal injection of
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Table 1. Primers for qRT-PCR
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Gene Species Direction Sequence Amplicon size (bp)

(tgf Mouse Forward ACTATGATGCGAGCCAACTG 17
Reverse (TCCAGTCTGCAGAAGGTATTG

(yr61 Mouse Forward CCAGTGTACAGCAGCCTAAA 92
Reverse (TGGAGCATCCTGCATAAGTAA

Ankrd1 Mouse Forward (GACGTCTGCGATGAGTATAAA 92
Reverse (TCCAGCCTCCATTAACTTCTC

Gapdh Mouse Forward AGGTCGGTGTGAACGGATTTG 123
Reverse TGTAGACCATGTAGTTGAGGTCA

(dn1 Mouse Forward TGTGGGTCAGGAAATCACATCTT 79
Reverse CCAAATCCGATACGTGATCTTCT

Cend1 Mouse Forward TCCCCTTGACTGCCGAGAAGT 103
Reverse TTCCACTTGAGCTTGTTCA

Myc Mouse Forward TGACCTAACTCGAGGAGGAGCTGGAATC 170
Reverse AAGTTTGAGGCAGTTAAAATTATGGCTGAAGC

YAP1-5127A Human transgene Forward CCCTCGTTTTGCCATGAACC 122
Reverse GITGCTGCTGGTTGGAGTTG

doxycycline at P1. Utricles were harvested and fixed on P5 for immuno-
staining of E-cadherin as described above. High-magnification confocal
z stacks of the lateral region were acquired at the boundary of the sen-
sory and nonsensory epithelium. The E-cadherin intensity at SC-SC
junctions was obtained by drawing a perpendicular line across at least 30
SC-SC junctions and averaging the peak intensities from the maximal in-
tensity projection. That was divided by the average E-cadherin intensity
of at least 30 cell junctions within the nonsensory epithelium within the
same image to generate a single normalized E-cadherin intensity value
for the utricle, which was considered an independent statistical replicate.
Only one utricle was analyzed per mouse.

RNA extraction, reverse transcription, and quantitative PCR

Eight to 14 utricles were dissected in ice-cold PBS until only the sensory
epithelia, stroma, and small portion of surrounding nonsensory tissue
remained, and combined to serve as one biological replicate. Tissue was
transferred to TRIzol (Ambion), and frozen at -80°C until further proc-
essing. Upon thawing, tubes were vortexed and chloroform was added.
Following centrifugation, the aqueous phase was extracted, mixed 1:1
with isopropanol, supplemented with 20 pg/ml Linear Acrylamide
(Ambion), and incubated at -20°C overnight. The following day, RNA
was pelleted via centrifugation, washed twice in 1 ml chilled 75% etha-
nol, and then resuspended in 20 pL H,O. RNA concentration was
assessed using a NanoDrop ND-1000 spectrophotometer, and equal
amounts of RNA were used for reverse transcription reactions for each
biological replicate. cDNA was synthesized using the iScript cDNA syn-
thesis kit (Bio-Rad). qRT-PCR was performed on a Bio-Rad CFX
Connect using iTaq Universal SYBR Green Supermix (Bio-Rad). Primer
specificity was determined by melt curve analysis and verified by analyz-
ing amplicon size via gel electrophoresis. Primers are listed in Table 1.
The qPCR was performed with two or three technical replicates per sam-
ple and at least four biological replicates. Fold change was calculated by
the delta-delta C, method with Gapdh as the reference gene. For statisti-
cal hypothesis testing, the Mann-Whitney test was used with each bio-
logical replicate considered an independent observation.

RNAscope ISH

Utricles from PO, P6, P16, and adult (>P30) mice were dissected on the
same day in ice-cold PBS and fixed for 1.5 h at room temperature in
fresh 4% PFA reconstituted in RN Ase-free PBS. Utricles were transferred
through a sucrose gradient of RNAse-free PBS supplemented with 5%,
10%, 15%, 20%, and 30% sucrose for 2 h each at 4°C. Then utricles were
incubated with PBS with 30% sucrose containing two drops of OCT
compound, followed by incubation in a 1:1 mixture of PBS with 30% su-
crose and OCT for 1 h. A single utricle from each age group was then
transferred to a cryomold filled with chilled OCT, frozen on dry ice, and
stored at -80°C until further processing. Utricles were cryosectioned as
10-pm-thick slices, stored on Superfrost Plus slides (Fisher Scientific),
and then stored at -80°C until further processing. The RNAscope
Fluorescent Multiplex Assay was performed according to manufacturer’s

instructions for fixed frozen samples. The probes Mm-Cyp26b1-O1-C3
(#524001-C3), Mm-Teadl-Cl (#457371), Mm-Tead2-C1 (#420281),
Mm-Tead3-C2 (custom), and Mm-Tead4-C2 (custom) were ordered
from Advanced Cell Diagnostics.

Experimental design and statistical analysis

All data are displayed as mean = SD, unless otherwise noted in the figure
legends. Statistical hypothesis testing was performed in GraphPad Prism
8. For comparisons of two experimental groups, two-tailed unpaired ¢ tests
were used unless otherwise noted. Paired f tests were used to compare
rates of viral transduction and proliferation in striolar and extrastriolar
regions. qRT-PCR experiments were analyzed with the nonparametric
Mann-Whitney test. Comparisons of three or more experimental groups
were analyzed with ANOVA along with pairwise post hoc tests, as indi-
cated in Results and the figure legends. p values <0.05 were considered
statistically significant. For in vitro experiments, each utricle was consid-
ered an independent biological observation (biological replicate), unless
otherwise stated in the figure legends, and no methods were used to allo-
cate utricles into treatment groups unless otherwise noted in Results or
figure legends. For in vivo experiments, mice of either sex were allocated
to experimental groups based on genotype, and each mouse was consid-
ered an independent observation. No methods were used for sample size
determination. At least three independent biological replicates were used
for all statistical comparisons. There was no special determination or han-
dling of outliers. No masking was used for data analysis.

Results

HC loss leads to nuclear accumulation of YAP in chicken
SCs, but not in those of mice

Since cells regulate the activity of YAP in part by controlling its
nuclear access (Shreberk-Shaked and Oren, 2019), we tested
whether HC loss would trigger nuclear accumulation of YAP in
the SCs that are essential for HC regeneration in posthatch
chickens. Utricles were cultured with 1 mM streptomycin for 24
h to kill HCs and fixed after 2 additional days in streptomycin-
free medium. Then N:C ratios of YAP immunostaining were
computed for confocal images of the SC nuclear layer.
Streptomycin treatment reduced the density of HCs to 11% of
the level in untreated control cultures (p < 0.0001, t10y = 16.77,
n = 6 utricles per condition; Fig. 1A,C,I), resulting in a 22%
increase in the N:C ratio of YAP (p < 0.0001, t19y = 8.248, n = 6
utricles per condition; Fig. 1B,D,]).

