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Abstract

Development of the sensory epithelia of the inner ear and their main cell types, hair cells and 
supporting cells, is a complex process that consists of several simultaneous and sequential 
events under tight molecular regulation. Supporting cells and hair cells arise from common 
progenitors that, during embryonic development, are guided to follow cell-type - specifi c 
diff erentiation program. Th ereaft er, these cells undergo prominent structural changes to 
reach mature morphologies. Cell polarization, the establishment and modulation of actin and 
microtubule cytoskeletons and the formation and rearrangement of intercellular junctions, 
characterizes development of the supporting cells and hair cells. In this thesis, the focus has been 
in understanding the molecular control of the diff erent stages of diff erentiation of the sensory 
epithelial cells. 

First, we studied the role of dynamically expressed homeobox protein Prox1 (Prospero 
related homeobox 1), for the diff erentiation of the epithelial cells of the cochlea (auditory) and 
vestibular (balance) sensory epithelia. Prox1 is expressed in the cell population giving rise to 
hair cells and supporting cells. Later Prox1 is downregulated in the hair cells, but maintained in 
supporting cells throughout their embryonic and early postnatal diff erentiation. Th e functional 
signifi cance of Prox1 was studied in vitro, using adenoviral-mediated overexpression in hair 
cells in organotypic explants. Novel interactions between Prox1 and two hair cell-specifi c 
transcription factors, Atoh1 (Atonal homologue 1) and Gfi 1 (Growth factor independent 1) 
were revealed. Ectopic Prox1 expression caused suppression of Atoh1, the master regulator of 
hair cell development, and of Gfi 1, a critical factor for the survival of the developing cochlear 
hair cells. Ectopic Prox1-induced inactivation of Atoh1 and Gfi 1 resulted in cochlear hair cell 
apoptosis during a restricted period at late-embryogenesis and thus revealed an Atoh1- and 
Gfi 1-dependent stage of auditory hair cell diff erentiation. In addition, we focused on the murine 
model for Gfi 1, a crucial survival factor of cochlear hair cells. We found positive interaction 
between Gfi 1 and p57Kip2, which has a dual role as a negative cell cycle regulator and in the 
cellular diff erentiation. Based on these results, p57Kip2 is likely to mediate the auditory hair cell 
survival-promoting function of Gfi 1. 

Second, we studied the regulation of structural development of auditory sensory epithelial 
cells. Rho GTPases integrate signals from diff erent molecular pathways to regulate the dynamics 
of the cellular cytoskeleton, intercellular junctions and polarity. A member of this family, Cdc42 
(Cell division cycle 42) was found to be expressed in the developing auditory sensory epithelium. 
We studied the role of Cdc42 during embryonic and early postnatal development in vivo in a 
conditional, inducible mutant mouse line in which Cdc42 is deleted in the cells of the auditory 
sensory epithelium upon tamoxifen administration, the Cdc42loxP/loxP;Fgfr3-iCre-ERT2 mice. Acute 
Cdc42 inactivation at late-embryogenesis led to epithelial mispatterning. It also caused a distinct, 
cell-intrinsic planar polarity phenotype in outer hair cells, defi ned by misoriented stereociliary 
bundles, mispositioning of the primary cilia and disorganization of the microtubule network at 
the cell’s apical surface. Th e atypical protein kinase C was found to mediate cell-intrinsic PCP 
regulation by Cdc42. Th us, Cdc42 is required for correct apical polarization of outer hair cells. 
As the apical stereociliary bundle is the key cellular domain in sound perception, the results 
indicate the importance of Cdc42 in hearing function.



We studied the role of Cdc42 both during embryonic and postnatal development of the 
organ of Corti. By inducing Cdc42 inactivation early postnatally, we showed that Cdc42 is 
required for structural diff erentiation of two types of auditory supporting cells, the Deiters’ 
cells and pillar cells. Cdc42 regulates the maturation of the apical adherens junctions and actin 
cytoskeleton of these cells. At adulthood, upon ototoxic trauma that killed hair cells, Cdc42-
defi cient supporting cells lacked the ability for their normal wound healing function. Th ese 
results demonstrate that properly developed actin cytoskeleton in supporting cells is needed for 
the repair following injury to the hearing organ.
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1.  Introduction

Information from the world around is collected by sensory systems as visual, auditory (hearing), 
vestibular (balance), somatic sensory (touch), gustatory (taste), olfactory (smell) inputs. Th ese 
sensory systems have developed to support the life of an animal in particular conditions. Th us, 
despite having structural diff erences, the principal task of auditory systems of fi sh, reptiles, birds 
and mammals is to collect sound waves in a given habitat and transmit signals to the brain for 
processing, allowing the adjustment of the animal’s behaviour in response to the sound stimulus.

Th e mammalian inner ear is a delicate organ, which serves us with two principal 
sensory functions, hearing and balance. Importantly, a variety of sensory disorders linked 
to these functions might arise from the dysfunction of the inner ear. Sensorineural hearing 
loss or deafness aff ects over 10 % of the world’s population and is oft en caused by structural 
or functional defects of the cells in the auditory sensory epithelium. Th ese defects might be 
triggered by multiple factors, either genetic or environmental, such as noise pollution exposure 
in our everyday life. Also, with an increase in life expectancy, higher numbers of individuals 
are expected to encounter inner ear-based sensory problems at some point of life (Liu and Yan 
2007).    

Inner ear development results from a sequence of events, during which diff erent cell types 
and tissue gradually gain mature morphologies. A minor error during this process may lead to 
functional defi cits; problems in hearing or balance. Development is controlled by a complex 
regulatory network of genes which encode transcription factors, secreted signaling molecules, 
and structural proteins. As unveiling of the components regulating the development and function 
of the human inner ear faces limitations, in vivo and in vitro model systems are necessary and 
thus used for investigations. Th e mouse is a valuable animal model, in which questions related 
to the development of the inner ear can be addressed. Th e inner ear of the mouse is structurally 
and functionally very similar to that in humans and the possibility for genetic manipulations 
in mice allow targeted examinations of gene functions. Identifying the molecules and signaling 
networks that regulate the development of this structure provides important information to 
better understand the mechanisms that underlie inner ear –based sensory defi cits. 

Introduction
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2.  Literature review

2.1  Structure of mature mammalian inner ear and its sensory 
epithelia

Th e mammalian inner ear is a complex organ consisting of the bony and membranous labyrinth 
and regulates two sensory functions: sense of balance and hearing. Th e bony labyrinth contains 
three major cavities: the cochlea, the vestibule, and the semicircular canals. Th e coiled auditory 
organ, the cochlea, is responsible for hearing. Semicircular canals and the vestibule carry out the 
balance function. Th ree ampullas in the bottom of the semicircular canals respond to rotatory 
acceleration and the utricle and saccule in the vestibulum sense angular and linear acceleration 
and head position in space. 

In every sensory organ of the inner ear, the real functional unit of the organ is the sensory 
epithelium lying on the basilar membrane (Fig.1A). Sensory epithelium is composed of a mosaic 
of sensory hair cells and nonsensory supporting cells, accompanied by innervating neurons. 
Auditory sensory epithelium of the cochlea is called the organ of Corti. Sensory epithelia of the 
utricle and saccule are termed as macula utricle and macula saccule and the sensory epithelia of 
the ampullas as crista ampullaris. Th e aff erent fi bers of the vestibulocochlear nerve, cranial nerve 
VIII, innervate hair cells and transmit information from the organ of Corti and sensory epithelia 
of the vestibular organs to the brain (Torres and Giraldez 1998). 

Hair cells are mitotically quiescent, terminally diff erentiated mechanosensory cells capable 
of translating mechanical stimulation into electrical nerve impulse. A feature common to all 
epithelial cells, these hair cells exhibit strong polarization along the apico-basal axis that forms 
the ground for their functional properties. Th e stereociliary bundles (also known as hair bundles) 
emerging from the apical surface, for which these cells have been named, are the most prominent 
structural features of the hair cell. Within the bundle, actin-rich stereocilia are arranged precisely 
according to their height. In addition to the stereociliary bundle, diff erentiating hair cells have 
one tubulin-based primary cilium, kinocilium, ascending from the surface, next to the tallest 
stereocilia. It serves an important role in polarization and structural maturation of the hair 
bundle (Nayak et al., 2007). However, in contrast to vestibular hair cells, the kinocilium in 
auditory hair cells is a transient structure that regresses during fi nal maturation of the hair cells. 
Th e basis of hair cell ability to function as a sensory receptor relies on the mechanical properties 
of stereocilia. Th e mechanically gated, stretch-sensitive ion channels, located close to tops of 
stereocilia (Beurg et al., 2009), open or close in response to directed defl ection of stereocilia. 
Bending of stereocilia towards the tallest stereocilia or kinocilium leads to the opening of the 
ion channels, infl ux of potassium ions from endolymph, and subsequent depolarization of the 
hair cell. Consequently, neurotransmitters are released from the base of the cell and are bound to 
postsynaptic nerve terminals. If the ion channels are closed, the hair cell is hyperpolarized, and 
the innervated neuron is inhibited (Hudspeth and Corey 1977). Th is fi ne-tuned system sets high 
requirements for the correct polarization of the hair cells and stereociliary bundles. 

