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ABSTRACT

Hundreds of millions of people around the world suffer from disabling hearing loss or have
vestibular deficits. A major and irreversible cause of these impairments is the loss of sensory hair
cells in the neuroepithelium of the inner ear, which can occur due to loud sounds, ototoxic
compounds, infections, and aging. Birds, fish, and amphibians mount a regenerative response to
such damage whereby neighboring supporting cells divide and differentiate into replacement hair
cells, ultimately leading to recovery of hearing and balance function. In humans and other
mammals, these repair processes occur to a limited extent during development, but in adults
supporting cells remain largely quiescent. | hypothesized that the regenerative replacement of
hair cells in the mammalian inner ear was limited by the development of reinforced apical junctions
in mammalian supporting cells, which does not occur in the supporting cells of nonmammals.

The first chapter of this dissertation introduces the inner ear, the public health impact of
sensory hair cell losses, and the field of hair cell regeneration. It also briefly introduces the findings
that led to for the original research herein.

The second chapter is a comprehensive literature review focusing on cell junctions and
mechanical aspects of regeneration in the inner ear. A primary focus is observations that
supporting cells in mammals develop uniguely reinforced, E-cadherin-rich apical junctions during
postnatal maturation. These junctions are bracketed by thick circumferential bands of filamentous
actin that are exceptionally thick and stable. The growth of these F-actin bands correlates to
postnatal declines in the rates of spreading and proliferation of supporting cells. In mammals,
these reinforced junctions are found both in pillar and Deiters cells within the cochlea, as well as
in supporting cells throughout vestibular organs such as the utricle. Supporting cells of birds, fish,
and amphibians hardly express E-cadherin and possess thin bands of filamentous actin. Major
open questions include the following: (1) Does the reinforcement of junctions in mammalian
supporting cells stiffen the epithelium relative to those in nonmammals? (2) Does reversing this

junctional reinforcement overcome proliferative quiescence in the mature mammalian utricle? And
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finally, (3) What signaling pathways in mammalian supporting cells act downstream of junctional
reinforcement to maintain their quiescence? These questions are explored in the subsequent
chapters.

In the third chapter, | test the hypothesis that the postnatal reinforcement of junctions in
mammalian supporting cells mechanically stabilizes the epithelium. For this, | performed
mechanical measurements of the utricular epithelia of mice and chickens at various ages. Using
a customized micropipette aspiration technique that allows for the visualization of epithelial
deformations due to a controlled suction force, | found that the sensory epithelium of the mouse
stiffens during postnatal maturation. Pharmacologic disruption of filamentous F-actin made the
utricular epithelia of the mice less stiff. In contrast, there was no difference in stiffness between
utricles of hatchling chicks and older pullets. | also analyze supporting cell shape as an indirect
measure of intraepithelial tension. Supporting cells in the mouse had round apical domains, while
supporting cells in the chicken utricle developed progressively more elongated shapes throughout
embryonic development, suggesting that they are readily deformable in response to intraepithelial
tension. Taken together, the results indicate that the postnatal reinforcement of supporting cell
junctions in the mammalian utricle causes an increase in stiffness that restricts responses to cell
loss.

The fourth chapter describes the effects of reversing junctional reinforcement in the mouse
utricle. An incidental discovery revealed that a combination of growth factors and pharmacologic
agents reversed junctional reinforcement in supporting cells of cultured mouse utricles. Detailed
time course experiments revealed that the cocktail first thinned the F-actin bands in supporting
cells throughout the utricle. Then, levels of E-cadherin declined in supporting cells within the
striolar region, located centrally within the utricle. After these changes, the rate of proliferation
sharply increased in striolar supporting cells. Epidermal growth factor and a small molecule
inhibitor of glycogen synthase kinase 3 were the two components of the cocktail that mediated
these effects. This represents the first evidence that the reversal of junctional reinforcement
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correlates with cell cycle re-entry and proliferation in the long-quiescent supporting cells in a
mature mammalian utricle.

It remained unclear what signaling pathways operate downstream of junctional
reinforcement to maintain mammalian supporting cells in a state of persistent quiescence. One
intriguing candidate was the Hippo pathway and its effector Yes-associated protein (YAP), which
respond to changes in mechanical tension at cell junctions and partner with TEAD transcription
factors to control epithelial proliferation. In the fifth chapter, | tested the hypothesis that HC loss
would activate YAP in the ears of nonmammals, but would not in the ears of mammals which
harbor reinforced apical junctions. | found that YAP accumulated in nuclei of supporting cells in
the chicken utricle after hair cell loss and mediated regenerative proliferation. In mouse utricles,
the YAP remained cytoplasmic after hair cell loss, and little proliferation occurred. | sought to
bypass this inhibition using a genetically engineered mouse model that allowed for the expression
of an activated variant of YAP. This activated YAP-TEAD transcriptional activity and drove
proliferation and mitotic hair cell production in utricles of living mice. Further experiments indicated
suggested that inhibitory phosphorylation limited the proliferative effect of YAP in the mouse
utricle. Conditional deletion of the Large tumor suppressor (LATS) kinases abolished inhibitory
phosphorylation of YAP and led to proliferation of striolar supporting cells, even in adults.

To conclude, | formulate a working model to explain why supporting cells in nonmammals
mount a robust proliferative response to hair cell loss, whereas those in mammals remain in a
state of proliferative quiescence: Hair cell loss the ears of birds elicits a change in local
intraepithelial tension that rapidly propagate through the pliable epithelium and results in physical
expansion of neighboring supporting cells. This mechanical signal bypasses or inactivates the
Hippo pathway in the supporting cells, leading to the nuclear accumulation of YAP and TEAD-
dependent regenerative proliferation. In mammals, thickened circumferential bands of
filamentous actin produce a rigid epithelium that impedes the transmission of intraepithelial
tension and slows the shape changes that arise upon hair cell loss. The absence of substantial
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changes in tension and high levels of E-cadherin allow LATS kinases to remain activated, which
phosphorylate and inhibit YAP to maintain supporting cells in a state of persistent quiescence. |
describe outstanding questions and additional experiments to further interrogate this model.
Overall, the work presented here suggests that genetic or pharmacologic targeting of the E-
cadherin/LATS/YAP/TEAD axis could represent a therapeutic target for acquired hearing loss and

balance disorders by promoting regenerative proliferation in sensory epithelia of the inner ear.
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LIST OF IMPORTANT ABBREVIATIONS

Abbreviation | Meaning

HC Hair cell

SC Supporting cell

IHC Inner hair cell

F-actin Filamentous actin

OHC Outer hair cell

YAP Yes-associated protein

LATS Large tumor suppressor

TEAD TEA/ATTS domain (transcription factor)
N:C ratio Nuclear:Cytoplasmic ratio
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CHAPTER 1
Hair Cell Regeneration: Background and Motivation for this Thesis

Sensory epithelia within the inner ear contain hair cells and supporting cells

The inner ear is a set of sensory structures encased within the temporal bone of
vertebrates that enables our senses of hearing and balance. In humans and other mammals, the
inner ear harbors the sound-detecting cochlea, and five vestibular organs which detect gravity
and accelerations of the head: The saccule and utricle sense vertical and horizontal linear
accelerations, respectively, and three orthogonal semicircular canal cristae sense angular
acceleration. Each organ contains an epithelium comprised of sensory hair cells (HCs) that are
each surrounded by non-sensory supporting cells (SCs). Acoustic vibrations and accelerations of
the head can deflect the hair bundle, an organelle protruding from each HC’s apical surface
(Figure 1-1), opening mechanically-gated channels that allow ions to enter and depolarize the
HC. The resulting electrical signal is propagated via the vestibulocochlear nerve to the central
nervous system, conveying sensory information to the brain.
Hair cell losses are a major and irreversible cause of hearing loss and balance dysfunction

Hearing loss is a highly prevalent public health issue. An estimated 466 million people—
over 5% of the world’s population—have disabling hearing loss, as defined by a threshold shift of
240 dB in the better hearing ear in adults, and a =30 dB shift in children (World Health
Organization, 2020). Hearing loss can be classified as conductive or sensorineural (Error!
Reference source not found.-2). Conductive hearing loss arises from problems with the
conduction of sound from the external environment through the external and middle ear. Common
causes include obstruction of the ear canal, rupture of the tympanic membrane, and otitis media
(J. B. Nadol, 1993). Conductive hearing losses are often treatable.

Sensorineural hearing loss (SNHL) stems from dysfunction of the cochlea, acoustic nerve,
or brainstem. The loss of cochlear HCs is a major and irreversible cause of SNHL, because they

are few in number (~16,000 HCs per cochlea) and are not replaced in mammals. This means that
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hearing function relies on the same complement of HCs from mid-gestation to the end of life (Lim
and Brichta, 2016). HCs are lost due to loud sound, ototoxic drugs (including commonly used
aminoglycoside antibiotics, platinum-based chemotherapeutics, and diuretics), infections, trauma,
and aging (J. B. Nadol, 1993). Acquired HC losses account for the lion’s share of age-related
increases in the prevalence of hearing loss (Bredberg, 1968; Davis, 1989) (Figure 1-3).

Unfortunately, treatment options for sensorineural hearing loss are limited. Aside from
prevention, the main intervention is the use of hearing aids, which merely amplify sound. Cochlear
implants, which bypass the inner ear entirely, can also restore some sense of hearing in the
profoundly deaf, but they are invasive, expensive, and limited to the most severe cases. With 1.1
billion teenagers and young adults at risk for hearing loss through recreational noise (World Health
Organization, 2020), the unmet clinical need will likely grow.

Vestibular dysfunction is also a significant public health issue. Vestibular HCs are sensitive
to many of the same insults as those in the cochlea, and HC counts decrease linearly with age
(Rauch et al.,, 2001). Over one third of adults experience vestibular dysfunction, which is
associated with a 12-fold increased risk of falls (Agrawal et al., 2009). Currently, there are limited
treatment options available for patients with vestibular dysfunction, and vestibular implants are
not currently available. It was discovered in 1993 that mature vestibular organs in humans and
other mammals have some capacity to generate replacement HCs, but the extent of this response
is limited and does not appear to result in sustained functional recovery (Forge et al., 1993; Sayyid

et al., 2019; Warchol et al., 1993).

Supporting cells are the source of replacement hair cells

Studies of sharks, skates, frogs, and birds revealed that these nonmammalian vertebrates
maintain a lifelong capacity to add (Corwin, 1985, 1983, 1981) and regenerate (Corwin and
Cotanche, 1988) HCs. This enabling them to recover hearing and vestibular function within weeks

after being subjected to deafening noise or challenged with aminoglycosides (Carey et al., 1996;
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Woolley et al., 2001). This is accomplished by two major mechanisms: SCs can either divide and
generate progeny that can differentiate into HCs, or convert into HCs without an intervening cell
division (Baird et al., 1996; Corwin and Cotanche, 1988) (Figure 1-4). These processes have been
shown to spontaneously occur in mice at early developmental stages, however the capacity for
HC replacement declines sharply in the first postnatal week (Burns et al., 2012a; Cox et al., 2014).
This raises a fundamental question: Why can nonmammals efficiently regenerate HCs, but
humans and other mammals cannot? This is the question at the basis of my dissertation.
Studying regeneration of vestibular organs enables a comparative approach

Nonmammalian vertebrates have served as a powerful model organism to study the
regenerative replacement of sensory HCs. They have shown us that regeneration is possible, that
SCs serve as resident stem cells, and provided insight as to the molecular mechanisms that
govern the regenerative response. In this thesis, | compare the utricles of chickens and mice of
various ages. This comparative approach allowed me to use both “age” and “species” as
independent variables in my experiments. This extra dimension has yielded valuable insight.

Why study the utricle? First, it should be noted that the mammalian cochlea is highly
distinct and difficult to study. It contains exactly one row of inner HCs, three rows of outer HCs,
and a diverse milieu of SC subtypes, each with a unique morphology. No spontaneous
regeneration occurs in the adult mammalian cochlea, and there are likely to be multiple layers of
additional regulatory control compared to the vestibular system (Jen et al., 2019). The mature
cochlea rapidly deteriorates in culture, making experimental manipulations difficult. Lastly, there
is no analogous structure in the ears of nonmammals.

In contrast, the mammalian vestibular system is highly similar to that which developed 450
million years ago in bony fish. Vestibular SCs of mammals largely resemble those of
nonmammals, appearing relatively undifferentiated. Vestibular SCs in adult mammals retain a
limited capacity to divide and differentiate into replacement HCs, placing the development of a
regenerative therapy within closer reach. The utricle in particular is a convenient vestibular organ
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to study. It is relatively large, planar, and relatively easy to access. Even utricles from adults can
be maintained in culture for extended periods without degenerating. It is also the best-studied
vestibular organ, bringing a wealth of knowledge and tools to bear.

Shape change controls proliferation of SCs

It has long been recognized that HC loss results in the concomitant expansion of SC apical
domains (Cotanche, 1987; Forge, 1985). Soon after HC regeneration was discovered in the
chicken cochlea, these shape changes were proposed to trigger SC proliferation in nonmammals
(Corwin et al., 1991).

Subsequent studies of isolated epithelial sheets from the utricle advanced the notion that
shape changes control SC proliferation. When epithelial sheets from the embryonic mouse utricle
were placed in culture, normally columnar SCs rapidly changed shape, adopting a more
squamous morphology as they spread out. After changing shape, the SCs proliferated. However,
in identically prepared explants from utricles of mice that were six days old, these shape changes
were slower to occur. Only SCs near the edge of the explant changed shape and proliferated
(Figure 1-5) (Davies et al., 2007). In explants from fifteen-day-old mice, there was almost no
shape change or proliferation. Thus, in SCs of the mammalian utricle, the capacity for shape
change and proliferation decline with age.

Remarkably, these age-related declines in the ability of SCs to change shape and
proliferate in culture did not occur in epithelia isolated from chicken utricles (Figure 1-6). Thus,
postembronic changes that occurred in the mouse utricle prevented SCs from readily spreading
and changing shape, but those changes did not occur in the utricles of chickens.

Maturational reinforcement of intercellular junctions coincides with age-related declines
in the plasticity of mammalian SCs

Vestibular SCs in mammals and nonmammals have a similar morphology, but the
composition of their adherens junctions differs substantially (Figure 1-7). The adherens junctions
of mammalian SCs contain high levels of E-cadherin, a tumor suppressor that inactivates multiple
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signaling pathways important for cell proliferation (Pecina-Slaus, 2003). Their junctions also are
associated with thick circumferential F-actin bands that extend across 89% of the SC on average
(Burns et al., 2008; Collado et al., 2011b). The growth of these thick F-actin bands junctions
closely correlates with the aforementioned declines in the capacity to change shape (R = -0.989)
and proliferate (R = -0.975) in culture. In contrast, SCs of chickens, fish, and amphibians express
E-cadherin at low levels, and their circumferential F-actin bands remain thin throughout life (Burns
et al.,, 2013). These observations raised the hypothesis that the reinforced junctions limit
regenerative responses in mammalian SCs.

Time-lapse recordings of HC loss in GFP::actin-expressing mice provided a clue that the
reinforced apical junctions may restrict the mechanical signals arising from cell loss. In the
newborn mouse utricle, HC loss evoked dynamic shape changes in SCs several cell diameters
away. The SCs adjacent to the wound assembled a multicellular F-actin purse string that
constricted to reseal the epithelial barrier (Burns and Corwin, 2014). Similar events were
described in the utricles of chickens (Bird et al., 2010). In utricles from adult mice, however,
responses to HC loss were far less dynamic. Only the SCs immediately adjacent to the lost HC
responded, slowly extending lamellipodial projections to reseal the epithelial barrier (Burns and
Corwin, 2014). Thus, the reinforced junctions appeared to restrict shape changes and the
transmission of tension throughout the epithelium—mechanical signals that arise from cell loss
and govern epithelial repair (Guillot and Lecuit, 2013). This hypothesis is explored in Chapter 3.

The question remained as to whether dismantling the reinforced junctions would allow
mature mammalian SCs to proliferate. Unfortunately, a previous experiment involving conditional
deletion of E-cadherin in SCs of the mouse utricle was inconclusive, as depletion of E-cadherin
from intercellular junctions was slow, and accompanied by the upregulation of N-cadherin in an
apparent compensatory response (M.S. Collado and J.T. Corwin, unpublished results; see

Chapter 6 for discussion). Luckily, an incidental observation provided an opportunity to test
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whether depletion of E-cadherin and thinning the F-actin bands would release mature mammalian
SCs from proliferative quiescence. This is described in Chapter 4.
YAP integrates mechanical signals and stimulates proliferation

What is the molecular mechanism by which reinforced intercellular junctions that develop
in mammalian SCs restricts their proliferative responses? In recent years, the Hippo pathway and
its effector, Yes-associated protein, (YAP) have been identified as a major mechano-sensitive
signaling pathway (Dupont, 2016). Mechanical signals, including the stretching of cells, induce
YAP to accumulate in nuclei, where it associates with TEAD transcription factors to promote
proliferation. When cells are at high density, YAP is phosphorylated by LATS1/2 kinases and
sequestered in the cytoplasm (Figure 1-8).

I conducted a study to test the hypothesis that differences in the activation of YAP may
account for the distinct regenerative capacities of SCs in mammals and nonmammals. The results

are reported here in Chapter 5.

Page 17 | 194



FIGURES AND FIGURE LEGENDS

Figure 1-1. Confocal micrograph a mouse utricle stained with fluorophore-conjugated phalloidin to label filamentous
actin. Hair bundles protrude from the apical surfaces of sensory hair cells (HCs), each of which is surrounded by non-
sensory supporting cells (SCs).
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Figure 1-2. Conductive hearing loss is caused by disruption of the sound conduction pathway through the outer and
middle ears. Sensorineural hearing loss arises due to pathology affecting the inner ear or nerves. SSNHL = sudden
sensorineural hearing loss.
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Figure 1-3. Age-related hearing loss correlates with a decline in cochlear hair cell counts. Adapted from Davis 1989

and Bredberg 1968.
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Figure 1-4. Hair cells (magenta) are regenerated by supporting cells (blue). In one mechanism, supporting cells divide
and generate progeny that differentiate into replacement hair cells (top two rows). In another mechanism, supporting
cells can convert directly into hair cells without an intervening cell division, a process sometimes referred to as “direct
transdifferentiation” (bottom row). Adapted from Burns and Corwin 2013.
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Figure 1-5. In isolated sheets of utricular epithelia from mice, SC shape changes precede and correlate with
proliferation. The capacity for shape change and proliferation each decline with age. Insets depict the initial size of the
explant at the start of culture, and the images depict the explants after 72 h in culture. and proliferation (BrdU) images
depict Isolated sheets SCs in utricles from embryonic mice readily change shape and proliferate. E18, embryonic day
18. P6, postnatal day 6. BF, brightfield. BrdU is a marker of S-phase entry. Adapted from Davies et al. 2007.
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Figure 1-6. Explanted utricular epithelia from mice exhibit age-related declines in spreading and proliferation. In
contrast, explanted utricular epithelia from the chickens rapidly spread and proliferate regardless of age. Adapted from
Burns and Corwin 2013.
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F-actin bands. SCs in the chicken utricle hardly express E-cadherin and retain thin F-actin bands throughout life. Gut
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Figure 1-8. Mechanical signals such as cellular stretching induce nuclear accumulation of YAP, which
partners with TEAD transcription factors to promote proliferation. In the setting of high cell density or other
inactivating signals, the Hippo kinase cascade phosphorylates YAP, leading to its cytoplasmic sequestration.
Adapted from Dupont 2016.

Page 25| 194



CHAPTER 2
CELL JUNCTIONS AND THE MECHANICS OF HAIR CELL REGENERATION

INTRODUCTION
Whereas SCs in birds, fish, and amphibians all appear to be relatively undifferentiated,

those in mammals adopt characteristics of more highly differentiated cells. Notably, mammalian
SCs develop reinforced junctions, including E-cadherin-rich adhesions that are bracketed by thick
circumferential F-actin bands. These reinforced junctions have garnered attention for several
reasons. First, their development tightly correlates with age-related declines in SC plasticity
(Burns et al., 2008; Collado et al., 2011b). Second, SCs in birds, fish, and amphibians express
little E-cadherin and retain thin circumferential F-actin bands throughout life (Burns et al., 2008,
2013). Finally, mechanosensitive signaling mechanisms such as the canonical Wnt and Hippo
pathways have been shown to guide the proliferation and differentiation of SCs (Shi et al., 2014;
Gnedeva et al., 2017). Are these reinforced junctions merely hallmarks of an advanced state of
differentiation, or do they directly impede regenerative processes? This chapter reviews cell
junctions and mechanical signaling in the inner ear with known or hypothesized roles in

regeneration.

CELLS SENSE AND GENERATE FORCES
The ability of cells to sense and generate forces is essential for development, physiological

function, and regeneration (Guillot and Lecuit, 2013). The mechanical stimuli that cells encounter
include shear forces from fluid flow and cell migration, hydrostatic pressure, tension and
compression from surroundings, and the stiffness of underlying connective tissue. These
mechanical signals are transduced into biochemical signaling cascades by junctions at cell-cell
and cell-matrix interfaces. Cadherin-based cell-cell junctions are especially important in epithelia,
coupling individual cells into a mechanical syncytium such that mechanical stimuli propagate
throughout the tissue and coordinate cellular responses (Harris et al., 2014). Junctions are linked

to cytoskeletal filaments which dictate cell structure and movement. Cells remodel the
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composition of their junctions and cytoskeleton in response to applied force and produce forces
of their own through actomyosin contractility, cytoskeletal polymerization, and regulation of
osmotic properties.

THE MATCHING OF CELL LOSS AND PRODUCTION IN HAIR CELL EPITHELIA

Spatial constraints limit proliferation in epithelia. The importance of such mechanical
control is evident in HC epithelia, where cell density inversely correlates with proliferation during
periods of growth, turnover, and regeneration.

Vestibular HC epithelia in sharks, rays, toads, and chickens undergo turnover, whereby
spontaneously degenerating HCs are mitotically replaced such that the spatial density of HCs
remains constant throughout life (Kil et al., 1997; Goodyear et al., 1999). In other epithelia, this
precise matching of cell loss and proliferation is mechanically regulated along two major
paradigms. In the first, ongoing cell growth and proliferation compresses neighbors, leading to
their apoptosis or extrusion (Matamoro-Vidal and Levayer, 2019). In the alternative “demand-
driven” system, cell loss triggers proliferation by affecting the shape and tension of remaining cells
(Mesa et al., 2018).

HC epithelia operate according to the “demand-driven” model. SCs in the chicken basilar
papilla remain quiescent unless HCs are lost. Treatments with caspase inhibitors that blocked
ongoing HC loss associated with turnover in cultured chicken utricles also suppressed SC
proliferation (Matsui et al., 2002). The proliferative response to HC loss is spatially restricted to
the site of damage. This was observed in the first account of mitotic HC regeneration after acoustic
overstimulation in the chicken (Corwin and Cotanche, 1988), and later demonstrated in laser
microbeam experiments where the region of HC ablation could be more precisely controlled.
Interestingly, the vast majority of proliferating SCs were located within 100 um from the lesion site
(Warchol and Corwin, 1996), which is about how far mechanical perturbations propagate

throughout epithelial monolayers after cell loss (Karsch et al., 2017).
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Although these experiments indicated that HC loss precedes SC proliferation, they did not
disentangle the mechanical consequences of HC loss from its biochemical factors. Since then,
studies have found that shape changes have a potent mitogenic effect on SCs, with those that
spread out being more likely to proliferate than those that retain their usual columnar morphology
(Meyers and Corwin, 2007; Warchol, 2002). Studies of other epithelia have shown that a
combination of mechanical parameters (e.g. cortical tension) and geometric properties predict cell
cycle progression better than geometric properties alone, but to date only the latter has been
formally evaluated in HC epithelia (usually planar area).

A recently proposed model described how spatial constraints could control proliferation in
the developing mouse utricle. It specified that elastic forces from the surrounding non-sensory
tissue resist the macula’s continued expansion (Figure 2-1). This, in turn, would cause an increase
in cell density, leading to inactivation of YAP-TEAD signaling and cell cycle exit (Gnedeva et al.,
2017). This mechanical model compared favorably to a diffusible morphogen model, better
recapitulating the spatial distribution of cell cycle exit (Gnedeva et al., 2017). Using “bubble
cultures” in which the external mechanical constraints could be experimentally reduced, utricles
grew to supraphysiological sizes, leading to a reduction in cell density and YAP-TEAD-dependent
SC proliferation. It remains to be tested whether a similar paradigm governs the cessation of SC
proliferation in the context of regeneration.

SCs in nonmammals can execute four different behaviors during regeneration (Figure 2-
2). They can phenotypically convert into a HC without an intervening mitosis, a process often
termed “direct transdifferentiation”. SCs can also divide to produce two HCs (symmetric,
differentiating division), two SCs (symmetric, amplifying division), or one HC and one SC
(asymmetric division). Each asymmetric division adds one HC without changing the number of
SCs, but the other processes either deplete or add to the SC population. Recent evidence
suggests that these different modes of regeneration may be balanced such that the density of
SCs remains constant. For example, in the streptomycin-damaged chicken utricle, ~3/4 of
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regenerated striolar HCs arose from via asymmetric divisions, with the remaining 1/4 inferred to
arise via direct transdifferentiation (Scheibinger et al.,, 2018). Remarkably, the SC density
remained constant, with transdifferentiation events appearing to be matched by an equal number
of amplifying divisions that replenished the SC population (Scheibinger et al., 2018). In the
zebrafish lateral line, almost all regenerated HCs are produced through symmetric divisions. After
neomycin-mediated HC ablation, the number of differentiating and amplifying divisions were
matched such that SC density remained roughly constant (Romero-Carvajal et al., 2015). These
data suggest that the different modes of regeneration are governed in part by mechanical cues
related to the local density of SCs.

While changes in cell density do not represent a purely mechanical signal, they inherently
involve changes in cell shape and can include changes in actomyosin contractility and adhesion.
Mechanical signals are by no means the only factors that promote SC proliferation, as diffusible
factors and juxtacrine signals such as Notch-Delta signaling have documented roles. However,
the tendency of SC proliferation to occur within and near the site of damage in cells that
experience shape change is consistent with a substantial role of cell geometry and mechanical

tension in promoting proliferation in concert with those diffusible ligands and juxtacrine signals.

CELLULAR JUNCTIONS IN HAIR CELL EPITHELIA
Tight Junctions

Tight junctions are the apical-most intercellular junctions in vertebrate epithelia and
regulate the paracellular diffusion of ions and small molecules while restricting passage of large
molecules (Figure 2-3). This barrier function is especially critical in the inner ear, where it partitions
the potassium-rich interstitial fluid at the apical side of the sensory epithelium, known as
endolymph, from the sodium-rich perilymph at the basolateral side. As HCs are highly vulnerable
to local changes in their microenvironment, deficiency of tight junction components frequently

compromises barrier function and leads to HC loss and cochlear degeneration. This presents a
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challenge for studying their potential role in regeneration, which could be circumvented by
studying vestibular organs, where HCs often survive such manipulation.

Whether tight junctions regulate regenerative processes in HC epithelia remains
unexplored, but numerous tight junction components such as claudin 18, JAM-A, occludin, and
Z0-2 are expressed in the HC epithelia and have been shown to control proliferation in other
epithelia, often by sequestering signaling molecules such as ZONAB and YAP at cell junctions
(Diaz-Coranguez et al., 2019; Kitajiri et al., 2004).

Adherens Junctions

Adherens junctions couple epithelial cells into a cohesive mechanical syncytium and are
the primary interface through which they sense the mechanical forces arising from cell loss. The
cadherin-based intercellular adhesions interface with the F-actin cytoskeleton via catenin linkers,
which serve as structural and signaling molecules (Figure 2-4). Actomyosin contractility at
adherens junctions generates tension that drives cellular shape change during wound closure.
The maturational reinforcement of adherens junctions in mammalian SCs has been deeply
implicated in their age-related loss of plasticity.

Cadherins

Classical cadherins are the major adhesion proteins at adherens junctions and require
Ca?* ion for binding in trans. Of the more than 350 members of the cadherin superfamily, the best-
studied are Epithelial (E-) cadherin and Neural (N-) cadherin. E-cadherin is a tumor suppressor
that restricts proliferation through a variety of mechanisms, including by activating p27kip1,
limiting signaling by receptor tyrosine kinases such as EGFR, inhibiting canonical Wnt signaling,
and suppressing YAP-TEAD transcriptional activity (Mendonsa et al., 2018). The downregulation
of E-cadherin is a hallmark of epithelial-mesenchymal transition and is often accompanied by the
upregulation of N-cadherin.

The expression of E-cadherin increases 6-fold between P1 and adulthood in the mouse
utricle, where it is enriched at SC-SC junctions (Figure 2-5) (Collado et al., 2011b), and increases
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56% between PO and P7 in the organ of Corti, where it is expressed in lateral domain including
pillar cells, Deiters cells, and to a lesser extent outer hair cells (OHCs) (Luo et al., 2018). SCs in
birds, fish, and express little E-cadherin (Figure 2-6) (Warchol, 2007; Burns et al., 2013). Thus,
E-cadherin expression correlates not only with age-dependent declines in the plasticity of
mammalian SCs, but also with the differences in regenerative capacity between mammals and
other vertebrates.