We used the same protocol to determine whether HC loss
would induce nuclear translocation of YAP in SCs of the post-
natal day 1 (P1) mouse utricle. Here, the streptomycin treatment
reduced the HC density to 55% of the level in undamaged
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Figure 1. YAP accumulated in SC nuclei after HC loss and mediated regenerative proliferation in utricles of chickens, but not in those of mice. A-H, Utricles from P2 chickens and P1 mice
were cultured 24 h with or without streptomycin and fixed after 72 h to assess HC loss in confocal images of the apical surface and YAP N:C ratios in the SC nuclear layer. Streptomycin induced
HC loss in both species, but YAP accumulated in SC nuclei only in damaged chicken utricles (D). The central (putative striolar) region of the mouse utricle was imaged (E-H). I, Quantification
reveals significant HC loss in streptomycin-treated utricles of chickens (p << 0.0001, n = 6 utricles) and mice (total: p = 0.0004, n = 8). Regional comparisons for the mouse utricle were made
with Sidak’s test (Lat: p = 0.48; Cen: p = 0.0065, Med: p << 0.0001, n = 6-8). J, Quantification of YAP N:C ratios reveals significant increases in streptomycin-treated chicken utricles (p <
0.0001, n = 6). Damage had no effect on mouse utricles (total: p = 0.98, n = 8). Regional comparisons for the mouse utricle were made with Sidak's test (Lat: p = 0.99; Cen: p = 0.87, Med:
p = 0.996, n = 8). K, L, Confocal image of streptomycin-treated P2 chicken utricles. Those cultured with DMSO (K) contained significantly more EdU™ cells and Myo7a+ EdU™ cells (arrow-
head) than those cultured with 1 uM CA3 (L) through day 7. M, Quantification of EdU™ cells after 3 d (magenta bars, left y axis) and Myo7a* EdU™ cells after 7 d (green bars, right y axis)
within P2 chicken utricles. Streptomycin-treated utricles contained significantly more EdU™ cells than undamaged utricles (p << 0.0001, ¢ test). Streptomycin-treated utricles cultured with the
YAP-TEAD inhibitor CA3 contained fewer EdU™ cells in a dose-dependent manner (p = 0.001, ANOVA with Dunnett’s multiple comparisons test, n = 6-16). CA3 treatment significantly reduced
mitotic HC production (p = 0.034, n = 4). N, P1 mouse utricles were cultured with or without 1 mM streptomycin for 24 h and then incubated 72 h in the presence of EdU. Damage did not
significantly affect the density of Sox2™ EdU™ cells (p = 0.73, n = 9). Data are mean = SD. ns p > 0.05, *p << 0.05, **p << 0.01, ***p << 0.001, ****p < 0.0001.

control cultures (p = 0.0004, ¢(14) = 4.583, n = 8 utricles per con-
dition; Fig. 1E,G,I), but we observed no difference in the N:C ra-
tio of YAP (0.89 = 0.10 vs 0.89 = 0.11, p = 0.9818, t14) =
0.02327, n = 8 utricles; Fig. 1F,H,]).

To test whether YAP and TEAD mediate regenerative prolif-
eration in chicken utricles, we cultured utricles either with or
without streptomycin for 24 h to kill HCs. Then the utricles were
cultured an additional 2 d in varying concentrations of CA3, a

small-molecule inhibitor of YAP-TEAD transcriptional activity
(Song et al.,, 2018). EAU was added 24 h before fixation to label
cells that entered S-phase. The streptomycin-treated utricles con-
tained 15-fold more EAU™ cells than undamaged controls (p <
0.0001, t(59y = 5.48, n = 6-16 utricles; Fig. 1M), and the CA3 treat-
ment caused a dose-dependent reduction in that regenerative
proliferation (p = 0.0010, F334 = 2.528, n = 7-16 utricles,
ANOVA; Fig. 1M). Other streptomycin-treated utricles that
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Figure 2.  In SCs that changed shape to close excision lesions, nuclear accumulation of YAP was more prominent in chickens
than mice. After 24 h in culture, standardized excision lesions were made in utricles from P2 chickens and P1 mice, which were
cultured an additional 48 h before fixation. A-D, Damage evoked a focal proliferative response in the chicken utricle (A,C). YAP
markedly accumulated in the nuclei of SCs that expanded to close the lesion (D) compared with the densely packed SCs outside
of the lesioned area (B). E-H, Damage also evoked a focal proliferative response in the mouse utricle (E,G). Modest nuclear
accumulation of YAP was evident in SCs that expanded to close the lesion in the center of the macula (H) compared with those
outside of the lesion area at the periphery of the macula (F). /, Regression analysis revealed a significant association between
YAP N:C ratio and SC apical domain size within the lesioned area of the chicken utricle (slope non-zero at p << 0.0001, n =
120 cells from 4 utricles). Dashed lines indicate 95% Cl. J, Regression analysis reveals a modest association between YAP N:C ra-
tio and SC apical domain size within the lesioned area of the mouse utricle (slope non-zero at p = 0.0050, n = 120 cells from
4 utricles). K, Quantification of the YAP N:C ratio in SCs within the lesioned area revealed that YAP was significantly enriched in
nuclei of SCs of the chicken utricle compared with those of the mouse utricle, controlling for the apical domain area (each p <
0.0001, two-way ANOVA with Sidak's test, n = 19-58 cells per bin per species). L, Quantification of SC apical domain size
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were cultured with CA3 for 6 d con-
tained fewer EAU™ cells that expressed
the HC marker Myo7a than matched
controls (p = 0.0337, ) = 2.741, n = 4
utricles; Fig. 1K-M). In contrast, HC
ablation failed to induce significant re-
generative proliferation in P1 mouse
utricles during a 3 d recovery period (p =
0.73, t6) = 0.35, n = 9 utricles; Fig. 1N).
Together, the results suggest that HC loss
in chicken utricles modulated signaling
that led to nuclear accumulation of YAP
and regenerative proliferation of SCs, but
the less severe HC loss in mouse utricles
did not.

Mechanical wounds trigger the nuclear
accumulation of YAP more potently in
chicken SCs than in those of mice

As streptomycin killed fewer HCs in
mouse utricles than in chicken utricles,
we could not directly compare the nuclear
accumulation of YAP in their SCs after
damage. To circumvent that issue and test
whether damage more readily activates
YAP in chicken SCs than murine SCs, we
analyzed their responses to a standardized
excision lesion. After 24 h in culture,
utricles from posthatch chickens and P1
mice were lesioned with a micropunch
180 pum in diameter, and the epithelium
within the lesion area was removed
(Meyers and Corwin, 2007; Collado et al.,
2011a). After an additional 48 h of culture
with EdU, SCs at the lesion site changed
shape and proliferated (Fig. 24,CE,G).
YAP immunoreactivity was enriched in
the nuclei of chicken SCs at the lesion site
(Fig. 2B,D). The translocation was less
pronounced in mouse utricles, with YAP
evenly distributed between the nuclear
and cytoplasmic compartments of SCs at
the lesion site (Fig. 2F,H).

Cellular shape change (i.e. strain) trig-
gers the nuclear translocation of YAP in
other cell types (Codelia et al, 2014;
Benham-Pyle et al.,, 2015; Fletcher et al,,
2018). To more closely examine the rela-
tionship between shape change and nu-
clear accumulation of YAP in SCs, we
measured the apical domain area and
YAP N:C ratio for individual SCs at the
center of each lesion site. Regression
analysis showed that, in SCs of chickens,