Both in the auditory and vestibular sensory epithelia, two types of hair cells can be 
distinguished. Th ey diff er from each other by their locations within the epithelia as well as by 
their morphology and the neurons innervating them. In the organ of Corti (OC, located on the 
basilar membrane of the cochlea) hair cells are arranged as one row of inner hair cells (IHC) and 
three rows of outer hair cells (OHC1-3) that are separated by a class of so called supporting cells, 
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pillar cells (Fig.1). In the vestibular sensory epithelia, hair cells are divided into groups of type 1 
and type 2 cells. Type 1 and type 2 hair cells are distinguished primarily based on the diff erent 
contacts they have with innervating aff erent fi bers (Wersäll et al., 1956). In the polarized sensory 
epithelium, hair cells are located close to the lumenal surface and are not in direct contact with 
each other but instead are surrounded and underlined by supporting cells (Fig.1). Together these 
sensory hair cells and nonsensory supporting cells form characteristic cellular organization, 
typical for each sensory epithelium.

Supporting cells form a morphologically and functionally heterogeneous group of cells located 
adjacent to the hair cells. Hair cells function as primary sensory receptors, and therefore, oft en 
stand in the spotlight of the inner ear biology; however proper sensory function is not possible 
without supporting cells. By separating neighboring hair cells, supporting cells maintain correct 
cellular patterning and give physical support to the epithelium. Furthermore, they secrete 
noncellular material into luminal space above the epithelium to build a tectorial membrane in 
the organ of Corti, otoconial membranes of the saccule and utricle and gelatinous cupula of 
the ampulla, essential structures for the function of each epithelium. In addition, by recycling 
of potassium ions, supporting cells maintain ionic homeostasis, crucial for mechanoelectrical 
transduction of the hair cells (Wan G. et al., 2013). Also, supporting cells may eliminate dying 
hair cells from the epithelium. In birds and lower vertebrates, supporting cells have an additional 
important role as they can provide hair cell regeneration upon hair cell death (Stone and 
Cotanche 2007; Corwin et al., 1985), a feature that is mostly missing in mammalian sensory 
epithelia. Th e organ of Corti has several highly specialized supporting cell types, including pillar 
cells, Deiters’ cells, Hensens cells, phalangeal cells and Claudius cells (Fig.1C). Outer and inner 
pillar cells develop between the inner and outer hair cells and form the tunnel of Corti, and 
Deiters’ cells in turns underlie outer hair cells and share common progenitor pool with these 
hair cells (Wan G. et al., 2013). Th e sensory epithelia of the vestibular organs (utricle, saccule and 
ampullas) contain only one supporting cell type (Fig.1B). 
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Figure 1. Sensory epithelia of the inner ear. (A) Schematic fi gure of the mammalian 
inner ear. Th ree ampullas at the base of every semicircular canal, detect rotatory head 
movements. In the vestibule, saccule and utricle mediate information of the horizontal 
and sagittal motions. Th e auditory sensory epithelium, the organ of Corti, resides in the 
coiled cochlea. (B, C) Transverse sections from the utricle (B) and the organ of Corti (C). 
Immunohistochemical staining for MyoVIIa (brown) shows hair cells in the epithelia. (B) 
In the macula of the utricle, the hair cells and supporting cells are arranged as two cell 
layers; supporting cells (SCs) located at the base of the epithelium and hair cells are arranged 
above them. (C) In the organ of Corti, three rows of outer hair cells (OHC) and one row of 
inner hair cells (IHC) can be distinguished. Th ey are surrounded by multiple supporting 
cell types. IP=inner pillar cell, OP=outer pillar cell, DCs=Deiters’cells, HC=Hensens’cells, 
CC=Claudius cells

Tonotopic organization of the mammalian cochlea. Th e mammalian cochlea is a coiled organ, 
which has diff erent characteristic features along its longitudinal (tonotopic) axis. Along the 
tonotopic axis, diff erences are found in the length of the hair cell bodies and stereocilia, with 
an increase in both of these features when moving towards the apical portion of the coil. In 
addition, the tectorial membrane (acellular, gelatinous structure) above the OC and basilar 
membrane underlying the OC show structural diff erences, both being wider and thicker at the 
apical coil. Tonotopic organization refers to diff erences how hair cells in the distinct part of the 
cochlear duct respond to sound frequencies. Th ese above-mentioned specializations contribute 
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to the ability of the auditory system to distinguish diff erent sound frequencies, and accordingly 
the basal coil responds to high frequencies and the apical coil to low frequencies (Mann and 
Kelley 2011). For comparison, the average range of frequencies that the human can hear is from 
20-20 000 Hz, whereas that for the mouse is 1000-100 000 Hz. Oft en hearing loss associated with 
aging aff ects the response to high-frequency sounds (Liu and Yan 2007). Tonotopy arises at the 
auditory periphery, in the cochlea, but is maintained throughout the auditory pathway. Nerve 
fi bers, excited in response to variable sound frequencies at the diff erent regions of the cochlea, 
transmit signals to the central auditory system, the auditory cortex, which is also organized 
tonotopically. Th is tonotopic organization of the whole auditory pathway has a signifi cant part in 
speech discrimination in humans. 

2.2  Development of the sensory epithelia with the focus on the 
auditory sensory epithelium

Tissue morphogenesis results from numerous simultaneous and sequential events occurring 
under precise spatial and temporal control. In the inner ear sensory epithelia, diff erentiation 
of individual cells takes place in conjunction with the construction of typical cellular mosaic 
meanwhile the whole developing inner ear undergoes morphogenesis (Morsli et al., 1998, Fig.2). 
Flawless diff erentiation is a prerequisite for normal hearing, a function that in mice is initiated at 
the end of second postnatal week, around postnatal day 14 (P14) (Forge et al., 1997). For the sake 
of clarity, development of sensory epithelia has here been divided into embryonic and postnatal 
phases, and given embryonic (E: 0.5 defi ned as the morning the copulatory plug is detected) 
and postnatal (P: 0 is the day of birth) days are in accordance with murine development. For 
comparison, mouse’s pregnancy lasts 19 days, and a signifi cant part of the inner ear development 
happens during embryogenesis, but is fi nalized postnatally. Inner ear development of human 
instead is initiated at pregnancy week four (Carnegie stage 9), and hearing function is initiated 
around pregnancy week 20. Th us, in contrast to mice, the inner ear of a human fetus is fully 
functional before birth.

 
2.2.1 Otic induction
Inner ear development becomes morphologically apparent when the otic placode develops as an 
ectodermal thickening next to the presumptive hindbrain, rhombomeres fi ve and six (Fig.2A., 
Barald and Kelley 2004). Th is event takes place at around E 8, aft er gastrulation has generated 
the body plan of the mouse embryo (Tam and Behringer 1997). However, the process of otic 
development is launched earlier by the inductive signals that specify the position of the otic 
placode in the broader preplacodal domain. Th e preplacodal domain is a unique region in 
the head ectoderm, where the precursors for all the cranial placodes are laid in an anterior to 
posterior sequence. In addition to the inner ear, cranial placodes contribute to the formation of 
the lens, the olfactory epithelium, and the distal portions of the cranial sensory ganglia (Jacobson 
1963; Streitt 2004).      

Within this broad region of preplacodal domain, local signals from the mesoderm, 
endoderm and prospective brain act to specify the identity of and induce the development 
of unique placodes demonstrating a unique principle of embryogenesis: the progressive 
restriction of cell fates from the initially plastic and multipotent state along the proceeding of 
the development. Inducing signals include members of the FGF (Fibroblast growth factor), 
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BMP (Bone morphogenetic protein), and Wnt families (Baker and Bronner-Fraser 2001; Streit 
2007). In response to otic inducing signals, expression of a set of transcription factors is initiated 
in the developing otic placode, of which the earliest are Pax2 and Pax8 (Groves and Bronner-
Fraser 2000; Baker and Bronner-Fraser 2001). FGF signaling has been shown to be necessary 
for induction of the otic placode. Upon simultaneous deletion of Fgf3 and Fgf10, expressed in 
rhombomeres fi ve and six and mesoderm respectively, otic development is abolished at very early 
stages (Alvarez et al., 2003). Alternately, ectopic expression of Fgfs induces ectopic otic placodes 
in Xenopus and chick (Lombardo and Slack1998; Vendrell et al., 2000). However, no single gene 
deletion has been identifi ed which is suffi  cient to prevent otic induction in mice, suggesting that 
multiple factors act synergistically in inner ear induction. 