The factors driving E-cadherin expression in mature mammalian SCs are not well
understood, and are likely related to broader mechanisms of SC maturation. GSK3B-mediated
suppression of canonical Wnt signaling is likely involved in enhancing E-cadherin transcription,
as inhibiting GSK3[ or expressing stabilized (-catenin depleted E-cadherin and evoked SC
proliferation in the developing utricle and cochlea (Lu and Corwin, 2008; Shi et al., 2014). GSK3
may also repress Snail and Slug, transcription factors known to repress E-cadherin transcription
(Collado et al., 2011b). Differences in Wnt-responsiveness may prevent this downregulation from
occurring in certain subpopulations of mature SCs, as GSK3 inhibition depleted E-cadherin from
mature striolar SCs, but not those in the extrastriola (Kozlowski et al., 2020).

E-cadherin has been implicated in preventing the phenotypic conversion of SCs into HCs.
Notch inhibition led to internalization of E-cadherin in striolar SCs and Deiters cells of neonatal
mice as they began to convert into HCs (Collado et al., 2011b; Luo et al., 2018). However, the
SCs from older mice failed to internalize E-cadherin and convert into HCs. The downregulation of
E-cadherin was not associated with changes in E-cadherin transcription but did require protein
synthesis (Collado et al., 2011b). It remains unclear whether the accumulation of E-cadherin limits
conversion, or whether age-related changes in Notch responsiveness prevent SCs from enacting
a gene expression program that leads to the internalization of E-cadherin.

Direct manipulations of E-cadherin in the inner ear are needed to establish whether
causally limits SC proliferation and direct transdifferentiation, but have proven challenging; upon
conditional knockout of E-cadherin in mature, Plp1+ SCs, depletion of E-cadherin from junctions
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occurred slowly and was accompanied by an increase in N-cadherin expression (M. S. Collado
and J. T. Corwin, unpublished results). It was shown that E-cadherin transfection in an SC-derived
cell line increased the number of intercellular junctions, reduced proliferation, and inhibited
expression of certain HC-specific genes including Myo7a (Hackett et al., 2002), but these
promising results require follow-up.

N-cadherin is expressed throughout the utricular macula and in medial region of the organ
of Corti, including inner hair cells and phalangeal cells. It is also expressed in HC epithelia of
nonmammalian vertebrates. Microbeads coated with an N-cadherin function-blocking antibody
bound to the edges of epithelial sheets of the chicken utricle and attenuated SC proliferation
(Warchol, 2002), leading to the hypothesis that the loss of N-cadherin adhesions upon HC loss
represents a mitogenic injury signal. However, it is unclear whether proliferation was reduced by
N-cadherin-specific contact inhibition, or the mechanical effects of limiting SC spreading.

Little is known about the expression and function of other cadherins in the inner ear,
though R-cadherin has been localized to the utricular macula of neonatal mice (Burns et al., 2015).
Catenins

Catenins are intracellular components of adherens junctions that connect the cytoplasmic
tail of cadherins to the F-actin cytoskeleton. They also signal in the canonical Wnt and YAP/TAZ-
TEAD pathways (Nelson and Nusse, 2004; Schlegelmilch et al., 2011).

pl20-catenin stabilizes cadherin/catenin complexes. Deletion of p120-catenin depleted
levels of E- and N-cadherin in the developing cochlea, resulting in convergent extension defects
(Chacon-Heszele et al., 2012), but its role regulating SC plasticity has not been directly tested.
p120-catenin is upregulated during maturation of the organ of Corti, where it colocalizes with E-
cadherin contribute to the age-related decline in E-cadherin internalization and SC-to-HC
conversion upon treatment with Notch inhibitors (Figure 2-7) (Luo et al., 2018).

B-catenin binds the cytoplasmic tail of cadherins and links them to the actin cytoskeleton
via a-catenin. In addition to this structural role, 3-catenin serves as the transcriptional co-activator
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in canonical Wnt signaling. It is thought that these different functions are antagonistic, competing
for the same pool of B-catenin (Nelson and Nusse, 2004). This is an attractive hypothesis, but
surprisingly, the expression of B-catenin at cell membranes in the utricle is not reported to
increase with age, despite the maturational increase in E-cadherin expression in mammalian SCs
(Collado et al., 2011b).

The structural role of B-catenin was shown to be required for establishment of the
mediolateral boundary in the developing organ of Corti, independent of its function in Wnt
signaling (Jansson et al., 2019). Through its Wnt signaling function, B-catenin is required both for
SC proliferation as well as HC differentiation, as it directly binds the enhancer of Atoh1, the master
regulator of HC differentiation (Jacques et al., 2012; Shi et al., 2014).

Expression of a gain-of-function variant of B-catenin potentiated regenerative proliferation
and mitotic HC replacement in Lgr5+ SCs of the neonatal mouse utricle and cochlea after
diphtheria-toxin mediated HC ablation (T. Wang et al., 2015; Atkinson et al., 2018). In those
studies, B-catenin activation had no mitogenic effect in the absence of damage (T. Wang et al.
2015; Atkinson et al. 2018). This corresponds to functional evidence that HC loss activates
canonical Wnt signaling, leading to the upregulation of the canonical Wnt target gene Lgr5 in
striolar SCs of the neonatal mouse utricle (T. Wang et al. 2015), and Wnt-induced proliferation in
the zebrafish lateral line (Romero-Carvajal et al., 2015). However, the evidence that B-catenin
accumulates in nuclei of SCs after damage is rather limited. Some nuclear -catenin was
observed in forskolin-treated sheets of utricular epithelium from the rat (Kim et al., 2004) and in
SCs of the delaminated chicken utricle (Warchol, 2002).

The proliferative response to B-catenin stabilization declines with age in the mouse
cochlear and utricular epithelium (Lu and Corwin, 2008; Samarajeewa et al., 2018), despite
evidence that TCF/Lef reporters can still be activated and continued expression of Wnt pathway
components (Geng et al., 2016). This has been attributed to age-dependent changes in chromatin
accessibility or cross-talk with other signaling pathways, but another possibility is that the age-
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dependent increase in E-cadherin could sequester (3-catenin at SC apical junctions. Consistent
with that possibility, extended culture of adult mouse utricles in EGF and a GSK3 inhibitor led to
depletion of E-cadherin in striolar SCs, which was accompanied by a reduction in apical B-catenin
expression and proliferation of those SCs (Kozlowski et al., 2020).

a-catenin links cadherin adhesions to the F-actin cytoskeleton while also acting as a tumor
suppressor, inhibiting YAP/TAZ signaling (Schlegelmilch et al., 2011). Like p120-catenin, a-
catenin colocalizes with E-cadherin in HC epithelia, where its expression is enriched at SC-SC
contacts and increases during postnatal maturation (Gnedeva et al., 2017; Leonova and Raphael,
1997). Whether a-catenin regulates proliferation in the inner ear remains unknown. Upon
conditional deletion of aE-catenin in Plp1+ SCs in the murine utricle, depletion of the protein from
cell junctions was slow and accompanied by the upregulation of aN-catenin (M. S. Collado and J.
T. Corwin, unpublished results). Dual knockout of aE-catenin and aN-catenin may be required to
circumvent this apparent compensatory upregulation.

Immunoglobulin Superfamily Cell Adhesion Molecules

Cell adhesion molecules of the immunoglobulin (Ig) superfamily form homophilic, calcium-
independent interactions. Neural cell adhesion molecule (NCAM) and L1 are expressed in the
developing mouse cochlea (Whitlon and Rutishauser, 1990; Whitlon et al., 1999). These
molecules likely regulate axon guidance, but have been shown to regulate proliferation of other
cell types (Brand et al., 2013).

Nectins are calcium-independent adhesion molecules at adherens junctions that connect
to the F-actin cytoskeleton via afadins. OHCs express Nectin-1 and Deiters cells express Nectin-
3, and the heterophilic interaction of these molecules facilitates the checkerboard-like cellular
patterning of the reticular lamina (Togashi et al., 2011). There is some evidence implicating
nectins in the control of cell proliferation (Takai et al., 2008), but this has not been investigated in
the inner ear.

Desmosomes
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Desmosomes are button-like intercellular contacts associated with intermediate filaments.
They consist of desmogleins and desmocollins, which are transmembrane adhesive proteins
whose cytoplasmic tails bind plakoglobin. Plakoglobin, in turn, binds desmoplakins, which link to
intermediate filaments.

Desmosomes are prominent at SC-SC junctions in the organ of Corti, but absent from
contacts between OHCs and Deiters cells (Gulley and Reese, 1976). They have also been
visualized on Type Il HCs of the vestibular epithelium (Meiteles and Raphael, 1994). However,
desmosomal contacts have received little attention in the inner ear following these initial electron
microscopy studies. In the years since, studies of epidermis have revealed roles of desmosomal
proteins in proliferation and differentiation (Johnson et al., 2014). For example, Desmoglein 1
promotes differentiation of keratinocytes by suppressing EGFR signaling (Getsios et al., 2009),
and Desmoglein 3 is reported to regulate E-cadherin remodeling and YAP localization in response
to mechanical loading (Uttagomol et al., 2019).

Focal Adhesions and Hemidesmosomes

Focal adhesions are integrin-based contacts to the extracellular matrix (ECM) that link to
the F-actin cytoskeleton. Integrins are comprised of an a and  subunit, and their affinity for
different substrates depends on which subunits are expressed, the presence of divalent cations,
and modifying adapter molecules. Hemidesmosomes are integrin-based adhesions to the ECM
that link to intermediate filaments. Little is known about the presence and role of these structures
in HC epithelia, though a limited number of studies have shown that manipulation of integrin
signaling can control SC spreading and proliferation on 2D culture. Transmission electron
micrographs of the SC-ECM boundary of the mouse utricle revealed the age-dependent
maturation of electron-dense regions suggestive of hemidesmosomal plagues (Figure 2-) (Davies
et al., 2007). Age-dependent changes in integrin composition correlate with a postnatal decline in
spreading of epithelial sheets from the mouse utricle. The spreading and proliferation of SCs in
the sheets was limited by a function-blocking antibody to integrin a6 (Davies et al., 2007). It will
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be necessary to investigate the role of integrin signaling in vivo or in organotypic culture, where
SCs remain in contact with their native ECM.

Focal adhesion kinase (FAK) and Src are tyrosine kinases that localize to focal adhesions
and are activated upon adhesion. In delaminated epithelial sheets from the chicken utricle, the
extent of SC spreading and proliferation correlated with the concentration of fibronectin, and FAK
localized to focal contacts along with phosphotyrosine immunoreactivity (Warchol, 2002).
Concordant with these observations, a fibronectin-FAK-Src axis activates YAP in other epithelial
cells in 2D culture (Kim and Gumbiner, 2015), however it remains untested whether FAK or Src
are required for SC proliferation.

Integrin signaling is influenced by the biochemical and mechanical characteristics of the
basal lamina, and studies of delaminated utricular sensory epithelia have shown that SC
spreading and proliferation varies depending on substrate composition and stiffness (Collado et
al., 2011a; Davies et al., 2007). Specific components of the basement membranes have been
identified (Davies et al., 2007; Ishiyama et al., 2009), but it is not known whether these
components change throughout development, nor have their mechanical properties been
investigated.

Gap Junctions

Gap junctions are prevalent in SCs in all vertebrates, forming plaques that can exceed 10
um? that facilitate rapid intercellular communication (Jagger and Forge, 2015). HCs and SCs are
not connected via gap junctions.

Gap junctions are essential for the regulation of certain developmental and repair
processes in HC epithelia (Jagger and Forge, 2015). Mutations in GJB2, which encodes connexin
26, are the most common cause of non-syndromic deafness, and conditional deletion of Gjb2 in
newborn mice affected development of phalangeal processes in Deiters cells and reduced
microtubule formation in pillar cells (Chen et al., 2018). Connexin 30 is not essential for cochlear
development, but facilitates the coordination of SCs in response to HC loss. Rather than multiple
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SCs collaborating to reseal the epithelial barrier, only one SC immediately adjacent to the lost HC
expands to occupy the wound (Forge et al., 2013). A similar finding was shown in the chicken
cochlea, where pharmacologic blockade of gap junction intercellular communication prevented
the apical extrusion of HCs after gentamicin treatment, allowing degenerating HC corpses to
remain in the epithelium (Figure 2-9) (Jagger et al., 2014). It remains unknown how gap junctions
lead to the coordination of SC responses to HC loss, and whether blocking their communication

impairs SC proliferation in nonmammals.

STRUCTURE AND REGULATION OF THE CIRCUMFERENTIAL F-ACTIN BANDS IN SUPPORTING
CELLS

Maturational Growth of Circumferential F-actin Bands in Mammalian Supporting Cells

All epithelial cells possess circumferential bands of F-actin that bracket their apical
junctions. As mammalian SCs mature, their circumferential F-actin bands become exceptionally
thick and stable (Burns et al., 2008; Burns and Corwin, 2014). The widths of the F-actin bands
across SC-SC junctions increase five-fold postnatally in the mouse utricle, ultimately extending
across 89% of the SC on average (Figure 2-10). The growth of the F-actin bands strongly
correlates to age-related declines in spreading (R = -0.989) and proliferation (R = -0.975) of SCs
in explanted sheets of delaminated utricular epithelia. In contrast, nonmammalian SCs retain thin
F-actin bands and readily spread and proliferate throughout life. These findings led to the
hypothesis that the reinforced F-actin bands may limit the regenerative responses of mature,
mammalian SCs.

This hypothesis remains to be directly tested, because there has not yet been a way to
perform a direct experimental manipulation of the F-actin bands. One potential avenue to do so
would be to identify actin crosslinkers within the bands and test whether their conditional deletion

in mature mammalian SCs would restore some proliferative capacity. Another approach would be
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to identify and perturb the mechanisms required for growth of the bands, though these remain
unknown.

Recently, it was shown that EGF and a GSK3 inhibitor each thin the F-actin bands in
cultured utricles from mature mice (Kozlowski et al., 2020), presenting an indirect but nonetheless
informative opportunity to study the influence of the bands on SC proliferation without the need
for harsh treatments with actin-depolymerizing agents (Figure 2-11). Treatment with both agents
in combination thinned the F-actin bands in SCs throughout the macula to levels normally present
in newborn mice. This led to a depletion in E-cadherin in striolar SCs, followed by a resurgence
of proliferation exclusively in that region. Thus, while thinning the F-actin bands is not sufficient to
release extrastriolar SCs from their state of persistent quiescence, the results did not refute the
hypothesis that the thick F-actin bands restrict proliferation in mature mammalian SCs. It remains
unknown which intracellular signaling pathways downstream of EGFR and GSK3 inhibition
mediated dismantling of the F-actin bands.

Though the dimensions of the F-actin bands in mammalian SCs have been extensively
measured, their ultrastructure has not been characterized. Whether the F-actin is present as
bundles or branched filaments influences whether nonmuscle myosin Il can efficiently generate
tension on the network (Ennomani et al., 2016). In typical epithelial cells, the apical domain size
is regulated by continuous actomyosin contractility along the zonula adherens. The robust and
mechanically stable F-actin network at the apical junctions of mature mammalian SCs may
obviate the need for this ATP expenditure by passively stabilizing the reticular lamina. At the same
time, limiting the influence of actomyosin contractility could limit the activation of intracellular
signaling pathways that usually respond to changes in epithelial tension, such as YAP-TEAD (Pan
et al., 2016).

Sarcomeric Actomyosin Network at Cochlear Apical Junctions

The circumferential actomyosin network in the organ of Corti of neonatal rodents is

stereotypical of other simple epithelia. The circumferential F-actin bands associate with regularly
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spaced (~400-600 nm), bipolar filaments of nonmuscle myosin Il that interlace with the actin
crosslinker a-actininl, reminiscent of a sarcomeric network (Figure 2-12) (Ebrahim et al., 2013).
Consistent with the idea that actomyosin contractility exerts tension at these apical junctions,
treatments with blebbistatin, an inhibitor of myosin Il contractility, caused a reversible expansion
of the apical surfaces of HCs and SCs in the neonatal organ of Corti (Ebrahim et al., 2013; Cohen
etal., 2019). Whether such expansion would occur in the mature organ of Corti, which has a stiffer
reticular lamina and thicker circumferential F-actin bands in SCs that surround HCs (Szarama et
al., 2012; Burns et al., 2013), has not been directly tested (Figure 2-13). However, experimental
induction of HC loss has been shown to cause significant contraction of the reticular lamina in
E18 mice, but not in adults (Anttonen et al., 2017).

Rho GTPases in the organ of Corti

Rho GTPases regulate cytoskeletal dynamics at cell junctions and assume a variety of
functions depending on the local availability of scaffold proteins, effector molecules, guanine
nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs), and guanine nucleotide
dissociation inhibitors (GDIs) (Arnold et al., 2017). RhoA, Racl, and Cdc42 are three well-studied
members of this family of 20 proteins.

Active RhoA interacts with formin to promote F-actin bundling and Rho-associated coil-
coil kinase (ROCK), which phosphorylates myosin regulatory light chain to promote actomyosin
contractility (Arnold et al., 2017). Deletion of RhoA in cochlear SCs did not affect junctional
maturation in SCs (Anttonen et al., 2017), but RhoA has been implicated in wound closure.
Closure of excision lesions in mouse utricles was accelerated by treatments with lysophosphatidic
acid, which activates RhoA through GPCR signaling. Conversely, pharmacological inhibition of
ROCK prevented wound closure (Meyers and Corwin, 2007).

The role of Racl in mature HC epithelia has not been investigated. Co-deletion of Racl
and Rac3 in the otocyst disrupted E-cadherin and ZO-1 expression, severely impairing
morphogenesis (Grimsley-Myers et al., 2012).
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Cdc42 regulates the development of F-actin bands and adherens junctions in Deiters and
pillar cells of the cochlea, and is downregulated in the organ of Corti by P20 (Anttonen et al.,
2012). The structural defects that result from Cdc42 deletion in neonatal stages eventually lead
to collapse of the basal organ of Corti in adult mice (Anttonen et al., 2012). Cdc42 is required in

Deiters cells for proper wound closure and barrier integrity after OHC loss (Anttonen et al., 2014).

MECHANICS OF HAIR CELL LOsS
In most HC epithelia, HCs have convex, flask-like shapes and are assumed to be more

rigid than SCs, which surround HCs and conform to their shape. One exception is the mammalian
organ of Corti, in which SCs surround HCs but adopt highly specialized morphologies themselves.
SCs span from the basement membrane to the reticular lamina, but HCs do not maintain contact
to the basement membrane. Thus, HC losses generate mechanical tension at the level of
adherens junctions, but would not perturb SC-ECM contacts, at least initially.
Remodeling of Supporting Cell Junctions During Repair

As HCs degenerate, neighboring SCs remodel their apical F-actin cytoskeleton and form
new junctions such that barrier function is maintained (Leonova and Raphael, 1997). To
accomplish this, tight junctions between the degenerating HC and neighboring SCs remain intact
temporarily as SCs extend underneath the degenerating HC’s cuticular plate to form a new
junction, often referred to as a “scar” (Leonova and Raphael, 1997). Multiple SCs participate in
the wound closure, coordinating to extrude the dying HC or sever its soma from the cuticular plate.
Typically, the three adjacent SCs surrounding the dying HC participate in wound closure.
However, transmission electron micrographs from the mouse cochlea have indicated that
basolateral processes of more distant Deiters cells or Hensen’s cells contribute to the scar in
some cases, suggesting that the damage signal emanating from the lost HC propagates beyond

its immediately adjacent SCs (Anttonen et al., 2017). It is unclear how such processes are guided
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to the wound site or whether this phenomenon occurs in other HC epithelia, but it could be unique
to the mammalian cochlea where there is substantial space between basolateral cell membranes.

The nature and speed of wound closure is dictated by the wound curvature and
organization of F-actin at SC apical junctions. Since HCs are round, SCs at the wound margin
have negative (i.e. concave) curvature. This curvature promotes the formation of actomyosin
cables that close in a “purse-string” mechanism in other epithelia, as opposed to lamellipodial
protrusions which tend to form at wound edges of positive curvature (Ravasio et al., 2015).
Consistent with this, a supracellular F-actin cable forms after large excision lesions in mouse
utricles (Meyers and Corwin, 2007). Time lapse microscopy showed that the wounds became
more circular as they progressed, were halted by ROCK inhibition, and accelerated by treatment
with lysophosphatidic acid (LPA), indicating that actomyosin contractility was required for wound
closure (Meyers and Corwin, 2007).

Subsequent studies revealed that similar processes govern wound closure after
aminoglycoside-mediated HC losses. In utricles of chickens and newborn mice, SCs formed a
supracellular F-actin cable which constricts beneath the HC cuticular plate. This occurred rapidly
in chicken utricles, which required only 3-6 minutes to close the wound (Bird et al., 2010). Wound
closure was slower in the newborn mouse utricle, occurring within one hour of HC death, and in
adult mice this process required up to 4 h (Burns and Corwin, 2014). Wound closure was reported
to qualitatively differ in adult mouse utricles. The thick F-actin bands remained in place, and F-
actin purse strings did not form. Rather, F-actin formed lamellipodial structures that resealed the
wound (Burns and Corwin, 2014). Though it remains to be shown, these differences in the speed
and mechanism of wound closure may be accounted for by the reinforcement of circumferential
F-actin bands in mammalian SCs. Not only do the bands appear to make mammalian SCs more
resistant to deformation, but branching and crosslinking within the thick F-actin bands would

reduce the efficiency of F-actin contractility (Ennomani et al., 2016).

Page 41 | 194



These differences in wound closure are likely to have consequences for the activation of
regenerative processes in SCs. The rapid wound closure by SCs in chickens and newborn mice
deforms SCs several cell diameters away from the wound, which is sufficient to activate YAP and
B-catenin signaling in other epithelia (Benham-Pyle et al., 2015). In mature mammalian utricles,
only the SCs immediately adjacent to the lost HC respond.

Elimination of Dying Hair Cells

After SCs reform intercellular junctions beneath the cuticular plate of a dying HC, the
degenerating HC corpse is eliminated via phagocytosis. Along with professional phagocytes (Kaur
et al., 2015), SCs can also phagocytose HCs (Anttonen et al., 2014). SCs in adult mice develop
a phagosome that can persist for at least 15 hours (Monzack et al., 2015). In the mouse utricle,
phagosomes are concentrated in the peristriolar region and are occasionally associated along
with F-actin “spikes” that contain cross-linker espin (Bucks et al., 2017). SCs of the chicken utricle
have been observed to collaborate to create a phagosome that engulfs the soma of degenerating
HCs (Bird et al., 2010).

Besides phagocytosis within the epithelium, dead and dying HCs can also be apically
extruded from the epithelium, with the predominant mechanism varying by species and tissue
(Francis and Cunningham, 2017). Extrusion does not result in the separation of the hair bundle
from the HC soma and appears to be the more common elimination mechanism in HC epithelia
of nonmammalian vertebrates (Mangiardi et al.,, 2004). In mammals, extrusion has been
documented in the vestibular but not auditory epithelia (Li et al., 1995). Extrusion may produce
larger, more rapid deformations in SCs than phagocytic clearance, and thus constitute a more

potent signal for regenerative processes.

INTRACELLULAR SIGNALING ASSOCIATED WITH MECHANICAL SIGNALS

Cell loss elicits tension changes that widely propagate throughout epithelia (Karsch et al.,

2017). These forces are transduced into biochemical signaling cascades that can facilitate
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regenerative responses. Some prominent mechanosensitive pathways are summarized here with
known or potential roles in HC regeneration.
YAP/TAZ and the Hippo Pathway

YAP and its paralog TAZ are transcriptional co-activators that integrate mechanical and
biochemical signals to control cell behavior (Figure 2-14) (Totaro et al., 2018). In the evolutionarily
conserved Hippo pathway, MST1/2 kinases (Hippo in Drosophila) phosphorylate LATS1/2 (Warts
in Drosophila), which in turn phosphorylate YAP/TAZ to induce their cytoplasmic sequestration
and degradation. Absent this inhibitory phosphorylation, YAP/TAZ accumulate in nuclei and
partner with transcription factors such as TEADs to mediate changes in gene expression that can
control proliferation and stemness.

SC proliferation is associated with changes in intraepithelial tension, cell density, substrate
stiffness, and cadherin adhesion. All of these stimuli affect YAP/TAZ activity in other epithelia, but
only recently has the role of YAP in SC proliferation been directly explored.

Damage activates YAP-TEAD signaling in SCs. Mechanical lesions in neonatal mouse
utricles caused YAP to enter SC nuclei and mediate TEAD-dependent proliferation (Gnedeva et
al., 2017). The extent of nuclear accumulation correlated to the degree of cellular shape change,
indicative of mechanical control. However, HC loss was not sufficient to induce detectable nuclear
accumulation of YAP in SCs of the murine utricle, even in neonates. In contrast, HC loss in the
chicken utricle induced nuclear translocation of YAP in SCs, and pharmacologic inhibition of YAP-
TEAD signaling attenuated regenerative proliferation (Rudolf et al., 2020). Thus, the damage-
evoked activation of YAP occurs more readily in nonmammalian SCs than those in mammals and
may contribute to species differences in regenerative proliferation. Surprisingly, bulk RNA-
sequencing studies of the regenerating chicken utricle, zebrafish lateral line, and neonatal mouse
utricle have not provided strong evidence for damage-evoked increases in YAP-TEAD
transcriptional activity. Thus, it will be important to test the effects of genetic inactivation of YAP
in these models to confirm its role in regenerative proliferation.
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It is not yet clear what limits the activation of YAP in mammalian SCs compared to those
of nonmammals, but LATS1/2 kinases have been shown to play a major inhibitory role. YAP
variants that evade inhibitory phosphorylation entered SC nuclei and spurred TEAD-dependent
proliferation, but ectopic wild type YAP was phosphorylated and sequestered in the cytoplasm.
Conditional deletion of LATS1/2 reduced inhibitory phosphorylation of YAP at Ser127 and evoked
proliferation in SCs of the mouse utricle, even in adults (Rudolf et al., 2020). Furthermore, a novel
pharmacologic inhibitor of LATS1/2 kinase activity induced YAP-dependent proliferation in the
murine utricle and made mature SCs transcriptionally resemble those of embryonic mice (Kastan
et al., 2020). Thus, constitutive activity of LATS1/2 kinases is required to inhibit YAP-TEAD
signaling and maintain quiescence in mature vestibular SCs. LATS1/2 inhibition did not induce
proliferation of cochlear SCs, for reasons that are yet unclear

The upstream signals that control LATS1/2 activity in SCs are beginning to be understood.
Pharmacologic inhibition of MST1/2 kinase activity induced nuclear translocation of YAP in SCs
of the chicken utricle (Rudolf et al., 2020). However, the same inhibitor failed to induce nuclear
translocation of YAP in SCs of the mouse utricle (Kastan et al.,, 2020; Rudolf et al., 2020),
suggesting that LATS1/2 are regulated by a distinct mechanism in mammalian SCs.

Interestingly, E-cadherin controls the LATS-YAP-TEAD axis in other epithelial cell lines
independent of MST1/2 (Kim et al., 2011). E-cadherin’s role in limiting the activity of YAP in SCs
remains to be directly shown, but there are hints of an association between E-cadherin and YAP.
Pharmacologic treatments that deplete E-cadherin in striolar SCs of the mouse utricle led to a
decrease in YAP in the apical domains of those cells (Figure 2-15) (Kozlowski et al., 2020), and
overexpression of YAP-S127A in the mouse utricle led to upregulation of E-cadherin in SCs in
apparent negative feedback (Rudolf et al., 2020). Other documented regulators of YAP/TAZ
activity in HC epithelia include LPA signaling and the junction-associated protein Angiomotin-like

2a (Agarwala et al., 2015; Wang et al., 2018; Xia et al., 2020).

Page 44 | 194



Factors downstream of YAP/TAZ inhibitory phosphorylation also may contribute to the
age-dependent decline in plasticity of mammalian SCs. TEAD2 expression declines during
postnatal maturation of the utricle, paralleling the downregulation of SoxC transcription factors for
which it is a direct target (Gnedeva and Hudspeth, 2015). This may explain observations that
mature murine SCs require larger shape changes than those of neonatal mice or chickens before
their likelihood of entering S-phase increases (Collado et al., 2011a).

YAP/TAZ also regulate differentiation in epithelial cells. Across various epithelia, YAP/TAZ
activity is high in cells that contact the basal lamina, and low in cells that lose contact with the
basal lamina and differentiate (Elbediwy et al., 2016). HCs lose contact with the basal lamina as
they differentiate, but it remains untested whether downregulation of YAP/TAZ is required for SCs
to assume a HC fate.

Canonical Wnt Signaling

Whnts are a family of secreted ligands that bind Frizzled and LRP5/6 receptors. Canonical
Whnt signaling allows B-catenin to accumulate in nuclei, where it serves as a transcriptional
coactivator by modulating gene expression with TCF/Lef transcription factors (Nelson and Nusse,
2004). In the absence of canonical Wnt signaling, the cytoplasmic pool of $-catenin is degraded
by a mechanism that involves casein kinase | phosphorylation of Ser45 and then GSK3f
phosphorylation of multiple serine and threonine residues. Analyses of TCF/Lef and Lgr5 reporter
mice have suggested that canonical Wnt signaling is active in the embryonic cochlear duct (Chai
et al., 2011; Jacques et al., 2012) and in striolar SCs of the developing utricle (T. Wang et al.
2015), but this activity declines postnatally for reasons that are yet unclear.