«—

outside of the lesioned area revealed no significant differ-
ence between chicken and mouse utricles (p = 0.6870,
n = 4 utricles). M, Quantification of YAP N:C ratio from
confocal images of the SC nuclear layer in the unlesioned
area revealed no significant differences between chicken
and mouse utricles (p = 0.8852, n = 4-6 utricles). All
graphs depict mean = SD. ****p < 0.0001.
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Figure 3.  Acute inhibition of MST1/2 kinase activity induced nuclear accumulation of YAP in chicken SCs, but not in those of

mice. A-I, High-magnification images of YAP immunoreactivity (pseudocolored) in the SC nuclear layer of explanted P2 chicken
utricles (A-F) or P1 mouse utricles (G-/) cultured in vehicle negative control, MST1/2 kinase inhibitor XMU-MP-1 (XMU) at 3
WM, or leptomycin B (LMB) at 40 ng/ml as a positive control. After 12 h, YAP intensity is greater in the cytoplasm than in
nuclei in vehicle controls (4,G), and enriched in nuclei in utricles treated with LMB (C/). XMU treatment increases nuclear levels
of YAP to an intermediate extent in the chicken utricle (B) and is reversible upon a 24 h washout (E). XMU did not affect YAP
N:C ratios in the mouse utricle during a 12 h pulse (H). The central (striolar) region of the mouse utricle was imaged (G-1). J,
Quantification shows that a 12 h pulse of XMU significantly increases the N:C ratio of YAP over vehicle controls in chicken
utricles (p << 0.0001, n = 5 utricles, ANOVA with Sidak's test). Washout of XMU reverts the YAP N:C ratio to baseline levels (p
<< 0.0001, n = 4 or 5). LMB significantly increases YAP N:C ratio (p << 0.0001, n = 4 or 5). K, Quantification reveals that a 12
h treatment with LMB significantly increased the YAP N:C ratio in mouse utricles compared with vehicle (ANOVA with
Dunnett’s test, p << 0.0001, n =5 or 6), but XMU had no effect (ANOVA with Dunnett's test, p = 0.99, n = 6). Repeated-
measures ANOVA with Dunnett's test was used for region-specific comparisons. L0, Confocal images of YAP immunoreactivity
from the SC nuclear layer in utricles from P2 chickens (L,M) and P1 mice (N,0) that were cultured in 3 pM XMU or DMSO for
72 h. P, Quantification reveals that 72 h treatment with XMU significantly increased the YAP N:C ratio in chicken utricles
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the N:C ratio of YAP positively corre-
lated with the area of the apical domain
(r = 0.531, n = 120 cells, p < 0.0001; Fig.
2I). There was a significant, but weaker,
positive correlation between the YAP
N:C ratio and apical domain area of mu-
rine SCs within the lesion site (r = 0.255,
n =120 cells, p = 0.005; Fig. 2J). Chicken
SCs had significantly greater N:C ratios
of YAP than murine SCs, even when
controlling for cell area (p < 0.0001,
Faps = 147, n = 240 cells, two-way
ANOVA; Fig. 2K). Outside of the lesion
site, there were no significant differences
in apical area (p = 0.69, t = 0.42, n = 4
utricles; Fig. 2L) or YAP N:C ratio (p =
0.89, t(s) = 0.15, n = 4-6 utricles; Fig. 2M)
between chicken and murine SCs. The
results indicate that the nuclear accumu-
lation of YAP in response to damage,
and specifically shape change, is re-
stricted in murine SCs relative to those of
chickens.

Acute inhibition of MST1/2 kinase
activity alters YAP localization in
chicken SCs, but not those of mice

In the canonical Hippo pathway, a cas-
cade of MST1/2 and LATS1/2 kinases
phosphorylates YAP leading to its cyto-
plasmic sequestration (Dong et al., 2007).
We used XMU-MP-1, a small molecule
inhibitor of MST1/2 kinase activity (Fan
et al.,, 2016), to test whether that canoni-
cal pathway regulates the nuclear access
of YAP in utricles of posthatch chickens
and P1 mice. After a 24 hour acclimation
period in standard medium, we treated
cultures for 12 h with XMU-MP-1, vehi-
cle, or the nuclear export blocker lepto-
mycin B as a positive control (Dupont et
al., 2011). Leptomycin B significantly
increased the N:C ratio of YAP in both
species, indicating that YAP shuttles
dynamically into and out of SC nuclei in
the undamaged utricles of chickens and
mice (chicken: p < 0.0001, Fs ) = 37, n
=4 or 5, ANOVA; mouse: p < 0.0001,
F,14) = 56, ANOVA, n =5 or 6; Fig. 3A-
K). In the chicken utricles, MST1/2 inhi-
bition led to a significant increase in the
YAP N:C ratio compared with negative
controls (1.14 * 0.10 vs 0.83 * 0.07, p <
0.0001, ANOVA with Sidak’s test; Fig.
3A,B), which was reversible after a 24 h
washout (p < 0.0001, ANOVA with

«—

(p = 0.0008, n = 8) and mouse utricles (p = 0.0103, n =
6 or 7) compared with DMSO-treated controls. Data are
mean = SD. ns p > 0.05, *p < 0.05, **p < 0.01, **p
<0.001, ****p < 0.0001.



3922 . J. Neurosci., May 13, 2020 - 40(20):3915-3932

Sidak’s test; Fig. 3E,]J). We did not observe an increase in the
YAP N:C ratio in mouse utricles after a 12 h incubation with the
MST1/2 inhibitor (0.90 * 0.11 vs 0.90 = 0.04, p = 0.9997, n = 6
utricles, ANOVA with Dunnett’s test; Fig. 3G,H), although a 72
h incubation significantly increased the N:C ratios of YAP in
both species compared with DMSO-treated controls (chicken:
1.04 = 0.13 vs 0.84 = 0.03, p = 0.0008, £(14) = 4.23, n = 8 utricles;
mouse: 1.09 * 0.17 vs 0.88 = 0.07, p = 0.0103, £(1;) = 3.09,n =6
or 7 utricles; Fig. 3L-P). The results suggest that canonical Hippo
signaling is required for the cytoplasmic sequestration of YAP in
chicken SCs. This inhibitory signaling was readily inactivated or
bypassed upon damage, leading to the nuclear accumulation of
YAP (Fig. 1). In murine SCs, however, the cytoplasmic seques-
tration of YAP was less sensitive to damage or the acute inhibi-
tion of MST1/2.

YAP-S127A induces YAP-TEAD transcriptional activity and

SC proliferation in neonatal mouse utricles

Our findings to this point suggested that YAP was restricted to
the cytoplasm in murine SCs despite HC loss and acute inhibi-
tion of MST1/2. We hypothesized that overexpression of YAP-
S127A, which contains an activating mutation at serine 127 that
prevents binding to 14-3-3 proteins and retention in the cytoplasm
(Basu et al, 2003), could bypass this regulation. For this, we
crossed mice with an inducible Yap-S127A allele to Sox10™™/*
mice to generate progeny in which the transgene would be
expressed in SCs and other Sox10™ cells only upon administra-
tion of doxycycline (Ludwig et al., 2004; Camargo et al., 2007;
Walters and Zuo, 2015). We injected doxycycline intraperitone-
ally to P1 offspring and supplemented the dam’s drinking
water. EAU was injected subcutaneously on P2, P3, and P4, and
utricles were harvested on P5. In the SCs of Yap-S127A™'~;
Sox10™™* mice, YAP immunoreactivity was Visibl_él increased
compared with SCs in utricles from WT, Sox10™"**, and Yap-
S127A™~ littermates Fig. 4A-D). Moreover, the utricles of
Yap-S127A™7;S0x10™" " pups exhibited a 35-fold increase in
EdU™ cells over the littermate controls (97 * 54 EAU™ cells/
10,000 um?, p < 0.0001, F(327) = 20.8, n = 5-11 mice, ANOVA;
Fig. 4A-E). Those EQU™ cells expressed the SC marker Sox2 (Fig.
4D"""). EdU™ SCs were located throughout the utricle but were
slightly enriched in the lateral region (p = 0.0011, F9431) = 6.5,
n = 16 utricles, repeated-measures ANOVA with Tukey’s test; Fig.
4F). It has been previously shown that cells along the lateral edge
of the utricle are the last to exit the cell cycle in postnatal mice
(Burns et al., 2012b).

To determine whether YAP-S127A would induce YAP-
TEAD transcriptional activity, we gave doxycycline as described
above and harvested utricles on P3 for qRT-PCR. Compared
with littermate controls, the YAP-TEAD target genes Ctgf,
Cyr61, and Ankrdl were upregulated in the utricles from the
Yap-S127A™"";S0x10"™* mice by 32-fold, 7-fold, and 181-fold,
respectively (p = 0.0286, Mann-Whitney test; Fig. 4G). Myc
expression was unchanged (p = 0.4571, Mann-Whitney test), and
the cell cycle regulator Ccnd1 was upregulated 3-fold (p = 0.0286,
Mann-Whitney test; Fig. 4H).