2.2.2  Otic placode gives rise to the structures of the inner ear
Th e otic placode is a transient structure that over the course of inner ear morphogenesis will 
eventually give rise to almost all the structures and cell types of this complex sensory organ. Th e 
otic capsule forms a protective shell around the membraneous labyrinth of the inner ear, but is 
of mesenchymal origin and melanocytes of the stria vascularis and Schwann cells in the spiral 
ganglion derive from neural crest. Aft er specifi cation, the otic placode invaginates to form an 
otic pit, which separates from the surface ectoderm and transforms into a simple, hollow otocyst 
(Fig.2A, Barald and Kelley 2004). Subsequently, the otocyst is patterned along the anterior-
posterior and dorso-ventral axes (Wu et al., 1998) and undergoes drastic morphogenetic changes 
to fi nally generate the cochlea from the ventral bulge and the vestibular apparatus from dorso-
medial bulge (Fig.2B, Morsli et al. 1998). Th e cochleovestibular ganglion, which transmits hearing 
and balance information to the brain, is formed from the neuroblasts that delaminate from the 
otocyst. By age E17, the cochlear duct has expanded and coiled to reach one and three-quarters 
turns (Fig.2B; Morsli et al., 1998). Th ese complex morphogenetic transformations of the tissue 
depend on cellular migration, growth, division and programmed cell death, processes induced 
by signals emanating from neighboring tissues such as the notochord, neural tube, migratory 
neural crest, periotic mesenchyme, endoderm and ectoderm and the developing organ itself 
(Groves and Fekete 2012). Simultaneous with the morphogenetic changes that transform the otic 
placode into a complex organ, diff erentiation of the auditory and vestibular sensory epithelia 
starts inside the membranous inner ear labyrinth (Fig.2B). From now on, the focus of this thesis 
will be the processes involved in the diff erentiation of the sensory epithelia and their two main 
cell types, hair cells and supporting cells.
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Figure 2. Development of the inner ear structures from the otic placode in mouse. (A) 
Th e otic placode forms next to the hindbrain (HB) and neural tube (NT) as an ectodermal 
thickening, which invaginates and forms the otic pit. Further, the otic pit detaches from 
the surface ectoderm to form the otic vesicle/otocyst. (B) At E 9,5 neuroblasts delaminate 
from the ventral region of the otocyst. Th ese neuroblasts will eventually form the 
cochleovestibular ganglion (marked with green). Th e vestibular apparatus forms from the 
dorso-medial bulge and the cochlea will form the ventral bulge. By E12,5 semicircular 
canals can be identifi ed at the posterior part of the developing inner ear. Also, nascent 
prosensory patches can be identifi ed (marked with blue). By E17 all structures of the inner 
ear are recognizable: the cochlea has reached the full length and all the semicircular canals 
are clearly seen. Th ese morphogenetic transformations of the inner ear have been revealed 
with the help of elaborate paint-fi lling technique in which white paint is injected into inner 
lumen at diff erent developmental stages (Morsli et al., 1998)

2.2.3 Establishment of prosensory domain
Lineage analysis on the avian auditory sensory epithelium fi rst suggested that hair cells and 
supporting cells diff erentiate from common progenitor cells (Fekete et al., 1998), and so is 
thought to happen in the mammalian sensory epithelia as well. In the organ of Corti, actively 
proliferating progenitors produce a pool of prosensory precursor cells in the area that is 
specifi ed as the prosensory domain around E12,5. Th ese cells in the prosensory domain will 
eventually give rise to the hair cells and supporting cells (Montcouquiol and Kelley 2003). 
Cells of the prosensory domain are distinguishable by the expression of Sox2, a transcription 
factor important especially for neural progenitors during development (Kiernan et al., 2005; 
Graham et al., 2003). Sensory precursors of Sox2-depleted inner ears do not develop into hair 
cells and supporting cells (Kiernan et al., 2005) indicating the necessity of Sox2 for the early 
events of sensory epithelial development. Besides Sox2, Fgf ligands and receptors (Pirvola et al., 
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1995; Pirvola et al., 2002) as well as the Notch ligand Jagged1 (Kiernan et al., 2006) regulate 
specifi cation of the prosensory domain. For example, the interactions between Fgfr1 and Fgf20 
play a central role in this specifi cation process. Indeed, inhibition of either component leads to 
a reduced prosensory domain and ultimately a severe reduction of hair and supporting cells and 
further, the remaining cells are arranged as small clusters in the organ of Corti (Pirvola et al., 
2002; Hayashi et al., 2008). 

2.2.4  Cell cycle exit of progenitor cells and differentiation 
gradients of the organ of Corti

Aft er specifi cation of the prosensory domain, proliferating progenitors withdraw from the cell 
cycle, and they enter the terminal mitosis. In the organ of Corti, synchronized exit from the cell 
cycle occurs following a gradient that proceeds from the apex of the cochlea to the base between 
E12,5 and E14,5 (Fig.3) (Ruben 1967, Chen and Segil 1999). In the vestibular epithelia, cell cycle 
exit takes place over a broader time scale and is fi nalized by the end of the fi rst postnatal week 
(Sans et al., 1982; Burns et al., 2012). Cell cycle exit is crucially regulated by the cyclin-dependent 
kinase (CDK) inhibitor, p27Kip1 (Chen and Segil., 1999; Lee and Segil., 2006). Consistently, 
p27Kip1 inactivation in mice interferes with normal terminal mitosis of prosensory cells leading 
to ectopic proliferation of hair cells and supporting cells postnatally (Chen and Segil 1999). In 
addition, another cyclin-dependent kinase inhibitor p19Ink4d, and the pocket protein pRb and 
CDK inhibitor p21Cip1 have importance in carrying out cell cycle exit and the maintenance of the 
postmitotic state (Mantela et al., 2005; Sage et al., 2006; Laine et al., 2007). 

Following cell cycle exit, cell fate determination of bipotential precursors is controlled by 
Notch-signaling based lateral inhibition, aft er which the cell type specifi c diff erentiation program 
is launched. Th e fi rst indicator of hair cell diff erentiation, expression of atonal homolog 1 (Atoh1, 
previously known as Math1, paragraph 2.2.1), appears in the midbasal coil of the organ of Corti, 
at E13,5 (Woods et al., 2004).  From there, the diff erentiation gradient proceeds bidirectionally to 
the apex and the base of the organ of Corti (Fig.3) (Chen et al., 2002). Hence, the diff erentiation 
occurs along the opposite gradient to terminal mitosis; the fi rst cells to exit the cell cycle (around 
E12,5) reside in the apex and are the last to initiate diff erentiation (around E17,5) (Chen and 
Segil 1999). Correct timing of cell cycle exit and diff erentiation is of importance for sensory cell 
survival (Kopecky et al., 2013), and might have signifi cance also for tonotopic organization of 
the cochlea as suggested by Bok et al., 2013. In a recent paper (Bok et al., 2013), it was presented 
that Sonic hedgehog, expressed in the spiral ganglion which is adjacent to the coiled cochlea, 
regulates the timing of cell cycle exit and initiation of hair cell diff erentiation region-specifi cally 
(Bok et al., 2013). Cellular diff erentiation in the organ of Corti follows still one more gradient 
that proceeds in the medial to lateral (neural-abneural) direction along the surface of the 
epithelium. Accordingly, inner hair cells in the medial side of the organ of Corti are the fi rst hair 
cells to diff erentiate, and outer hair cells of the third row diff erentiate last (Fig.3, Lim and Anniko 
1985). Th us, the early development of the inner ear sensory epithelia is multifactorial and rely on 
precise temporal and spatial control of variety of cellular processes.
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Figure 3. Schematic illustration of the gradients of the cell cycle exit and diff erentiation 
in the organ of Corti. (A)Terminal mitosis is initiated in the apex of the organ of Corti at E 
12,5 and from apex the gradient proceeds towards the medial and basal coils. Diff erentiation 
is launch at the midbasal coil at E 13,5 aft er which diff erentiation gradient proceeds to the 
apical and basal coils. (B) In addition, cells of the organ of Corti (area highlighted with dark 
grey) diff erentiate in the pattern that follows medial-to-lateral axis, thus inner hair cells in 
the medial side diff erentiate fi rst (illustrated with purple in the cross section of the nascent 
cochlear duct). 

2.2.5  Control of cellular specification and differentiation 
2.2.5.1  Cell fate specification via Notch signaling regulated lateral inhibition and 

proneural genes

Paracrine Notch signaling regulates cell fate determination of neighboring cells via a 
mechanism, which is termed ‘lateral inhibition’. Th e basis of lateral inhibition is in a cell’s ability 
to express either the Notch receptor or ligands. Th is highly conserved pathway regulates the 
formation of cellular mosaics of diff erent cell types from homogenous cell populations during 
organogenesis throughout the animal kingdom (Lewis 1998; Marnellos et al., 2000; Barad et 
al., 2011). In principal, binding of the membrane-bound ligands, Delta or Jagged, activates the 
transmembrane receptor Notch in adjacent cells, aft er which the Notch intracellular domain 
(NICD) is released and translocates into the nucleus. In the nucleus, the NICD forms a complex 
with the DNA-binding transcription factor RBPJ and induces transcription of the basic helix-
loop-helix (bHLH) Hes and Hey (Mammalian homologues of Drosophila hairy and Enhancer 
of split) genes (Kageyama et al., 2008). Th ese bHLH factors act to repress transcription of 
so-called proneural genes, thereby repressing cells from adopting ‘primary cell fate’ (Kageyama 
et al., 2008). Proneural genes encode bHLH transcription factors, originally identifi ed as factors 
both necessary and suffi  cient to induce the development of neuronal lineages (Bertrand et al., 
2002). In mammals there are many families of proneural genes that are named according to their 
homologs in Drosophila, such as Neurogenin family, Mash family, and Atonal family (Bertrand et 
al., 2002).  