Adhesion and canonical Wnt signaling may be antagonistic, competing for B-catenin in the
cell (Nelson and Nusse, 2004). Multiple studies have identified that inhibition of GSK3B or
expression of 3-catenin variants can enhance SC proliferation and mitotic HC production, but few
have examined the interplay between canonical Wnt signaling and cadherin junctions in SCs.
GSK3p inhibition and expression of activated B-catenin each reduced E-cadherin levels and
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enhanced proliferation in HC epithelia (Lu and Corwin, 2008; Shi et al., 2014). Depletion of E-
cadherin from SC-SC junctions is associated with a reduction in membranous B-catenin (Figure
2-15) (Kozlowski et al., 2020). A simple, but yet untested, hypothesis is that increased levels of
E-cadherin in mature mammalian SCs sequester 3-catenin and limit canonical Wnt signaling.
Mechanical tension also induces B-catenin transcriptional activity. Strain applied to the E-
cadherin-based adhesions of MDCK monolayers causes B-catenin to accumulate in nuclei and
mediate S-phase entry with TCF/Lef (Benham-Pyle et al., 2015). Such tension-mediated
regulation of B-catenin remains unexplored in the inner ear.
MRTF and SRF
Like YAP/TAZ and B-catenin, the transcriptional coactivators MRTF-A/B translocate into
nuclei upon mechanical and biochemical stimuli, where they partner with SRF to mediate changes
in gene expression. The balance of monomeric (G-) actin and F-actin is an important regulator of
MRTF-SRF function; MRTF binds actin monomers, and the polymerization of actin filaments frees
MRTF to translocate into the nucleus. Significant changes to the G-actin:F-actin ratio occur upon
HC differentiation (Zhu et al., 2019), but the role of MRTF-SRF in the inner ear remains
unexplored.
Calcium ion signaling

Connexins and Gap Junction Intercellular Communication

In the neonatal mouse cochlea, mechanical damage and laser ablation were shown to
induce actively propagated waves of intercellular Ca?* (Gale et al., 2004). Connexins 26 and 30
were essential for this intercellular Ca?* signaling, with pharmacologic experiments revealing that
gap junctions were required for the initial propagation of the waves, and hemichannels were
required for further propagation (Anselmi et al., 2008). Waves were associated with the activation
of ERK1/2 in Deiters cells (Lahne and Gale, 2008), but whether they are present in other HC
epithelia, occur upon HC loss, or contribute to epithelial repair remains unclear. In drosophila
epidermis, Ca®" waves coordinate the formation of a supracellular actomyosin cable at wound
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edges (Hunter et al.,, 2015). Such a mechanism warrants investigation, as gap junction
intercellular communication is required for SC coordination during HC elimination.

Stretch-activated lon Channels

PIEZO1/2 are Ca®*-permeable ion channels that are sensitive to mechanical stretch and
can influence proliferation and cell fate decisions. In MDCK monolayers, PIEZO1 mediates both
compression-induced apoptosis and stretch-induced proliferation (Gudipaty et al., 2017). PIEZO2
has been localized to the apical domain of OHCs and vestibular HCs near SC junctions and is
required for reverse polarity currents that occur upon tip link disruption, deletion of
mechanotransduction channel components, or mechanical damage to the epithelium (Wu et al.,
2017). Whether PIEZO1/2 are expressed in SCs at low levels and mediate regenerative
responses remains unexplored.

The LINC Complex

The Linker of Nucleoskeleton and Cytoskeleton (LINC) complex connects the F-actin,
intermediate filament, and microtubule cytoskeletons of the cytoplasm to the nuclear lamina
(Méjat and Misteli, 2010). LINC complexes are comprised of SUN proteins which span the inner
nuclear membrane and Nesprins which span the outer nuclear membrane. High actomyosin
contractility transmitted through the LINC complex has been shown to open nuclear pores and
facilitate the nuclear entry of YAP (Elosegui-Artola et al., 2017). Such a mechanism could underlie
the nuclear accumulation of YAP in SCs that undergo large shape changes, which exhibit large
nuclei (Rudolf et al., 2020), but so far the role of the LINC complex remains unexplored in HC

epithelia.

MECHANICAL CONSIDERATIONS FOR THE PLANAR POLARIZATION OF REGENERATED HAIR
CELLS
The establishment of the HC-SC mosaic and planar polarization of hair bundles occurs

during embryogenesis, when the epithelium is relatively compliant and cell morphology is highly

sensitive to changes in actomyosin contractility (Ebrahim et al., 2013; Cohen et al., 2019). The
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ability of cells to exchange neighbors and tune their actomyosin contractility is crucial for proper
patterning and polarization in HC epithelia (Andreeva et al., 2014; Cohen et al., 2019).

Evidence from the chicken basilar papilla showed that the orientation of bundles atop
regenerated HCs was variable at first, but became more uniform throughout subsequent days
(Cotanche and Corwin, 1991). Whether bundles of regenerated HCs in the mammalian utricle
achieve proper planar polarity remains unknown, but it is plausible that the reinforced junctions
and cytoskeletal components of mature mammalian SCs could restrict the processes that enable

polarization during development.

SUMMARY
A Hypothetical Model for Mechanical Control of Hair Cell Replacement

Current evidence suggests that YAP-TEAD transcriptional activity is high during embryonic
development of HC epithelia, facilitating robust progenitor cell proliferation that leads to organ
growth (Gnedeva et al., 2017). Eventually, mechanical constraints imposed by the surrounding
tissue or the bony labyrinth restrict growth, so further proliferation leads to an increase in cell
density (Gnedeva et al., 2017). In other epithelia, such crowding leads to reduced cell-matrix
adhesion, increased cell-cell adhesion, and reduced cortical tension (Miroshnikova et al., 2018),
all of which serve to reduce YAP-TEAD transcriptional activity. These factors collaborate with
changes to gene expression to arrest proliferation in progenitor cells (Warchol, 2002; Gnedeva et
al., 2017). Such developmental regulation is likely to occur in HC epithelia of mammals and
nonmammals alike.

In nonmammals and juvenile mammals, HC elimination involves rapid shape changes in
SCs, which coordinate to form an F-actin purse string that undergoes ROCK-dependent
constriction and reseals the epithelial barrier (Meyers and Corwin, 2007; Bird et al., 2010). Waves
of Ca?" signaling may facilitate the formation of a coordinated supracellular F-actin purse-string
(Hunter et al., 2015). These changes in cell shape and contractility increase the likelihood of SC

proliferation (Meyers and Corwin, 2007; Collado et al., 2011a), possibly by promoting the nuclear

Page 48 | 194



accumulation of YAP and (-catenin, which stimulate TEAD- and TCF/Lef-dependent transcription,

respectively (Benham-Pyle et al., 2015).

SCs which undergo either direct transdifferentiation or symmetric differentiating division
leave a SC-sized vacancy on the basal lamina, that in theory would increase the cell-ECM contact
area of remaining SCs—a known stimulus of YAP-TEAD transcriptional activity in other cell types
(Dupont et al., 2011). The signaling evoked by this increased footprint would in theory be a
convenient mechanism to trigger the amplifying divisions which occur in nonmammails to replenish
the SC population (Romero-Carvajal et al., 2015; Scheibinger et al., 2018).

Such damage-evoked responses appear to be impeded in SCs of mature mammals, whose
junctions are reinforced by thick circumferential F-actin bands (Burns et al., 2008; Burns and
Corwin, 2014) and high levels of E-cadherin and p120-catenin (Collado et al., 2011b; Luo et al.,
2018). These reinforced junctions could form a mechanical block by restricting the rate and extent
of SC shape changes after HC loss (Burns and Corwin, 2014; Anttonen et al., 2017), in addition
to a biochemical block by restricting signaling from growth factor receptors, activating inhibitory
LATS1/2 kinases, and sequestering -catenin (Nelson and Nusse, 2004; Perrais et al., 2007; Kim
etal., 2011).

Outstanding Questions and Opportunities

A few important open questions related to the role of cell junctions and epithelial mechanics in

the regenerative replacement of HCs are as follows:

1. What developmental processes lead to the development of E-cadherin-rich junctions and thick
F-actin bands in mammalian SCs, but not those of fish, amphibians, or birds? Can these
maturational processes be recapitulated in organoids or other in vitro systems to enable high-
throughput studies?

2. Does experimental deletion of E-cadherin activate YAP-TEAD signaling and canonical Wnt
signaling and evoke proliferation of mature mammalian SCs? Do the thick F-actin bands

stabilize E-cadherin at SC-SC junctions?
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3. What upstream signaling processes lead to activation of LATS1/2 kinases in mammalian
SCs? After YAP and TEAD mediate cell cycle re-entry, are progeny able to differentiate as
HCs? Does HC loss evoke YAP-TEAD transcriptional activity in SCs of nonmammals?

4. How significant is integrin signaling at the basal lamina to the regenerative proliferation of
SCs? Does the molecular composition or mechanical properties of the basal lamina change
with age? Does loss of contact with the basement membrane guide HC differentiation?

5. How are the regenerative responses that occur in nonmammalian HC epithelia terminated?
What is the role of mechanics in this process?

6. Do damage-evoked Ca?" waves appear following HC loss or in vestibular epithelia? Does this
signaling enable formation of intercellular F-actin “purse-strings” or cue other regenerative
processes?

Techniques for Measurement and Manipulation of Mechanical Properties
The application of new techniques to measure and manipulate the mechanical properties of

HC epithelia will accelerate our understanding of development and regeneration. Atomic force

microscopy and micropipette aspiration have already been used to characterize mechanical

properties of HCs and HC epithelia, and recent technological advancements have enabled high-

resolution, non-contact measurement of epithelial and bundle mechanics (Spector et al., 1996;

Cartagena-Rivera et al.,, 2019). Brillouin microscopy enables the optical interrogation of

mechanical properties of biological specimens (Prevedel et al., 2019). Traction force microscopy

is used to characterize the forces that cells exert on their substrate (Colin-York et al., 2017).

Genetically encoded FRET sensors can measure tension at the molecular level (Cost et al.,

2019). Epithelial tension can also be indirectly inferred from time lapse imaging (Cohen et al.,

2019), analysis of cell shape (Francou et al., 2017), and measuring junctional recoil velocity

following laser ablation (Behrndt et al., 2012).

Three-dimensional bubble cultures can be used to tune the external mechanical environment

(Gnedeva et al., 2018). Optical tweezers enable the mechanical manipulation of individual
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molecules (Bartsch et al., 2019), and multiple techniques have been developed to apply strain on
epithelial monolayers (Harris et al., 2014; Benham-Pyle et al., 2015).
Conclusions

The central goal of HC regeneration research is to identify and circumvent factors that limit
the regenerative proliferation and differentiation of mammalian SCs. The downregulation of
embryonic gene expression patterns for growth and development and changes in chromatin
accessibility are likely to heavily influence the lack of a robust regenerative response in mature
mammalian SCs (Gnedeva and Hudspeth, 2015; Jen et al., 2019). In addition to those
downstream factors, the development of reinforced junctions and cytoskeletal features in
mammalian SCs represents a very promising area for further discovery. Direct experimental
manipulations of these junctional and cytoskeletal components are needed to determine whether
the strong correlations between junctional reinforcement, stiffening of SCs, and decreased SC

plasticity are indicative of a causal relationship.
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Figures and Figure Legends
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Figure 2-1. Schematic depicting the hypothesized relationship between utricular growth, cell density, YAP-TEAD
transcriptional activity, and proliferation during development. The graph depicts the inverse relationship between
supporting cell density and terminal mitoses in the developing mouse utricle.
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Figure 2-2. Supporting cells have been observed to undergo four behaviors during regeneration in nonmmals: Direct
transdifferentiation, asymmetric divisions, or symmetric divisions that produce either two supporting cells or two hair
cells. In the regenerating chicken utricle and zebrafish lateral line, certain modes of regeneration occur in approximately

equal proportions such that the density of supporting cells remains roughly constant (Scheibinger et al. 2018, Romero-
Carvajal et al. 2015).
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Figure 2-3. Cell-cell junctions in HC epithelia. SC depicted in blue, and HC depicted in purple.
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Figure 2-4. Schematic of cadherin-catenin complex at the adherens junction.
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at SC-SC junctions. Adapted from Kozlowski et al. 2020.
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Figure 2-6. Regional and species differences in cadherin ex
within the sensory epithelium (SE) and E-cadherin is expressed in the surrounding nonsensory epithelium (NSE). In
mouse utricles, N-cadherin is also expressed in the SE, but E-cadherin is expressed both in the SE and NSE. Chicken
images adapted from Warchol 2007. Mouse images adapted from Collado et al. 2011b.
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Figure 2-7. Levels of p120-catenin and E-cadherin increase during postnatal maturatlon Cochlear images adapted
from Luo et al. 2018 with scale bar denoting 20 um. Utricle images adapted from Collado et al. 2011b with scale bars

denoting 10 um.
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Figure 2-8 Transmission electron micrographs of the supporting cell-basal lamina interface from utricles of mice at
different ages. Arrows depict progressive maturation of hemidesmosome-like plaques. SC, supporting cell. CT,

connective tissue. Scale bar denotes 250 nm. Adapted from Davies et al. 2007.
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Figure 2-9.Pharmacologic inhibition of gap junctions prevents the extrusion of hair cells from the gentamicin-damaged
chicken cochlea. MFA, meclofenamic acid. Scale bars denote 20 um. Adapted from Jagger et al. 2014.
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Figure 2-4. F-actin bands in vestibular SCs of the mammalian utricle thicken postnatally. F-actin bands in chickens

remain thin throughout life. Scale bars denote 10 um for mouse images and 5 um for chick images. Adapted from
Burns et al. 2008.
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Figure 2-11. EGF and the GSK3 inhibitor CHIR-99021 each thin the F-actin bands of SCs in cultured mouse utricles.
Scale bar denotes 5 um. Adapted from Kozlowski et al. 2020.
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Figure 2-12. Sarcomeric network at HC-SC apical junctions in the P2 rat organ of Corti. Scale bar represents 3 pum.
The middle panel depicts an enlarged view of the bracketed region along with relative fluorescence intensity traces of
nonmuscle myosin 1B (green) and a-actinin 1 (red). Adapted from Ebrahim et al. 2013.

Page 63 | 194



Adult

P1

+ 1

Figure 2-13. F-actin labeling at the apical surface of the neonatal and adult mouse cochlea. Brackets in the lower panel
depict the age-related thickening of F-actin bands at DC-DC junctions. Scale bar depicts 5 um. Adapted from Burns et
al. 2013.
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Figure 2-14. Overview of YAP/TAZ regulation.
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Figure 2-15. Culture with EGF and a GSK3 inhibitor depletes E-cadherin, but not N-cadherin, from striolar SC junctions
of adult mouse utricles. Levels of the transcriptional co-activators B-catenin and YAP are reduced in the apical domains
of those striolar SCs. Adapted from Kozlowski et al. 2020.
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CHAPTER 3

The Thick Circumferential F-actin Bands that Develop in Mammalian Supporting
Cells Impose a Biomechanical Brake Upon Epithelial Repair

ABSTRACT
Hair cell losses cause permanent hearing and balance deficits in humans and other

mammals, but nonmammals recover sensory function after supporting cells divide and replace
hair cells. The proliferative capacity of mammalian supporting cells declines as develop thick
circumferential F-actin bands at their adherens junctions. We hypothesized that these reinforced
junctions limit the regenerative response by impeding the changes in cell shape and tension that
coordinate repair. We applied a customized micropipette aspiration technique to measure
stiffness of the hair cell epithelium’s apical surface. The surface of the mature mouse utricle was
more resistant to deformation than the surfaces of utricles from chickens and newborn mice.
Depolymerization of the F-actin bands reduced the stiffness of mature mouse utricles. Supporting
cells in the chicken utricle are subject to constant anisotropic tension, orienting their cell divisions
and harboring elongated apical domains that expand upon inhibition of nonmuscle myosin Il. In
contrast, supporting cells in the mouse utricle maintained round apical domains that were
unaffected by changes in actomyosin contractility. Thus, the highly regenerative supporting cells
of birds display mechanical behavior consistent with that of typical epithelia, where cell loss
produces generates increases in intraepithelial tension that coordinate repair. In contrast, the thick
F-actin bands that develop in mammalian supporting cells physically restrict shape changes and
appear to impede the efficiency of actomyosin contractility, processes known to activate mitogenic

signaling pathways.

Page 67 | 194



INTRODUCTION
A major and permanent cause of the hearing loss that affects more than 400 million people

worldwide and vestibular dysfunction that affects over a third of adults is the loss of sensory hair
cells (HCs) of the inner ear (Agrawal et al., 2009; World Health Organization, 2020). HCs are
vulnerable to loud sound, ototoxic drugs, and aging, but are not effectively replaced in humans
and other mammals (J. B. Nadol, 1993). In nonmammalian vertebrates, such insults evoke a
regenerative response whereby neighboring supporting cells (SCs) divide and differentiate into
replacement HCs, or convert directly into HCs. The factors that account for these species-specific
differences in regenerative capacity remain unclear.

An emerging paradigm in epithelial repair is that mechanical signals arising from cell loss
induce a proliferative response (Mesa et al., 2018). The forces produced by cell loss propagate
through cell-cell junctions, directing direct shape changes and increasing cortical tension in
nearby cells, which activate mechanosensitive signaling molecules such as YAP (Benham-Pyle
et al., 2015). With this in mind, we examined the major differences that exist between the cell-cell
junctions in vestibular SCs of mammals and nonmammals.

In the mouse utricle, SCs develop E-cadherin-rich junctions that are bracketed by
exceptionally thick circumferential F-actin bands (Burns et al., 2008; Collado et al., 2011b). The
growth of the F-actin bands strongly correlates to declines in the ability to change shape (R = -
0.989) and proliferate (R = -0.975) in culture (Burns et al., 2008). In contrast, SCs in birds, fish,
and amphibians express little E-cadherin, retain thin junctional F-actin bands, and readily change
shape and proliferate throughout life (Burns et al., 2013). It was also shown that HC loss led to
nuclear accumulation YAP in SCs of the chicken utricle, but did not in mice (Rudolf et al., 2020).
We hypothesized that the thin F-actin bands in nonmammalian SCs permit them to readily change
shape and proliferate, while the thick F-actin bands in mammalian SCs limit such deformations.

To test that, we measured stiffness of the apical surfaces of utricles from mice and

chickens of various ages using a custom modification of micropipette aspiration, a simple method
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to apply a standardized negative pressure to the surface of a biological specimen and visualize
its ensuing deformations (Hochmuth, 2000). We also examined the capability of actomyosin
contractility to affect the shape of SC apical domains.

We find that the thick F-actin bands physically stabilize the apical domains of mammalian
SCs, limiting their deformations to applied force and appearing to diminish the influence of
actomyosin contractility on the apical domain morphology. In stark contrast, SCs in chickens
behaved as though coupled in a mechanical syncytium, exhibiting collective alignment and
elongation and orienting their divisions with respect to anisotropic tension. Their apical domain
sizes were actively regulated by tonic actomyosin contractility. The data suggest that the stiff F-
actin bands of mature mammalian SCs constitute a biomechanical “brake” that impedes the
mechanical signals that arise from HC loss and would otherwise activate regenerative programs

such as YAP-TEAD signaling.

MATERIALS AND METHODS
Animals and dissection of vestibular organs

All animals were handled in accordance with protocols approved by the Animal Care and
Use Committee at the University of Virginia (protocol #1835 07 18). Utricles from embryonic day
16 (E16), postnatal day zero (P0), or adult (>6 week old) mice of either sex were used with staging
of embryos according to The Atlas of Mouse Development (Kaufman, 1992). Swiss Webster mice
were obtained from Charles River Laboratories. Transgenic mice that express a y-actin and green
fluorescent protein (GFP) fusion protein were generated in the laboratory of Dr. Andrew Matus
(Fischer et al., 1998). 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. Embryos were staged according to morphometric features (Hamburger and

Hamilton, 1951). Animals of either sex were used for all experiments.
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For tissue harvest, labyrinths were dissected from temporal bones in ice-cold, HEPES-
buffered DMEM/F-12 (Thermo Fisher Scientific), vestibular organs were isolated, and the roof
and the otoconia were mechanically removed.

Organ culture

Utricles dissected from mice and chickens under aseptic conditions were transferred to
glass-bottom dishes (Mat-Tek) coated with Cell-Tak (1 pL air-dried onto the glass; BD Biosciences
#354240) and adhered with the nerve side down. Utricles were cultured in DMEM/F-12 + HEPES
with 1% fetal bovine serum (FBS; Invitrogen) and 10 pg/ml Ciprofloxacin (Bayer) at 37°C and 5%
CO.. In some experiments, cytochalasin D (Sigma-Aldrich), blebbistatin (Calbiochem), or
streptomycin sulfate (Sigma) were added to the culture medium at the concentrations and
durations indicated below.

Micropipette aspiration

To measure the mechanical stability of sensory epithelia from chickens and mice of
various ages, we adapted micropipette aspiration to quantify tissue-level resistance to
deformation in utricular sensory epithelia. This technique enables direct observation of
deformation lengths produced by a calibrated suction pressure, and can be applied in length
scales from single cells (Hochmuth, 2000) to whole embryos (Porazinski et al., 2015).
Micropipettes were fabricated from borosilicate glass tubes on a Sutter Instruments puller, scored
with a tile and broken to clean edge of 22.5 um in diameter (which spans ~5 HCs). The tip of the
micropipette was dipped in Sigmacote before use (Sigma SL2) to minimize adhesion to debris.

On the day of tissue harvest, utricles for micropipette aspiration measurement were
cultured atop 0.08 um Nucleopore membranes (Whatman) at the meniscus of the culture medium.
On the following day, utricles were transferred to a glass-bottom POCR chamber (Zeiss)
containing DMEM/F12 + HEPES supplemented with 5% FBS, and the utricle was adhered to the
Cell-Tak-coated glass with the nerve side down. Under an upright microscope with a heated stage
set to 37°C, the utricle was patrtially lifted from the glass using fine forceps, with one edge
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remaining adhered to the glass. Two micropipettes were used, each connected with plastic tubing
to an open-barreled syringe filled with water (the “water reservoir”) to serve as a manometer. The
first “stabilizing” pipette of 50-100 um internal diameter was maneuvered with a micromanipulator
to contact the nerve side of the utricle in order to stabilize it such that the utricle’s planar apical
surface was parallel to the optical axis (Figure 1A). The second, “aspiration” micropipette of 22.5
pm internal diameter was used for micropipette aspiration measurements of the apical surface.
The apical surface of the utricle and tip of the micropipette were visualized with differential
interference contrast microscopy with a 60x, 0.9 NA water immersion objective.

To perform a measurement, the water reservoir was positioned such that its meniscus
was at the same height as the utricle, such that no suction pressure would be present upon
contact. Then, a micromanipulator was used to bring the aspiration pipette into light contact with
the sensory epithelium’s apical surface. Then the water reservoir was lowered to apply a ramped
negative pressure, creating a deformation that could be visualized with differential interference
contrast video microscopy (Figure 3-1B-D; Movie 3-1). Specifically, the water reservoir was
lowered at a rate of 3 cm/s for 10 s (equivalent to a negative pressure ramp of 3 cm H>O/s or
~300 Pa/s), and then held with the meniscus 30 cm below the height of the utricle (equivalent to
a negative pressure of 30 cm H20 or ~3 kPa) for an additional 10 s. As the utricle’s apical surfaced
deformed during that process, images of the deformation were acquired at 1 s increments using
a SPOT Idea CMOS camera. After the 20 s acquisition, the final deformation length was measured
in a blinded fashion using FIJI software. Each utricle was measured at least three times, and the
individual measurements from each utricle were averaged together to generate a single value for
each utricle, which was considered a single independent observation for statistical analysis.
Immunohistochemistry

Utricles were fixed in 4% paraformaldehyde for one hour at room temperature or Shandon
Glyo-Fixx overnight at 4°C. After washing in PBS with 0.1% Triton X-100 (PBST), utricles were
blocked in 10% normal goat serum (Vector) in PBST for 2 hours at room temperature. Primary
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antibodies were incubated with 2% normal goat serum at 4°C overnight. After washing in PBST,
secondary antibodies were added in 2% normal goat serum and incubated for 2 hours at room
temperature. Where indicated below, AlexaFluor-conjugated phalloidin (1:100) and Hoechst
33452 (1:500) were incubated along with secondary antibodies to detect actin and nuclei. After
washing in PBST, samples were mounted in Prolong Diamond and imaged using a Zeiss 880
confocal microscope or a Zeiss Axiovert 200M widefield microscope. Primary antibodies used
included: Rabbit anti-Calretinin (Millipore Sigma AB5054, 1:200), mouse anti-N-cadherin (BD
Biosciences 610920, 1:200), rabbit anti-ZO-1 (Thermo Fisher Scientific 40-2200, 1:200), rabbit
anti-Chick Occludin (generous gift from Shoichiru Tsukita, 1:200), mouse anti-Spectrin (Millipore
MAB1622, 1:200), rabbit anti-phospho-Histone H3 (Serl10) (Millipore 06-570, 1:400), and rabbit
anti-Cingulin (Zymed 36-4401, 1:200).

Cell shape measurements

SC apical junctions were visualized by immunostaining for ZO-1 or N-cadherin in mouse
utricles and immunostaining for cingulin, occludin, or N-cadherin in chicken utricles. For cell shape
measurements, five images were acquired per utricle with 30 contiguous SCs quantified in each
region, all of which were pooled and considered an independent observation. Mouse utricles were
imaged in five standardized locations (lateral extrastriolar, anterior, medial, posterior, and central
(striolar) regions). All images of the chicken utricle were acquired in the large, medial extrastriolar
region.

All image analysis was done using FIJI. First, SC apical domains were hand-traced from
high-magnification images of the utricular apical surface, with 30 contiguous cells analyzed per
image. The apical domain area of each SC was measured. Then, each SC apical domain was fit
to an ellipse using the software’s built-in function, which provided the length of each apical
domain’s major axis, minor axis, and angular orientation. Elongation was calculated from the ratio

of the major and minor axis of each apical domain. The intercellular alignment for a given image
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was calculated using Eq. 1., where n is the number of apical domains analyzed in the image (30),

Omed is the median ellipse orientation for a given image, and 6 is the orientation of ellipse i.
Intercellular alignment = %Zf;l |Omea — 6il Eq. 1

Using this definition, perfectly aligned cells have a value of 0° deviation from the median
angle, and randomly aligned cells have a value of 45° deviation from the median angle.
Measurement of cell division orientation

To measure cell division orientation in the developing chicken utricle, utricles were
harvested at E14 and immunostained for phospho-histone H3 (PH3) to label dividing cells and
spectrin to label cuticular plates and HCs. Using an Axiovert 200M inverted microscope, cells in
metaphase and anaphase were identified. Images of the mitotic figure and nearby cuticular plates
were acquired for each dividing cell. The division orientation of a cell in metaphase was
determined by drawing a line that spanned the metaphase plate, measuring its angle in FIJI, and
adding 90° to account for the fact that metaphase cells divide perpendicular to the orientation of
their metaphase plate. The division orientation of a cell in anaphase was determined by drawing
a line from one pole to the other and measuring its angle in FIJI. The local axis of HC polarity was
determined by averaging the polarity of the six closest HCs to each mitotic figure; to do that, a
line was drawn that bisected the HC’s cuticular plate and terminated at the fonticulus as visualized
by immunostaining for spectrin; the angle of the line was measured in FIJI. The difference
between each cell division orientation and the axis of local HC polarity was recorded as “degrees
deviation from local HC polarity.” Using this definition, the cell division orientation can range from
0° (parallel to the local axis of HC polarity) to 90° (perpendicular to the local axis of HC polarity).

To measure cell division orientation in the regenerating chicken utricle, utricles from P2
chickens were harvested and cultured 24 h in medium containing 1 mM streptomycin sulfate to
ablate HCs. Utricles were then transferred to a dish containing standard culture medium and

incubated an additional 48 h prior to fixation. Utricles were immunostained with cingulin to label
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cell junctions, and Hoechst 33342 was used to label nuclei. The orientations of dividing cells in
metaphase or anaphase were measured as described above. Because HCs were ablated, the
orientation of cell divisions was measured with respect to the long axis of neighboring SCs, which
runs parallel to the axis of HC polarity in undamaged utricles (data not shown). To do this, the
apical domains of the six closest SCs were outlined using cingulin immunoreactivity and fit to an
ellipse using FIJI. Then, the orientations of the major axes of the ellipses were averaged together.
The difference between the division orientation and axis of local SC elongation was recorded as
“degrees deviation from local SC elongation.” Using this definition, the cell division orientation can
range from 0° (parallel to the local axis of SC elongation) to 90° (perpendicular to the local axis
of SC elongation).
Time-lapse imaging

Chicken utricles were harvested and cultured as described above. Prior to imaging,
utricles were incubated in medium containing 100 nM SiR-actin (Cytoskeleton CY-SC006) for 6 h
to label F-actin and then transferred to DMEM/F-12 + HEPES containing 3 uM FM1-43FX
(ThermoFisher F35355) for 3 min to label HCs. For imaging, utricles were transferred to a Zeiss
POCR chamber with a 42 mm coverglass that contained DMEM/F-12 + HEPES supplemented
with 10% FBS. A wax barrier bisected the chamber for the simultaneous imaging of two samples.
Utricles were immobilized HC-side down with a miniature “harp” (gold wire threaded with fine
nylon) as previously described (Bird et al., 2010). Then, the imaging chamber was placed on a
37°C heated stage insert supplemented with 5% CO». Just prior to image acquisition, blebbistatin
was spiked into one side of the bisected chamber at a final concentration of 50 uM, and DMSO
was added to the second side as a vehicle control. The time-lapse was acquired on a Zeiss 880
confocal microscope, with z-stacks obtained at 10 min intervals for a duration of 10 h.
Statistics

GraphPad Prism 8 software was used for statistical tests. For pairwise comparisons,
unpaired Student’s t-tests were used. ANOVA was used to analyze comparisons between three
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or more groups, and Tukey’s test was applied where indicated in the figure legend. The
Kolmogorov-Smirnov (KS) test was used to test whether cell division orientations were randomly
oriented, with a uniform distribution as the null hypothesis. Bar graphs display mean + 95%
confidence interval, with dots denoting independent biological replicates. Test statistics, sample
sizes, degrees of freedom, and p-values are reported on the graphs or in the figure legends. For
all tests, a p-value less than 0.05 was considered statistically significant.