We next sought to determine whether the proliferating SCs in
Yap-S127A™";S0x10™"™* mice would be able to differentiate as
HCs. Since Yap-S127A™"~;Sox10™"** pups that were adminis-
tered doxycycline on P1 did not consistently tolerate the treat-
ment beyond P5, we modified our protocol to circumvent this
toxicity and administered a reduced dose of doxycycline (10 mg/
kg) to Yap-S127A™"~;Sox10"™* mice and littermate controls at
P3. EAU was supplied on P4, P5, and P6, and utricles were har-
vested at P24. Utricles of Yap-S127A™~;Sox10"™" mice con-
tained 7 = 4 Myo7a", EdU" cells/10,000 pm?, 49-fold more
than littermate controls (p = 0.0006, ¢y = 5.2, n = 3-8 mice; Fig.
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4I-L). Contralateral utricles that were immunostained for Myo6
contained 40-fold more Myo6 ™", EdU™ cells than littermate con-
trols (p < 0.0001, tg) = 7.4, n = 3-7 mice; Fig. 4K). Thus, reacti-
vating YAP-TEAD signaling in SCs of the neonatal mouse
utricle spurs them to generate progeny that express HC markers
in vivo.

YAP-TEAD transcriptional activity can also induce negative
feedback (Dai et al., 2015; Moroishi et al., 2015; Park et al., 2016).
E-cadherin is reported to be a negative regulator of YAP in other
epithelia (Kim et al, 2011; Benham-Pyle et al., 2015), and is
hypothesized to restrict the activity of YAP in SCs of the
mammalian utricle (Kozlowski et al., 2020). To test whether
expression of YAP-S127A affects E-cadherin expression, we
administered doxycycline to Yap-S127A*/7;Sox10™™" mice
and littermate controls at P1. At P5, the intensity of E-cadherin
immunostaining at SC-SC junctions tripled in Yap-S127A™"~;
Sox10™* utricles compared with littermate controls (p = 0.0002,
ta2) = 44, n = 12 mice; Fig. 5A-C). In utricles that were harvested at
P3 for qRT-PCR, transcript levels of E-cadherin were double those
of controls (p = 0.0286, Mann-Whitney test, n = 4; Fig. 5D).

High cell density has been proposed to inactivate YAP-TEAD
signaling in the developing murine utricle (Gnedeva et al., 2017).
To determine whether the induction of YAP-S127A at P1 over-
came this regulation, we administered doxycycline to Yap-
S127A%";S0x10™™" mice and littermate controls at P1. Then
we harvested utricles at P5 and immunostained for the HC
marker Myo7a as well as ZO-1 to delineate apical junctions. The
macular area did not significantly change as a result of YAP-
S127A induction (Control: 0.15 * 0.02 mm® vs YAP-SI27A:
0.11 = 0.05 mmz,p =0.208, t7y = 1.4, n = 4 or 5 mice; Fig. 5E),
but the spatial density of SCs increased 1.4-fold (p = 0.008, t1) =
3.3, n = 5-7 mice; Fig. 5F-H). The total cell density increased
1.25-fold (p = 0.033, t10) = 2.5), and the density of HCs was
unchanged (p = 0.36, t(10) = 0.96). The results indicate that muta-
tion of serine 127 to a nonphosphorylatable residue bypassed
density-dependent inhibition, enhancing YAP-TEAD transcrip-
tional activity and driving SCs in the neonatal mouse utricle to
proliferate.

The proliferative response to YAP-S127A declines during
postnatal maturation

Expression of YAP-S127A stimulated TEAD-dependent transcrip-
tion and SC proliferation in neonatal mouse utricles, but it was
unclear whether SCs would remain responsive as they mature and
enter a more persistent state of quiescence. To test that, we
injected doxycycline intraperitoneally in one group of Yap-
S127A™;S0x10™™* mice on P3, another group on P5, and a
third on P9. EAU was injected subcutaneously once daily over the
following 3 d, and the utricles were harvested 4 d after doxycy-
cline. Following induction on P3, utricles of Yap-S]27A+/ =
Sox10™™* mice contained 95-fold more EAU™ cells than litter-
mate controls. The incidence of S-phase entry fell to less than half
of that level following induction on P5, and declined to 5% of the
P3 level when induced on P9 (p < 0.0001, F, 56 = 61, two-way
ANOVA, n = 5-16 mice; Fig. 6A-G).

One potential confounding variable in this in vivo experiment
was that the bioavailability of doxycycline in the ear is reported
to decline during postnatal maturation (Walters and Zuo, 2015).
We confirmed that the YAP-S127A transgene was expressed at
all time points by comparing YAP immunoreactivity in the
utricles of Yap-SI127A™";Sox10™"™" mice to those of age-
matched littermate controls (Fig. 6A-F). To circumvent any
bioavailability issue, we cultured utricles from P1 and P9



Rudolf et al. @ LATS Deletion Overcomes Quiescence in the Ear

Wild Type Sox101TA* Yap-S127A*-  Yap-S127A";Sox10"™*

-

Myo7a+ EdU+ cells/10,000 pm?

J. Neurosci., May 13, 2020 - 40(20):3915-3932 - 3923

E S-phase Entry (Genotype)

£

3 200

=3 *kkk
S 150

=

s

z 100

2 50

+

2 0

5 Sox10-tTA-  + -+
Yap-S127A - = + *

F S-phase Entry (Region)
Ml Yap-S127A*;Sox10"TA*
*:

*
*okk

EdU+ cells/10,000 pm'

Lateral Central Medial
Utricle Region

G YAP-TEAD Target Genes
B Control B Yap-S127A*;Sox101TA*

1000 *

)

< 100

©

£

o

°

S 10

w

Ctof Cyré1 Ankrd1

H Cell Cycle Genes

Hm Control Bl Yap-S127A*;Sox101T4*

5
*

o 4
g
23 ns
o
T2
2

1

0

Myc Cend1

Em Control
B Yap-S127AY;Sox10M™* =
15— -15 'S
' <

%k %k %k '
m
! o
10 1 kkokk -10
' +
' 3
] —_
‘4
5 ' -5 =
' o
] o
o
] o
0-L— T Lo 5
Myo7a+ | Myo6+ N

Figure 4.  In vivo overexpression of YAP-5127A in the neonatal mouse utricle resulted in widespread S-phase entry, upregulation of YAP-TEAD target genes, and generation of progeny that
expressed HC markers. A-D, Doxycycline was administered on P1 and supplemented in the dam's drinking water. EdU was supplied on P2, P3, and P4, and utricles were harvested on P5. 4-D,
Low-magnification images show that YAP immunoreactivity was more intense in Yap-S127A 7 Sox10™F mice (D) compared with littermate controls (A-C), indicating induction of YAP-
$127A expression. Dashed outlines indicate the boundary of the macula as evident by YAP-negative HC somas. EdU™ cells were abundant within the maculae of Yap-SIZ7A+/ ~Sox10F
mice (D) but were rare in other genotypes (A’-C’). High-magnification confocal images of the SC nuclear layer in the lateral extrastriolar region of the utricle show immunoreactivity for YAP
(A""-D'") and the SC marker Sox2 with EdU (4'""-D’""). E, Quantification of EdU™ cells revealed utricles of Yap-5727A™/Sox10"™" mice had significantly greater S-phase entry (range



3924 . J. Neurosci., May 13, 2020 - 40(20):3915-3932

Yap-S127A™";S0x10™* mice in the presence of 10 pg/ml doxy-
cycline and EdU for 72 h. Utricles from the P1 mice contained 7-
fold more Sox2* EdU™ cells than utricles from the P9 mice (p =
0.0277, tqs) = 248, n = 6-9; Fig. 6H-J), indicating that postnatal
maturational changes in the utricle limit SC proliferation in
response to YAP-S127A overexpression both in vivo and in vitro.
However, it appeared that striolar SCs, which are located in the cen-
tral region of the utricle, remained responsive to YAP-S127A, even
at P9 (Fig. 6I).