Based on the similarities of the hair cell/supporting cell mosaic to the sensory bristles of 
Drosophila, it was fi rst proposed that Notch signaling generates the sensory mosaic via this same 
conserved patterning mechanism in the inner ear of mammals (Lewis 1991; Eddison et al., 2000). 
Later, results from various studies have strengthened this idea (Morrison et al., 1999; Pickles and 
van Heumen 2000). In the developing sensory epithelia of the inner ear, this contact-dependent 
inhibition promotes certain cells to achieve primary fate as hair cells and inhibits surrounding 
cells from attaining the same fate, thus promoting supporting cell fate (Fig.4) (Morrison et 
al., 1999). Before cell fate commitment, the Notch1 receptor is broadly expressed within the 
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cochlear duct, including the prosensory region (Lanford et al., 1999). Cells that are destined to 
develop as hair cells up-regulate expression of two Notch ligands: Jagged2 and Delta-like1. Th is 
consequently leads to increased activation of Notch1-receptors in neighboring cells and initiates 
a signaling cascade that promotes expression of Hes/Hey family members. Th ese factors in turn 
are supposed to repress transcription of the proneural factor Atoh1, and thus inhibit these cells 
from diff erentiating into hair cells, but promote supporting cell fate (Lanford et al., 1999; Zine 
et al., 2001; Zine et al., 2002). Investigations have verifi ed the expression of Hes/Hey family 
proteins in supporting cells, and consistent with their supposed role to repress primary cell fate, 
deletion of Hes/Hey family proteins results in a production of excess hair cells (Zine et al., 2001; 
Li et al., 2008; Tateya et al., 2011). Proneural factor Atoh1 is upregulated in developing hair cells 
that express Notch ligands (Fig.4). Besides Atoh1, other proneural genes, such as NeuroD and 
Nhlh1 (Nescient helix loop helix) are expressed in the hair cells and are important for hair cell 

Figure 4. Gradual diff erentiation of the embryonic organ of Corti. (A-F) Events from 
cell cycle exit to the cell type-specifi c diff erentiation. (A) Transverse view of the nascent 
cochlear duct, where p27Kip1 expression distinguishes nonproliferating prosensory cells. 
Th e epithelium consists of multiple cell layers. (B) Aft er cell cycle exit, progenitor cells 
form a pool of bipotental prosensory cells. Th e cell fate of prosensory cells is determined 
via Notch-signaling –based lateral inhibition (blue=Notch1 receptor, red= Jagged1 
ligands, green=Jagged2 and Delta1). (C, D) Cell type specifi c genetic program is launched. 
Supporting cells express Hes/Hey proteins that repress Atoh1 expression in these cells. 
Becoming hair cells express Atoh1. (C) At E14,5 Atoh1 expressing cells appear as columns 
and in the diff erentiation epithelium. (E, F) At E18,5 all the cell types can be distinguished 
at the epithelium. In this picture, Gfi 1 mark hair cells (purple) and Prox1 marks Deiters’and 
pillar supporting cells (turquoise). (F) Notch signaling maintains cell fates of the 
diff erentiated cells. (A, C, E) Between E13-E18,5, convergent extension movements lead to 
thinning and lengthening of the epithelium and arrange epithelial cells. At the beginning 
of this process, the epithelium is thick and consists of multiple cell layers that during this 
process are organized into two cell layers of hair cells and supporting cells into precise 
longitudinal rows.
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diff erentiation (Fritzsch et al., 2010). Following this Notch-mediated cell fate specifi cation, cells 
of the sensory epithelium are committed to diff erentiate into supporting cells or hair cells, and a 
cell type-specifi c genetic program is launched (Fig.4).

Th is Notch signaling-based mechanism is important to maintain cell fates also aft er 
embryonic specifi cation and diff erentiation, in the juvenile, postnatal epithelia (Yamamoto et al., 
2006). 

2.2.5.2  Molecular regulation of hair cell differentiation 

Transcription factor Atoh1. Aft er discovering expression of the proneural factor Atoh1 in the 
developing hair cells (Bermingham et al., 1999; Woods et al., 2004), Atoh1 has been the focus 
of multiple investigations in the inner ear fi eld. Atoh1 expression is crucial and suffi  cient to 
initiate hair cell diff erentiation in the auditory and vestibular sensory epithelia, as shown by 
both in vivo and in vitro studies (Bermingham et al., 1999: Woods et al., 2004; Zheng and Gao 
2000; Kawamoto et al., 2003; Pan et al., 2011;). Accordingly, no hair cells develop in Atoh1-
depleted organ of Corti or vestibular epithelia (Bermingham et al., 1999: Woods et al., 2004; 
Pan et al., 2011) and in turn, the overexpression of Atoh1 is enough to induce production of 
ectopic hair cells from supporting cells, and cells outside the sensory epithelium (Kelly et al., 
2012). In addition to Hes and Hey factors, mentioned in the previous chapter, the timing of 
the onset of Atoh1 expression is proposed to be negatively regulated by bHLH Id (Inhibitor of 
Diff erentiation) transcription factors (Jones et al., 2006; Kamaid et al., 2010) and Sox2 (Dabdoub 
et al., 2008). Consistently, these above-mentioned factors are downregulated in the hair cells 
during development but maintained in the supporting cells. Sustained Atoh1 expression depends 
on positive autoregulation as unveiled in transgenic murine models (Helms et al., 2000; Woods 
et al., 2004).

Transcription factors Pou4f3 and Gfi 1 are needed for hair cell survival. Th ough Atoh1 is 
regarded as a master regulator of hair cell development, proper cellular diff erentiation toward a 
functional sensory cell requires various other factors. Many of these are transcription factors that 
are upregulated soon aft er Atoh1. Th e earliest factor aft er Atoh1 is Pou4f3 (Pou 4 class homeobox 
3). It is important especially for hair cell survival, but not for the early commitment of hair cell 
progenitors (Xiang et al., 1998). In mice, Pou4f3 mutation leads to progressive degeneration of 
auditory hair cells before birth (Xiang et al., 1998; Xiang et al., 1997) and in humans, mutation 
in POU4F3 causes nonsyndromic, progressive hearing loss DFNA15 (Vahava et al., 1998; Weiss 
et al., 2003). It has been suggested that auditory hair cells of Pou4f3 depleted mice die, likely 
due to the absence of Pou4f3 eff ector, transcription factor Gfi 1 (Growth factor independence 1) 
(Herzano et al., 2004). Gfi 1 is a member of zinc-fi nger transcription factor family, important for 
cell survival and diff erentiation in many developing organs, but especially in the hematopoietic 
and lymphatic systems (Zeng et al., 2004; Möröy and Khandanpour 2011). Gfi 1 regulates the 
expression of targets through inhibition, via its N-terminal SNAG repressor domain (Zweidler-
Mckay et al., 1996), but context-dependently may also act as an activator. Th ough this 
transcription factor is important in hair cell development, no specifi c target genes of Gfi 1 have 
been recognized in the sensory hair cells.

In the organ of Corti, Gfi 1 is expressed in the developing hair cells from E15 onwards, and 
Gfi 1 inactivation leads to death of these hair cells, beginning from the basal coil at E17 (Wallis et 
al., 2003). Hair cell death in the organ of Corti follows a pattern where outer hair cells die before 
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inner hair cells. However, hair cells in the vestibule of Gfi 1-/- mice do not die, despite showing 
Gfi 1 expression during cellular diff erentiation (Wallis et al., 2003). Th is suggests that diff erent 
mechanisms are responsible for hair cell maintenance and/or diff erentiation in the vestibular 
and auditory epithelia. Also these diff erences seem to exist between outer hair cells and inner 
hair cells of the organ of Corti. Gfi 1 expression in the cochlear hair cells is dependent on Atoh1, 
as revealed in the study performed on conditional Atoh1-/- mice in which Atoh1 is deleted in 
the developing sensory epithelia of the inner ear (Chonko et al., 2013). However, whether there 
is a direct regulatory interaction between Atoh1 and Gfi 1, is not known. Additionally, it is still 
elusive whether hair cell death in Gfi 1-/- mice results ultimately from inappropriate diff erentiation 
of auditory hair cells, activation of pathways mediating cell death or from a combination of many 
perturbed functions. Nevertheless, one essential function of Gfi 1 is to regulate apoptosis through 
the repression of several pro-apoptotic regulators, as revealed in cell-based studies (Grimes et 
al., 1996).  In T lymphocytes, Gfi 1 acts to oppose cell death by repressing antiapoptotic factor 
Bax (Karsunky et al., 2002; Grimes et al., 1996) and in lymphoblastic leukemia cells, Gfi 1 acts to 
repress DNA damage induced cell death (Du et al., 2013; Khandanpour et al., 2013). 

Proteins linked to functional diff erentiation of hair cells. Shortly aft er early transcription factors 
are expressed, sensory hair cells start to express proteins important for morphological and 
functional diff erentiation, amongst which the most essential ones are unconventional myosins; 
Myosin VI and Myosin VIIa (Avraham et al., 1995; Self et al., 1998; Self et al., 1999). Th ese 
unconventional myosins function as motor proteins and are thought to play a role in molecule 
transport along actin fi laments (Buss et al., 2004). Both of these unconventional myosins are 
crucial for hair cell diff erentiation and function, which is supported by the fact that many 
recognized mutations in MyoVIIa and MyoVI underlie hearing defi cits in humans (Avraham et 
al., 1995; Weil et al., 1995; Gibson et al., 1995; Liu et al., 1997; Melchionda et al., 2001). Myosin VI 
expression starts in the cochlear hair cells around E 14,5. In murine models, MyoVI defi cient hair 
cells begin the diff erentiation process normally, however, cells start to accumulate stereociliary 
defects during the fi rst postnatal week, consequently leading to hair cell death (Self et al., 1999). 
MyoVIIa expression starts in the cochlear hair cells around E16,5 and in the vestibular hair cells 
at E15, and similarly to MyoVI, it is crucial for correct hair bundle development (Self et al., 1998; 
Hertzano et al., 2008). Mutations in the gene encoding MyoVIIa underlie combined blindness 
and deafness syndrome in human, Usher 1B (Weil et al., 1995; Liu et al., 1997), whereas mutations 
in MyoVI have been connected to nonsyndromic deafness (Avraham et al., 1995; Melchionda 
et al., 2001). Like myosins, other factors important for structural diff erentiation of hair cells 
participate in the diff erentiation of the stereociliary bundle. Espin (Espn) is an actin-bundling 
protein and an important structural element of the hair bundle (Zheng L. et al., 2000; Sekerková 
et al., 2011). It is expressed in the developing hair bundles of the cochlear hair cells from E17 
onwards (Sekerková et al., 2006). Mutations in Espn lead to the shortening of the stereocilia, loss 
of mechanical stiff ness, and fragmentation of the stereocilia (Zheng L. et al., 2000; Sekerková et 
al., 2011). In humans, ESPN mutations cause prelingual hearing loss accompanied with vestibular 
dysfunction (Naz et al., 2004).