RESULTS
Utricular sensory epithelia of mature mice were more resistant to deformation than those

of developing mice and chickens

To test whether the surface of the mouse becomes more resistant to deformation with
age, we applied our customized micropipette aspiration technique to utricles from E16, PO, or
adult mice. The deformation lengths of E16 and PO mouse utricles were comparable at 10.1 £ 0.7
pm and 9.5 £ 1 um, respectively (mean + standard deviation), but utricles from adults deformed
less than half as much (4.4 £ 1.6 um; p < 0.0001, F(, 13 = 38.16, ANOVA, n = 4-7 utricles per
condition, Figure 3-1E). To determine whether resistance to deformation would increase with age
in a nonmammalian vertebrate, we applied the same technique to utricles of P3 and P36-40
chickens. There was no significant difference between their mean deformation lengths (12.2 + 0.6
pm vs 11.6 £1.6 um, p = 0.36, ta7) = 0.93, unpaired t-test, n = 6-13 utricles per condition, Figure
3-1E). Furthermore, the deformation lengths of P36-40 chicken utricles were 2.6-fold greater than
those of adult mice (p < 0.0001, tus) = 7.7, unpaired t-test, n = 4-13 utricles per condition, Figure
3-1E). The data indicate that postembryonic changes in the mouse utricle cause its apical surface
to become more resistant to deformation than the apical surface of the chicken utricle, where such
postembryonic changes do not occur.
F-actin depolymerization reduced the stiffness of mature mouse utricles

The increasing resistance to deformation of the murine utricle’s apical surface correlated

with the development of thick, junction-associated F-actin bands in SCs (Burns et al., 2008).
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Micropipette aspiration of PO and adult y-actin—GFP mice revealed that F-actin at the reticular
lamina is deformed, and thus could contribute to the stiffness measurements (Movie 3-2). To test
whether F-actin affects the stiffness of the apical surface, we cultured utricles from adult mice in
the presence of the F-actin depolymerizing agent cytochalasin D for 24 h. As previously shown
(Burns and Corwin, 2014), cytochalasin D treatment disrupts the F-actin bands compared to
DMSO-treated controls (Figure 3-2A, B). Micropipette aspiration revealed that cytochalasin D
treatment resulted in a nearly 40% increase in deformation length over controls (7.3 £ 0.7 vs 5.3
+ 1.2 um, p = 0.002, taz) = 3.941, unpaired t-test, n = 7 utricles per condition, Figure 3-2C-E). The
results show that the thick F-actin bands which develop in mammalian SCs significantly limit the
deformation of the utricle’s apical surface in response to an applied force. This mechanical
stability would prevent the forces arising from HC loss from eliciting rapid shape changes that are
associated with nuclear accumulation of YAP and proliferation in SCs (Rudolf et al., 2020).
Progressive SC elongation in the chicken utricle revealed the emergence of anisotropic
tissue tension

We observed that the apical domains of SCs in the mouse utricle resemble regular
polygons, whereas those of chicken SCs are elongated and aligned along the axis of HC polarity
(Figure 3-3A, B). To quantify the degree of elongation and alignment, we traced the apical
domains of SCs from confocal images of the apical junctions, and fit each outline to an ellipse
with determined length, width, and orientation (Figure 3-3C-H). The length:width ratio provided a
measure of elongation. The degree of alignment was determined by identifying the median
orientation in each image and calculating the average deviation from that, such that perfectly
aligned cells have an average deviation of 0°, and randomly oriented cells have an average
deviation of 45° (Figure 3-3l).

In the mouse utricle, SCs maintained regular shapes from E16 through adulthood (Figure
3-4A-C), though the area of the apical domains increased by ~80% (p = 0.0008, F(, g = 20.0,
ANOVA, n = 3-4 utricles per condition, Figure 3-4H). The length:width ratios of the cells marginally
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increased by ~8% (p = 0.044, F, sy = 4.7, ANOVA, n = 3-4 utricles per condition), indicating a very
slight elongation, and SCs did not become aligned with age (p = 0.18, F(2,5 = 2.1, ANOVA, n = 3-
4 utricles per condition).

The apical domains of chicken SCs increased ~50% in area from E7 to PO (p = 0.001,
Fi.16 = 9.05, ANOVA, n = 3-7 utricles per condition). But unlike the regular shapes of murine SCs,
SCs in the chicken utricle became progressively elongated and aligned during embryonic
development (Figure 3-4D-H). By PO, the average chicken SC had a length:width ratio of 4.2 +
0.7, more than twice that of E7 SCs (p = 0.001, F@s16 = 25.5, ANOVA, n = 3-7 utricles per
condition). The average deviation from the local median angle shrank from 23° £ 4° to only 7°
1° (p < 0.0001, F, 18 = 39.9, ANOVA, n = 3-7 utricles per condition). The measurements indicate
that SCs in the mouse utricle maintain standard hexagonal close-packing, whereas the
progressive elongation and alignment of SCs in the chicken utricle suggests that they are
deformed by anisotropic tension.
During development and regeneration, SC divisions in the chicken utricle are oriented and
occur perpendicular to the axis of HC polarity

In epithelial monolayers that experience anisotropic stress, cell divisions are oriented such
that they occur along the long axis of the cell, resulting in dissipation of stress (Wyatt et al., 2015).
To test whether the elongated and aligned SCs in the chicken utricle undergo oriented cell
divisions, we harvested utricles at E14 and immunostained them with an antibody for phospho-
Histone 3 (PH3), which identifies cells that are in the M-phase of the cell cycle. The orientations
of mitotic figures in metaphase or anaphase were analyzed with respect to the local axis of HC
polarity, as determined by spectrin immunostaining. Surprisingly, metaphase plates were usually
parallel with axis of HC polarity, such that an ensuing cell division would be expected to occur
perpendicular to that axis (Figure 3-5A, B). In anaphase cells, divisions also tended to occur
perpendicular to the axis of HC polarity (Figure 3-5 C, D). Quantification of 119 mitotic figures
showed that the distribution was heavily skewed with divisions occurring perpendicular to the axis
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of HC polarity. The measured distribution of cell division orientations was very unlikely to be
random (p = 1.512e%°, D = 0.313, KS test, n = 119 cells, Figure 3-5J).

To test whether regenerative cell divisions were oriented in the chicken utricle, we cultured
utricles from P2 in the presence of 1 mM streptomycin for 24 h to ablate HCs, and fixed after a
total of 72 h to assess the orientation of dividing cells. Similar to the E14 utricle, mitotic figures in
metaphase and anaphase tended to be aligned such that the cell division would occur
perpendicular to the axis of SC elongation (Figure 3-5F-I). Quantification of 141 mitotic figures
produced a distribution that was heavily skewed perpendicular to the axis of SC elongation, and
a KS test revealed that the distribution was very unlikely to match that of randomly oriented
divisions (p = 2.368e®, D = 0.254, KS test, n = 141 cells, Figure 3-5J). The results suggest that
cell divisions in the developing and regenerating chicken utricle tend to be oriented along the short
axis of the cell—appearing to contribute to, rather than dissipate, anisotropic stress.

Murine SCs maintain their shape independent of non-muscle myosin Il contractility, but
chicken SCs require actomyosin contractility to maintain their anisotropic shapes

The apical domains of epithelial cells are shaped by the contractility of non-muscle myosin
Il on the junction-associated F-actin belt (Ebrahim et al., 2013). We tested whether interfering with
this contractility would affect the shapes of SCs in utricles from PO mice and PO chickens. Utricles
were cultured for 5 h in either DMSO or blebbistatin, an inhibitor of non-muscle myosin II
contractility. Most cultures were either fixed and processed for immunohistochemistry at that
point, and some blebbistatin-treated cultures were rinsed and fixed after a total of 16 h.

There were no significant differences in the area, elongation, or alignment of SCs in the
PO mouse utricle upon blebbistatin treatment (area: p = 0.24, te = 1.30; length:width ratio: p =
0.51, t = 0.70; alignment: p = 0.88, te = 0.15, unpaired t-test, n=4 utricles per condition, Figure
3-6A, B, F). In contrast, blebbistatin treatment of chicken utricles resulted in a 20% increase SC
area and a 20% decrease in length:width ratio (area: p = 0.027, tg = 2.7; length:width ratio: p =
0.0485, tg = 2.3; alignment: p =0.11, t = 1.8, unpaired t-test, n = 5 utricles per condition, Figure
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3-6C-F). The effects of blebbistatin on the chicken utricle were reversible upon washout (area: p
=0.0062, tg = 3.7; length:width ratio: p = 0.027, ts) = 2.3; alignment: p = 0.042, tg = 2.7, unpaired
t-test, n = 5 utricles per condition). Thus, the size and shape of the SC apical domain appeared
to be maintained independent of non-muscle myosin Il contractility in the mouse utricle. In sharp
contrast, SCs in the chicken utricle required tonic actomyosin contractility to maintain their
compact, elongated, and aligned shapes.

To further examine the importance of non-muscle myosin Il contractility for maintaining
SC shapes in the PO chicken utricle, we monitored the effects of blebbistatin treatment using time
lapse microscopy. F-actin was visualized with SiR-actin, a cell permeable dye that labeled F-actin
at cell junctions and in hair bundles. At the start of the acquisition, DMSO was spiked into the
medium of one half of a bisected imaging chamber, and blebbistatin was spiked into the other half
at a final concentration of 50 uM. The shapes of SCs in the DMSO-treated utricles did not change
throughout the 9 h time lapse (Movie 3-3). In the blebbistatin-treated utricles, however, apical
surfaces of SCs began to enlarge starting at ~3 h and continuing through 9 h. The shape changes
did not occur stochastically in individual SCs, but rather groups of SCs changed shape in concert.

Dramatic changes to epithelial morphology occurred when PO chicken utricles were
cultured in blebbistatin for longer durations. After 24 h in culture, DMSO-treated controls
maintained their typical planar apical surface, but those cultured in blebbistatin had a “ruffled”
appearance (Figure 3-6G-l). The “ruffles” had a regular spacing of ~25 ym and ran parallel to the
local axis of HC polarity. The results show that upon inhibition of non-muscle myosin I
contractility, SC relaxation is anisotropic, with short axes of the SCs expanding to a greater degree
than the long axis of the cell. As the sensory epithelium was constrained within the original

macular borders, these anisotropic expansions led to buckling out of the original tissue plane.

DISCUSSION
Vestibular SCs in mammals and nonmammals share most characteristics, but have very

different capacities for regeneration. The development of E-cadherin-rich junctions with thick
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circumferential F-actin bands in mammalian SCs has been hypothesized to function as a “brake”
on the regenerative processes that occur readily in nonmammalian SCs. Here, we present the
first direct evidence that the thick F-actin bands function biomechanically to restrict the collective
mechanical behavior that normally governs epithelial repair. This stands in stark contrast to the
chicken utricle, were such collective behavior is evident in SCs.

Epithelial cell loss produces different types of mechanical signals. One is the physical
deformation of neighboring cells. Another is an increase in cortical tension due to increased
actomyosin contractility (Karsch et al., 2017). The likelihood of an epithelial cell to progress
through the cell cycle is predicted well by the combination of these geometric and mechanical
properties (Uroz et al., 2018). The data indicate that the F-actin bands in mammalian SCs can
restrict both. First, micropipette aspiration measurements revealed that the apical surface of the
mouse utricle resists deformation in an age- and F-actin-dependent manner (Figure 3-1, 2),
explaining why SC shape changes in response to HC loss are less dynamic in mature mouse
utricles than in utricles from newborn mice (Burns and Corwin, 2014). Second, the activity of
nonmuscle myosin Il does not influence the SC shape in the murine utricle (Figure 3-6),
suggesting impairment in the ability to modulate cortical tension upon cell loss. The efficiency of
actomyosin contractility depends on the ultrastructural features of the F-actin network and its
degree of crosslinking (Ennomani et al., 2016). Further studies are required to investigate those
parameters in the F-actin bands of SCs in the mammalian utricle.

Although it is logical that inhibition of nonmuscle myosin Il contractility has different effects
on SCs in the chicken utricle than those in the mouse utricle, we observed that even SCs in
newborn mice are be insensitive to the inhibition of actomyosin contractility. In comparison,
blebbistatin treatments have been shown to induce expansion of SC apical domains in the
cochlear explants from embryonic and early neonatal mice (Cohen et al., 2019; Ebrahim et al.,
2013). This apparent discrepancy can be explained by accounting for the variation in F-actin band
thickness that is apparent between utricular and cochlear SCs in newborn mice. It was reported
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that SCs in the PO mouse utricle have circumferential F-actin bands ~30% thicker than those of
Deiters cells in the P1 mouse cochlea, and they are twice as thick as the bands in SCs in the
chicken utricle (Burns et al., 2008, 2013). The thinner F-actin bands in the developing cochlear
SCs may facilitate the convergent extension, intercalation, and precise patterning that occur
during development. As the circumferential F-actin bands between Deiters cells and pillar cells
also thicken with age (Burns et al., 2013), we predict that those cochlear SCs too would eventually
lose their sensitivity to blebbistatin treatment. Consistent with the notion that cochlear SCs too
become mechanically stable with age, the thick F-actin bands appear to serve as a scaffold that
preserves positions of surviving cells after HC loss in the mature organ of Corti (Anttonen et al.,
2017).

The findings here indicate that the thick circumferential F-actin bands confer two potential
evolutionary advantages to mammals. First, the thick F-actin bands allow the apical surface of
the mammalian HC epithelium to become stiffer than those in nonmammals. The fidelity of HC
mechanoelectrical transduction is enhanced by the high rigidity of the reticular lamina (Tomo et
al., 2007). Second, the thick F-actin bands impart mechanical stability via a passive mechanism
that does not rely on constitutive activity of nonmuscle myosin Il. By avoiding the need to expend
ATP to maintain the shapes of their apical membrane, mammalian SCs may have a lower
metabolic requirement than those of nonmammals. Whether such metabolic differences exist
between mammalian and nonmammalian SCs remains unexplored.

The mechanical signals that arise from cell loss eventually must influence intracellular
signaling pathways in order to evoke proliferation. One such candidate is the Hippo pathway and
its effector YAP. It has recently been shown that YAP enters SC nuclei and evokes regenerative
proliferation after HC losses in the chicken utricle, but in the mouse utricle YAP remains
cytoplasmic after HC loss (Borse et al., 2020; Rudolf et al., 2020). Further, shape changes
correlate with the nuclear accumulation of YAP in SCs (Rudolf et al., 2020). The relationship
between actomyosin contractility and YAP activation remains to be directly established in HC
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epithelia, although this has been shown in other epithelia (Furukawa et al., 2017; Pan et al., 2016;
Rauskolb et al., 2014).

Our results suggest that dismantling the thick circumferential F-actin bands would amplify
regenerative responses in mammalian SCs. It was recently shown that treatments with EGF and
a GSK3p inhibition thin the F-actin bands throughout the macula of cultured utricles from adult
mice (Kozlowski et al., 2020). The treatment eventually led to the depletion of E-cadherin from
the junctions between striolar SCs, and a resurgence in striolar proliferation. These results
indicated that thinning the F-actin bands is not sufficient to release extrastriolar SCs from
proliferative quiescence. However, that study did not explore whether the treatment increased the
responsiveness of SCs to nonmuscle myosin Il contractility.

SC shape changes have been firmly established to control proliferation of SCs (Collado
et al.,, 2011a; Gnedeva et al., 2017; Meyers and Corwin, 2007; Warchol, 2002), whereas the
influence of contractility in HC epithelia has been relatively less explored (Meyers and Corwin,
2007; Xia et al., 2020). We argue that it is important to consider this latter parameter in addition
to shape change. For example, in the utricles of chickens and newborn mice, many SCs expand
a small amount to accommodate vacancies left by lost HCs. In contrast, only SCs adjacent to the
lost HC change shape (Burns and Corwin, 2014). Thus, SCs in mature mice have to undergo
larger shape changes after HC loss. Why, then, are they less likely to proliferate? Clearly, the
cortical tension and rate of shape change must be considered, and not merely shape change
alone. The relative influence of these parameters could be explored using a computational model.

The progressive elongation and alignment of SCs in the embryonic chicken utricle is a
hallmark of the accumulation of anisotropic stress. Typically, cells orient their divisions such that
they occur along the cell’'s long axis (Hertwig, 1884), which serves to dissipate this stress
(Campinho et al., 2013; Wyatt et al., 2015). We find that SC divisions in the developing and
regenerating chicken utricle indeed are oriented (Figure 3-5). But in apparent contradiction to
“Hertwig’s rule”, they occur along the short axis of the SC, such that they would appear to promote
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the accumulation of anisotropic stress. It will be necessary to conduct time lapse experiments to
confirm this unexpected finding. One clue as to a potential purpose for this behavior is that SC
elongation occurs along the local axis of HC polarity in this planar polarized epithelium, and that
HCs themselves are elongated. Thus, one intriguing possibility is that the unusual orientation of
these SC divisions promotes the accumulation of anisotropic stress, thereby aiding the
polarization of HCs.

In summary, the work here sharpens our understanding of how junctional reinforcement
mechanistically act as a “brake” that limits regenerative processes specifically in mammalian SCs.
The thick circumferential F-actin bands act as a “biomechanical brake” that limits SC deformations
and actomyosin-generated tension. The E-cadherin adhesions may act as a “biochemical brake”
that sequesters mitogenic signaling molecules at adherens junctions (Kozlowski et al., 2020).
Both of these mechanisms may impinge on the activation of YAP (Rudolf et al., 2020). These
mechanisms explain, in part, why mammalian SCs largely remain in a state of proliferative
guiescence after HC loss, whereas those in nonmammals readily replace HCs and enable

recovery of hearing and balance function.
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FIGURES AND FIGURE LEGENDS
Approach | B 30cm H,0
20s

Stills from Movie 3-1. Micropipette aspiration of the apical surface of a utricle from a PO mouse.
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Figure 3-1. Micropipette aspiration measurements reveal that the apical surface of utricles from mature mice
are significantly more resistant to deformation than those of newborn mice and chickens. (A) Low
magnification image of a mouse utricle prior to micropipette aspiration. A stabilizing pipette ~50-100 pm in
diameter (left) was used to apply light suction on the “nerve side” to maintain the utricle in place. Another
pipette 22.5 pm (~5 cell apices) in diameter (right) was used to apply a defined negative pressure to the
apical surface of the utricle. (B) The negative pressure was ramped from 0 cm H20 to -30 cm H20 over a
span of 10 s, and then maintained at -30 cm H20 for an additional 10 s. The deformation length of the apical
surface was after the full 20 s “pull” was recorded. (C, D) High magnification images of the apical surface of
a PO mouse utricle during application of negative pressure. (E) Plot of mean deformation length of utricles
from mice and chickens of various ages. Error bars denote 95% confidence interval. Dots represent an
average of at least three measurements from a single utricle. P-values are listed for relevant statistical
comparisons. The mean deformation length of the mouse utricle significantly differed with age (p < 0.0001,
F(2, 13) = 38.16, ANOVA, n = 4-7 utricles per condition). The mean deformation lengths did not significantly
differ between P3 and P36-40 chicken utricles (p = 0.36, t(17) = 0.93, unpaired t-test, n = 6-13 utricles per
condition). The mean deformation length was significantly lower in adult mouse utricles than P36-40 chicken
utricles (p < 0.0001, t¢15) = 7.7, unpaired t-test, n = 4-13 utricles per condition).
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Stills from Movie 3-2. Micropipette aspiration of PO and adult y-actin—GFP mice revealed that F-actin at
the reticular lamina is deformed, and thus could contribute to the stiffness measurements.
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Figure 3-2. F-actin depolymerization thins the circumferential F-actin bands in SCs of adult mouse utricles
and reduces stiffness of the apical surface. (A, B) Fluorescent images of utricles from adult y-actin—GFP
mice that were cultured for 24 h in DMSO or 100 nM cytochalasin D (Cyto D), an F-actin depolymerizing
agent. (C, D) Representative micropipette aspiration images of utricles from adult Swiss Webster mice that
were cultured in DMSO or 100 nM Cyto D for 24 h. Red dashed lines denote the deformations. (E) Blinded
quantification revealed that the mean deformation length of utricles cultured in Cyto D was significantly
greater than that of DMSO-treated controls (p = 0.002, t12) = 3.941, unpaired t-test, n = 7 utricles per
condition). Data are shown as mean + 95% confidence interval. Dots represent an average of at least three
measurements from a single utricle.
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Figure 3-3. Elongation and alignment analysis of SCs in utricles from mice and chickens. (A, B) Utricles were
immunostained for N-cadherin to denote apical junctions and the HC marker Calretinin to distinguish HCs
from SCs and imaged on a confocal microscope. (C, D) The apical domains of at least 30 contiguous SCs
were outlined. (E, F) Each SC outline was fit to an ellipse. (G, H) The length, width, and angle of each ellipse
was recorded. (I) The length:width ratio (L/W) provided a measure of SC elongation. To quantify local
alignment, the local median angle was calculated for each image. The deviation 6 of each ellipse from the
local median angle was averaged to provide a measure of local alignment, ranging from 0 degrees deviation
(perfect alignment) to 45 degrees deviation (random alignment).
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Figure 3-4. SCs in mouse utricles do not undergo dramatic shape changes during development and postnatal
maturation, whereas those in chickens become more elongated and locally aligned during development. (A-
C) Confocal images of utricles from mice of various ages. Images are from the striolar region. (D-G) Confocal
images of utricles from chickens of various ages. (H) Quantification reveals that SC apical domains become
significantly larger over time (Mouse: p = 0.0008, F2 8 = 20.0 , ANOVA, n = 3-4 utricles per condition;
Chicken: p=0.001, F(3,16) = 9.05, ANOVA, n = 3-7 utricles per condition). The mean SC area was significantly
greater in adult mice than PO chickens (p = 0.0141, t) = 3.2, unpaired t-test, n = 4-5 utricles per condition).
Both murine and chicken SCs became significantly more elongated with age (Mouse: p = 0.044, F2,8 = 4.7,
ANOVA, n = 3-4 utricles per condition; Chicken: p = 0.001, F,16) = 25.5, ANOVA, n = 3-7 utricles per
condition), though elongation was significantly greater in PO chicken SCs compared to SCs in adult mice (p
=0.0002, t7) = 7.1, unpaired t-test, n = 4-5 utricles per condition). Alignment did not significantly change in
murine SCs with age (p = 0.18, F(2,8=2.1, ANOVA, n = 3-4 utricles per conditions), but significantly increased
with age in chicken SCs (p < 0.0001, F3, 18 = 39.9, ANOVA, n = 3-7 utricles per condition). SCs of the PO
chicken utricle were significantly more aligned than those of adult mouse utricles (p < 0.0001, t(9) = 21.9,
unpaired t-test, n = 4-7 utricles per condition).

Page 89 | 194



E14 Chicken Utricle Regenerating Chicken Utricle

& Spectrin : » Cingulin
0
©
<
Q
©
=
[}
=
HC Polarity— SC Long Axis—
C
()
%)
©
£
Q
@©
c
<
HC Polarity— SC Long Axis—
J
Cell Division Orientation Cell Division Orientation
E14 Chicken Utricle Regenerating Chicken Utricle
40+ 30
X X
> 304 n =119 cells >
g 30 2 204 n =141 cells
[ Q
=] =]
o o
o 2
N -
S S 109
s ©
K Kl
(4 (4
o_
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Degree Deviation from HC Polarity Degree Deviation from SC Long Axis
Cell Division Orientation Cell Division Orientation
E14 Chicken Utricle Regenerating Chicken Utricle
% 100+ 2 1004
S n =119 cells S
> D=0.313 > n =141 cells
g %1 p=1512e10 g %1 D=o0254
g S p = 2.368e-08
g 60— g 60
w w
® ©
S 20+ S 20+
£ £
= =
© o — T T T T T T T 1 O o T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Degree Deviation from HC Polarity Degree Deviation from SC Long Axis

Figure 3-5. Cell divisions are oriented in the developing and regenerating chicken utricle, occurring
perpendicular to the axes of HC polarity/SC elongation. (A-D) The orientation of PH3-labeled mitotic figures
in metaphase (A, B) and anaphase (C, D) were measured with respect to the local axis of HC polarity, as
visualized by spectrin immunostaining. (E-H) To determine whether regenerative cell divisions were oriented,
utricles from P2 chickens were cultured for 24 h to ablate HCs and fixed after a total of 72 h. Images of cells
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in metaphase (E, F) and anaphase (G, H) were acquired with Hoechst labeling of cell nuclei, and the
orientation of mitotic figures was measured with respect to the local axis of SC elongation, as visualized by
cingulin immunostaining. (G) Top: Histograms of cell division orientation during development and
regeneration. The bins have a width of 10 degrees and the x-axis labels denote the upper boundary of each
bin. The dashed lines denote a uniform distribution (i.e. randomly oriented divisions). Bottom: Cumulative
distribution functions of cell division orientation during development and regeneration. Dashed lines denote
randomly oriented cell divisions. KS tests revealed that the measured cell division orientations were
significantly non-random during development (p = 1.512e-10, D = 0.313, n = 119 cells) and regeneration (p
= 2.368e-8, D=0.254, n = 141 cells).
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Figure 3-6. Inhibition of nonmuscle myosin Il activity had no effect in the mouse utricle, but disrupted SC
shape in utricles of chickens. (A-E) Utricles from PO mice and PO chickens were cultured for 5 h in the
presence of 50 M blebbistatin or DMSO vehicle control before fixation. Some blebbistatin-treated utricles
of PO chickens were rinsed and fixed after a total of 16 h (Washout, E). (F) Quantification revealed that in
SCs of mouse utricles, there were no statistically significant differences in apical domain area (p = 0.24, t)
=1.30, unpaired t-test, n=4 utricles per condition), length:width ratio (p = 0.51, te) = 0.70, unpaired t-test, n=4
utricles per condition), or intercellular alignment (p = 0.88, t) = 0.15, unpaired t-test, n=4 utricles per
condition) between DMSO-treated and blebbistatin-treated utricles. In contrast, blebbistatin treatment
significantly affected SC area (p = 0.027, tg) = 2.7, n = 5 utricles per condition) and length:width ratio (p =
0.0485, tg) = 2.3, n = 5 utricles per condition) in chicken utricles, with alignment not reaching statistical
significance (p = 0.11, te) = 1.8, n = 5 utricles per condition). Upon washout of blebbistatin, changes to SC
area (p = 0.0062, tg) = 3.7, n = 5 utricles per condition), elongation (p = 0.027, ts) = 2.3, n = 5 utricles per
condition), and intercellular alignment (p = 0.042, ts) = 2.7, n = 5 utricles per condition) were reversible. (G,
H) After 24 h in culture, chicken utricles treated with DMSO (G) appeared normal, but treatment with 50 um
blebbistatin (H) led to buckling of the epithelial surface. (1, J) Z-projections depicting buckling of the epithelium
after blebbistatin treatment.
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Stills from Movie 3-3. Inhibition of nonmuscle myosin Il causes shape changes in SCs of the posthatch
chicken utricle. PO chicken utricles were harvested and incubated with the vital dye SiR-actin at 100 nM for
6 h, which labeled F-actin in hair bundles and cell junctions. Utricles were incubated with 3 uM FM1-43 for 3
min to label HCs prior to placement in a two-sided chamber for live imaging on a Zeiss 880 confocal
microscope. One utricle was incubated in DMSO-containing medium as a negative control, and another
utricle was incubated in medium containing 50 uM blebbistatin. Utricles were maintained in a humidified
chamber at 37°C, and z-stacks were acquired every 10 min. Images are displayed as a maximum intensity
projection with gamma level 0.5 to enhance visualization of the cell junctions. Only the SiR-actin channel is
displayed here.
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SUPPLEMENTAL DISCUSSION
An emerging paradigm in epithelial repair specifies that mechanical signals coordinate a

focal, proliferative response to cell loss. This appendix briefly summarizes key principles related
to epithelial mechanics, mechanical signals that arise from cell loss, and the ensuing
intracellular pathways activated by those signals.

Cell loss produces mechanical signals that govern epithelial repair

The size of an isolated cell depends on the balance of two factors: (1) intracellular
pressure, which acts to increase cell size, and (2) cortical tension, which acts to decrease cell
size. Cortical tension arises from stretching of the lipid bilayer and tension generated by
actomyosin contractility at the cell cortex.

In a crowded epithelium, cells also experience external compressive forces which can be
viewed as an external pressure. Thus, the size of an epithelial cell is dictated by the balance of
its intracellular pressure with its cortical tension and external pressure (Figure 3-S1).

Epithelial cells do not behave as passive materials in the face of mechanical
perturbation. Rather, they actively adjust their cortical tension in response to changes in
external forces (Noll et al., 2017). These adjustments to cortical tension often act as a
homeostatic mechanism to minimize cellular deformation (Kasza and Zallen, 2011; Pan et al.,
2016). The “mechanical feedback” model specifies that cells experiencing an increase in
external compressive forces (e.g. via proliferation of neighboring cells) reduce their cortical
tension, and cells experiencing a reduction in external compressive forces (e.g. due to nearby
cell loss) adaptively increase their cortical tension (Figure 3-S1) (Pan et al., 2016).

Cell losses in epithelia initiate a process by which the surrounding cells coordinate to
remove the dying cell and establish new intercellular junctions. In MDCK cell monolayers, the
apoptotic cell initiates this process by exerting tension on its neighbors via contraction of its
apical actomyosin cable. Then, surrounding cells form a multicellular F-actin purse string that

contracts to extrude the dying cell (Kuipers et al., 2014). This wound closure increases cortical
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tension and induces shape changes in nearby cells, both of which are detectable several cell
diameters away (Karsch et al., 2017). This mechanism of F-actin purse string closure occurs
after HC loss in the utricles of chickens and newborn mice (Bird et al., 2010; Burns and Corwin,
2014).