To determine whether the age-dependent decrease in prolifera-
tion correlated with a decrease in YAP-TEAD transcriptional ac-
tivity, we cultured utricles of P1 and P9 mice with doxycycline for
48 h and measured the expression of YAP-TEAD target genes
using qRT-PCR. The expression of most target genes declined
with age both in utricles from Yap-S127A™";Sox10™™* mice
and littermate controls (Fig. 6K). However, YAP-S127A induction
at P9 still resulted in a 4-fold to 5-fold increase in expression of
the target genes compared with age-matched controls (each p =
0.0286, n = 4 biological replicates, Mann-Whitney test), indicating
that a transcriptional response remained intact. Together, the data
suggest that the responsiveness of SCs to YAP-TEAD signaling
declines with age but is not eliminated by P9.

We examined expression patterns of the TEAD transcription
factors to characterize their age-related changes in the utricle.
RNAscope FISH revealed that TEADI was broadly expressed at
PO, P6, and P16 (Fig. 7A-C). TEAD2 was expressed throughout
the mouse utricle at PO, but expression was lower at P6 and nearly
absent at P16 (Fig. 7D-F). The age-related downregulation of
TEAD?2 correlated with declines in YAP-TEAD transcriptional ac-
tivity and proliferation, and was consistent with published RNA-
seq (Gnedeva and Hudspeth, 2015). TEAD3 and TEAD4 tran-
scripts were not detected (data not shown). An antibody specific
for TEADI labeled nuclei of SCs in newborn and adult mouse
utricles (Fig. 7G,H). Immunostaining of utricles from newborn
and adult mice showed that YAP too remained expressed in adult
SCs (Fig. 7L]), which we confirmed in a human specimen (Fig.
7K). The continued expression of YAP and TEADI in adults
raised the possibility that SCs in mature mammalian utricles may
remain sensitive to YAP-TEAD signaling.

YAP-5SA triggers TEAD-dependent proliferation in utricles
from adult mice

YAP-5SA contains five serine-to-alanine mutations, which allow
it to evade inhibitory phosphorylation that leads to cytoplasmic
sequestration and degradation (Zhao et al.,, 2007, 2009, 2010). It
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13-182 EdU™ cells/10,000 pm?) than littermate controls (p << 0.0001, ANOVA, n = 5-11
mice per genotype). F, Quantification of S-phase entry by utricular region (ANOVA with Tukey's
test, n = 16 utridles). G, H, Pups were injected with doxycydline at P1, and utrides were harvested
on P3 for qRT-PCR. Utricles from WT, Yap-5727A™ ", and Sox10™* pups were pooled as a nega-
tive control. Expression of YAP-TEAD target genes (tgf, (yr61, and Ankrd1 (G) was significantly up-
requlated in Yap-S127A™;Sox10™* mice compared with negative controls (each p = 0.0286,
Mann-Whitney test, n = 4 biological replicates). Expression of Cend1, but not Myc, significantly
increased in the context of YAP-S127A overexpression (H) (p = 0.0286, Mann-Whitney test, n = 4
biological replicates). I-L, Doxycycline was administered to Yap-S127A™Sox10™* mice and lit-
termate controls at P3, and EdU was supplied at P4, P5, and P6. Utricles were harvested at P24.
Utricles from Yap-S127A™/Sox10™* mice contained numerous Myo7a™ EdU™ cells (/J') and
Myos™ EdU™ cells (KK'), which were rare in controls (IJ'). L, Quantification revealed that
Myo7a™ EdU™ cells and Myo6™ EdU™ cells were significantly more abundant upon YAP-5127A
overexpression at P3 (Myo7a: p = 0.0006, n = 3-8 mice; Myo6: p << 0.0001, n = 3—7 mice).
Utricles from WT, Yap-57274", and Sox10™ pups were pooled to serve as a negative control.
Data are mean = SD. ns p > 005, *p < 0.05 **p < 001, *p < 0001, **p <
0.0001.
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also more potently stimulates YAP-TEAD signaling than YAP-
S127A (Zhao et al., 2009). We explanted utricles from P30 mice
and adenovirally transduced SCs with YAP-5SA. Matched
utricles were transduced with mCherry as a negative control, or
WT YAP to evaluate the effect of inhibitory phosphorylation.
The rate of SC transduction did not differ between the viruses
(p = 0.62, F312 = 0.61, ANOVA, n = 4 utricles; Fig. 84), with
~30% of SCs and <1% of HCs transduced at the titer used (data
not shown), consistent with previous reports (Burns et al,
2012c¢). After 3 d of culture in the presence of BrdU, utricles that
were transduced with mCherry or WT YAP averaged <2 Sox2™"
BrdU™" cells (Fig. 8B-F). In contrast, utricles transduced with
YAP-5SA averaged 69 = 56 (p < 0.0001, F3 44y = 15, n = 10-16,
ANOVA; Fig. 8D,F). The Sox2" BrdU™ cells lacked hair bundles,
suggesting that they were SCs and not Type II HCs (data not
shown).

We measured N:C ratios of YAP in transduced cells, which
expressed an mCherry reporter. SCs transduced with YAP-5SA
exhibited significantly higher N:C ratios compared with SCs trans-
duced with WT YAP (p = 0.0446, Fp9) = 10.5, n = 4, ANOVA
with Tukey’s test; Fig. 8G-J). In addition, an antibody specific for
phospho-YAP (S127) strongly labeled the cytoplasm of SCs trans-
duced with WT YAP, but not those transduced with YAP-5SA in
which that epitope is mutated (Fig. 8K,L). These results show that
ectopic WT YAP is phosphorylated and retained in the cytoplasm,
whereas YAP-5SA, which lacks inhibitory phosphorylation sites,
enters SC nuclei and promotes S-phase entry.

To test whether the TEAD transcription factors were required
for the proliferation induced by YAP-5SA, we transduced P30
utricles with YAP-5SA/S94A, which contains the serine-to-alanine
mutations of YAP-5SA plus a mutation at residue 94 that abolishes
the YAP-TEAD interaction (Zhao et al., 2008). Immunolocalization
showed that YAP-5SA/S94A was significantly enriched in SC nuclei
relative to ectopic WT YAP (p = 0.0036, Fo) = 10.5, n = 4,
ANOVA with Tukey’s test; Fig. 8LJ), but no cell cycle reentry
occurred (Fig. 8E,F). Together, the results suggested that liberating
YAP from inhibitory phosphorylation would allow it to promote
TEAD-dependent proliferation in mature striolar SCs.

Cell cycle reentry in response to YAP-5SA preferentially
occurred in the striolar region. In utricles transduced with YAP-
5SA and immunostained for BrdU and the striolar SC marker
Tectb after 5 d in culture, the density of BrdU™ cells was >3-fold
greater in the Tectb” region compared with the Tectb- region
(p = 0.0001, t4) = 15.3, n = 5, paired ¢ test; Fig. 9). There was no
significant difference in the density of transduced SCs between the
striolar and lateral extrastriolar region (lateral: 83 * 22; striolar: 83
+ 20 SCs/10,000 pm?, p = 0.90, t(3) = 0.14, n = 4, paired t test). We
attempted to determine whether the proliferating SCs would dif-
ferentiate into HCs, however constitutive overexpression of YAP-
5SA disrupted the morphology of the striola in cultures main-
tained 5 d or longer after transduction (Fig. 9A), precluding such
analysis.