2.2.5.3  Molecular regulation of supporting cell differentiation 

Th e molecular regulation of supporting cell diff erentiation is not that well understood as that 
of hair cells; indeed only a few supporting cell-specifi c, early factors have been identifi ed. 
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Remembering that supporting cells in the organ of Corti form large, heterogeneous group of 
cells, it is likely that their diff erentiation is not uniformly regulated. Additionally, supporting 
cell diff erentiation is at least partly dependent on the correct diff erentiation of the hair cells as 
revealed in mutant murine models of hair cell-specifi c Atoh1 and Pou4f3 (Erkman et al., 1996; 
Woods et al., 2004; Cai et al., 2012). Secondary to disrupted hair cell diff erentiation, mice 
defi cient for Atoh1 and Pou4f3 also exhibit abnormal supporting cell development (Woods et al., 
2004; Cai et al., 2012; Erkman et al., 1996). 

Transcription factors regulating supporting cell diff erentiation. Common to early transcription 
factors thought to play a role in supporting cell specifi cation and diff erentiation in the organ 
of Corti is their dynamic expression pattern. Accordingly, they are fi rst expressed in a broader 
cell population giving rise to hair cells and supporting cells, and later expression is restricted 
to the supporting cells and excluded from the hair cells. Transcription factors Sox2 (Kiernan 
et al., 2005), Sox9 (Mak et al., 2009) and Prox1 (Bermingham-McDonogh et al., 2006) follow 
this pattern of expression. Sox2 and Sox9 belong to the Sox family of transcription factors, well-
established regulators of cell fates during development. Even if their expression patterns in the 
developing inner ear are described (Kiernan et al., 2005; Hume et al., 2007; Mak et al., 2009), yet 
the functional role beyond early development, especially of Sox9, is not known (Barrionuevo et 
al., 2009). Th e function of Sox2 is somewhat complex, as it is necessary for early development of 
the sensory cells (Kiernan et al., 2005) and, it has the potential to repress Atoh1 expression and 
hair cell fate later (Dabdoub et al., 2008). Th e role of Sox2 in postnatal supporting cells remains 
to be elucidated (Hume et al., 2007). 

A study by Bermingham-McDonogh and colleagues characterized Prox1 (Prospero-related 
homeobox containing factor 1, paragraph 2.2.1.3) expression in the developing inner ear. Th ey 
report that the expression of Prox1 starts close to the basal coil of the organ of Corti at E14 in 
the cell population that gives rise to outer hair cells and Deiters’ and pillar supporting cells, and 
from there, the expression expands to the medial and apical coils of the organ of Corti. During 
late embryonic development, Prox1 expression is limited only to Deiters’ and pillar cells. In the 
vestibular epithelia, Prox1 has a similar dynamic expression pattern and is fi nally detected only 
in the supporting cells (Bermingham-McDonogh et al., 2006). On the basis of its important role 
as a cell fate regulator in various developing tissues (Elsir et al., 2012), and taking into account 
the expression pattern, Prox1 might have an essential role also in this process in the inner ear 
sensory epithelia. However, no particular role for Prox1 was revealed in that study (Bermingham-
McDonogh et al., 2006). As this transcription factor has a central role in this thesis, its role in the 
developing tissues is discussed in more detail in the next paragraph.

2.2.5.4  Prox1 as a cell fate regulator in the developing tissues

Prox1 is a homeobox containing transcription factor, homologous to Drosophila prospero. 
Homologous homeobox proteins oft en participate in the regulation of analogous organs even in 
organisms that are evolutionarily distant from each other, such as sensory bristle in Drosophila 
and sensory epithelia of the inner ear (Banerjee-Basu and Baxevanis 2001). Similarly to other 
homeobox-containing proteins, Prox1 regulates target genes both by activation and repression.

In mammals, Prox1 regulates a variety of developmental processes in diff erent organs, and 
during murine embryogenesis it is expressed in the central nervous system, liver, pancreas, 
skeletal muscles, heart, eye and lymphatic system (Elsir et al., 2012). Prox1-/- mice die at E14, 
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5 from multiple developmental defects, and they completely lack lymphatic vasculature (Wigle 
et al., 1999). One of the important roles of Prox1 is to direct the development of terminally 
diff erentiating cells by controlling cell fate specifi cation, cellular diff erentiation, and mitotic 
activity (Wigle et al., 1999; Petrova et al., 2002; Dyer et al., 2003; Seth et al., 2014). Context-
dependently, Prox1 can either promote cell cycle exit and induce the expression of negative 
cell cycle regulators, such as p57Kip2 and/or p27Kip1 in retinal and lens cells (Dyer et al., 2003).  
Alternatively, Prox1 can maintain proliferation by suppressing negative cell cycle regulators like 
it does in the pancreatic progenitors (Wang, Kilic et al., 2005). In the developing central nervous 
system Prox1 functions together with the proneural factor Mash1 to mediate cell cycle exit of 
the neuronal precursors and the subsequent onset of terminal diff erentiation (Torii et al., 1999; 
Mishra et al., 2008). 

Prox1 expression has been also described in the chicken auditory organ, basilar papilla 
(Stone et al., 2003; Stone et al., 2004). In the basilar papilla, cProx1 is expressed in the common 
progenitors of hair cells and supporting cells and changes in its expression have been associated 
to the regeneration process aft er induced hair cell death (Stone et al., 2003; Stone et al., 2004). 
According to Stone and co-workers, postmitotic cells that have high levels of nuclear cProx1 
diff erentiate as hair cells and cells that have low or undetectable levels of cProx1 diff erentiate 
as supporting cells. Based on these expression profi les, it has been suggested that cProx1 aff ect 
the determination of the hair cell fate or terminal diff erentiation of already determined hair 
cells (Stone et al., 2004). However, no functional evidence for the role of cProx1 in this process 
exists.  

Finally, in Drosophila, prospero, is responsible for determining neuronal or glial fate 
of sibling cells during embryonic development. Mechanosensory bristles of drosophila are 
analogous organs to sensory epithelia of the mammalian inner ear and their development is 
thought to be regulated at least partly by similar mechanisms. Th us, regarding its possible role in 
the mammalian organ of Corti, it is interesting that prospero plays a central part in distinguishing 
these diff erent cell fates during development of the drosophila sensory organ (Manning and Doe 
1999). 

2.2.5.5  Fibroblast growth factor (FGF) signaling and cellular differentiation

Besides cell autonomous mechanisms, signaling between cells of the sensory epithelium 
drive the development of diff erent cell types. FGF signaling regulates many aspects of inner 
ear development, including induction, patterning and morphogenesis. FGFs form a family of 
secreted peptide ligands that bind to, and activate receptor tyrosine kinases (RTKs), high-affi  nity 
FGF receptors (FGFRs). In vertebrates, there are four alternatively spliced FGFR genes (FGFR1-
4) (Itoh and Orniz 2004). FGFRs transmit extracellular signals to multiple cytoplasmic signal 
transduction pathways, but Ras/MAP kinase pathway is the central signaling pathway activated 
by FGFs (Th isse and Th isse 2006). 

Aft er terminal mitosis, Fgf8 signaling through Fgfr3 regulates the diff erentiation of 
supporting cells (Colvin et al., 1996; Jacques et al., 2007, Puligilla et al., 2007) and Fgf20 signaling 
through Fgfr1 is required for sensory hair cell diff erentiation (Pirvola et al., 2002; Hayashi 
et al., 2008). Th e Fgf8 ligand, expressed in inner hair cells appears to activate Fgfr3 in the 
developing outer hair cells and underlying supporting cells (Jacques et al., 2007). Fgfr3 has a 
dynamic expression pattern in the developing organ of Corti. First, at the beginning of cellular 
diff erentiation, expression covers the cell population that gives rise to outer hair cells as well as 
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Deiters’ and pillar cells. During diff erentiation, by age P2, Fgfr3 is downregulated from the outer 
hair cells, but maintained in the Deiters’ cells and inner and outer pillar cells (Pirvola et al., 1995; 
Hayashi et al., 2010). In these mentioned supporting cell types, Fgfr3 is thought to drive cell type 
specifi c –diff erentiation, and especially the development of the microtubule cytoskeleton (Colvin 
et al., 1996; Szarama et al., 2012). Upon mutation of Fgfr3, pillar cells located between inner and 
outer hair cells show reduced numbers and correspondingly outer hair cells and Deiters’ cells 
develop in excess amounts. In addition, all these cell types that normally express Fgfr3 during 
development, show diff erentiation defects (Colvin et al., 1996; Puligilla et al., 2007). Interestingly, 
for the most part, this pattern of expression of Fgfr3 in the organ of Corti is consistent with 
that of Prox1 (see chapter 2.2.1.2). Prox1 and Fgfr3 have a demonstrated regulatory relationship 
in blood endothelial cells (Shin et al., 2006), but in the developing inner ear their possible 
interactions have not been elucidated. 