These mechanical signals that arise from cell loss (i.e. changes in shape and cortical
tension) are associated with proliferation. In MDCK monolayers, the combination of cortical
tension and cell area strongly predicts whether a cell will progress through G1-phase of the cell
cycle (Uroz et al., 2018).

Mechanistically, these mechanical signals activate YAP signaling. The nuclear level of
YAP positively correlates with phosphorylated myosin regulatory light chain at the apical
junction, a readout of cortical tension (Perez Gonzalez et al., 2018). Physically stretching
epithelial monolayers stimulates nuclear translocation of YAP (Benham-Pyle et al., 2015).

The exact mechanism of YAP activation is not well understood. Rauskolb et al.
demonstrated that in the Drosophila wing, tension promoted Jub-dependent recruitment of
Warts (LATS1/2 in mammals) to adherens junctions, thereby dis-inhibiting Yorkie (YAP/TAZ in

mammals) (Rauskolb et al., 2014).

Isolated cell Tissue, undamaged Tissue, cell loss

Internal pressure
balanced with Internal pressure balanced with Decreased external pressure

cortical tension  cortical tension and external pressure  and increased cortical tension

Figure 3-S1. Schematic of force balance in an isolated cell (left), an undamaged hair cell
epithelium (middle), and a damaged hair cell epithelium (right). Upon loss of a hair cell (magenta),
the supporting cells (blue) change shape and likely increase cortical tension as part of a
homeostatic response to limit cellular deformation. Shape changes and increases in cortical
tension are mechanical signals that arise from cell loss, and each activates mitogenic signaling
as a process of epithelial repair.
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CHAPTER 4
EGF and a GSK3 Inhibitor Deplete Junctional E-cadherin and
Stimulate Proliferation in the Mature Mammalian Ear*

ABSTRACT

Sensory hair cell losses underlie the vast majority of permanent hearing and balance
deficits in humans, but many nonmammalian vertebrates can fully recover from hearing
impairments and balance dysfunctions because supporting cells (SCs) in their ears retain lifelong
regenerative capacities that depend on proliferation and differentiation as replacement hair cells.
Most SCs in vertebrate ears stop dividing during embryogenesis; and soon after birth, vestibular
SCs in mammals transition to lasting quiescence as they develop massively thickened
circumferential F-actin bands at their E-cadherin-rich adherens junctions. Here, we report that
treatment with EGF and a GSK3 inhibitor thinned the circumferential F-actin bands throughout
the sensory epithelium of cultured utricles that were isolated from adult mice of either sex. That
treatment also caused decreases in E-cadherin, -catenin, and YAP in the striola, and stimulated
robust proliferation of mature, normally quiescent striolar SCs. The findings suggest that E-
cadherin-rich junctions, which are not present in the SCs of the fish, amphibians, and birds which
readily regenerate hair cells, are responsible in part for the mammalian ear's vulnerability to

permanent balance and hearing deficits.

! This is a reproduction of Kozlowski, Rudolf, and Corwin 2020. It has been modified to fit the terminology
and style of this thesis.

Page 96 | 194



SIGNIFICANCE STATEMENT

Millions of people are affected by hearing and balance deficits that arise when loud
sounds, ototoxic drugs, infections, and aging cause hair cell losses. Such deficits are permanent
for humans and other mammals, but nonmammals can recover hearing and balance after
supporting cells regenerate replacement hair cells. Mammalian supporting cells lose the capacity
to proliferate around the time they develop unique, exceptionally reinforced, E-cadherin-rich
intercellular junctions. Here, we report the discovery of a pharmacological treatment that thins F-
actin bands, depletes E-cadherin, and stimulates proliferation in long-quiescent supporting cells
within a balance epithelium from adult mice. The findings suggest that high E-cadherin in those
supporting cell junctions may be responsible, in part, for the permanence of hair cell loss in

mammals.

INTRODUCTION

Over 400 million people live with disabling and permanent hearing deficits that commonly
arise when sensory hair cells (HCs) are lost through exposure to loud sounds and ototoxic drugs,
infections, or as the consequence of aging (Nadol, 1993; World Health Organization, 2020).
Millions more are afflicted with balance disorders caused by HC losses in the vestibular epithelia
(Agrawal et al., 2009). Severe HC losses produce hearing and balance deficits in mammals and
nonmammals alike, but nonmammals recover from deafening and imbalance within weeks via
regeneration that depends on epithelial supporting cells (SCs) whose progeny differentiate as
replacement HCs, as well as SCs that can directly convert into HCs without an intervening cell
division (Corwin and Cotanche, 1988; Ryals and Rubel, 1988; Jones and Corwin, 1996; Golub et
al., 2012; Scheibinger et al., 2018). Regenerative proliferation is limited in mammals because
their SCs become quiescent as they mature (Hume et al., 2003; Davies et al., 2007; Gu et al.,
2007; Oshima et al., 2007; Lu and Corwin, 2008; Burns et al., 2012b). Just what maturational

changes restrict proliferation of mammalian SCs has remained unanswered.
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Early in development, SCs in the inner ears of mammals resemble their nonmammalian
counterparts which readily proliferate and replace HCs after damage. However, as mammals
mature, their vestibular SCs and the pillar and Deiters cells within the organ of Corti develop
intercellular junctions with specializations that are not found in most nonmammalian SCs. At about
the time when those specializations arise, mammalian SCs become proliferatively quiescent. The
“parking brake hypothesis” (Burns and Corwin, 2013) suggests that proliferation is limited not only
by downregulation of developmental growth pathways, which occurs in both mammals and
nonmammals, but also by the unique features of mammalian SCs that emerge with their
maturation. One candidate for such an inhibitory feature is the massive maturational
reinforcement of circumferential F-actin bands at the adherens junctions of mammalian vestibular
SCs (Burns et al., 2013). Another candidate is the E-cadherin that accumulates at the junctions
between the maturing vestibular SCs. Less pronounced F-actin reinforcement and E-cadherin
expression occur in pillar cells and Deiters cells of the maturing organ of Corti. Both aspects of
junctional reinforcement strongly correlate with declines in the capacity for mammalian vestibular
SCs to proliferate in response to exogenous mitogens or damage to the epithelium (Burns et al.,
2008; Collado et al., 2011b). Neither occurs in SCs of fish, amphibians, or birds that readily

replace HCs (Burns et al., 2013).

Here, we report that short-term culture with a cocktail of seven factors (7F) (McLean et al.,
2017) stimulated robust proliferation of SCs in utricles from neonatal mice, but failed to stimulate
proliferation in utricles from mice older than one week, even after HC loss. When utricles from
such mice were cultured for longer durations, 7F progressively thinned the F-actin bands in SCs
throughout the macula and reduced E-cadherin in striolar SCs. These changes preceded a sharp
increase in S-phase entry in the striola. Other experiments showed that two components of 7F—
EGF and the GSK3 inhibitor CHIR-99021—are responsible for these effects. When combined,

EGF and CHIR-99021 thinned F-actin bands throughout the sensory epithelium, reduced levels
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of E-cadherin, apical B-catenin, and apical YAP just in the striolar SCs, and led to mitosis in the
striola even in utricles from adults. The findings are consistent with the parking brake hypothesis,
and suggest a model in which the maturational reinforcement of E-cadherin-rich SC junctions
leads to the sequestration of 3-catenin and YAP and the maintenance of SC quiescence, which
contributes to the permanence of hearing and balance deficits in mammals.
MATERIALS AND METHODS
Utricle dissection and organotypic culture

All animals were handled in accordance with protocols approved by the Animal Care and
Use Committee at the University of Virginia. Swiss-Webster mice of either sex were obtained from
Charles Rivers Laboratories. Three-day-old and younger mice were killed on ice, and mice older
than 3 d were killed with carbon dioxide. After decapitation, each head was skinned and
disinfected in ice-cold 70% ethanol for 15 min. Heads were next moved to ice-cold DMEM/F12
with HEPES (Invitrogen) where utricles were isolated from temporal bones and the roof, otoconia,
otolithic membrane, and nerve were mechanically removed. The dissected organs contained the
entire sensory epithelium, a small portion of the surrounding nonsensory epithelium, and the
underlying stromal tissue. Utricles were next adhered to glass-bottom dishes (Mat-Tek) that were
coated with Cell-Tak (Corning), as described previously (Meyers and Corwin, 2007), and cultured
in medium. Media were changed every 24 h. To ablate HCs, 2 mM neomycin sulfate (Sigma
Millipore) was added to the culture media for 24 h and then washed out with 3 rinses of media.
To trace the incidence of S-phase entry, utricles were cultured with 5-ethynyl-2'-deoxyuridine
(Cayman Chemical) at a concentration of 2.5 ug/ml. To interfere with the polymerization of
microtubules, utricles were cultured with nocodazole (Sigma Millipore) at a concentration of 50
ng/ml.
Preparation of culture media

All media were serum-free and composed of DMEM/F12/HEPES medium (Invitrogen)
supplemented with N2 and B27 nutrients (Invitrogen), Glutamax (Invitrogen), and ciprofloxacin
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(10 pg/ml; Bayer). For preparation of EC and 7F media, we additionally used EGF (50 ng/ml;
Invitrogen), bFGF (50 ng/ml; Stemfactor), IGF-1 (50 ng/ml; Invitrogen), CHIR-99021 (3 uM; LC
Laboratories), valproic acid (1 mM; Millipore), phospho-vitamin C (100 pg/ml; Sigma Millipore),
and the inhibitor 616452 (2 uM; Calbiochem).
Immunohistochemistry

Utricles were fixed in 4% PFA (Electron Microscopy Sciences) for 1 h at room temperature
or in Glyofixx (Thermo Fisher Scientific) overnight at 4°C. Fixed utricles were then washed with
PBS/0.02% Triton X-100 (PBST) solution and blocked at room temperature for 1 h in PBST
containing either 10% normal goat serum (Vector Laboratories) or 3% normal donkey serum
(Jackson ImmunoResearch Laboratories). Samples were next incubated overnight at 4°C with
appropriate primary antibodies, washed with PBST, and incubated with AlexaFluor-conjugated
secondary antibodies (Invitrogen; 1:500) at room temperature for 2 h. Then samples were washed
with PBST and mounted on glass coverslips in ProLong Diamond Antifade Mountant. Images
were acquired on a Zeiss 880LSM Airyscan confocal microscope.
Antibody characterization, EdU imaging, and F-actin labeling

To label SCs, we used rabbit anti-Sox2 (Cell Signaling Technology; 1:200; 23064S) and
mouse IgG1 anti-Sox2 (Thermo Fisher Scientific; 1:100; MA1-014). To label HCs, we used mouse
IgG1 anti-spectrin (Millipore; 1:50; MAB1622) and mouse IgGl anti-Myo7a (Developmental
Studies Hybridoma Bank; 1:50; 138-1). To image striolar HCs, we used goat anti-oncomodulin
(Santa Cruz Biotechnology; 1:100; sc-7446) and rabbit anti-oncomodulin (Swant; 1:1000; OMG4).
To image junctional proteins, we used rabbit anti-ZO-1 (Invitrogen; 1:200; 40-2200), mouse IgG1
anti-N-cadherin (BD Transduction Laboratories, 1:100; 610920), and mouse lgG2a anti-E-
cadherin (BD Transduction Laboratories, 1:200; 610181), which recognizes the cytoplasmic
domain of E-cadherin. We also used mouse IgG1 anti-B-catenin (BD Transduction Laboratories,
1:400; 610153) and mouse IgG2a anti-YAP (Santa Cruz Biotechnology, 1:50; sc-101199). To
image cells in late G2 and mitosis phases, we used mouse IgG1 anti-pH3 (Cell Signaling
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Technology, 1:200; 9706S). EdU-positive cells were imaged using the Click-iT EdU AlexaFluor-
488 and -647 Imaging Kits (Thermo Fisher Scientific). To label F-actin, utricles were incubated
with phalloidin conjugated to AlexaFluor-488 nm (Invitrogen; 1:200; A12379).
Calculation of Hair Cell Density

To measure and calculate mean HC density, utricles were fixed and immunostained with
antibodies against spectrin, which is expressed in cuticular plates of HCs. Then, confocal image
stacks were acquired at 20x magnification to visualize the entire macula. Counts of spectrin-
positive cells from five 100 x 100 um regions located in the anterolateral, anteromedial, central,
posterolateral, and posteromedial regions of the utricle were tabulated. The mean densities of
HCs were calculated by dividing the counts by the areas sampled.
Measurements of apical junction regions

To measure widths of AJRs, high-magnification images were taken from lateral, striolar,
and medial regions of each mouse utricle using an Axiovert 200M microscope (Carl Zeiss).
Regions within each utricle were distinguished with the use of antibody against oncomodulin,
which labels striolar HCs. Widths of AJRs were determined from the phalloidin label intensity
along a perpendicular line across the homotypic SC-SC adherens junction. The measurement
line spanned circumferential F-actin bands in the two cells that shared each junction as previously
described (Burns et al.,, 2008). Heterotypic SC-HC junctions were not measured. To avoid
measurement bias, a custom R script was used to identify the start and end of each AJR. We
measured widths of 35—-40 AJRs in each region (105-120 AJRs per utricle) and calculated the
mean widths for each region and whole macula.
Code accessibility

R script for measurement of AJRs is available at Github (https://github.com/utricle/AJR-
Width-Quantification).

Measurement of E-cadherin, N-cadherin, B-catenin, and YAP immunostaining intensities
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To measure peak intensities of E-cadherin, N-cadherin, and B-catenin immunostaining,
high-magnification images centered on the line of polarity reversal were taken with an LSM 880
confocal microscope (Carl Zeiss) to simultaneously capture portions of the lateral and striolar
regions. We drew lines across 40 junctions of striolar SCs and 40 junctions of lateral SCs. To
measure peak intensities of YAP immunostaining, we placed 1.5-uym-diameter ROIs within 40
striolar SCs and within 40 lateral SCs. Those measurements were used to calculate average
intensities of immunostaining for E-cadherin, N-cadherin, 3-catenin, and YAP in striolar SCs and
lateral extrastriolar SCs. Next, we normalized the immunoreactivity of each protein in the apical
domain of striolar SCs to that of lateral extrastriolar SCs in the same utricle, producing a
striolar/lateral intensity ratio (S/L ratio) to facilitate comparisons.

Quantification of macular area

For quantification of macular area, images of cultured utricles were acquired with an LSM
880 confocal microscope (Carl Zeiss) at 20x magnification, and Sox2 staining was used to
delineate the border of the sensory epithelium. The area inside each outlined region was
calculated using ImageJ.

Experimental design and statistical analysis

The experimental design is illustrated in the figures and described in figure legends.
Images were carefully selected to show the average effect obtained for each experimental
condition. All descriptive statistics are presented as mean + SD. For statistical comparisons,
Microsoft Excel was used to conduct two-sample, two-tailed t tests, and GraphPad Prism 8
software was used to conduct ANOVA and post hoc pairwise comparisons. Each utricle was
considered an independent observation for statistical analysis. Animals of either sex were used.
P-values < 0.05 were considered statistically significant. No methods were used for sample size
determination.

RESULTS
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A mixture of seven factors stimulates robust S-phase entry in utricles from newborn mice,
but responses wane postnatally

McLean et al. induced significant proliferation in 3D cultures of cells that were dissociated
from the neonatal mouse cochlea and cultured in a medium supplemented with seven factors
(EGF, bFGF, IGF-1, phosphorylated vitamin C, and small molecules that inhibit GSK3, HDAC,
and TGFBRI) (McLean et al., 2017) (Figure 4-1a). To test whether that medium, which we call
"TF”, would overcome the age-related decline in the capacity for mammalian SCs to enter the cell
cycle (Hume et al., 2003; Davies et al., 2007; Gu et al., 2007; Oshima et al., 2007; Lu and Corwin,
2008; Burns et al., 2012a), we dissected utricles from mice of different ages (PO, P2, P4, P6, P8,
P16, and 6 weeks) and cultured them in either 7F or control medium and EdU for 72 hours (Figure
4-1Db, c). SCs were identified by labeling with an antibody to Sox2.

The PO utricles that were cultured in 7F contained 8.6-fold more EdU+/Sox2+ cells than
utricles cultured in the control medium (1107 + 279 vs 128 + 39, respectively, mean + SD; p =
0.00008, two-tailed t test, n = 7 or 8), showing that 7F's stimulatory effects extend even to SCs in
undamaged vestibular epithelia. As mice grew older, the incidence of EQU+/Sox2+ cells declined
guite sharply. The 7F culture protocol yielded 581 + 111 EdU+/Sox2+ cells in utricles harvested
on P2, and 136 + 34 and 11 + 4 EdU+/Sox2+ cells in utricles harvested from P4 and P8 mice,
respectively (Figure 4-1d, e). While the 7F mixture evoked robust cell cycle entry of SCs in utricles
of newborn mice, the 72 h exposure to activators of the EGF, bFGF, IGF-1, and Wnt pathways
combined with inhibitors of HDAC and the TGFf pathway failed to evoke substantial proliferation
in utricles from older neonates, highlighting the dominant nature of quiescence that occurs with
the postnatal maturation of mammalian SCs (Figure 4-1e).

Hair cell loss does not restore proliferation in older utricles

To test whether HC loss would increase SC responses in older ears, we dissected utricles
from PO, P2, P4, P6, P8, P16, and 6-week-old mice and cultured them for 24 h in control medium
with or without 2 mM neomycin. After 3 rinses in control medium, all utricles were cultured for 3
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more days in 7F and EdU (Figure 4-2a). In the neomycin-treated utricles from P8 and younger
mice, counts of spectrin-labeled cuticular plates showed a 50%-65% decrease in the average
spatial density of HCs compared with the age-matched utricles cultured without neomycin, and
HC density decreased 32% and 19% in the neomycin-treated utricles from P16 and 6-week-old
mice, respectively (Figure 4-2b, c¢). As expected, the loss of HCs significantly increased the
numbers of EdU+/Sox2+ cells in the utricles from PO and P2 mice (PO neo: 907 + 167 vs PO
control: 690 + 144; p = 0.01481, two-tailed t test, n = 8; P2 neo: 519 + 89 vs P2 control: 271 + 50,
p = 0.00773, two-tailed t test, n = 7). However, the loss of HCs did not significantly increase the
incidence of EdU+/Sox2+ cells in the utricles from P4 and older mice (P4 control 145 + 67 vs P4
neo 203 £ 86, p=0.18728,n=7; P6 control 20 £ 8vs P6 neo 5+ 2, p =0.01257, n = 6; P8 control
5+4vsP8neo9+4, p=0.13777,n=6; Pl6control1 £ 1vs P16 neo 1+ 1, p=0.71659, n =
6; Adult control 1 £ 1 vs Adultneo 1 £ 1, p = 0.87938, n = 6, two-tailed t tests) (Figure 4-2d).
Indeed, after 3 d in 7F and EdU, EdU+/Sox2+ cells were rarely observed in either the treated or
control utricles from P6, P8, P16, and 6-week-old mice (Figure 4-2e). The fact that HC loss failed
to restore the capacity for SCs to enter the cell cycle after a 3 d exposure to 7F suggests that the
damage-evoked responses, which potentiate proliferation of PO SCs, cannot surmount the age-
related changes that prevent quiescent SCs from transitioning into a proliferative state.
7F thins F-actin bands in utricles from P8 mice

The preceding results were consistent with the hypothesis that maturational changes
somehow limit the proliferative capacity of mammalian SCs. One of the most prominent known
maturational changes is the exceptional postnatal thickening of the circumferential bands of F-
actin that bracket the SC-SC junctions in mammalian vestibular organs and in the Deiters and
pillar cells in the organ of Corti (Meyers and Corwin, 2007; Burns et al., 2008, 2013). In contrast
to mammalian ears, the circumferential F-actin bands in nonmammalian SCs, which readily
replace HCs, remain thin throughout life (Burns et al., 2013). In a pilot study, we incidentally
observed that culture in 7F appeared to result in thinning of the F-actin bands. To explore that
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possibility, we conducted an expanded investigation to test the hypothesis that culture in 7F
reduces the thickness of the F-actin bands in mammalian vestibular SCs over time.

Since SCs in the utricles of P8 mice have thickened F-actin bands (Burns et al., 2008) and
rarely entered the cell cycle during a 72 hour culture with 7F (Figure 4-1), groups of P8 utricles
were cultured in either 7F or control medium and fixed after 1, 2, 3, 4, or 5 d. For comparison, we
fixed utricles from P8 mice at the time of dissection. After staining with AlexaFluor phalloidin and
antibodies against oncomodulin, a calcium-binding protein expressed in striolar HCs, we acquired
images from standardized regions in the lateral, striolar, and medial sections of each utricle and
measured the widths of AJRs, which span the F-actin bands in a pair of adjacent SCs and the
intercellular junction those cells share (Burns et al., 2008).

In P8 utricles that were fixed immediately after dissection (time = 0 d), the AJRs averaged
2.26 £ 0.12 pm (Figure 4-3a). During the first 3 d of culture in 7F, we observed progressive
thinning of the SC's F-actin bands (0.40 um/d), resulting in a halving of the AJR width. At that
point, AJR widths averaged 1.09 + 0.07 ym, similar to the average width of AJRs for SCs in PO
utricles in vivo (1.12 um) (Burns et al., 2008) (Figure 4-3b). After that, the thinning effects of 7F
slowed (0.04 ym/d) and widths stabilized at ~1.0 um. Regional analysis showed that AJRs of
striolar SCs were slightly thinner at the start of culture (0 DIV) and thinned more quickly than those
of the lateral and medial extrastriolar SCs (Figure 4-3c). The width of AJRs in utricles cultured in
control medium for 3 d decreased by 17% (0.12 uym/d to an average width of 1.87 + 0.21 ym).
The results showed that one or more of the constituents of 7F led to partial dismantling of the
robust F-actin bands that are found in the SCs of mammalian ears, which thicken as the
proliferative capacity of those SCs declines.

Culture in 7F reduces E-cadherin in striolar SC junctions

The SCs in vestibular and auditory epithelia of most nonmammalian ears express E-
cadherin at very low levels or levels below normal detectability (Warchol, 2007; Burns et al., 2013).
In contrast, the junctions between SCs in mammalian vestibular epithelia and those between inner
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and outer pillar SCs and the three rows of Deiters cells in the organ of Corti express considerable
E-cadherin at levels that increase postnatally (Hackett et al., 2002; Collado et al., 2011b; Burns
et al., 2013). In mouse utricles, junctional E-cadherin in SCs increases >2.5-fold between P1 and
P16 and >6-fold between P1 and P82, extending down the basolateral membranes (Collado et
al., 2011b). Since 7F thinned the circumferential F-actin bands at the SC-SC junctions in cultured
utricles, we asked whether it also would reduce the levels of E-cadherin.

To address that question, we cultured P8 utricles in either 7F or control medium, fixed
them after 1, 3, or 5 d, and immunostained them with antibodies against E-cadherin, oncomodulin,
and N-cadherin. N-cadherin is expressed in all HC-SC and SC-SC junctions and delineated the
sensory epithelium. We observed no noticeable changes in the intensity of junctional E-cadherin
immunostaining in the utricles that were cultured up to 5 d in control medium, but the level of E-
cadherin immunostaining in utricles cultured in 7F decreased progressively in the striola while
appearing to remain unchanged in the extrastriolar region (Figure 4-4a). To quantify this, we
acquired stacks of high magnification, confocal images centered on the line of polarity reversal
which runs between the striolar and lateral regions of the macula and calculated striola/lateral
(S/L) ratios of E-cadherin and N-cadherin intensity (Figure 4-4b) (see Methods). For the utricles
cultured in control medium, S/L ratios for E-cadherin ranged between 0.95 and 0.98, independent
of culture duration. In the utricles cultured in 7F, E-cadherin decreased in the striolar SCs and S/L
ratios for E-cadherin declined progressively. After 3 d in 7F, the E-cadherin S/L ratio was
significantly lower (0.59 + 0.09 vs 0.95 £ 0.06 in the controls; p = 0.00050, two-tailed t test, n = 4)
and decreased to 0.44 + 0.06 after 5 d in 7F (0.98 in controls; p = 0.00001, two-tailed t test, n =
4) (Figure 4-4d). There were no noticeable changes in the intensity of N-cadherin immunostaining
(Figure 4-4c) and the S/L ratios for N-cadherin did not differ significantly among the utricles
cultured in 7F or control medium for 1, 3, or 5d (1 DIV: p = 0.48887, two-tailed t test, n = 4; 3 DIV:

p = 0.39816, two-tailed t test, n = 4; 5 DIV: p = 0.42423, two-tailed t test, n = 4) (Figure 4-4e).
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Thus, 7F appeared to selectively reduce junctional E-cadherin in striolar SCs, whereas levels of
N-cadherin remained unchanged.
After their F-actin bands thin and E-cadherin decreases, striolar SCs enter S-phase

In light of the preceding results, we decided to extend the culturing of utricles to determine
whether a longer exposure to 7F would increase S-phase entry. In these experiments, we cultured
P8 utricles in 7F or control medium for various durations and added EdU for the final 24 h, which
allowed us to assess the kinetics of S-phase entry over the third, fourth, fifth, sixth, and seventh
day of culture (Figure 4-5a).

The number of EdU+/Sox2+ cells never exceeded 3 in any of the P8 utricles cultured in
control medium, independent of the duration. The numbers of Sox2+ cells that labeled with EdU
also remained relatively low on the third and fourth days of culture in 7F, consistent with our earlier
results (3d: 10+ 8,4 d: 12 £ 7; Figure 4-1e). On the fifth day of culture, the number of EAU+/Sox2+
cells increased ~5-fold (55 * 34) and rose further on the sixth and seventh day (83 £ 19 and 77 +
48, respectively). Virtually all of the Sox2+ cells that had incorporated EdU on the fifth, sixth, and
seventh day of culture in 7F were in the striola, which the oncomodulin labeling of HCs delineated
(Figure 4-5c¢, d). SCs that transitioned from quiescence to S-phase on the fifth day and later in 7F
were restricted to the striola, where the levels of E-cadherin began to decline after 3 d.

When delaminated utricular epithelia from rodents are maintained in direct contact with
rigid substrates in prolonged culture, that can result in tissue spreading and increased S-phase
entry (Gu et al., 2007). To control for that, we measured the areas of the sensory epithelium in
P8 utricles that were cultured in 7F or control medium for 3, 4, 5, 6, and 7 d. The mean area
measurements were slightly, but not significantly, greater for utricles that were cultured in 7F
compared with controls (3 DIV: p = 0.35597, two-tailed t test, n = 6; 4 DIV: p = 0.07991, two-tailed
ttest, n = 6; 5 DIV: p = 0.18047, two-tailed t test, n = 6; 6 DIV: p = 0.45152, two-tailed t test, n =

6; 7 DIV 7 DIV: p=0.77690, two-tailed t test, n = 6), but areas did not increase with time in culture,
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consistent with the expected absence of spreading in the semi-intact utricle cultures used here
(Figure 4-5b).
EGF and the GSK3 inhibitor CHIR-99021 thin F-actin bands, decrease E-cadherin, and
induce striolar SCs to enter S-phase

To determine which factors in 7F were responsible for thinning the F-actin bands and
inducing the striolar SCs to transition from quiescence to the cell cycle, we cultured P8 utricles in
seven different media. Each was supplemented with just one of the factors from the 7F mixture:
EGF, bFGF, IGF-1, CHIR-99021, valproic acid, phosphorylated vitamin C, or 616452
(E/FNICIVIPIB). After 3 d, we fixed each sample, labeled F-actin with AlexaFluor phalloidin, and
measured the widths of AJRs in the lateral, striolar, and medial regions as in earlier experiments.

Only the medium that contained EGF (E) and the medium that contained CHIR-99021 (C)
resulted in significant thinning of the AJRs between SCs in the P8 utricles (E: p < 0.0001, ANOVA
and then post hoc t test, n = 4; C: p <0.0001, ANOVA and then post hoc t test, n = 4) (Figure 4-
6a). The average width of AJRs decreased by 40% (to 1.36 £ 0.19 um) in the EGF medium and
34% (to 1.50 £ 0.18 pm) in the CHIR-99021 medium. The widths of AJRs in other media
decreased modestly and similarly to the AJRs in utricles cultured in control medium. We then
cultured P8 utricles in medium that contained both EGF and CHIR-99021 (EC medium). After 3
d, the average width of AJRs decreased by 50%, reaching 1.14 + 0.09 um (p < 0.0001, ANOVA
and then post hoc t test, n = 4), which was significantly lower than AJR widths in utricles cultured
in E or C alone (p = 0.00215 and p = 0.00001, respectively, two-tailed t test, n = 4) (Figure 4-6a,
b). Earlier, we found that treatment with complete 7F decreased the average width of AJRs by
52% (to 1.09 £ 0.07 pm). The similarity suggests that EGF and CHIR-99021 are largely
responsible for 7F's thinning of the F-actin bands.

Next, we tested whether culture in EC medium would reduce E-cadherin in the striolar SC
junctions. For this, P8 utricles were cultured in EC medium for 5 d, then fixed and immunostained
with antibodies against E-cadherin, N-cadherin, and oncomodulin. In those utricles, the S/L ratio
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for E-cadherin was significantly reduced to 0.55 = 0.04 (p < 0.00001, two-tailed t test, n = 4),
showing an effect restricted to the striolar SCs (Figure 4-6¢, d), and similar to P8 utricles cultured
in 7F (Figure 4-4c). Thus, EC medium is sufficient to induce a decrease in E-cadherin at the
junctions of striolar SCs.