Conditional KO of LATS1 and LATS2 stimulates
proliferation in postnatal murine utricles

LATS1 and LATS?2 are the major kinases that mediate inhibitory
phosphorylation of YAP at HXRXXS motifs, thereby regulating
its localization and stability (Zhao et al., 2007, 2010). We
detected phospho-YAP (S127) immunoreactivity, a measure of
LATS kinase activity (Zhao et al., 2007), in SCs throughout the
utricles of newborn and adult mice (Fig. 10A,B), so we hypothe-
sized that inactivation of LATS1/2 would lead to cell cycle reen-
try in the postnatal murine utricle. We used an in vitro approach
to test that, because the Lats/"™"%Lats2"M%,plp1-Cre R T2
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Figure 5.  YAP-S127A overexpression at P1 led to upregulation of E-cadherin in SCs and drove an increase in cell density. Doxycycline was administered to Yap-S 12747 Sox10™ mice
and littermate negative controls at P1, and utricles were harvested either on P5 for immunohistochemistry or on P3 for qRT-PCR. 4, B, The intensity of E-cadherin immunolabeling in utricles of
Yap-S127A™:Sox10"™ " mice (B) was greater than that in negative control genotypes (4). €, Quantification of E-cadherin staining intensity in SC-SC junctions normalized to E-cadherin levels
in the nonsensory epithelium as an internal control (p = 0.022, t test, n = 12 utricles). D, Quantification of Cdh7 mRNA expression relative to Gapdh reveals that expression doubles in Yap-
$127A%:Sox10™ " mice compared with negative control littermates (p = 0.0238, Mann-Whitney test, n = 4 biological replicates). E, Quantification of macular area as defined by Myo7a™*
labeling reveals no significant differences between utricles from Yap-5727A™5ox10™* mice and controls (p = 0.21, n = 4 or 5 mice). F, Quantification reveals that the total cell density
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Figure 6.

S-phase entry evoked by overexpression of YAP-S127A in the utricle declined during postnatal maturation. A-F, Low-magnification images of EdU showing that the S-phase entry

in utricles of Yap-$ 12747 ';50)(70“”/ * mice (D-F) declined in an age-dependent fashion. Utricles from WT, Sox10" (g * and Yap-S127A - littermates were used as controls. Insets, YAP immu-
noreactivity in age-matched utricles. G, Quantification of EdU™ cell density revealed an age-dependent decrease in S-phase entry. A two-way ANOVA showed significant effects for genotype,
age, and the age-genotype interaction (all p << 0.0001, n = 6-16 mice per condition). ****p << 0.0001 (Sidak’s multiple comparisons tests). ns, Not significant (p > 0.05). H, I, Low magnifi-
cation images of explanted utricles from P1 and P9 Yap—5727A+/ Sox10™* mice that were cultured in the presence of 10 g/ml doxycycline and EdU for 72 h. Dashed lines indicate the
macular border as delineated by Sox2 immunostaining. J, Quantification of Sox2™ EdU™ cells revealed that the incidence of S-phase entry was significantly lower in utricles from P9 Yap-
S127A77;50x10™F mice compared with P1 mice of that genotype (p = 0.0277, n = 6-9 utricles). K, qRT-PCR revealed that expression of YAP-TEAD target genes relative to Gapdh declined
in an age-related manner independent of genotype. Comparisons to P1 controls are indicated as follows: *p = 0.016; **p = 0.0095; Mann-Whitney test. n = 4-6 biological replicates. Data are

mean = SD.

mice we generated developed tumors, even in the absence of ta-
moxifen administration. For this, we explanted utricles of
Lats1"7°%1 ats 277 mice and adenovirally transduced their
SCs with mCherry or mCherry-T2A-Cre (LATS1/2 cKO).
Utricles were cultured for 7 d, with EAU added for the final 2 d
to label SCs that entered S-phase. In utricles from P30 mice,
phospho-YAP (S127) immunoreactivity was reduced in SCs of
Lats "M%, qts21¥M1o% ytricles that were transduced with
mCherry-T2A-Cre compared with neighboring nontransduced
SCs and SCs transduced with mCherry alone (Fig. 10C,D), indi-
cating that LATS1/2 are expressed in mature SCs and mediate
the continuous inhibitory fPhosphorylation of YAP.

Utricles from P1 Lats ™% Lats2™"°* mice that were trans-
duced with mCherry-T2A-Cre averaged 38-fold more EdU ™" SCs
than controls (240 * 145 vs 6 = 3, p = 0.018, ) = 3.2, n = 4; Fig.

«—

(p = 0.033) and SC density (p = 0.008) were each significantly increased in utricles from
Yap-S127A"Sox10™ " mice compared with littermate controls (t test, n = 5-7 mice). HC
density did not significantly differ between utricles of Yap-S1274"Sox10™* mice and
controls (p = 0.36, t test, n = 5-7 mice). G, H, Immunostaining of the apical junction marker
70-1 and the HC marker Myo7a in the lateral extrastriolar region of the utricle. Cells from
the Yap-S 1274 ','Soxlo”w * mouse utricle (H) are more densely packed and have irregular
apical domain shapes compared with littermate controls (G). Data are mean = SD. *p <
0.05, ***p < 0.001.

10E-G), with some EdU™ nuclei visible as mitotic figures (Fig.
10F""). In P30 utricles, deletion of LATS1/2 significantly
increased S-phase entry, albeit to a lesser extent than in P1. After 7
DIV, LATS1/2 cKO utricles averaged 12 = 15 EdU " cells, 4.4-fold
more than P30 controls (p = 0.0342, tog) = 2.73, n = 15).
Extending the culture duration to 11 days resulted in 17 = 21
EdU™ cells in LATS1/2 cKO utricles, a 9-fold increase over con-
trols (p = 0.0393, t(15) = 2.22, n = 10; Fig. 10H-]). The density of
transduced SCs was not significantly different between P1 and P30
utricles (P1: 62 = 15; P30: 53 = 27 SCs/10,000 umz;p =0.60, £
=0.56, n =3 or 4). In both P1 and P30 LATS1/2 cKO utricles, pro-
liferating SCs were located in a striolar distribution (Fig. 10E,F).
Thus, LATS1/2 are required for maintaining quiescence in a major
subset of mature mammalian SCs.

Discussion

An emerging paradigm in epithelial repair specifies that upon
damage, YAP accumulates in nuclei of stretched cells, where
it promotes proliferation with TEAD transcription factors
(Guillot and Lecuit, 2013; Benham-Pyle et al., 2015; Irvine and
Shraiman, 2017). We found that YAP readily accumulated in SC
nuclei of the chicken utricle in response to ototoxic and mechan-
ical insult, but congruent with species differences in regenerative
proliferation, YAP localization was less sensitive to shape change
and acute inhibition of MST1/2 in murine SCs than in chicken
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Figure 7.

Adult Human Utricle

TEAD2 was downregulated as mice aged, but expression levels of TEADT and YAP were maintained throughout the utricle. A-F, Utricles of PO, P6, and P16 mice were fixed, frozen,

sectioned, and probed for mRNA using RNAscope. TEAD1 message was detected throughout the utricle at all ages tested (A—C). TEAD2 message was detected throughout the utricle at PO but
declined in an age-dependent manner (D-F). Scale bars, 100 m. White brackets represent the Cyp26b1™ striolar domain. Dashed lines indicate the border between the sensory epithelium
and underlying stroma. Insets, Higher-magnification. Scale bars, 10 pm. G-J, TEADT and YAP antibody labeling in mouse utricles showed broad expression that persisted from newbor (G,/)
to adult (HJ) stages. Insets, High-magnification images of the SC nuclear layer (G,H) and apical surface (1J). Scale bars, 10 pm. K, Orthogonal view of an adult human utricle immunostained

for YAP and Myo7a with Hoechst labeling of cell nudlei.