Balanced function of Fgf -signaling seems to be crucial for the normal development of the 
organ of Corti. Not only the diminution of some components of Fgf -signaling, but also the 
over-activation of this pathway disrupts normal development, demonstrated in both in vitro 
and in vivo examinations (Shim et al., 2005; Jacques et al., 2007). Consistently, activation of Fgf 
-signaling by introducing exogenous Fgf ligands into cochlear cultures induces production of 
ectopic pillar cells (Jacques et al., 2007). Furthermore, upon mutation of a negative regulator of 
Fgf -signaling, Spry2, and consequent activation of the Fgf pathway, excess outer hair cells and 
pillar cells form (Shim et al., 2005).

2.2.6  Polarization of the auditory sensory epithelium with the 
focus on planar polarity

One of the key features in epithelial morphogenesis is the establishment of polarity of individual 
cells and growing tissue. Th e physiological functions of almost, if not all, of the epithelial cells and 
tissues, rely on morphological asymmetry. Coordinated alignment of Drosophila hairs and bristles 
on the surface of an adult animal, common direction of the hairs of the animal fur, polarized 
function of the cilia of the respiratory track, and uniform orientation of the stereociliary bundles 
of the hair cells are a few examples of this phenomenon in which morphological asymmetry is 
clearly evident. How is this spatial coordination achieved? 

2.2.6.1 Overview of planar polarity signaling
Th e insect epidermis expresses polarity not only between its inner and outer surfaces (apico-
basal polarity) but also in the plane of epithelial cell sheet. We call this “planar polarity”’ 
(Nübler-Jung 1987). 

Th is is how term “planar polarity” was introduced and since then it has been widely used, and 
the phenomenon extensively studied in the fi eld of developmental biology. Indeed, genetic 
and molecular studies on Drosophila have produced most of the current knowledge about 
the regulatory pathways controlling planar polarity establishment (Gubb and Garcia-Bellido 
1982; Strutt and Strutt 2005). Th e fi rst studies on planar polarity in mammalian systems were 
published 2003 (Montcouquiol et al., 2003) and since then many studies have revealed its 
importance in diff erent contexts including development and disease. Taking advantage of the 
precise organization and polarization of the inner ear epithelial cells and rather easy accessibility 
of these epithelia, a remarkable amount of information about planar polarity in vertebrates has 
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been obtained from studies on the developing inner ear (Montcouquiol et al., 2003; Qian et 
al., 2005; Wang et al., 2006). Planar polarity has been frequently studied in the organization of 
multicellular structures such as hair follicles in mammalian skin (Guo et al., 2004), or uniform 
orientation of the stereociliary bundles of the hair cells (Montcouquiol et al., 2003) when it is 
oft en referred as ‘planar cell polarity’ (PCP). However, planar polarity might be apparent also at 
the cell intrinsic -level, as in the polarized organization of the stereocilia within the hair bundle 
of the sensory hair cells and this level of polarization is oft en termed as ‘cell-intrinsic planar 
polarity’ (Fig.5). 

Figure 5. Planar polarity of the sensory hair cell. 
Orientation of the V-shaped stereociliary bundle 
at the cell surface manifests planar polarity along 
medio-lateral axis. Kinocilium (yellow) locates 
at the lateral (green) vertex of the stereociliary 
bundle. Planar polarity axis is perpendicular to the 
apical-basal axis of the cell. Cell intrinsic planar 
polarity is evident in the coordinated, height-
based organization of the stereocilia within the hair 
bundle.

It is thought that at least three regulatory modules 
regulate planar polarity. In the fi rst phase, the cell 

fi eld receives directional cues; secondly, cellular factors that read and interpret these spatial cues 
are polarized and establish the primary PCP axis and in the third and fi nal stage, tissue-specifi c 
downstream eff ectors modulate cytoskeletal dynamics and cell-intrinsic polarity in coordination 
with neighboring cells (Rida and Chen 2009). Th e components of so-called non-canonical Wnt-
signaling are in the centre of planar polarity signaling, these components (also known as “core 
PCP components”), are involved in establishing molecular asymmetry within and between cells 
(Seifert and Mlodzik 2007; Montcouquiol et al., 2006). Th is group consists of membrane-bound 
and cytosolic proteins: Frizzled, Flamingo (Celsr1 in mammals), Dishevelled, Prickle, Van Gogh 
(Vangl) and Diego (Diversin and Inversin). In contrast to the canonical Wnt pathway, the PCP 
signaling pathway in vertebrates is independent of ß-catenin and targets cytoskeletal components 
via activation of downstream eff ectors (Goodrich and Strutt 2011).

To accomplish polarization events, PCP signaling must lead to cell type-specifi c responses 
and modulation of cytoskeletal structures, mediated by the eff ectors of PCP signaling. According 
to a common view, these eff ectors combine signaling from the core PCP proteins to the 
cytoskeletal modifi cations necessary to generate planar polarity (Tree et al., 2002). Members of 
the Rho family of GTPases (discussed in chapter 2.3) have potential to regulate many aspects 
of cellular behavior, especially those related to cytoskeleton (Jaff e and Hall 2005). Prototypical 
members of this family, Cdc42, Rac1 and Rho regulate actin and microtubule dynamics in 
various eukaryotic cells, and they are oft en regarded as the key eff ectors of PCP signaling, to 
serve as the motor for intracellular modifi cations (Fig.6) (Lapébie et al., 2011). Genetic studies 
in drosophila have supported this view (Munoz-Descalzo et al., 2007), but little direct evidence 
for Rho GTPases in planar polarity establishment has been obtained from vertebrates. In the 
inner sensory epithelium, Rac1 together with its downstream eff ector p21-activated kinase 
(PAK) regulates planar cell polarity of hair cells (Grimsley –Myers et al., 2009). Moreover, in the 
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developing neural tube Rac1 interacts with core PCP protein Vangl2 to regulate cell cytoskeleton 
and adhesive properties of the neuroepithelial cells (Lindqvist et al., 2010). However, the 
interplay between PCP signaling and RhoGTPases in vertebrates is not fully understood, and 
there are confl icting opinions whether they act on divergent or convergent pathways (Lapébie et 
al., 2011; Shlessinger et al., 2009).

Figure 6. Traditional and simplistic view of PCP pathway. Th e characteristic feature 
for this pathway is asymmetric distribution of PCP proteins (in the picture Frizzled 
and Vangl2). PCP signaling may be activated either by Wnt ligand or direct interaction 
between transmembrane proteins Frizzled and Vangl2. Th is leads to activation of cytosolic 
Dishevelled and consequent activation of Rho GTPases, Rac, Cdc42 and Rho, which induce 
cytoskeletal rearrangement, crucial for cellular polarization.   

2.2.6.2  Planar polarity in hair cells

Uniform hair bundle orientation and intrinsic polarity of the bundle, meaning the organization 
of the stereocilia according to graded heights, are required for normal sound perception. As a 
proof of support, animal models of mutated components of PCP signaling have misoriented 
stereociliary bundles and show hearing defi cits (Copley et al., 2013; Montcouquiol et al., 2003; 
Wang et al., 2006). In the auditory sensory epithelium of mice, planar polarity is established 
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during embryonic development. Th e fi rst morphological sign of planar polarization of the 
OC appears around E15-E16, when kinocilium and associated centrioles migrate from the 
center of the hair cell apex to the lateral edge, relative to mediolateral axis (Denman-Johnson 
and Forge 1999). Th is positioning of the kinocilium determines about the orientation of the 
emerging stereociliary bundle (Fig.7) (Denman-Johnson and Forge 1999; Jones et al., 2008). 
Th e basal body, where the axonema of the kinocilium emerges, is located just below the apical 
plasma membrane. In addition to organizing the kinocilium, the basal body serves to organize 
cytoplasmic microtubules (Moser et al., 2010). Simultaneously with kinocilium migration, 
microvilli surrounding the kinocilium elongate and form stereocilia of graded heights. By the 
end of embryogenesis, hair cells have acquired their morphologic polarization: hair bundles 
show V- or crescent shape and kinocilium is centered next to the tallest stereocilia at the vertex 
of the bundle, where it is connected to the bundle by fi brous links (Fig.7)(Goodyear et al., 2005). 
Planar polarity is refi ned postnatally, as evidenced in the recent study (Copley et al., 2013). At 
the same time with cellular polarization, the length of the cochlea increases three to fourfold, 
between E14 and E18,5 (see Fig.2, 4A,C,D) Th is lengthening and consequent thinning of the 
epithelium is thought to be driven by convergent and extension (CE) movements, the process 
that do not include any changes in cell numbers (Chen et al., 2002; McKenzie et al., 2004). 