Since the treatment with EC medium thinned the F-actin bands and decreased the
average intensity of E-cadherin immunostaining in the junctions of striolar SCs, we asked whether
it would induce quiescent SCs to enter S-phase. We tested that by culturing P8 utricles in EC
medium for 7 d and adding EdU 48 h before fixing and immunostaining with antibodies against
Sox2 and oncomodulin. Counts of EdU+/Sox2+ cells in the utricles treated with EC medium
showed levels of S-phase entry significantly greater than in control cultures and indistinguishable
from those in utricles cultured in 7F (98 + 83 vs 103 £ 70, respectively; 7F: p = 0.00529, two-tailed
t test, n = 8; EC: p = 0.00108, two-tailed t test, n = 8). Just as in the 7F-treated utricles, the
EdU+/Sox2+ cells in the EC-cultured utricles were distributed throughout the striola, with a sharp
boundary between the zones of EdU+ striolar SCs and EdU- SCs in the surrounding extrastriolar
sensory epithelium (Figure 4-6e, f).

Treatment with EC medium reduces -catenin and YAP in apical domains of striolar SCs
Since the treatment with EGF and CHIR-99021 induced S-phase entry exclusively in the SCs in
which junctional E-cadherin had decreased, we decided to investigate the levels of B-catenin and
YAP, junction-associated transcriptional coactivators with proliferative effects. B-catenin can
directly bind to E-cadherin (Nelson and Nusse, 2004), and homophilic interactions between the
extracellular domains of E-cadherin at cell junctions are reportedly required for the cytoplasmic
sequestration of YAP (Kim et al., 2011; Benham-Pyle et al., 2015). We suspected that the
decreases in F-actin and E-cadherin might lead to changes in the amount of 3-catenin or YAP
bound at the junctions between striolar SCs, and that such changes could underlie the increase

in S-phase entry. To test the first of those hypotheses, we dissected P8 utricles, cultured them in
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either EC or control medium for 7 d, fixed, and immunostained them with antibodies against 3-
catenin, YAP, and oncomodulin.

In the striola of the utricles cultured in EC medium, we observed decreased intensities of
B-catenin and YAP immunostaining relative to the extrastriolar regions of those utricles and all
regions of utricles cultured in control medium (Figure 4-7a, b). For quantitative comparisons, we
captured high-resolution images centered on the line of polarity reversal and calculated S/L ratios
for B-catenin and YAP intensity (see Materials and Methods). In the utricles cultured in control
medium, S/L ratios were 0.91 £ 0.05 for $-catenin and 0.88 + 0.03 for YAP. In the utricles cultured
in EC medium, the S/L ratio for B-catenin decreased to 0.32 £ 0.08 (p = 0.00001, two-tailed t test,
n = 4) and the S/L ratio for YAP decreased to 0.55 + 0.07 (p = 0.00010, two-tailed t test, n = 4)
(Figure 4-7d). The striolar-specific decreases in E-cadherin, B-catenin, and YAP are consistent
with the hypothesis that those transcriptional coactivators participate in the transition of maturing
SCs to cells that enter S-phase.

To investigate whether the maturing striolar SCs that entered S-phase would progress to
mitosis, we cultured P8 utricles in either EC medium or control medium for 7 d. For the last day
of culture, we added EdU to label cells that entered S-phase and nocodazole to arrest cells in
mitosis. Then we immunostained for the mitosis marker phosphorylated histone-3 (PH3).

We observed robust S-phase entry in striolar SCs of the P8 utricles cultured in EC medium (154
+ 54 EdU+/Sox2+ cells), 15 + 5 cells of which were EdU+/Sox2+/PH3+, demonstrating that
maturing SCs in P8 utricles are able to progress to mitosis (Figure 4-7e, f). As in earlier
experiments, EAU+/Sox2+ cells were rarely found in the P8 utricles cultured in control medium,
and none was positive for PH3.

EC medium reverses junctional maturation and promotes proliferation of striolar SCs in
utricles from adult mice

Since the combination of EGF and CHIR-99021 thinned the F-actin bands throughout P8
utricles and led to reductions in E-cadherin, B-catenin, and YAP, inducing SCs in the striola to
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enter S-phase and progress in the cell cycle, we sought to determine whether EC medium would
cause the long-quiescent SCs in adult utricles to enter S-phase. Earlier studies showed that the
junctional F-actin bands in adult utricles are so thick that they occupy 89% of cell area at the level
of the intercellular junction in the average SC (Burns et al., 2008). The junctions of adult SCs in
both the utricle and the cochlea also contain correspondingly high levels of E-cadherin (Burns et
al., 2008, 2013; Collado et al., 2011b). Therefore, we extended the duration of the culture period
from 3 d (Figure 4-1) to 11 d to allow more time for the effects of EC medium to manifest in adult
SCs.

As in the utricles from younger mice, culture of adult utricles in EC medium resulted in
significantly thinner AJRs than culture in control medium (1.29 + 0.03 vs 3.06 £ 1.08 ym; p <
0.00001, two-tailed t test, n = 4) (Figure 4-8a, b). Likewise, measurements of the intensities of E-
cadherin, N-cadherin, p-catenin, and YAP immunostaining in adult utricles cultured in EC medium
revealed significantly lower S/L ratios for E-cadherin (p = 0.00552, two-tailed t test, n = 4), B-
catenin (p = 0.00029, two-tailed t test, n = 4), and YAP (p = 0.00279, two-tailed t test, n = 4), but
not N-cadherin (p = 0.55563, two-tailed t test, n = 4), when comparisons were made to adult
utricles cultured in control medium (Figure 4-9a-c).

Finally, to determine whether it would be possible to stimulate fully mature SCs to
proliferate, we cultured utricles from adult mice in EC medium and added EdU for the final 48 h
before fixation. The adult utricles cultured in EC medium contained on average 104 + 40
EdU+/Sox2+ cells, 50-fold more than the utricles cultured in control medium (2 = 2 EAU+/Sox2+;
p = 0.00002, two-tailed t test, n = 7) (Figure 4-9d, €), and nearly all of the EdU+/Sox2+ cells were
in the striola (Figure 4-9d). In a modification of the experiment, we added EdU and nocodazole
24 h before fixation to test whether fully mature and normally quiescent striolar SCs were blocked
from cell cycle progression. On average, 3 + 2 PH3+/EdU+/Sox2+ cells were observed in the
utricles treated with EC medium (Figure 4-8c) and none were found in the utricles cultured in
control medium.
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Together, the findings indicate that stimulation with EGF and an inhibitor of GSK3
promotes proliferation of mature SCs in the striola of adult mice, which correlates in timing and
location with thinning of the uniquely massive F-actin bands and decreases in the levels of E-
cadherin, B-catenin, and YAP at the apical domains and cell junctions.

DISCUSSION

Vertebrate SCs share most characteristics, but vestibular SCs in mammals are distinct
from those in nonmammals in that their intercellular junctions develop high levels of E-cadherin
and unique, stable, and exceptionally thick circumferential F-actin bands, which grow to occupy
89% of the adult SC's area at the junction level (Meyers and Corwin, 2007; Burns et al., 2008;
Collado et al., 2011; Burns and Corwin, 2014). Neither occurs in the SCs of fish, amphibians, and
birds that readily regenerate HCs and recover sensory function (Burns et al., 2013). Those
discoveries led to the hypothesis that mammalian SC junctions play a role in limiting proliferation.
Our findings here have shown that exposure to EGF and CHIR-99021 caused SC junctions in
utricles from mature mice to revert to thin circumferential F-actin bands like those found in the
SCs of nonmammals and embryonic mammals, with thinning occurring throughout the sensory
epithelium. When treatment duration was extended, junctional E-cadherin decreased significantly,
but only in SCs within the striola. That, in turn, was followed by a dramatic restoration of the
capacity for the adult striolar SCs to proliferate, consistent with expectations based on the
hypothesis.

Prior experiments showed that F-actin near the junction is sensitive to latrunculin A,
resistant to cytochalasin D, and relatively mobile, whereas F-actin in a zone further from the
junction is resistant to latrunculin A, sensitive to cytochalasin D, and relatively immobile (Burns
and Corwin, 2014). It appears that EGF and CHIR-99021 act on the latter zone, causing AJR
widths to thin until they stabilize at ~1.0 ym. While thinning of the circumferential bands may play
a role in returning mammalian SCs to a proliferative state, it was not sufficient to release them
from quiescence. Thinning occurred throughout the utricular SC population, but proliferation
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occurred only in striolar SCs where junctional E-cadherin decreased. Since downregulation of E-
cadherin occurred just before the SCs' transition from quiescence to proliferation, it appears likely
that the high levels of junctional E-cadherin are responsible for the quiescence of mature
mammalian SCs. In cancer, downregulation of E-cadherin is strongly correlated with
invasiveness, progression to malignancy, and poorer prognosis, hence its designation as a tumor
suppressor gene (Peéina-Slaus, 2003).

In an earlier attempt to investigate the role of E-cadherin in mammalian SCs, we generated
conditional genetic KOs and found that many weeks were required before E-cadherin depletion
became evident at utricular SC junctions (M. S. Collado and J.T.Corwin, unpublished results). In
sharp contrast to that, the treatment with 7F led to a significant decrease in the expression of
junctional E-cadherin in just 3 d (Figure 4-4), raising the possibility that its thinning of the
circumferential F-actin bands accelerated the rate of E-cadherin depletion. Indeed, F-actin has
been shown to stabilize E-cadherin clusters in cultured epithelial cells (Hong et al., 2013).

Our findings are consistent with the possibility that the release of apically localized B-
catenin and YAP promotes cell cycle entry downstream of junctional E-cadherin depletion. E-
cadherin adhesions are known to bind B-catenin directly and contribute to the cytoplasmic
sequestration of YAP, limiting the ability for those transcriptional coactivators to induce
proliferation in cultured cell lines (Heuberger and Birchmeier, 2010; Kim et al., 2011; Benham-
Pyle et al., 2015). In utricles from neonatal mice, the canonical Wnt and YAP-TEAD pathways
have been shown to mediate SC proliferation (T. Wang et al., 2015; Gnedeva et al., 2017). Our
results in the striola build on that and suggest that E-cadherin mediated inhibition of the Wnt and
YAP-TEAD pathways plays an important role in keeping mature vestibular SCs of mammals in a
guiescent state.

Ligands such as EGF, TGF-a, and neuregulins have been shown to promote proliferation
of SCs in cultured mammalian balance epithelia (Lambert, 1994; Yamashita and Oesterle, 1995;
Zheng et al., 1997; Kuntz and Oesterle, 1998; Montcouquiol and Corwin, 2001). EGFR signaling
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also stimulates regenerative proliferation of SCs in the cochlear epithelia of birds and has
stimulatory effects on a subset of SCs after dissociation from the cochlea of neonatal mammals
(White et al., 2012). Indeed, evidence in that study indicates that EGFR signaling can lift the
p27kipl inhibition of proliferation in the dissociated SCs, and suggests that a PI3K-dependent
pathway appears to play a role in the p27kipl-independent proliferation of that subset of
dissociated SCs from the neonatal mouse cochlea. The mitogenic effect of GSK3 inhibitors in
neonatal HC epithelia is also well documented (Lu and Corwin, 2008; Roccio et al., 2015;
Samarajeewa et al., 2018; You et al., 2018). Our results suggest that the stimulatory effects of
these agents are closely linked with their capacity to remodel junctions once SCs have matured.
However, questions remain about how EGF and the GSK3 inhibitor brought about the depletion
of E-cadherin in the striolar SCs. Since the level of junctional N-cadherin remained unchanged,
we can conclude that the mechanism of depletion is selective for E-cadherin, and does not act as
a “cadherin switch” where downregulation of E-cadherin is accompanied by upregulation of N-
cadherin as in epithelial-mesenchymal transition (Figs. 4, 8) Inhibition of GSK3( has been shown
to increase transcription of Snail, which deacetylates the Cdhl promoter, so the CHIR-99021-
mediated depletion of E-cadherin could come about through a decrease in its transcription (Batlle
et al., 2000; Bachelder et al., 2005; Lu and Corwin, 2008; Collado et al., 2011b; Kim et al., 2012;
Liu et al.,, 2014). Indeed, EGFR activation inhibits GSK3 activity and leads to epithelial-
mesenchymal transition. EGF also has been shown to induce E-cadherin internalization via
caveolin-mediated endocytosis (Lu et al., 2003), micropinocytosis (Bryant et al., 2007), and
following Hakai-mediated ubiquination via Src (Shen et al., 2008). EGF also can also induce
proteolytic cleavage of E-cadherin by matrix metalloproteases (Cowden Dahl et al., 2008; Zheng
et al., 2009; Chavez et al., 2012; Navarini et al., 2017). Additional studies will be required to
determine which of those potential mechanisms may be responsible for the depletion of E-

cadherin that occurs in striolar SCs exposed to EGF and CHIR-99021.
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The distinct effects we observed in striolar and extrastriolar SCs indicate that yet-to-be-
identified properties of extrastriolar SCs prevent them from downregulating E-cadherin and
proliferating in response to EGF signaling and GSK3 inhibition. Since incidental HC loss occurs
in both striolar and extrastriolar regions, striolar-specific losses do not appear likely to account for
the region-specific effects observed. Previous studies have reported the following differences
between striolar and extrastriolar SCs: Striolar SCs express the stem cell marker Lgr5 at
embryonic stages, are more likely to proliferate after diphtheria-toxin-mediated HC ablation at P1,
and are more likely to convert into HCs upon Notch inhibition before P12 than extrastriolar SCs
(Collado et al., 2011b; T. Wang et al.,, 2015). In contrast, the limited nonproliferative HC
replacement that occurs in adult mouse utricles after diphtheria-toxin-mediated HC ablation
primarily occurs in the extrastriolar region, via direct phenotypic conversion (Golub et al., 2012).
The identification of differences between striolar and extrastriolar SCs appears likely to reveal
important clues about barriers that limit HC replacement in mammals. Recent research has shown
that the developmental specification of striolar and extrastriolar regions is controlled by regional
differences in retinoic acid metabolism, with higher retinoic acid levels in the extrastriolar
epithelium (Ono et al., 2020). This raises the possibility that retinoic acid signaling, which is known
to have diverse effects, including the promotion of cell cycle exit and differentiation in neural
progenitors (Janesick et al., 2015), may lead to gene expression changes that limit the plasticity
of extrastriolar SCs.

Proliferation in the adult mammalian utricle is extremely limited during homeostasis (Bucks
et al., 2017) even after extensive HC loss (Warchol et al., 1993; Golub et al., 2012; Taylor et al.,
2018). Replacement HCs can arise as SCs convert or directly transdifferentiate into HCs without
an intervening cell division. That process appears to restore a significant, but limited fraction of
the HCs and depletes the SC population (Golub et al.,, 2012; Taylor et al.,, 2018). In
nonmammalian vertebrates, SC proliferation is often the primary contributor to the regenerative
replacement of lost HCs (Corwin and Cotanche, 1988; Ryals and Rubel, 1988; Stone and Rubel,
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1999; Wibowo et al., 2011; Mackenzie and Raible, 2012) and also serves to replenish SC
numbers following direct transdifferentiation (Scheibinger et al., 2018). Adult murine SCs will enter
the cell cycle after dramatic shape changes (Meyers and Corwin, 2007), after delaminaton when
cultured on rigid substrates (Collado et al., 2011b), when transduced with oncogenes (Loponen
et al., 2011; Burns et al., 2012c), or when dissociated from the epithelium Here we report that
adult mammalian SCs in undamaged vestibular epithelia proliferate robustly after a relatively
simple 11-d-long pharmacological treatment, which led to proliferation of 104 + 40 SCs during the
final 48 h of the treatment (Figure 4-9d, €). The results illustrate the potential for pharmacological
approaches to promote repair in the mammalian ear.

In conclusion, findings outlined above support the hypothesis that the reinforcement of
intercellular junctions, which takes place in mammalian ears but not in fish, amphibians, or birds,
plays an important role in preventing mammalian SCs from proliferating. Our findings
demonstrate, for the first time, that the partial dismantling of those junctions precedes and
correlates with a resurgence of proliferation in the long-quiescent SCs of mature mammalian ears.
While strengthening support for the hypothesis, these findings do not establish causality, since
the reversion to less specialized junctional characteristics and the transition from quiescence to
proliferation could occur independently in response to a common upstream control. Nonetheless,
our results suggest that high expression of E-cadherin regulates signaling that maintains SCs in
a quiescent state that appears to be responsible, in part, for the mammalian ear's vulnerability to

permanent balance and hearing deficits.
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Figure 4-1. Three days in 7F medium induced robust S-phase entry in organ cultures of undamaged utricles
from newborn (P0) mice, but not in utricles from 8-d-old (P8) mice. a, Signaling pathways affected by the 7F
medium. b, Utricles were dissected from mice of different ages and cultured after removal of the roof and otolithic
membrane. ¢, Utricles were cultured for 3 d in the presence of EdU in medium with or without 7F. d, Low-magnification
images of robust S-phase entry in utricles from the youngest neonates, a response to the 7F medium that declined
sharply in utricles from older mice. e, Quantification of EdU*/Sox2* SCs in mouse utricles cultured 3 d in control medium
(blue) and 7F medium (orange) (n =7 for PO, P2, P4, and n = 6 for P6, P8, P16, Adult for Control and 7F). Data are
mean £ SD. ns, Not significant (p = 0.05). **p < 0.01, ***p < 0.001. ECM, extracellular matrix; DIV, days in vitro.
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Figure 4-2. HC loss increased the amount of S-phase entry in utricles from the youngest neonates but did not
extend the age of responsiveness beyond P8. a, Utricles were cultured in control medium or that medium plus 2
mM neomycin for 24 h. Then, they were all cultured for 3 d in 7F medium with EdU. b, Quantification of HC density in
utricles cultured under the two conditions (n = 8 for PO, n =7 for P2 and P4, and n = 6 for P6, P8, P16, Adult for Control
and 7F). ¢, Representative high-magnification images of P2 mouse utricles exposed to the 24 h pretreatment with 2
mM neomycin or control medium followed by 72 h in 7F medium and EdU. HCs were labeled with antibodies against
myosin VIIA and spectrin. d, Low-magnification images show that experimental induction of HC loss potentiated S-
phase entry in utricles from PO and P2 mice cultured in 7F medium but had no such effect in utricles from mice older
than 1 week. e, Quantification of EdU*/Sox2* SCs in neomycin-treated and control utricles cultured 4 d (n =8 for PO, n =
7 for P2 and P4, and n = 6 for P6, P8, P16, Adult for Control and 7F). The difference in P6 utricles was statistically
significant, but with the EdU*/Sox2* cells in control cultures exceeding the number of such cells in neomycin-treated
cultures (control: 20 £+ 8 vs neo: 5 + 2, p = 0.01257, n = 6). Data are mean + SD. ns, Not significant (p = 0.05). *p <
0.05, **p < 0.01, **p < 0.001. DIV, days in vitro.

Page 118 of 194



a 3DIVin7F

Lateral

Striolar

Medial

b . Contrl C
§ 23 : bt °7F g 230 » Lateral
5 I s B -&Striolar
8 210 S0 N & Medial
H H AN
§ 190 § 190 N
: $
& 1m0 2 170
F e
E 150 § 150
3 130 3130
g 110 $ 110
<
0.0 0.90 - :
After Dissections  1DIV 20V 30V 4oV 5DV After Dissections 1 DIV 20V 30V apiv 5DV

Figure 4-3. Culture in 7F medium dismantled the thick circumferential F-actin bands that bracket SC junctions
throughout all regions of the P8 mouse utricle. The thick F-actin bands are a unique feature of mature SCs in the
vestibular and cochlear epithelia of mammals. The thickening occurs early in postnatal maturation and is highly
correlated with the age-related decline in the capacity for SCs to reenter the cell cycle. a, Representative high-
magnification images show visibly thinner F-actin bands in the lateral extrastriolar, striolar, and medial extrastriolar
regions of P8 mouse utricles that were cultured in 7F medium. b, The width of AJRs progressively decreased in the
control medium, but more quickly and substantially decreased during the first 3 d in the 7F medium, plateauing at ~1
um (n = 4 at each investigated time point for Control and 7F). ¢, AJR widths decreased faster in the striola than in the
lateral and medial extrastriolar regions of the sensory epithelium (n = 4 at each investigated time point). Data are mean
+ SD. ns, Not significant (p = 0.05). ***p < 0.001. DIV, days in vitro.
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Figure 4-4. Prolonged culture of utricles from P8 mice in 7F medium led to decreased levels of E-cadherin, but
not N-cadherin, at the junctions between SCs in the striola. a, E-cadherin immunoreactivity decreased in the striola
of P8 mouse utricles cultured in 7F medium, but not in those cultured in control medium. b, High-resolution images
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centered on the line of polarity reversal (yellow dashes) depicting the decrease in E-cadherin at cell junctions. ¢, High-
resolution images of N-cadherin immunostaining centered on the line of polarity reversal (yellow dashes). Levels of N-
cadherin remained unchanged during culture in 7F and control medium. d, The S/L ratio of E-cadherin stayed at the
same level in P8 mouse utricles cultured in control medium (n = 4 at each investigated time point for Control and 7F)
but progressively decreased in P8 mouse utricles cultured in 7F medium. e, N-cadherin S/L ratios remained unchanged
in both experimental conditions (n = 4 at each investigated time point for Control and 7F). Data are mean + SD. ns,
Not significant (p = 0.05). ***p < 0.001. DIV, days in vitro.
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Figure 4-5. After E-cadherin decreased in the striola of the P8 utricles, many of the normally quiescent SCs in
that region reentered the cell cycle and labeled with EdU. a, To determine when quiescent SCs began to reenter
the cell cycle, utricles from P8 mice were cultured for 3, 4, 5, 6, or 7 d, with EdU added for the final 24 h. b, The sensory
epithelia of P8 mouse utricles that were cultured in 7F medium did not significantly expand relative to those cultured in
control medium (n = 6 at each investigated time point for Control and 7F). ¢, Low-magnification images illustrate the
S-phase entry of striolar SCs in P8 mouse utricles cultured in the 7F medium. d, Quantification showed that the most
notable increase in the incidence of S-phase entry in the striolar SCs occurred between the fourth and fifth days of
culture (n= 6 at each investigated time point for Control and 7F). Data are mean £ SD. ns, Not significant (p =
0.05). **p < 0.01, **p < 0.001. DIV, days in vitro.

Page 122 of 194



2,00 -
1,80 | BN

1,60

a IR F

Control DMSO E F 1 C A P 6

Apical Junction Region Width [um]
Lateral

C Control 7F EC

N-cadherin zone E-cadherin
Oncomodulin zone

Striolar

0.8

e Control 7F EC 00

Control 7F EC
Sox2 zone

Figure 4-6. EGF and the GSK3p inhibitor CHIR-99021 are the factors in 7F medium that reverse junctional
maturation and induce S-phase entry in striolar SCs. a, Of seven factors (E, F, |, C, V, P, 6), only EGF (E) and
CHIR-99021 (C) significantly decreased the average width of AJRs when individually tested. The effect of E and C
resulted in thinning of the AJRs that was comparable with that of 7F medium (n = 4 for each experimental condition).
Data are mean * SD. ns, Not significant (p = 0.05). *p < 0.0001 (ANOVA and then post hoc ttest comparing each
experimental condition with the control group). b, High-magnification images of thinned F-actin bands in P8 mouse
utricles cultured in EC medium for 3 d. ¢, Low- and high-magnification images illustrating that levels of E-cadherin
immunostaining decreased in striolar SCs of P8 mouse utricles cultured in EC medium for 5 d. d, Culture in 7F and EC
medium each significantly decreased the E-cadherin S/L ratio compared with control medium (n = 4 for Control, 7F,
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and EC). Data are mean * SD. ns, Not significant (p = 0.05). ***p < 0.001 (statistical comparisons are t tests relative
to control group). e, Treatment with EC medium was sufficient to induce S-phase entry of striolar SCs in P8 mouse
utricles. f, Quantification of EdU*/Sox2* cells revealed that culture in EC medium induced a level of S-phase entry in
SCs comparable with culture in 7F medium (n = 8 for Control, 7F, and EC). Data are mean £ SD. ns, Not significant
(p=0.05). *p < 0.01 (statistical comparisons are ¢ tests relative to control group).
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Figure 4-7. The levels of B-catenin and YAP decreased in the striola of P8 utricles upon treatment with EGF
and the GSK3 inhibitor CHIR-99021. a, Low-magnification images illustrating that the intensities of -catenin and
YAP immunostaining decreased in the striola of P8 mouse utricles cultured in EC medium, which did not occur in
control medium. b, High-magnification images centered on the line of the polarity reversal (yellow dashes) depicting
the decrease in B-catenin and YAP immunostaining at the cellular level. ¢, Orthogonal view of P8 mouse utricle cultured
in EC that illustrates decrease in B-catenin and YAP immunostaining intensities in the striola and presence of
EdU* striolar SCs. d, B-catenin and YAP S/L ratios decreased in P8 mouse utricles cultured in EC medium compared
with utricles cultured in control medium (n = 4 for Control and EC). e, Low-magnification images of P8 mouse utricles
cultured in EC medium for 7 d with EdU and nocodazole added for the final 24 h of culture. Insets, Cells that progressed
from S-phase to mitosis (EdU*/PH3* cells). f, EdU*/Sox2*/PH3* cells were present only in utricles cultured in EC
medium (n = 4 for Control and EC). Data are mean + SD. ns, Not significant (p = 0.05). ***p < 0.001.
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Figure 4-8. EGF and the GSK3 inhibitor CHIR-99021 thin F-actin bands and promote cell cycle progression in
utricles from adult mice. a, Representative high-magnification images show visibly thinner F-actin bands throughout
the striolar and extrastriolar regions in adult mouse utricles that were cultured in EC medium for 11 d. b, The width of
AJRs significantly decreased in adult utricles cultured in the EC medium compared with control medium (n = 4 for
Control and 7F). ¢, High-resolution images depicting striolar SCs that progressed from S-phase to mitosis in adult
mouse utricles cultured in EC medium. Data are mean £ SD. ***p < 0.001.
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Figure 4-9. EGF and the GSK3p inhibitor CHIR-99021 reverse the reinforcement of SC-SC junctions and
promote proliferation of striolar SCs in utricles from adult mice. a, Low-magnification images illustrate that culture
in EC medium for 11 d decreases the intensities of E-cadherin, -catenin, and YAP immunostaining, but not N-cadherin
immunostaining, in the striola of adult mouse utricles. Such decreases did not occur in the control medium. b, High-
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magnification images centered on the line of the polarity reversal (yellow dashes) depicting E-cadherin, N-cadherin (-
catenin, and YAP immunostaining at the cellular level. ¢, The S/L ratios of E-cadherin, B-catenin, and YAP significantly
decreased in adult mouse utricles cultured in EC medium compared with utricles cultured in control medium (n = 4 for
Control and EC). The SIL ratio of N-cadherin did not differ significantly. d, Quantification of EdU*/Sox2* cells revealed
that culture in EC medium induced a 50-fold increase in the number of SCs that entered S-phase compared with the
number of such SCs found in utricles cultured in control medium (n = 7 for Control and EC). e, As in P8 utricles, culture
of adult mouse utricles in EC medium induced S-phase entry in striolar SCs. Data are mean + SD. ns, Not significant
(p 20.05). *p <0.01, **p < 0.001.
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CHAPTER S
YAP mediates hair cell regeneration in balance organs of chickens, but LATS
kinases suppress its activity in mice.?

ABSTRACT

Loss of sensory hair cells causes permanent hearing and balance deficits in humans and
other mammals, but for nonmammals 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 supporting
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 produced
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,
while 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.

2 This chapter is a reproduction of Rudolf et al. 2020. It has been re-formatted to match the terminology
and style within this thesis.
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SIGNIFICANCE STATEMENT

Loud sounds, ototoxic drugs, infections, and aging kill sensory hair cells in the ear, causing
irreversible hearing loss and balance 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.
INTRODUCTION

Hearing loss affects 400 million people worldwide, and balance disorders afflict millions
more (Agrawal et al., 2009; World Health Organization, 2020). The loss of sensory hair cells (HCs)
in the inner ear is a major and permanent cause of these impairments, because lost HCs are not
effectively replaced in humans and other mammals (J. B. Nadol, 1993; Forge et al., 1993; Warchol
et 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)
generate progeny that replace HCs and in some cases convert directly into HCs (Balak et al.,
1990; Adler and Raphael, 1996; Baird et al., 1996). Yet 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 signaling, and stimulation of canonical Wnt
signaling (Gu et al., 2007; T. Wang et al., 2015; You et al., 2018). These manipulations show
promise in neonatal mice, but their efficacy diminishes as mammals mature and SCs transition to
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a more persistent state of quiescence (Atkinson et al., 2018; Collado etal., 2011b; Gu et al., 2007,
Maass et al., 2015; 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 circumferential 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 mechanical 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 etal., 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, contributing 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
nonmammals, 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 regenerative proliferation. In SCs of the murine utricle, YAP remained cytoplasmic
after HC loss. Their proliferative quiescence was overcome by expression of phosphorylation-
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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 HCs between mammals and nonmammals, and demonstrate for the first time that
YAP-TEAD signaling can be harnessed to promote the proliferation of SCs in the mammalian

inner ear.