SCs. Overexpressing a YAP-S127A variant, which could enter
nuclei, elicited YAP-TEAD transcriptional activity and SC prolif-
eration in the neonatal mouse utricle. This proliferative response
declined with age but persisted to an extent in mature SCs.
Ectopic WT YAP was phosphorylated and sequestered in the
cytoplasm, but a YAP-5SA variant, which lacks LATS1/2 phos-
phorylation sites, entered nuclei of mature SCs and drove
TEAD-dependent proliferation in the striola. Corroborating the
importance of inhibitory phosphorylation, deletion of LATS1/2
reduced phospho-YAP and evoked proliferation of striolar SCs,
even in adult mouse utricles. The results indicate that constitu-
tive signaling by LATS1/2 kinases is required to phosphorylate
YAP and hold SCs in mouse utricles in a persistent state of quies-
cence. The inhibitory Hippo pathway is active in SCs of the
undamaged chicken utricle but is inactivated or bypassed upon
HC loss. Overall, these findings provide a novel mechanistic ba-
sis to explain why mammals and nonmammals differ in their
ability to replace sensory HCs, and demonstrate that reactivation
of YAP-TEAD signaling can be sufficient to induce SC prolifera-
tion in the mammalian balance epithelium.

The exact mechanism by which HC loss leads to the activation
of YAP in chicken SCs remains to be elucidated. In chickens, HC
loss results in rapid expansion of neighboring SC surfaces
(Cotanche, 1987), and we found that shape changes correlated to
the degree of YAP nuclear accumulation (Fig. 2). These shape

changes may disrupt the MST'1/2-LATS1/2 kinase cascade, allowing
YAP to accumulate in the nucleus. Shape changes appear to modu-
late MST1/2 in certain epithelia (Varelas et al., 2010; Fletcher et al.,
2018) but not others (Kim et al., 2011; Codelia et al., 2014; Meng et
al., 2015), and some forms of mechanical regulation of YAP require
neither MST1/2 nor LATS1/2 (Dupont et al., 2011; Aragona et al.,
2013). As cell junctions strongly regulate Hippo signaling (Karaman
and Halder, 2018), HC loss may induce nuclear accumulation of
YAP in the SCs of fish and amphibians, whose junctions are similar
to avian SCs in that they contain little E-cadherin and have thin cir-
cumferential F-actin bands (Burns et al., 2008, 2013).

Streptomycin-induced HC loss did not affect YAP localiza-
tion in murine SCs (Fig. 1). Murine SCs must undergo larger
shape changes than their avian counterparts in order to increase
their likelihood of entering S-phase (Collado et al., 2011a). This
corresponds to our observation that SC deformations induce nu-
clear accumulation of YAP in mammalian SCs, but to a lesser
degree than in chicken SCs (Fig. 2). Thus, the shape changes pro-
duced by HC loss in the murine utricle may be below the thresh-
old to evoke the nuclear accumulation of YAP, and additional
inhibitory signals may restrict nuclear access of YAP.

In contrast to chicken SCs, acute MST1/2 inhibition did not
affect YAP localization in murine SCs (Fig. 3). This suggests that
MST1/2-independent mechanisms may activate LATS1/2 in
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Figure 8.  YAP-5SA entered SC nuclei and stimulated TEAD-dependent proliferation in P30 mouse utricles in vitro. Utricles of P30 mice were placed in culture and allowed to acclimate over-
night. The following day, Type 5 adenovirus was used to transduce SCs with mCherry, WT YAP, YAP-5SA, or YAP-55A/S94A. Utricles were maintained in the presence of BrdU for an additional
3 d before processing for immunohistochemistry. A, Quantification revealed no significant differences in the transduction rates of the viruses (p = 0.62, ANOVA, n = 4 utricles). B—E, Low mag-
nification images showed that transduction occurred in all conditions, but S-phase entry occurred exclusively in utricles that were transduced with YAP-5SA (B ~E’). High-power images of the
SC nuclear layer showing expression of the mCherry reporter (B"—E") as well as Sox2 and BrdU (B"’—E""). The BrdU™ nuclei in utricles transduced with YAP-5SA colabeled with the SC marker
Sox2 (D) and appeared at a lower density, possibly due to interkinetic nuclear migration or morphological disruption. , Quantification of Sox2™ BrdU™ cells per utricle after 3 d in culture.
S-phase entry increased significantly in YAP-55A-treated utricles (p << 0.0001, ANOVA, n = 10-16 utricles). G, H, High-magnification images of the SC nuclear layer of utricles transduced with
WT YAP, YAP-5SA, and YAP-55A/S94A and analyzed 72 h after transduction. WT YAP was relatively enriched in cytoplasmic space surrounding SC nuclei (G”), whereas YAP-5SA and YAP-5SA/
S94A were relatively enriched in the SC nuclei (H”,I"). J, The average YAP N:C ratio in utricles transduced with WT YAP (0.66 == 0.07, mean == SD) was significantly lower than those trans-
duced with YAP-5SA (0.85 = 0.12, p = 0.0446) or YAP-5SA/S94A (0.97 = 0.09, p = 0.0036, ANOVA with Tukey’s multiple comparisons, n = 4 utricles). K, L, High-magnification images of
the SC nuclear layer of P30 mouse utricles transduced with WT YAP and analyzed 72 h after transduction. Cells positive for the mCherry reporter also were labeled by an antibody specific for
YAP that is phosphorylated at serine 127 (K). SCs transduced with YAP-55A, which has a serine-to-alanine mutation at serine 127, served as a negative control for antibody specificity (L). Data
are mean == SD. ns p > 0.05, *p << 0.05, **p << 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 9.  Cell cycle reentry evoked by YAP-5SA occurred selectively in striolar SCs. Utricles
from P30 mice were transduced with YAP-5SA after an ovemight acclimation period and cul-
tured for an additional 5 d with BrdU prior to processing for immunohistochemistry. A, The
majority of S-phase entry occurred in the Tectb™ striolar region. B, Quantification of BrdU™
cell density showed that proliferating cells were significantly more numerous in the Tecth™
striolar region than in the extrastriola (p = 0.0001, paired t test, n = 5 utricles). Graph repre-
sents individual values from each utricle. ***p < 0.001.

murine SCs. E-cadherin is reported to activate LATS1/2 inde-
pendently of MST1/2 in other epithelia (Kim et al., 2011) and is
expressed at much higher levels in mammalian SCs than in those
of birds, fish, and amphibians (Collado et al., 2011b; Burns et al.,
2013). Pharmacologic treatments that deplete E-cadherin from
striolar SC junctions also affect YAP expression and induce SC
proliferation (Kozlowski et al., 2020). Here, overexpression of
YAP-S127A in mammalian SCs induced upregulation of E-cad-
herin in what may reflect negative feedback (Fig. 5A-D).
MAP4K kinases and metabolic changes can also activate LATS1/
2 independent of MST1/2 (Meng et al., 2015; Wang et al., 2015b;
Nokin et al.,, 2016). Pinpointing which upstream signals acti-
vate LATS1/2 in mammalian SCs will aid efforts to overcome
proliferative quiescence.