Regulation of hair cell planar plarity. Fz3, Fz6, Vangl1, Vangl2, Pk2, and Dishevelled2 show 
asymmetric cortical localizations in the cells of the auditory sensory epithelium (Montcouquiol 
et al., 2006; Wang et al., 2006, Deans et al., 2007, Qian et al., 2007; Etheridge et al., 2008) and 
these and other PCP proteins regulate long-range tissue PCP in the organ of Corti. Th e fi rst 
PCP mutant mice in which an inner ear phenotype was described are spontaneous mutants:  
the ‘looptail’ mouse has a mutation in Vangl2 (Murdoch et al., 2001; Montcouquiol et al., 2003) 
and ‘spin cycle’ and ‘crash’ have mutations in Celsr1 (Curtin et al., 2003). Th ese mutants showed 
randomized orientation of the hair bundles, a typical read-out of abnormal tissue PCP; similarly, 
the mutations of many other PCP components have been discovered to result in mispolarization 
of the hair cells (Fig.7) (Wang et al., 2006; Etheridge et al., 2008). In addition to mispolarized hair 
bundles, many of the core PCP mutants display defects in convergent extension of the cochlea, 
defi ned by a stunted cochlear duct and multiple hair-and supporting cell rows, indicating that 
some core PCP components participate in the control of both the CE and PCP of the tissue 
(Wang, Mark et al., 2005).  

However, the intrinsic polarity of the stereociliary bundle or the morphology of the bundle 
is not abnormal in core PCP mutants (Montcouquiol et al., 2006; Wang et al., 2006; Deans et al., 
2007, Qian et al., 2007; Etheridge et al., 2008), suggesting separate regulatory mechanisms of 
tissue level PCP and cell-intrinsic planar polarity. Based on the current knowledge, cell intrinsic 
planar polarity is regulated in part by means of ciliary proteins (Ross et al., 2005; Jagger et al., 
2010; Jones et al., 2008; Sipe et al., 2011) and asymmetric G-protein signaling (Ezan et al., 2013, 
Tarchini et al., 2013). Th e role of the kinocilium and ciliary proteins in hair bundle organization 
was fi rst unveiled in mouse models in which kinocilia fail to develop properly (Ross et al., 2005; 
Jagger et al., 2010). Consequently, the kinocilium looses connection with the developing hair 
bundle and this results in abnormal diff erentiation of the stereociliary bundle (Ross et al., 2005). 
If kinocilia are missing, hair bundles are oriented randomly and they loose their innate polarity 
as shown in mutant mouse models of intrafl agellar transport 88 (IFT88) (Jones et al., 2008) 
and Kif3a (Jones et al., 2008; Sipe et al., 2011). Importantly, these ciliary mutants show normal 
localization of core PCP components (Fig.7), indicating that core PCP proteins solely are not 
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suffi  cient to direct the alignment of stereocilia. Recently two studies revealed that asymmetric, 
G-protein -dependent signaling in the apical hair cell surface regulates kinocilium migration, 
hair bundle orientation and morphology without aff ecting asymmetric localization of core 
PCP component Vangl2 (Ezan et al., 2013; Tarchini et al., 2013), thus strengthening the idea 
that tissue PCP and cell intrinsic polarity might be separately regulated. According to this new 
idea, the apical hair cell surface is divided into lateral and medial halves by the expression of 
distinct molecular machineries Gαi/mPins (GTP binding protein alpha i subunit/ mammalian 
Partner of inscuteable) and aPKC /Par (atypical protein kinase C/ Partitioning-defect) (Ezan et 
al., 2013; Tarchini et al., 2013). In hair cells, the lateral module is marked by the expressions of 
Gαi3 and mPins whereas aPKC and Par proteins are expressed in the medial half. Together, these 
complexes set crucial landmarks for the microtubule-based migration of kinocilium and cell-
intrinsic polarity (Ezan et al., 2013; Tarchini et al., 2013). Notably, aPKC and Par proteins serve 
as well-documented eff ector proteins of Rho GTPase Cdc42, which is the focus of this thesis.  

It is worth noting that asymmetric cortical recruitment of core PCP complexes relies on 
cell-cell communication and feedback mechanisms between neighboring cells (Tree et al., 2002; 
Amonlirdviman et al., 2005). Th us, correct cellular organization of the epithelium is a factor in 
the spreading of polarity signals within the epithelium (McCaff rey and Macara 2009; Orlando 
and Guo 2009). And as a correlative proof for that, cellular misorganization in the organ of Corti 
is oft en accompanied with defects in planar polarity (Kiernan et al., 2005; Grimsley-Myers et al., 
2009; Tateya et al., 2011). Interestingly, it has been shown that supporting cell-specifi c deletion 
of receptor tyrosine kinase 7 (Ptk7), a component of Wnt/PCP pathway (Pedadziryi et al., 2012), 
disturbs the polarity of neighboring hair cell (Lee et al., 2012). Based on these results, Lee and 
colleagues proposed a mechanism in which supporting cells exert contractile tension on adjacent 
hair cells through an apical myosin II network to orient hair cells (Lee et al., 2012). Th us, this 
is one additional mechanism of how correct cellular patterning might facilitate the proper 
polarization and illustrates the complex nature of control of planar polarity establishment. 
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Figure 7.  Planar polarity in the organ of Corti. (A) At E14,5 - E15 core planar polarity 
(PCP) proteins start to show asymmetric cortical localization (red and green bars) and 
cellular organization is visible. Kinocilia (yellow) are located at the center of the hair cell 
apices and thus no morphological polarization is evident. (B) At E18, 5, kinocilia have 
travelled to the lateral edge of the cell surface and mark the vertex of the stereociliary 
bundle. Th e lower picture shows polarity axes in the individual hair cell. (C) Hair bundle 
phenotype in core PCP mutant and cilia mutant. In core PCP mutant, hair bundles are 
misoriented, but hair bundles have normal morphologies. In cilia mutants, kinocilium 
cannot support normal development of the stereociliary bundles and consequently they 
show defected morphologies. If kinocilium or basal body migration is prevented from the 
center of the cell surface, hair bundle develop as circular around it (red). Cilia mutans show 
normal, asymmetric expression of PCP proteins.

2.2.7  Structural differentiation of the auditory sensory epithelium 
at early postnatal life

At the time of the birth of a mouse pup, the auditory sensory epithelium consists of a group 
of epithelial cells that have attained their proper locations and have started morphological 
diff erentiation. However, the diff erentiation of individual cells and the epithelium is still in 
progress and will be fi nalized during the fi rst two postnatal weeks (Forge et al., 1997; Souter 
et al., 1997). Within this period, morphology of the epithelium undergoes drastic changes 
(Fig.8). Th e most prominent morphological alterations are the increase in the height and width 
of the epithelium, consequences of the elongation, especially of the supporting cell bodies and 
enlargement of apical heads of pillar cells and Deiters’ cells. Also, the formation of fl uid-fi lled 
tunnel structures within the epithelium is a striking feature of postnatal maturation. In great 
measure, these morphological changes result from the establishment and modifi cations of actin 
and microtubule cytoskeletons coupled with the modifi cations of intercellular junctions (Ito et al., 
1995; Souter et al., 1997; Forge et al., 1997). Th ese cytoskeletal modifi cations are of importance 
for the normal function of the auditory sensory epithelium.  In vivo and in vitro investigations 
have elucidated the importance of Fgfr3 especially for pillar cell development (Colvin et al., 
1996; Mueller et al., 2002; Szarama et al., 2012). Of note, upon mutation of this factor, the tunnel 
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of Corti, located in between inner and outer pillar cells, fails to open and leads to deafness. It 
appears that this is due to defects of the microtubule cytoskeleton, which, in normal conditions is 
extremely rigid in pillar cells (Szarama et al., 2012; Ito et al., 1995).  

Apical domains of supporting cells and hair cells (termed collectively as ‘reticular lamina’) are 
connected together by tight junction complexes to seal the epithelium and protect cells from the 
leakage of potassium rich endolymph (Raphael and Altschuler 2003). Below the tight junctions, 
hair cells and supporting cells have adherens junctions that are associated with the underlying 
circumferential F-actin belt. Th ese junctional regions undergo remarkable remodeling and 
strengthening during postnatal maturation. Further, supporting cells gain prominent F-actin 
cytoskeleton at their apical domains (Forge et al., 1997). Th e broad junctional region between 
the inner and the outer pillar (the place marked with asterisk in Fig.8) cells show characteristic 
complexes of desmosomes and adherens-type junctions that have not been found in any other 
tissues (Raphael and Altschuler 2003).