METHODS
Animals

All experiments and procedures were approved by the University of Virginia Animal Care
and Use Committee (protocol #1835 07 18). 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 subcutaneously to trace
the incidence of S-phase entry. Doxycycline hyclate (Sigma) 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
Sox10 locus. Yap-S127A mice harbor a doxycycline-dependent human Yap 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. Lats1™/"x (Stock #024941) and Lats2"/ox (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).
Y apo/iox- Tazioxlox mice were generated and kindly provided by the lab of Eric Olson (Xin et al.,

2011, 2013).
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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 harvested from chicks of either sex between post-hatch days zero through four.
Utricle dissection and culture

Labyrinths were dissected from temporal bones in ice-cold PBS with Ca?*/Mg?*(Gibco)
and isolated utricles were transferred to HEPES-buffered DMEM/F-12 (Invitrogen) for fine
dissection. The utricular roof, otoconia, and nerve were mechanically removed under aseptic
conditions. The dissected organs contained the entire sensory epithelium, a small portion of the
surrounding non-sensory epithelium, and the underlying connective tissue matrix. For organ
culture, dissected utricles were adhered to glass-bottom dishes (Mat-Tek, Ashland, MA) coated
with 0.5 pL of dried Cell-Tak (BD Biosciences, San Jose, CA). Utricles were incubated at 37°C
with 5% CO; and cultured in HEPES-buffered DMEM/F12 supplemented with 1% FBS (Gibco)
and 10 ug/mL Ciprofloxacin (Bayer, Berlin, Germany).

In some experiments, 5-bromo-2'-deoxyuridine (BrdU, Sigma) was supplemented at 5
pg/mL or 5-ethynyl-2-deoxyuridine (EdU, Cayman Chemical) was supplemented at 2.5 pg/mL to
trace cells that entered S-phase. CA3 was obtained from Selleck Chemicals (#S8661) and
reconstituted in DMSO. Leptomycin B was obtained from Calbiochem pre-dissolved in ethanol
(#431050) and used at 40 ng/mL. XMU-MP-1 was obtained from Cayman Chemical, reconstituted
in DMSO, and used at 3 uM.

Adenoviral transduction

Type 5 adenoviral constructs were generated by Vector Biolabs. Viruses for transduction
of wild type 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-5S5A/S94A (#33103). Cultured utricles were rinsed three times with warm DMEM/F12 +
HEPES without serum, and then incubated with adenovirus at a final concentration of 1x102
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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% paraformaldehyde (Electron Microscopy Sciences) in PBS for
one hour at room temperature or in Glyofixx (Shandon) at 4°C overnight. Then utricles were rinsed
three 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
overnight in PBST supplemented with 2% Normal Goat Serum. Utricles were then rinsed three
times in PBST and incubated with Alexa Fluor-conjugated goat secondary antibodies for 2 h at
room temperature in PBST with 2% Normal Goat Serum. Utricles were then rinsed three times in
PBST, mounted in Prolong Diamond, and imaged on a Zeiss 880 Laser Scanning Confocal
Microscope. For BrdU-labeled specimens, utricles were treated with DNase | from bovine
pancreas (50 Kunitz/mL, Sigma) for one hour 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"®/iox; Tazo/lox:PlnCreER mice. Mouse anti-Spectrin
(1:50, MAB1622) was obtained from Millipore. Rabbit anti-Sox2 (1:200, D9B8N), Rabbit anti-
Phospho-YAP (Serl27) (1:100, 4911), and Rabbit anti-TEAD1 (1:200, D9X2L) were obtained
from Cell Signaling Technology. Rabbit anti-Ki67 (1:200, RM9106S0) was obtained from Thermo
Fisher Scientific. Rabbit anti-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 Vlla (1:200, 25-6790) were obtained from Proteus. Mouse anti-Myosin
Vlla (1:100, 138-1) was obtained from the Developmental Studies Hybridoma Bank. Rabbit anti-
Z0-1 (1:200, 61-7300) was obtained from Zymed. Alexa Fluor-conjugated secondary antibodies
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(1:500) and Alexa Fluor-conjugated phalloidin (1:200) were obtained from Thermo Fisher
Scientific. EAU was visualized with the Click-it Alexa Fluor Imaging Kit (Thermo Fisher Scientific)
according to the manufacturer instructions.
Quantification of S-phase entry

In experiments with chicken utricles, S-phase entry was measured by tabulating the
number of EJU+ cells in three 225x225 micron confocal images acquired at high-magnification
from the medial extrastriolar region. The incidence of S-phase entry in vivo in Yap-
S127A;Sox10"™* mice was measured by counting the number of EdU+ cells within confocal z-
stacks obtained with 20x magnification. The average number of EdU+ cells across five
standardized 100x100 micron regions were combined into a single value that was considered an
independent replicate for statistical purposes. Two 100x100 micron 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 corresponding 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 EdU 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 magnification confocal images of the SC

nuclear layer using a custom FIJI script available at https://github.com/utricle/YAP-NC-Ratio.

Utricles were immunostained for YAP, phalloidin, and Myo7a or Sox2. In samples stained for
Myo7a, pixels which exceeded an Otsu threshold for Myo7a were considered HCs and excluded
from the analysis. On each individual image, the cytoplasmic region was defined by pixels which
exceeded an Otsu threshold on phalloidin. The nuclear region was defined by pixels which
exceeded an Otsu threshold on Sox2, or alternatively by using the inverse of the cytoplasm region.
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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 corresponds
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 from a given utricle
were averaged together to form a single ratio for each utricle, 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 regions of interest (ROIs) were drawn in the nucleus
(excluding nuclei) and in the thin surrounding cytoplasmic space. The number of cells analyzed
per utricle ranged from 15-96, with at least 128 total cells analyzed per utricle. Values from the
same utricle were averaged and considered a single independent replicate for statistical analysis.
Micropunch lesions

Micropunches were fabricated as previously described (Meyers and Corwin, 2007). Blunt
29 gauge hypodermic needles with internal diameter of 180 um (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, Inc.), leaving
the underlying stroma intact. Utricles were cultured for an additional 48 h with or without 10 uM

EdU prior to fixation.
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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 phalloidin staining and measured
using hand-drawn ROIs in FIJI. The corresponding 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, avoiding
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
um?2, 50-75 pm?, 75-100 pm? , and >100 ym?), 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 (wild type, Yap-S127A*", and
Sox10"™*) received an intraperitoneal injection of doxycycline 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 Zeiss LSM 880 confocal microscope. Macular areas
were measured from maximum intensity projections of Myo7a imaged with a 20x objective. High
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.
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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 (wild type, Yap-S127A*, and
Sox10"™*) received an intraperitoneal injection of doxycycline at P1. Utricles were harvested and
fixed on P5 for immunostaining for E-cadherin as described above. High magnification confocal
z-stacks were acquired of the lateral region at the boundary of the sensory and non-sensory
epithelium. The E-cadherin intensity at SC-SC junctions was obtained by drawing a line across at
least 30 SC-SC junctions and averaging the peak intensities from the maximal intensity projection.
That was divided by the average E-cadherin intensity of at least 30 cell junctions within the non-
sensory 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 guantitative PCR

Eight to 14 utricles were dissected in ice cold PBS until only the sensory epithelia, stroma,
and small portion of surrounding non-sensory tissue remained, and combined to serve as one
biological replicate. Tissue was transferred to TRIzol (Ambion), and frozen at -80°C until further
processing. 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% ethanol, and then resuspended
in 20 pL H>0. RNA concentration was assessed using a NanoDrop ND-1000 spectrophotometer,
and equal amounts of RNA were used for reverse transcription reactions for each biological
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replicate. cDNA was synthesized using the iScript cDNA synthesis kit (Biorad). RT-gPCR was
performed on a Biorad CFX Connect using iTag Universal SYBR Green Supermix (Biorad).
Primer specificity was determined by melt curve analysis and verified by analyzing amplicon size
via gel electrophoresis. Primers are listed in Table 1. The gPCR was performed with two or three
technical replicates per sample and at least four biological replicates. Fold change was calculated
by the delta-delta Ct method with Gapdh as the reference gene. For statistical hypothesis testing,
the Mann-Whitney test was used with each biological replicate considered an independent
observation.
RNAscope in situ hybridization

Utricles from PO, P6, P16, and adult (=zP30) mice were dissected on the same day in ice
cold PBS and fixed for 1.5 h at room temperature in fresh 4% paraformaldehyde reconstituted in
RNAse-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% sucrose and OCT for one hour. 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 um thick slices, stored
on Superfrost Plus slides (Fisher Scientific) then stored at -80°C until further processing. The
RNAscope Fluorescent Multiplex Assay was performed according to manufacturer instructions
for fixed frozen samples. The probes Mm-Cyp26b1-O1-C3 (#524001-C3), Mm-Teadl-C1
(#457371), Mm-Tead2-C1 (#420281), Mm-Tead3-C2 (custom), Mm-Tead4-C2 (custom) were
ordered from Advanced Cell Diagnostics.
Experimental design and statistical analysis

All data are displayed as mean * standard deviation unless otherwise noted in the figure
legend. Statistical hypothesis testing was performed in GraphPad Prism 8. For comparisons of
two experimental groups, two-tailed unpaired t-tests were used unless otherwise noted. Paired t-
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tests were used to compare rates of viral transduction and proliferation in striolar and extrastriolar
regions. RT-gPCR experiments were analyzed with the non-parametric Mann-Whitney test.
Comparisons of three or more experimental groups were analyzed with ANOVA along with
pairwise post-hoc tests, as indicated in the Results section and figure legends. P-values below
0.05 were considered statistically significant. For in vitro experiments, each utricle was considered
an independent biological observation (biological replicate) unless otherwise stated in the figure
legend, and no methods were used to allocate utricles into treatment groups unless otherwise
noted in the Results section or figure legend. For in vivo experiments, mice of either sex were
allocated to experimental groups based on genotype, and each mouse was considered 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 handling 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 two additional days in streptomycin-
free medium. Then nuclear:cytoplasmic intensity ratios (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, t(10)=16.77, n=6
utricles per condition, Figure5-1A, C, I), resulting in a 22% increase in the N:C ratio of YAP
(p<0.0001, t(10)=8.248, n=6 utricles per condition, Figure 5-1B, D, J).
We used the same protocol to determine whether HC loss would induce nuclear

translocation of YAP in SCs of the postnatal day 1 (P1) mouse utricle. Here, the streptomycin
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treatment reduced the HC density to 55% of the level in undamaged control cultures (p=0.0004,
t(14)=4.583, n=8 utricles per condition, Figure 5-1E, G, I), but we observed no difference in the
N:C ratio of YAP (0.89+0.10 vs. 0.89£0.11, p=0.9818, 1(14)=0.02327, n=8 utricles, Figure 5-1F,
H, J).

To test whether YAP and TEAD mediate regenerative proliferation in chicken utricles, we
cultured utricles either with or without streptomycin for 24 h to kill HCs. Then the utricles were
cultured an additional two days in varying concentrations of CA3, a small-molecule inhibitor of
YAP-TEAD transcriptional activity (Song et al., 2018). EdU was added 24 h before fixation to label
cells that entered S-phase. The streptomycin-treated utricles contained 15-fold more EdU+ cells
than undamaged controls (p<0.0001, t(20)=5.48, n=6-16 utricles, Figure 5-1M), and the CA3
treatment caused a dose-dependent reduction in that regenerative proliferation (p=0.0010, F(3,
34)=2.528, n=7-16 utricles, ANOVA, Figure 5-1M). Other streptomycin-treated utricles that were
cultured with CA3 for six days contained fewer EdU+ cells that expressed the HC marker Myo7a
than matched controls (p=0.0337, t(6)=2.741, n=4 utricles, Figure 5-1K-M). In contrast, HC
ablation failed to induce significant regenerative proliferation in P1 mouse utricles during a three-
day recovery period (p=0.73, t(16)=0.35, n=9 utricles, Figure 5-1N). Taken 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).
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After an additional 48 h of culture with EdU, SCs at the lesion site changed shape and proliferated
(Figure 5-2A, C, E, G). YAP immunoreactivity was enriched in the nuclei of chicken SCs at the
lesion site (Figure 5-2B, 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
(Figure 5-2F, H).

Cellular shape change (i.e. strain) triggers 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 relationship between shape change and nuclear 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, the N:C ratio of YAP positively
correlated with the area of the apical domain (r=0.531, n=120 cells, p<0.0001, Figure 5-2I). There
was a significant, but weaker positive correlation between the YAP N:C ratio and apical domain
area of murine SCs within the lesion site (r=0.255, n=120 cells, p=0.005, Figure 5-2J). Chicken
SCs had significantly greater N:C ratios of YAP than murine SCs, even when controlling for cell
area (p<0.0001, F(1, 232)=147, n=240 cells, two-way ANOVA, Figure 5-2K). Outside of the lesion
site, there were no significant differences in apical area (p=0.69, 1(6)=0.42, n=4 utricles, Figure 5-
2L) or YAP N:C ratio (p=0.89, t(8)=0.15, n=4-6 utricles, Figure 5-2M) between chicken and murine
SCs. The results indicate that the nuclear accumulation of YAP in response to damage, and

specifically shape change, is restricted 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 cascade of MST1/2 and LATS1/2 kinases
phosphorylates YAP leading to its cytoplasmic 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
canonical 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
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either XMU-MP-1, vehicle, or the nuclear export blocker leptomycin 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, F(5, 20)=37, n=4-5, ANOVA; Mouse: p<0.0001,
F(2,14)=56, ANOVA, n=5-6, Figure 5-3A-K). In the chicken utricles, MST1/2 inhibition led to a
significant increase in the YAP N:C ratio compared to negative controls (0.83+0.07 vs 1.14+0.10,
p<0.0001, ANOVA with Sidak’s test, Figure 5-3A, B), which was reversible after a 24-hour
washout (p<0.0001, ANOVA with Sidak’s test, Figure 5-3E, J). We did not observe an increase in
the YAP N:C ratio in mouse utricles after a 12 hour 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, Figure 5-3G, H), though a 72-
hour incubation significantly increased the N:C ratios of YAP in both species compared to DMSO-
treated controls (Chicken: 0.84+0.03 vs 1.04+0.13, p=0.0008, t(14)=4.23, n=8 utricles; Mouse:
0.88+0.07 vs 1.09+0.17, p=0.0103, t(11)=3.09, n=6-7 utricles, Figure 5-3L-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 (Figure 5-1). In murine SCs, however, the cytoplasmic sequestration

of YAP was less sensitive to damage or the acute inhibition 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 inhibition 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 administration

of doxycycline (Ludwig et al., 2004; Camargo et al., 2007; Walters and Zuo, 2015). We injected
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doxycycline intraperitoneally to P1 offspring and supplemented the dam’s drinking water. EdU
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 visibly increased compared to SCs
in utricles from wild type, Sox10™™* and Yap-S127A*" littermates (Figure 5-4A-D). Moreover, the
utricles of Yap-S127A*";Sox10"™* pups exhibited a 35-fold increase in EdU+ cells over the
littermate controls (97+54 EdU+ cells/10,000 um?, p<0.0001, F(3, 27)=20.8, n=5-11 mice,
ANOVA, Figure 5-4A-E). Those EdU+ cells expressed the SC marker Sox2 (Figure 5-4D’). EdU+
SCs were located throughout the utricle but were slightly enriched in the lateral region (p = 0.0011,
F(2.9, 43.1) = 6.5, n = 16 utricles, repeated measures ANOVA with Tukey’s test, Figure 5-4F). 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 RT-gPCR. Compared to
littermate controls, the YAP-TEAD target genes Ctgf, Cyr61, and Ankrdl were upregulated in the
utricles from the Yap-S127A*";Sox10"™* mice by 32-fold, 7-fold, and 181-fold, respectively
(p=0.0286, Mann-Whitney test, Figure 5-4G). Myc expression was unchanged (p=0.4571, Mann-
Whitney test), and the cell cycle regulator Ccndl was upregulated 3-fold (p=0.0286, Mann-
Whitney test, Figure 5-4H).

We next sought to determine whether the proliferating SCs in Yap-S127A*";Sox10"™A*
mice would be able to differentiate as HCs. Since Yap-S127A*;Sox10™™* pups that were
administered doxycycline on P1 did not consistently tolerate the treatment beyond P5, we
modified our protocol to ameliorate this toxicity and administered a reduced dose of doxycycline
(10 mg/kg) to Yap-S127A*:Sox10"™* mice and littermate controls at P3. EdU was supplied on
P4, P5, and P6, and utricles were harvested at P24. Utricles of Yap-S127A*";Sox10"™* mice
contained 7+4 Myo7a+, EdU+ cells/10,000 um?, 49-fold more than littermate controls (p=0.0006,
t(9)=5.2, n=3-8 mice, Figure 5-4I-L). Contralateral utricles which were immunostained for Myo6
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contained 40-fold more Myo6+, EdU+ cells than littermate controls (p<0.0001, t(8)=7.4, n=3-7
mice, Figure 5-4K). Thus, reactivating 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*;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 to
littermate controls (p=0.0002, t(22)=4.4, n=12 mice, Figure 5-5A-C). In utricles that were
harvested at P3 for RT-gPCR, transcript levels of E-cadherin were double those of controls
(p=0.0286, Mann-Whitney test, n=4, Figure 5-5D).

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
overcame this regulation to increase cell density, we administered doxycycline to Yap-S127A*"
:Sox10"™* 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-S127A: 0.11+0.05 mm?, p=0.208, t(7)=1.4, n=4-5 mice, Figure 5-5E), but the spatial
density of SCs increased 1.4-fold (p=0.008, t(10)=3.3, h=5-7 mice, Figure 5-5F-H). The total cell
density increased 1.25-fold (p=0.033, t(10)=2.5), and the density of HCs was unchanged (p=0.36,
t(10)=0.96). The results indicate that mutation of serine 127 to a non-phosphorylatable residue
bypassed inhibition, enhancing YAP-TEAD transcriptional activity and driving SCs in the neonatal

mouse utricle to proliferate.
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The proliferative response to YAP-S127A declines during postnatal maturation

Expression of YAP-S127A stimulated TEAD-dependent transcription 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*;Sox10"™* mice on P3, another group on P5, and
a third on P9. EdU was injected subcutaneously once daily over the following three days, and the
utricles were harvested four days post-doxycycline. Following induction on P3, utricles of Yap-
S127A*;Sox10"™* mice contained 95-fold more EdU+ cells than littermate 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(2, 56)=61, two-way ANOVA, n=5-16 mice,
Figure 5-6A-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-S127A*";Sox10"™* mice to those of age-
matched littermate controls (Figure 5-6A-F). To circumvent any bioavailability issue, we cultured
utricles from P1 and P9 Yap-S127A*;Sox10"™* mice in the presence of 10 ug/mL doxycycline
and EdU for 72 h. Utricles from the P1 mice contained seven-fold more Sox2+ EdU+ cells than
utricles from the P9 mice (p=0.0277, t(13)=2.48, n=6-9, Figure 5-6H-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 central region of the utricle, remained responsive to YAP-S127A even at P9 (Figure 5-61).

To determine whether the age-dependent decrease in proliferation correlated with a
decrease in YAP-TEAD transcriptional activity, we cultured utricles of P1 and P9 mice with
doxycycline for 48 h and measured the expression of YAP-TEAD target genes using RT-gPCR.

The expression of most target genes declined with age both in utricles from Yap-S127A*"
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:Sox10"™* mice and littermate controls (Figure 5-6K). However, YAP-S127A induction at P9 still
resulted in a four-fold to five-fold increase in expression of the target genes compared to age-
matched controls (each p=0.0286, n=4 biological replicates, Mann-Whitney test), indicating that
a transcriptional response remained intact. Taken 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 fluorescent in situ hybridization revealed that
TEAD1 was broadly expressed at PO, P6, and P16 by RNAscope (Figure 5-7A-C). TEAD2 was
expressed throughout the mouse utricle at PO, but expression was lower at P6 and nearly absent
at P16 (Figure 5-7D-F). The age-related downregulation of TEAD2 correlated with declines in
YAP-TEAD transcriptional activity and proliferation, and was consistent with published RNA-seq
(Gnedeva and Hudspeth, 2015). TEAD3 and TEAD4 transcripts were not detected (data not
shown). An antibody specific for TEAD1 labeled nuclei of SCs in newborn and adult mouse utricles
(Figure 5-7G, H). Immunostaining of utricles from newborn and adult mice showed that YAP too
remained expressed in adult SCs (Figure 5-71, J), which we confirmed in a human specimen
(Figure 5-7K). The continued expression of YAP and TEADL1 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 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 wild type YAP to evaluate the
effect of inhibitory phosphorylation. The rate of SC transduction did not differ between the viruses

(p=0.62, F(3,12)=0.61, ANOVA, n=4 utricles, Figure 5-8A), with approximately 30% of SCs and
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less than 1% of HCs were transduced at the titer used (data not shown), consistent with previous
reports (Burns et al., 2012c). After three days of culture in the presence of BrdU, utricles that were
transduced with mCherry or wild type YAP averaged fewer than two Sox2+ BrdU+ cells (Figure
5-8B-F). In contrast, utricles transduced with YAP-5SA averaged 69156 (p<0.0001, F(3, 44)=15,
n=10-16, ANOVA, Figure 5-8D, F). The Sox2+ BrdU+ cells lacked apical F-actin bundles,
suggesting that they were SCs and not Type Il 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 to SCs
transduced with wild type YAP (p=0.0446, F(2, 9)=10.5, n=4, ANOVA with Tukey’s test, Figure 5-
8G-J). In addition, an antibody specific for phospho-YAP (S127) strongly labeled the cytoplasm
of SCs transduced with wild type YAP, but not those transduced with YAP-5SA in which that
epitope is mutated (Figure 5-8K, L). These results show that ectopic wild type YAP is
phosphorylated and retained in the cytoplasm, while 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 wild type YAP (p=0.0036, F(2, 9)=10.5, n=4, ANOVA with
Tukey’s test, Figure 5-8l, J), but no cell cycle re-entry occurred (Figure 5-8E, F). Taken together,
the results suggested that liberating YAP from inhibitory phosphorylation would allow it to promote
TEAD-dependent proliferation in mature striolar SCs.

Cell cycle re-entry 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 [3-
tectorin (Tectb) after five days in culture, the density of BrdU+ cells was over three-fold greater in
the Tectb+ region compared to the Tectb- region (p=0.0001, t(4)=15.3, n=5, paired t-test, Figure
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5-9). There was no difference in the density of transduced SCs between the striolar and lateral
extrastriolar region (Lateral: 83+22; Striolar: 8320 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 differentiate into
HCs, however constitutive overexpression of YAP-5SA disrupted the morphology of the striola in

cultures maintained five days or longer post-transduction (Figure 5-9A), precluding such analysis.

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

LATS1 and LATS2 are the major kinases that mediate inhibitory phosphorylation of YAP
at HXRXXS motifs in order to regulate 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 (Figure 5-10A, B), so we
hypothesized that inactivation of LATS1/2 would lead to cell cycle re-entry in the postnatal murine
utricle. We used an in vitro approach to test that, because the Lats1"o¥/1ox;|_gts2fo¥/lox. p|p1 -CreERT?
mice we generated developed tumors even in the absence of tamoxifen administration. For this
we explanted utricles of Lats11o¥iox:| ats2fo¥lox mice and adenovirally transduced their SCs with
mCherry or mCherry-T2A-Cre (LATS1/2 cKO). Utricles were cultured for seven days, with EdU
added for the final two days to label SCs that entered S-phase. In utricles from P30 mice,
phospho-YAP (S127) immunoreactivity was reduced in SCs of Lats1"o/lox:|_ats2fiox/lox ytricles that
were transduced with mCherry-T2A-Cre compared to neighboring non-transduced SCs and SCs
transduced with mCherry alone (Figure 5-10C, D), indicating that LATS1/2 are expressed in
mature SCs and mediate the continuous inhibitory phosphorylation of YAP.

Utricles from P1 Lats1fo¥fox;| gts2fodfox mice that were transduced with mCherry-T2A-Cre
averaged 38-fold more EdU+ SCs than controls (613 vs. 240+145, p=0.018, t(6)=3.2, n=4, Figure
5-10E-G), with some EdU+ nuclei visible as mitotic figures (Figure 5-10F). In P30 utricles,
deletion of LATS1/2 significantly increased S-phase entry, albeit to a lesser extent than in P1.

After seven days in vitro, LATS1/2 cKO utricles averaged 12+15 EdU+ cells, 4.4-fold more than
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P30 controls (p=0.0342, t(28)=2.73, n=15). Extending the culture duration to eleven days resulted
in 17+21 EdU+ cells in LATS1/2 cKO utricles, a 9-fold increase over controls (p=0.0393,
t(18)=2.22, n=10, Figure 5-10H-J). The density of transduced SCs was not significantly different
between P1 and P30 utricles (P1: 62 + 15; P30: 53+27 SCs/10,000 um?; p = 0.60, t(5)=0.56, n =
3-4). In both P1 and P30 LATS1/2 cKO utricles, proliferating SCs were located in a striolar
distribution (Figure 5-10E, 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 mechanical
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 SCs.
Overexpressing a YAP-S127A variant which could enter nuclei elicited YAP-TEAD transcriptional
activity and SC proliferation in the neonatal mouse utricle. This proliferative response declined
with age, but persisted to an extent in mature SCs. Ectopic wild type YAP was phosphorylated
and sequestered in the cytoplasm, but a YAP-5SA variant which lacks LATS1/2 phosphorylation
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 constitutive signaling by LATS1/2 kinases is required to phosphorylate YAP and hold
SCs in mouse utricles in a persistent state of quiescence. 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 basis to explain why mammals and nonmammals differ
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in their ability to replace sensory HCs, and demonstrate that reactivation of YAP-TEAD signaling
is sufficient to induce SC proliferation 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 (Figure 5-2). These shape changes may disrupt the MST1/2-LATS1/2
kinase cascade, allowing YAP to accumulate in the nucleus. Shape changes appear to modulate
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 circumferential F-actin bands (Burns et al.,
2008, 2013).

Streptomycin-induced HC loss did not affect YAP localization in murine SCs (Figure 5-1).
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 nuclear accumulation of YAP in mammalian SCs, but to a lesser
degree than in chicken SCs (Figure 5-2). Thus, the shape changes produced by HC loss in the
murine utricle may be below the threshold 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 (Figure 5-3). This suggests that MST1/2-independent mechanisms may activate
LATS1/2 in murine SCs. E-cadherin is reported to activate LATS1/2 independently of MST1/2 in
other epithelia (Kim et al., 2011) and is expressed at higher levels in mammalian SCs than those
of birds, fish, and amphibians (Collado et al., 2011b; Burns et al., 2013). Pharmacologic
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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-cadherin in what may reflect negative feedback
(Figure 5-5A-D). MAP4K kinases and metabolic changes can also activate LATS1/2 independent
of MST1/2 (Meng et al., 2015; W. Wang et al., 2015; Nokin et al., 2016). Pinpointing which
upstream signals activate LATS1/2 in mammalian SCs will aid efforts to overcome proliferative
guiescence.

As the deletion of LATS1/2 reduced inhibitory phosphorylation 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 quiescence by restricting YAP-TEAD
signaling. Corroborating that notion, a recent report showed that pharmacologic inhibition of
LATS1/2 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 mechanisms
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
kinases is required to maintain SC quiescence. Likewise, YAP and its paralog TAZ have largely
overlapping functions (Plouffe et al., 2018). Though we examined the localization and
phosphorylation of YAP, damage and LATS1/2 deletion could similarly affect TAZ.

Overexpression of YAP-S127A is sufficient to stimulate widespread proliferation and
increase cell density in the P1 mouse utricle (Figure 5-4, Figure 5-5), 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 proliferative quiescence (Burns et al., 2012a). Since this age-
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dependent 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 Wnt signaling, Notch signaling, Atohl expression, and SoxC
expression (Gnedeva and Hudspeth, 2015; Maass et al., 2015; T. Wang et al.,, 2015;
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 example, chromatin is less accessible in cochlear SCs than utricular
SCs (Jen et al., 2019), and f striolar SCs were more likely to proliferate than extrastriolar SCs
when inhibitory phosphorylation of YAP was bypassed (Figure 5-6, Figures 8-10). The
proliferation rates of striolar and extrastriolar SCs varied slightly between in vivo and in vitro
experiments (Figure 5-4F, Figure 5-6), 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 (Figure 5-6) suggests that striolar-extrastriolar
differences widen throughout postnatal maturation. The low rate extrastriolar proliferation in P1
LATS1/2 cKO utricles may be due to aging of the explant during the processes of adenoviral
transduction, Cre expression, recombination of LATS1/2 alleles, and degradation of pre-existing
LATS1/2 mRNA and protein (Figure 5-10E-G). YAP was no more likely to accumulate in nuclei of
striolar SCs than those in the extrastriola after streptomycin damage (Figure 5-1) or MST1/2
inhibition (Figure 5-3), 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 (Figure 5-7), 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
cochlear progenitors that express Lgr5+ (Xia et al., 2020), and striolar SCs which express Lgr5+
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are more responsive to Wnt than extrastriolar SCs (Lin et al., 2015; T. Wang et al., 2015; 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 differentiation in neural progenitors (Janesick et al., 2015).

Regenerative proliferation is essential to mitotically replace HCs and to replenish the pool
of SCs after direct transdifferentiation. It has remained unclear why SCs in nhonmammalian
vertebrates 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 contribute 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 insensitive 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 phosphorylate YAP and
restrict its ability to regulate gene expression with TEAD. Approaches to inhibit LATS1/2 kinase
activity eventually may be used to promote replacement of lost HCs for the treatment of hearing

loss and balance disorders.