As the deletion of LATS1/2 reduced inhibitory phosphoryla-
tion of YAP and recapitulated the pattern of TEAD-dependent,
striolar proliferation evoked by YAP-5SA overexpression, our
data strongly suggest that LATS1/2 maintain proliferative quies-
cence by restricting YAP-TEAD signaling. Corroborating that
notion, a recent report showed that pharmacologic inhibition of
LATSI1/2 kinase activity evokes YAP-dependent proliferation in
mature mouse utricles (Kastan et al., 2020). However, these data
do not exclude a contribution from YAP-independent mecha-
nisms downstream of LATS1/2 inactivation, such as disassembly
of the repressive DREAM complex (Tschop et al., 2011).

LATS1 and LATS2 have overlapping functions and most
prominently differ in their expression profiles (Furth and Aylon,
2017). These results do not distinguish whether one or both ki-
nases is required to maintain SC quiescence. Likewise, YAP and
its paralog TAZ have largely overlapping functions (Plouffe et al.,
2018). Although we examined the localization and phosphoryla-
tion of YAP, damage and LATS1/2 deletion could similarly affect
TAZ.

Overexpression of YAP-S127A is sufficient to stimulate wide-
spread proliferation and increase cell density in the P1 mouse
utricle (Figs. 4, 5), consistent with a model in which cell-density-
dependent inactivation of YAP-TEAD signaling mediates cell
cycle arrest in the developing utricle (Gnedeva et al., 2017).
However, since cell density in the murine utricle plateaus around
E17.5 (Gnedeva et al.,, 2017), the model does not account for
postnatal declines in the capacity of SCs to overcome
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proliferative quiescence (Burns et al., 2012a). Since this age-de-
pendent decline occurs despite overexpression of YAP-S127A or
deletion of LATS1/2, the data indicate that SC proliferation is
further restricted by age-dependent changes that lie downstream
of YAP inhibitory phosphorylation, such as the downregulation
of TEAD2 or changes in parallel pathways, such as canonical
Whnt signaling, Notch signaling, Atohl expression, and SoxC
expression (Gnedeva and Hudspeth, 2015; Maass et al., 2015;
Wang et al., 2015a; Samarajeewa et al., 2018; Sayyid et al., 2019).

It appears that multiple layers of regulation contribute to SC
quiescence, albeit not equally across all HC epithelia. For exam-
ple, chromatin is less accessible in cochlear SCs than utricular
SCs (Jen et al., 2019), and striolar SCs were more likely to prolif-
erate than extrastriolar SCs when inhibitory phosphorylation of
YAP was bypassed (Figs. 6, 8-10). The proliferation rates of
striolar and extrastriolar SCs varied slightly between in vivo and
in vitro experiments (Figs. 4F, 6), possibly due to doxycycline
bioavailability or culture conditions. The progressive restriction
of S-phase entry to the striolar region of the utricle after YAP-
S127A overexpression in vivo and in vitro (Fig. 6) suggests that
striolar-extrastriolar differences widen throughout postnatal
maturation. The low rate of extrastriolar proliferation in P1
LATS1/2 cKO utricles may be due to aging of the explant during
the processes of adenoviral transduction, Cre expression, recom-
bination of LATS1/2 alleles, and degradation of preexisting
LATS1/2 mRNA and protein (Fig. 10E-G). YAP was no more
likely to accumulate in nuclei of striolar SCs than in extrastriolar
SCs after streptomycin damage (Fig. 1) or MST1/2 inhibition
(Fig. 3), suggesting that factors downstream of YAP nuclear
accumulation or in parallel pathways account for the different
responsiveness. Although expression of TEAD1 and TEAD2 did
not appear to differ between striolar and extrastriolar SCs (Fig.
7), their transcriptional activity may be uniquely restricted in
extrastriolar SCs (Chang et al.,, 2018). Additionally, extrastriolar
SCs may lack signals that promote proliferation downstream of
YAP-TEAD signaling: Wnt is reported to control proliferation
downstream of YAP in organoids derived from cochlear progen-
itors that express Lgr5" (Xia et al., 2020), and striolar SCs, which
express Lgr5" are more responsive to Wnt than extrastriolar SCs
(Lin et al,, 2015; Wang et al,, 2015a; You et al,, 2018). Retinoic
acid receptor signaling is elevated in the developing extrastriola
(Ono et al., 2020) and could limit proliferation there, consistent
with its reported role in promoting cell cycle exit and differentia-
tion in neural progenitors (Janesick et al., 2015).

Regenerative proliferation is essential to mitotically replace
HCs and to replenish the pool of SCs after direct transdifferentia-
tion. It has remained unclear why SCs in nonmammalian verte-
brates readily proliferate following HC loss, and those in
mammals do not (Forge et al., 1993; Warchol et al., 1993; Golub
et al,, 2012; Bucks et al.,, 2017; Senn et al., 2019). Our results
uncover distinctions in the regulation of YAP, which may con-
tribute to that difference. While YAP is required for regenerative
proliferation in the chicken utricle, mammalian SCs appear to
regulate YAP with a different mechanism that is thus far insensi-
tive to HC loss and may be related to the postnatal reinforcement
of intercellular junctions that occurs uniquely in mammalian
SCs (Burns et al., 2008, 2013; Collado et al., 2011b). We find that
the quiescence of SCs in mature mammals is maintained in
part by the constitutive activity of LATS1/2 kinases that phos-
phorylate YAP and restrict its ability to regulate gene expression
with TEAD. Approaches to inhibit LATS1/2 kinase activity even-
tually may be used to promote replacement of lost HCs for the
treatment of hearing loss and balance disorders.
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Figure 10. Deletion of LATS1 and LATS2 reduced the inhibitory phosphorylation of YAP and induced proliferation of SCs in utricles from neonatal and adult mice. 4, B, Utricles of PO and
P30 mice were immunolabeled for phospho-YAP (5127), a measure of LATS1/2 kinase activity. Phospho-YAP immunoreactivity was detectable in SCs within the striolar and lateral regions both
at P0 and at P30. Dashed yellow line indicates the line of polarity reversal, which separates the lateral extrastriolar and striolar regions. C, D, High-magnification image of the apical surface of
utricles from P30 Lats7™™1ts /™ mice transduced with mCherry (Control) or mCherry-T2A-Cre (LATS1/2 cK0) and cultured for 11 d. SCs that expressed the mCherry reporter alone exhib-
ited similar levels of phospho-YAP (S127) immunoreactivity compared with neighboring SCs that were not transduced (C). Levels of phospho-YAP (S127) were lower in SCs that expressed Cre,
suggesting that deletion of LATS1 and LATS2 occurred (D). E, F, Utricles were explanted from Lats7™®/™(ats2/™ mice at P1 and transduced with mCherry (control) or mCherry-T2A-Cre
(LATS1/2 cKO) and cultured for 7 d. EdU was added for the final 2 d of culture to trace cells that entered S-phase. Few EdU™ cells were present in control utricles (E,E), but substantial num-
bers were found in the central region of LATS1/2 KO utricles (F,F"). High-magnification images of the SC layer (E”,F") show EdU™ nudlei and a mitotic figure (arrowhead) in a LATS1/2 KO
utride (F). G, Quantification of EdU™ cells in P1 control and LATS1/2 cKO utricles shows that LATS1/2 cKO significantly increased S-phase entry over controls (p = 0.018, n = 4 utricles). H, |,
Utricles were explanted from Lats1™710%| g5 2™10% mice at P30 and transduced with mCherry (control) or mCherry-T2A-Cre (LATS1/2 cKO) and cultured for 11 d. EdU was added for the final 2
d of culture. Control utricles contained few EdU™ cells (H,H’), and significantly more EdU™ cells were observed in a striolar distribution of LATS1/2 cKO utricles (/I"). J, Quantification shows
significantly increased EdU™ cell counts in P30 LATS1/2 KO utricles compared with controls (p = 0.0393, n = 10 utricles). Dashed lines indicate the boundary of the macula. Data are mean +
SD. *p < 0.05.
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