Page 154 of 194



FIGURES AND FIGURE LEGENDS

I HC Density
250 mm No Strep
ns I Strep
kkkk  kkk —
o 200072 —_— e 1
g pa— —
o 150
o
S
€ 100 ‘
(3]
T
50- ﬂ l‘
0- ‘T
Total Lat Cen Med
Chicken Mouse
J YAP N:C Ratio
1.25+ mm No Strep ns
mm Strep T
Xk kk ns ns ns

_.
o
o
1
—_

gl

"N

Nuclear/Cytoplasmic
YAP Intensity
o
o5
o
1

0.50-
Total Lat Cen Med
Chicken Mouse
Chicken EdU . N MouseEdu
& 210
N 5 = L ns

g Rk * § S 3
o 60 - = )

S = D B
] (2] o
o 3 % b

G 40 *  kkk o g 4
® 2 ¥ w

S 20 S & 2
% %

. E 15 S0

) b .
[1] 0 O R R
- 10 VIl strep R T T = ‘\06‘( é‘é‘
&
Stre—»DMSO ] Stre—»CA3 —_— CA3(uM)0 0 02505 1 0o 1 X

Figure 5-1: 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). Images E-H depict the central (putative striolar) region of the mouse utricle. (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 (arrowhead) than those cultured with 1 uM CA3 (L) through
day seven. (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+
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cells than undamaged utricles (p<0.0001, t-test). Streptomycin-treated utricles cultured with the YAP-TEAD inhibitor
CAZ3 contained fewer EdU+ cells in a dose-dependent manner (p=0.001, ANOVA with Dunnett’s multiple
comparisons test; * indicates p<0.05, *** indicates p<0.001, 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). All graphs depict mean+SD.
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Figure 5-2: 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
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close the lesion (D) in comparison to 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) in comparison to those outside of the lesion
area at the periphery of the macula (F). (I) 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 depict 95% confidence interval. (J) Regression analysis reveals a modest
association between YAP N:C ratio 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 to 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 outside of the lesioned area revealed no
significant difference between mouse and chicken 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
mouse and chicken utricles (p=0.8852, n=4-6 utricles).
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Figure 5-3: Acute inhibition of MST1/2 kinase activity induced nuclear accumulation of YAP in chicken SCs,
but not in those of mice. (A-l) High magnification images of YAP immunoreactivity (pseudocolored) in the SC
nuclear layer of explanted P2 chicken utricles (A-F) or P1 mouse utricles (G-I) cultured in either vehicle negative
control, MST1/2 kinase inhibitor XMU-MP-1 (XMU) at 3 uM, or leptomycin B (LMB) at 40 ng/mL as a positive control.
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After 12 h, YAP intensity is greater in the cytoplasm than in nuclei in vehicle controls (A, G), and enriched in nuclei in
utricles treated with LMB (C, 1). 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). Images G-I depict the central (striolar) region of the mouse utricle. (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=4-5). LMB significantly increases YAP N:C ratio (p<0.0001, n=4-5). (K) Quantification reveals that a 12
h treatment with LMB significantly increased the YAP N:C ratio in mouse utricles compared to vehicle (ANOVA with
Dunnett’s test, p<0.0001, n=5-6), 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 (ns denotes p>0.05, **denotes
p<0.01, **denotes p<0.001). (L-O) Confocal images of YAP immunoreactivity from the SC nuclear layer in utricles
from P2 chickens (L, M) and P1 mice (N, O) that were cultured in 3 uM 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 (p=0.0008, n=8)
and mouse utricles (p=0.0103, n=6-7) compared to DMSO-treated controls. Graphs depict mean+SD.
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Figure 5-4: In vivo overexpression of YAP-S127A in the neonatal mouse utricle resulted in widespread S-
phase entry, upregulation of YAP-TEAD target genes, and generation of progeny that expressed hair cell
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. Low magnification images (A-D) show YAP
immunoreactivity was more intense in Yap-S127A*;Sox101™* mice (D) compared to littermate controls (A-C),
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indicating induction of YAP-S127A 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-S127A*-;Sox10"4* 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 depict immunoreactivity for YAP (A”-D”) and the SC marker Sox2 with EdU (A”-D").
(E) Quantification of EdU+ cells revealed utricles of Yap-S127A*-;Sox10™* mice had significantly greater S-phase
entry (range 13-182 EdU+ cells/10,000 um?) 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 utricles). (G, H) Pups were
injected with doxycycline at P1 and utricles were harvested on P3 for RT-qPCR. Utricles from wild type, Yap-S127A*-
, and Sox107™* pups were pooled as a negative control. Expression of YAP-TEAD target genes Ctgf, Cyr61, and
Ankrd1 (G) was significantly upregulated in Yap-S127A*;Sox101™* mice compared to negative controls (each
p=0.0286, Mann Whitney test, n=4 biological replicates). Expression of Ccnd1, 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 littermate controls at P3 and EdU was supplied
at P4, P5, and P8. Utricles were harvested at P24. Utricles from Yap-S127A*-;Sox10™* mice contained numerous
Myo7a+ EdU+ cells (J, J') and Myo6+ EdU+ cells (K, K’), which were rare in controls (I, I'). (L) Quantification revealed
that Myo7a+ EdU+ cells and Myo6+ EdU+ cells were significantly more abundant upon YAP-S127A overexpression
at P3 (Myo7a: p=0.0006, n=3-8 mice; Myo6: p<0.0001, n=3-7 mice). Utricles from wild type, Yap-S127A*, and
Sox10%™* pups were pooled to serve as a negative control. All graphs depict meanSD.
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Figure 5-5: 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-S127A*-;Sox10%™* mice and littermate negative controls at
P1, and utricles were harvested either on P5 for immunohistochemistry or on P3 for RT-qgPCR. (A-B) The intensity of
E-cadherin immunolabeling in utricles of Yap-S127A*-;Sox10"* mice (B) was greater than that in negative control
genotypes (A). (C) Quantification of E-cadherin staining intensity in SC-SC junctions normalized to E-cadherin levels
in the non-sensory epithelium as an internal control (p=0.022, t-test, n = 12 utricles). (D) Quantification of Cdh1
mRNA expression relative to Gapdh reveals that expression doubles in Yap-S127A*;Sox10?4#* mice compared to
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-S127A*Sox 1014+
mice and controls (p=0.21, n=4-5 mice). (F) Quantification reveals that the total cell density (p=0.033) and SC density
(p=0.008) were each significantly increased in utricles from Yap-S127A*-;Sox10?™* mice compared to littermate
controls (t-test, n=5-7 mice). HC density did not significantly vary between utricles of Yap-S127A*;Sox101™* mice
and controls (p=0.36, t-test, n=5-7 mice). (G, H) Immunostaining of apical junction marker ZO-1 and HC marker
Myo7a in the lateral extrastriolar region of the utricle. Cells from the Yap-S127A*-;Sox101™* mouse utricle (H) are
more densely packed and have irregular apical domain shapes in comparison to littermate controls (G). All graphs
depict mean+SD.
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Figure 5-6: 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-S127A*-
;Sox 1074+ mice (D-F) declined in an age-dependent fashion. Utricles from wild type, Sox10"4*, and Yap-S127A*
littermates were used as controls. Insets depict YAP immunoreactivity 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). Sidak’s
multiple comparisons tests are depicted with **** indicating p<0.0001 and ns denoting p>0.05. (H, I) Low
maghnification images of explanted utricles from P1 and P9 Yap-S127A*;Sox1014* mice that were cultured in the
presence of 10 ug/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-S127A*-;Sox101™* mice compared to P1 mice of that genotype (p=0.0277,
n=6-9 utricles). (K) RT-qPCR revealed that expression of YAP-TEAD target genes relative to Gapdh declined in an
age-related manner regardless of YAP-S127A induction. Comparisons to P1 controls are indicated with * denoting
p=0.016 and ** denoting p=.0095 (n=4-6 biological replicates, Mann-Whitney test). All graphs depict meanSD.
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Figure 5-7: TEAD2 was downregulated as mice age, but expression of TEAD1 and YAP was 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 P0, but declined in an age-dependent manner (D-F). Scale bars represent 100
pm. White brackets denote the Cyp26b1+ striolar domain, dashed lines indicate the border between the sensory
epithelium and underlying stroma, and insets depict higher magnification with scale bars representing 10 pum. (G-J)
TEAD1 and YAP antibody labeling in mouse utricles shows broad expression that persists from newborn (G, 1) to
adult (H, J) stages. Insets depict high magnification images of the SC nuclear layer (G, H) and apical surface (1, J)
with scale bars representing 10 um. (K) Orthogonal view of an adult human utricle immunostained for YAP and
Myo7a with Hoechst labeling of cell nuclei.
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Figure 5-8: 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 overnight. The following day, type 5
adenovirus was used to transduce SCs with either mCherry, wild-type YAP, YAP-5SA, or YAP-5SA/S94A. Utricles
were maintained in the presence of BrdU for an additional three days before processing for inmunohistochemistry.
(A) Quantification reveals no significant differences in the transduction rates of the viruses (p=0.62, ANOVA, n=4
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utricles). (B-E) Low magnification images show 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 depicting expression of the mCherry reporter (B”-E”) as well as Sox2 and BrdU (B™-E™”). The BrdU+ nuclei in
utricles transduced with YAP-5SA co-labeled with the SC marker Sox2 (D) and appeared at a lower density,
possibly due to interkinetic nuclear migration or morphological disruption. (F) Quantification of Sox2+ BrdU+ cells per
utricle after three days in culture. S-phase entry increased significantly in YAP-5SA treated utricles (p<0.0001,
ANOVA, n = 10-16 utricles). (G-H) High magnification images of the SC nuclear layer of utricles transduced with wild
type YAP, YAP-5SA, and YAP-5SA/S94A and analyzed 72 h post transduction. Wild type 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 wild-type YAP
(0.66+0.07, mean+SD) was significantly lower than those transduced with YAP-5SA (0.8520.12, p=0.0446) or YAP-
5SA/S94A (0.97+0.09, p=0.0036, ANOVA with Tukey’s multiple comparisons, * denotes p<0.05, ** denotes p<0.01, n
=4 utricles). (K, L) High magnification images of the SC nuclear layer of P30 mouse utricles transduced with wild
type YAP and analyzed 72 h post 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-5SA, which has a
serine-to-alanine mutation at serine 127, served as a negative control for antibody specificity (L). Graphs depict
mean£SD.
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Figure 5-9: Cell cycle re-entry evoked by YAP-5SA occurred selectively in striolar SCs. Utricles from P30 mice
were transduced with YAP-5SA after an overnight acclimation period and cultured for an additional five days 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 shows that proliferating cells were significantly more numerous in the
Tectb+ striolar region than in the extrastriola (p=0.0001, paired t-test, n=5 utricles). Graph depicts individual values
from each utricle.
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Figure 5-10: Deletion of LATS1 and LATS2 reduced the inhibitory phosphorylation of YAP and induced
proliferation of SCs in utricles from neonatal and adult mice. (A, B) Utricles of PO and P30 mice were
immunolabeled for phospho-YAP (S127), a measure of LATS1/2 kinase activity. Phospho-YAP immunoreactivity was
detectable in SCs within the striolar and lateral regions both at PO and at P30. The dashed yellow line denotes the
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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 Lats1%ex/fox;| ats2fexfex mice transduced with mCherry (Control) or mCherry-
T2A-Cre (LATS1/2 cKO) and cultured for 11 d. SCs that expressed the mCherry reporter alone exhibited similar
levels of phospho-YAP (S127) immunoreactivity compared to 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 Lats 1foxfiox:| ats 2flexiox mice at P1 and transduced with mCherry
(control) or mCherry-T2A-Cre (LATS1/2 cKO) and cultured for seven d. EdU was added for the final two days of
culture to trace cells that entered S-phase. Few EdU+ cells were present in control utricles (E, E’), but substantial
numbers were found in the central region of LATS1/2 cKO utricles (F, F’). High magnification images of the SC layer
(E”, F”) show EdU+ nuclei and a mitotic figure in a LATS1/2 ¢cKO utricle (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, I) Utricles were explanted from Lats 1fox'fox:| ats2fox/iox 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 two days of
culture. Control utricles contained few EdU+ cells (H, H'), but significantly more EdU+ cells were observed in a
striolar distribution of LATS1/2 cKO utricles (I, I). (J) Quantification shows significantly increased EdU+ cell counts in
P30 LATS1/2 cKO utricles compared to controls (p=0.0393, n=10 utricles). Dashed lines denote the boundary of the
macula. Graphs depict meanSD.

Gene Species Direction | Sequence Amplicon
Size (bp)

Ctgf Mouse Forward | ACTATGATGCGAGCCAACTG 117
Reverse | CTCCAGTCTGCAGAAGGTATTG

Cyr6l Mouse Forward | CCAGTGTACAGCAGCCTAAA 92
Reverse | CTGGAGCATCCTGCATAAGTAA

Ankrdl Mouse Forward | CGACGTCTGCGATGAGTATAAA 92
Reverse | CTCCAGCCTCCATTAACTTCTC

Gapdh Mouse Forward | AGGTCGGTGTGAACGGATTTG 123
Reverse | TGTAGACCATGTAGTTGAGGTCA

Cdh1l Mouse Forward | TGTGGGTCAGGAAATCACATCTT 79
Reverse | CCAAATCCGATACGTGATCTTCT

Ccndl Mouse Forward | TCCCCTTGACTGCCGAGAAGT 103
Reverse | TTCCACTTGAGCTTGTTCA

Myc Mouse Forward | TGACCTAACTCGAGGAGGAGCTGGAATC 170
Reverse | AAGTTTGAGGCAGTTAAAATTATGGCTGAAGC

YAP1- Human Forward | CCCTCGTTTTGCCATGAACC 122

S127A transgene Reverse | GTTGCTGCTGGTTGGAGTTG

Table 5-1. Primers for RT-gPCR
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CHAPTER 6
Conclusions and Future Directions

Summary of Thesis

The principal question driving my thesis research was the following: Why are
nonmammals able to efficiently replace HCs as well as recover hearing and balance function, but
mammals are not? At the outset of my research, evidence suggested a role for mechanics. In
cultured utricular sheets, SCs of newborn mice readily spread and then proliferate, but these
phenomena decline with age (Davies et al., 2007). In contrast, SCs in chicken utricles rapidly
change shape and divide, regardless of age (Burns et al.,, 2008). Subsequent investigations
revealed a structural correlate to this phenomenon. As their plasticity declines, mammalian SCs
develop E-cadherin-rich junctions that are bracketed by exceptionally thick F-actin bands—unlike
the SCs of birds, fish, and amphibians which express little E-cadherin and retain thin bands (Burns
et al., 2008, 2013; Collado et al., 2011b). The reinforced junctions between mammalian SCs even
appeared to impede cellular deformations after HC loss (Burns and Corwin, 2014).

Building on these initial studies, | specifically asked the following questions: Do the
reinforced junctions impede mechanical signals arising from HC loss? Would dismantling the
junctions, or bypassing their hypothesized inhibitory control, enable long-quiescent SCs to
proliferate? What molecular mechanism controls proliferative responses to shape change and
other mechanical signals, and is it restricted in the SCs of mammals? My research yielded the

following conclusions:

e The apical surfaces of mouse utricles were significantly more resistant to deformation than
those of chickens, due to the thick circumferential bands of F-actin that develop postnatally
(Chapter 3). | conclude that the thick F-actin bands impede the mechanical signals

arising from HC loss that govern epithelial repair.
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Treatment with EGF and a GSK3 inhibitor led to the dismantling of F-actin bands throughout
the utricle and depletion of E-cadherin in striolar SCs before inducing the proliferation of
striolar SCs (Chapter 4). These results demonstrated for the first time that the reversal of
junctional reinforcement is sufficient to induce a resurgence of SC proliferation, even in adult
mammals. | conclude that the E-cadherin-rich junctions between mature, mammalian
SCs inactivate intracellular signaling pathways essential for proliferation.

The mechanosensitive transcriptional co-activator YAP was required for regenerative
proliferation in SCs of the chicken utricle and readily accumulated in nuclei after HC loss,
shape change, and pharmacologic disruption of the inhibitory Hippo pathway. In SCs of the
mouse utricle, YAP localization was less sensitive to these manipulations, but striolar
proliferation could be induced by deleting LATS kinases in SCs or bypassing their inhibitory
phosphorylation (Chapter 5). Thus, | conclude that the persistent quiescence of
mammalian SCs is maintained by constitutive LATS-mediated suppression of YAP,

whereas damage readily overcomes this inhibitory signaling in SCs of birds.

This body of work advances a model for understanding how the reinforced junctions that

develop in mammalian SCs limit their regenerative responses. The thick F-actin bands impose a
“biomechanical brake” that restricts shape changes and the generation of actomyosin tension in

SCs after HC loss. The E-cadherin rich junctions impose a “biochemical brake” by inactivating

intracellular mitogenic signaling. Each of these processes impinge upon the activation of YAP in

mammalian SCs.

FUTURE DIRECTIONS AND KEY OPEN QUESTIONS

Does experimental depletion of E-cadherin promote proliferation in mammalian SCs?

The findings herein constitute the strongest evidence yet that E-cadherin adhesions limit

the proliferation of mature mammalian SCs. Future work should follow up on this correlational
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evidence and seek to test directly whether experimental depletion of E-cadherin releases
mature vestibular SCs from proliferative quiescence. E-cadherin restricts activation of EGFR,
YAP, and B-catenin, so its depletion is akin to the multifactorial stimulation of pathways known
to stimulate proliferation of SCs.

Previous attempts to investigate the effect of conditional knockout of E-cadherin or aE-
catenin from vestibular SCs were inconclusive; genetic recombination failed to efficiently deplete
those proteins from SC junctions and eventually resulted in upregulation of N-cadherin and aN-
catenin, respectively (M.S. Collado and J.T. Corwin, unpublished results). Use of dominant-
negative E-cadherin constructs has the potential to circumvent the pitfalls of a conditional
knockout strategy, as it is reported that ectopic expression of dominant negative variants leads
to downregulation of endogenous E-cadherin (Troxell et al., 2000). In addition, various
dominant-negative variants exist, enabling one to isolate the effects of extracellular adhesion,
p120-catenin binding, beta-catenin binding, and connection to the F-actin cytoskeleton. These
constructs could be introduced to SCs in utricles from mice P3 or older (after completion of cell
cycle exit) via electroporation, adenoviral transduction, or via creation of a transgenic mouse
model. | hypothesize that expression of the most potent of these dominant negative constructs,
E-cadherin/AB-catenin, would induce SC proliferation by inactivating LATS1/2, and by liberating
B-catenin from cell junctions so that it could function in a signaling role.

What activates LATS1/2 in mammalian SCs?

LATS1/2 kinases have a multitude of upstream regulators, so their regulation is likely to
be cell-type specific and depend on the unique weights of each input in a given cell. Pinpointing
which of these upstream inputs is most important in mammalian SCs could allow for the
identification of additional druggable targets.

MST1/2 lie immediately upstream of LATS1/2 in the canonical Hippo pathway and would
appear to be the most logical upstream regulator. However, experiments presented in Chapter 5
suggest that acute inhibition of those kinases does not affect YAP localization in SCs of the
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murine utricle, despite having an effect in the chicken utricle. Similar results were obtained by
another group (Kastan et al., 2020). Testing the effects of conditional deletion of MST1/2 in SCs
would improve upon this evidence, and the role of MST1/2 in cochlear SCs has not been tested.
Taking this evidence at face value, | will discuss MST1/2-independent regulators of LATS1/2.

E-cadherin was shown to regulate the LATS1/2-YAP-TEAD axis in cell lines
independent of MST1/2 (Kim et al., 2011). This appears to be the likeliest candidate to activate
LATS1/2 in SCs based on available evidence. | report that depletion of E-cadherin from cell
junctions was accompanied by a depletion of YAP immunoreactivity (Chapter 4), and ectopic
YAP-S127A induces upregulation of E-cadherin (Chapter 5), suggesting that the proteins
mutually regulate one another. Also, E-cadherin is minimally expressed in chicken SCs, in which
LATS1/2 appear to be regulated by MST1/2 (Chapter 5, Figure 6-1). It seems likely that E-
cadherin would exert its effects through a-catenin, which has also been shown to restrict the
activity of YAP in the epidermis (Schlegelmilch et al., 2011; Silvis et al., 2011), heart (Li Jifen et
al., 2015; Vite et al., 2018), and tooth (Li et al., 2016), and likely neural progenitor cells (Lien et
al., 2008), though this connection has not been explicitly shown.

Merlin, or NF2, appears to regulate YAP via a variety of mechanisms. Merlin acts
downstream in the E-cadherin-dependent pathway (Kim et al., 2011) and facilitates nuclear
export of YAP independent of inhibitory phosphorylation (Furukawa et al., 2017). It would be
possible to perform conditional knockout of NF2 and investigate its effect on YAP regulation and
SC proliferation, an assay similar to that used in Chapter 5.

MAP4K kinases were shown to phosphorylate LATS1/2 in parallel to MST1/2, including
in the context of high cell density (Meng et al., 2015). High cell density is correlated to the
inactivation of YAP-TEAD signaling in SCs (Gnedeva et al., 2017), making that kinase family a
potential candidate.

LATS1/2 activity is controlled by GPCR signaling, including downstream of
lysophosphatidic acid (LPA) receptors. Stimulation with LPA inactivates LATS1 in organoids
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derived from Lgr5+ cochlear progenitors (Xia et al., 2020), and accelerates wound closure and
stimulates proliferation in mechanically lesioned mouse utricles (Meyers and Corwin, 2007).
Conversely, stimulation of Gs-coupled receptors has been shown to activate LATS1/2 (Yu et al.,
2012).

Finally, metabolic changes have been shown to regulate LATS1/2 (Santinon et al.,

2016), though little is known about the metabolism of SCs.

PHILOSOPHICAL PERSPECTIVES

The Bioenergetics Hypothesis

My research focused on the mechanisms underlying the different regenerative capacity in
vertebrates. But | would also like to speculate about a larger-picture question: Why did mammals
lose the capacity to regenerate? Does this ability not confer reproductive advantage? Is there
some trade-off gained by the lack of regeneration?

Firstly, it is probably safe to assume based on previous findings that continuous growth
and regeneration is the evolutionarily “default” condition (Hariharan et al., 2016). Therefore, we
can rephrase the question as, “Why would this capacity have been lost in mammals?” and “Why
would it have been retained in nonmammals?”

One of the assumptions of the “evolution question” is that HC losses harm the evolutionary
fitness of an individual, thus imposing a selective pressure to maintain regenerative capacity. Is
that true? HC losses are caused by aging, loud sound, congenital anomaly, exposure to ototoxic
substances, infections, and trauma (with prevalence approximately in that order). Inspecting that
list, it is questionable whether there would be evolutionary pressure to maintain the capacity to
replace lost HCs. Many of these insults either manifest beyond reproductive years, would not be
present before modern times, or would be associated with other conditions that are detrimental
to reproductive fitness. It may be that HC losses do not significantly harm evolutionary fitness,
and therefore regenerative capacity is not significantly selected for.
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A common answer to the “evolution question” is that mammals experienced an
evolutionary trade-off in which regenerative capacity was exchanged for the ability to detect a
wider frequency range in the auditory system. While it is true that mammals can generally hear
significantly higher frequencies than nonmammals (up to 20 kHz in humans and 100 kHz in some
other mammalian species, compared to only about 9 kHz in barn owls), there are notable
exceptions to this, such as frog species capable of ultrasonic communication (Feng et al., 2006).
It is certainly plausible that the highly differentiated SCs within the organ of Corti are essential for
its exquisite sensory performance and inherently less able to revert to a plastic state for the
purposes of regeneration. However, this explanation fails to account for the low regenerative
capacity in the mammalian vestibular system.

The development of specialized supporting cell subtypes and subcellular structures such
as thickened F-actin bands suggests that SCs in mammals “evolved” to be more differentiated
than SCs in other vertebrates. | hypothesize that the differentiated state of mammalian vestibular
SCs allows them to reduce the energetic cost of the balance organ while maintaining equivalent
performance, at the expense of regeneration.

The findings presented in Chapter 3 demonstrate that the unique F-actin bands of
mammalian utricular SCs stabilize the reticular lamina. Because the mechanical stability appears
not to rely on actomyosin contractility, SCs may expend less energy maintaining their shape than
the vestibular SCs of chickens, which require continuous activity of nonmuscle myosin Il (an ATP-
hydrolyzing enzyme) to do so. An analogy may be a rubber band under constant tension vs. the
vulcanized rubber of a car’s tire.

A preliminary test of the “bioenergetics tradeoff hypothesis” would be to determine whether
there is a decrease in metabolic demand as mammalian SCs mature. | hypothesize that the less
differentiated SCs of nonmammals would maintain higher energy demand throughout life.
Metabolic shifts have been shown to occur in neuroepithelia: During retinal development in
Xenopus, proliferating progenitor cells rely more on aerobic glycolysis (i.e. the conversion of
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glucose to lactic acid in the presence of oxygen), whereas differentiated cells relied more upon
oxidative phosphorylation (Agathocleous et al., 2012). Whether such metabolic changes occur
during development of the inner ear remains unknown, but the relationship between metabolic
signaling and chromatin remodeling is being increasingly recognized (Morrison, 2020).
Reflections on the experimental approach

The advances reported here are a credit to the comparative approach—contrasting
mammals with nonmammals. The power of this approach is that it allows us to discount processes
which occur in both mammals and nonmammals as potential causes for regenerative failure and
focus instead on those which are unique to mammals. In this way, nonmammals serve as an
important conceptual and experimental control.

It is also clear that the line of investigation was guided by the constraints of studying the
inner ear, as well as the sophistication of our technology. The organs of the inner ear contain
small numbers of intermingled cell types, making it difficult to study with traditional biochemistry.
Therefore, much of what has been discovered arose from direct microscopic observation.
Accordingly, the first differences between mammalian and nonmammalian SCs that garnered
attention have been physical and structural characteristics, e.g. cell morphology, cytoskeletal
components, and constituents of cell junctions. The findings reported here are a natural extension
of those observations in that they relate to mechanical differences, and ultimately differences in
intracellular signaling in a mechanosensitive pathway.

Applying emerging techniques (especially single-cell transcriptomics and proteomics)
through this lens of interspecies comparison (as well as age-related comparison) will likely remain
a fruitful approach to generate entirely new hypotheses as to why regenerative responses in
mammalian SCs become restricted.

Besides interspecies comparisons, what other potential “lenses” may be fruitful? Some
have found success comparing different inner ear organs within the same species (i.e. utricle vs
cochlea) (Jen et al., 2019). It could also be informative to compare HC epithelia to other

Page 177 of 194



neuroepithelia. For example, retinal Miller glia mechanically and metabolically support retinal
ganglion cell neurons and serve as a source of replacement photoreceptors in amphibians and
fish. YAP was shown to be required for proliferation of Muller glia in Xenopus, and LATS1/2
deletion or expression of LATS-insensitive variant YAP-5SA reprograms the typically quiescent
Muller glia in the murine retina, inducing upregulation of EGFR signaling and cell cycle re-entry
(Hamon et al., 2019).

FINAL WORDS AND PRACTICAL IMPLICATIONS

In identifying two potentially related mechanisms (EGF stimulation combined with GSK
inhibition, and LATS1/2 inhibition) that evoke proliferation of a major subset of mature,
mammalian SCs, these findings advance the development of a therapy to promote regenerative
replacement of HCs and functional recovery from otherwise permanent deficits in hearing and
balance.

However, the challenge ahead should not be minimized. It remains unknown whether the
progeny of mature SCs are capable of differentiating into HCs that promote functional recovery.
The regenerated HCs must survive, develop apical bundles, and form synaptic connections to
nerves. Furthermore, cochlear SCs appear less susceptible to YAP stimulation than those
throughout the vestibular system (Figure 6-2), appearing to develop additional layers of regulation
limiting their regenerative responses. Yet excitingly, the idea of an intra-otic pharmacologic
therapy to promote the limited endogenous regenerative capacity of the mature mammalian
vestibular system appears within reach.

To examine the efficacy of such an approach, a logical next step would be to conduct in
vivo studies in the context of damage, and test whether intra-otic delivery of an EGFR agonist
and GSK3p inhibitor would lead to SC proliferation, subsequent differentiation into HCs, and
enhance functional recovery. Sayyid et al. 2019 provided a template of such work, using the toxin

IDPN to ablate vestibular HCs in adult mice and using vestibular evoked potentials to monitor
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function. Likewise, the novel pharmacologic inhibitor of LATS1/2 kinase activity developed by
Kastan et al. could be tested in this manner.
As over 1/3 of adults suffer from vestibular dysfunction (Agrawal et al., 2009), the public health

impact of such a therapy could be substantial.
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Figures and Figure Legends
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Figure 6-1 In SCs of the chicken utricle, YAP is regulated by the MST1/2-dependent pathway among other
mechanisms. In SCs of the mouse utricle, LATS1/2 kinases appear to be activated by an MST1/2-independent

mechanism. E-cadherin adhesions represents one such plausible mechanism.
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Figure 6-2 Overexpression of YAP-S127A in Sox10+ cells of the P1 mouse evoked robust proliferation in vestibular
organs, but not in the cochlea. 100 mg/kg doxycycline was administered IP to P1 Yap-S127A*;Sox107#* pups and
littermate controls that had either wild type, Yap-S127A*-, or Sox101™* genotype. EdU was administered
subcutaneously on P2, P3, and P4, and utricles were harvested on P5. (A-C) YAP-S127A overexpression resulted in
an over 30-fold increase in the number of Sox2+ EdU+ cells in the cristae. (D-F) YAP-S127A overexpression resulted
in a 108-fold increase in the number of Sox2+ EdU+ cells in the saccule. (G-1) No Sox2+ EdU+ cells were identified in
the organ of Corti in mice of either genotype, though YAP immunoreactivity was enriched in Yap-S127A*;Sox104*
mice (H). ****p < 0.0001, unpaired t-test, n = 3-5 mice per condition.
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