Th e downside of these extreme cytoskeletal and junctional specializations is the poor 
regenerative potential of mammalian supporting cells, as suggested (Burns et al., 2008; Burns 
et al., 2013). It has been revealed that cytoskeletal and junctional structures of the sensory 
epithelia diff er much from those in birds. Namely, during postnatal maturation of supporting 
cells in the sensory epithelia of the mammalian inner ear, circumferential F-actin cytoskeleton 
and E-cadherin-rich adherens junctions form much thicker than corresponding structures in the 
avian epithelia (Burns et al., 2008). Th is postnatal period of dramatic changes in the cytoskeleton 
has been linked to the decline in potential of supporting cells to change their shapes and to 
proliferate upon injury. In contrast avian supporting cells persist this proliferative proliferative 
potential over a lifetime (Burns et al., 2008).  Th us, this has given an indication that manipulation 
of the cell cytoskeleton could increase the regenerative potential of postnatal supporting cells 
in mammalian sensory epithelia. Th ough detailed information of the morphological changes in 
the organ of Corti has been obtained from electron microscopy analysis (Forge et al., 1997), the 
molecular control of the structural maturation is not well understood. In order to understand 
better the potential of structural manipulation related to regeneration, better knowledge of the 
molecular basis driving postnatal maturation is essential.    
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Figure 8.  Morphological changes of maturating cochlea at early postnatal life. Toluidin 
blue stained transverse sections of plastic-embedded organ of Corti at age P3 (A) and P10 
(B). (A) At P3 the organ of Corti is composed of a mass of columnar cells, located in close 
contact with each other (boxed area). (B) Within one week, the height of the epithelium 
increases markedly, as cells obtain their elongated shapes. Th is elongation is particularly 
signifi cant in supporting cells (IP, OP, DCs). A Prominent feature of postnatal maturation 
is the formation of fl uid-fi lled tunnels; the tunnel of Corti (TC), in between outer pillar 
cells (OP) and inner pillar cells (IP), and Nuels’space (NS) laterally from the outer pillar 
cells. Extensively developed adherens junctions between inner and outer pillar cells (place 
marked with asterisk), provide mechanical strength to the epithelium. Abbreviations: 
IHC=inner hair cell, OHCs=outer hair cells, HC=Hensen’ s cell, DCS=Deiters’ cells, 
IP=inner pillar cell, OP=outer pillar cell.

2.3  Regeneration of mammalian hair cells – opportunities and 
obstacles

As the sensory epithelia of the mature mammalian inner ear lack regenerative capacity, death 
of the hair cells leads to permanent hearing loss or vestibular dysfunction. Hearing loss is the 
most common sensory disorder in humans and aff ects over 10 % of the world’s population and 
is oft en caused by poor hair cell function. Several reasons might underlie dysfunction or loss of 
sensory hair cells including genetic factors, ototoxic agents, such as aminoglycoside antibiotics, 
or acoustic trauma. Over 25 years ago, hair cell regeneration was discovered in birds (Corwin 
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and Cotanche, 1988; Ryals and Rubel, 1988) and since then inner ear researchers have tried to 
understand the fundamental mechanisms of this process and, alternately, the restrictions of hair 
cell regeneration in mammalian systems.

Th ere are two critical steps when hair cells are replaced in birds and other non-mammalian 
vertebrates: 1) cell division of supporting cells and 2) diff erentiation. In some cases hair cells can 
also be regenerated from supporting cells via direct transdiff erentiation (Corwin and Cotanche, 
1988; Ryals and Rubel, 1988; Roberson et al., 2004; Stone and Cotanche, 2007). Mammalian hair 
cells and supporting cells are quiescent cells and consequently there is no possibility to replace 
damaged cells. Th us, understanding the maintenance of this postmitotic state (Laine et al., 2010) 
is one crucial aspect in fi nding therapies for deafness caused by hair cell damage. It has been 
shown that upon deletion of negative cell cycle regulators, p27Kip1, pRb (retinoblastoma protein), 
p21Cip1 and p19Ink4d, it is possible to induce ectopic proliferation of inner ear sensory epithelial 
cells in vivo (Mantela et al., 2005; Sage et al., 2006; Laine et al., 2007). However, as a drawback, 
forced cell-cycle activation causes accumulation of DNA damage, leading to subsequent cell 
death (Laine et al., 2007; Sulg et al., 2009; Laos et al., 2014). Furthermore, for the proper function 
of sensory epithelium, having excess hair cells seems to be as bad as having too few of them 
(Tateya et al., 2011), so activation of cell proliferation should be restricted to certain cells and for 
a limited period. Th ese studies on cell cycle regulators have given signifi cant information about 
the potentials and barriers of manipulating cell cycle state and demonstrated that manipulation 
of cell cycle regulators is not solely leading to a wanted outcome.

In the way of building a new hair cell, aft er cell division, the next step is to guide cells 
to diff erentiate into a hair cell by providing the appropriate signals. Basic research on the 
development of hair and supporting cells has brought valuable molecular tools for that 
purpose. In terms of transdiff erentiation of hair cells, researchers have focused specifi cally 
on the potentials of two approaches: 1) ectopic expression of proneural factor Atoh1, and 2) 
inhibition of components in the Notch pathway. As presented earlier, Atoh1 is necessary for hair 
cell diff erentiation, and it is downregulated later during development (Woods et al., 2004) and 
further, in the avian basilar papilla, Atoh1 is upregulated upon hair cell regeneration (Cafaro et 
al., 2007). Both in vivo and in vitro studies on rodents have shown that ectopic Atoh1 expression 
in supporting cells or cells outside the sensory epithelium is suffi  cient to induce these cells to 
transform into hair cells (Kawamoto et al., 2003; Liu et al., 2014). As a sign of their functionality, 
these ectopic cells are capable, to some extent, of attracting spiral ganglion innervations 
(Zheng and Gao 2000; Kawamoto et al., 2003; Izumikawa et al., 2005). However, the effi  cacy of 
transdiff erentiation seems to be dependent on the developmental stage as in the more mature 
cochlea, the eff ects of Atoh1 are more restricted, compared to the embryonic and juvenile ages 
(Liu Z. et al., 2012). Furthermore, it is not clear whether these Atoh1 –induced, ectopic hair cells 
ever gain true characteristics and morphologies of mature hair cells, as these cells appear to have 
features of both supporting cells and hair cells or undiff erentiated hair cells (Izumikawa et al., 
2005; Liu Z. et al., 2014). Th us, if diff erentiated supporting cells are used as a launch pad for hair 
cell production, silencing of supporting cell-specifi c factors are likely necessary in addition to the 
activation of hair cell-specifi c factors.

In contrast to Atoh1, Notch-signaling pathway acts to block hair cell regeneration (see 
chapter 2.2.1.1 for review of Notch signaling). And consequently, inhibition of this pathway leads 
to transdiff erentiation of supporting cells into hair cells in birds, fi sh and mammals (Ma et al., 
2008; Daudet et al., 2009; Lin et al., 2011). Because Notch inactivation appears to induce hair 
cell production mainly at the expense of supporting cells, this suggests that if hair cells do not 
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provide inhibitory signals for neighboring supporting cells, they readily transdiff erentiate into 
hair cells (Zheng J. et al., 2000). For that reason, inhibitors of Notch activation have been targets 
of active research for their capacity to promote hair cell regeneration in mammals (Lin et al., 
2011; Mizutari et al., 2013). Recently, knockdown of Hes1 and Hes5 with siRNA techniques in 
vitro was shown to increase Atoh1 expression and to enhance regeneration aft er toxin-induced 
hair cell death (Du et al., 2013), indicating that in order to boost hair cell transdiff erentiation, 
there are many potential targets for manipulation in the Notch pathway. However, forced Atoh1 
expression or inhibition of Notch signaling promotes transdiff erentiation, but leads to the loss 
of supporting cells. Considering the limited number of supporting cells in sensory epithelia, and 
their crucial part in the function of the epithelium, proliferation of supporting cells should be 
induced before diff erentiation. Th us, it appears that to achieve the primary goal to regenerate 
stable and functional mammalian hair cells without depleting the pool of supporting cells and 
thus disrupting structural properties of the epithelium, a combination of many approaches might 
be necessary.

In birds, auditory hair cells are regenerated upon injury, and in their vestibular epithelia, 
supporting cells proliferate continuously to renew epithelial cells (Cotanche et al., 1993; 
Weisleder et al., 1995; Roberson et al., 1992; Adler and Raphael 1996). Supporting cells in the 
mammalian vestibular epithelia show some proliferative potential (Warchol et al., 1993; Forge et 
al., 1993). Supporting cells in the organ of Corti have an intrinsic regenerative capacity; indeed, 
in vitro, neonatal cochlear supporting cells can re-enter the cell cycle and transdiff erentiate 
into hair cell-like cells (Sinkkonen et al., 2011). Whether this ever happens as a spontaneous 
response to hair cell damage in vivo has been disputed. In one recent study, Cox and colleagues 
report spontaneous hair cell regeneration aft er induced hair cell ablation in vivo (Cox et al., 
2014). Importantly, the authors also observed proliferation of supporting cells, which has the 
potential to maintain the correct cell numbers and thus the structure of the epithelium. Th is 
neonatal regenerative capacity was shown also in another study (Bramhall et al., 2014) in which 
the authors found that these regenerating hair cells arise from the subpopulation of Lgr5-positive 
supporting cells (Bramhall et al., 2014). Even if this regeneration is limited to neonatal stages 
and newly produced hair cells eventually die, studying these spontaneous processes might allow 
of better understanding of the molecular regulation of regeneration and comprehension of the 
obstacles to regeneration in the mature sensory epithelium. 

Besides these abovementioned approaches, the potential use of stem cells in future therapies 
have been eagerly studied. One path is the induced diff erentiation of hair cells from pluripotent 
stem cells in vitro and applying them into translational therapies in order to help individuals 
with hearing loss. Th is ultimate goal is still far from reach, but there are reports of successful 
induction of hair cell-like cells from diff erent type of stem cells (Li et al., 2003; Jeon et al., 2007; 
Oshima et al., 2010). However, the most evident challenge seems to be the effi  ciency as in 
most cases hair cells are produced in low numbers. Recently Koehler and colleagues (Koehler 
et al., 2013) published a study where vestibular sensory epithelium was generated from murine 
embryonic stem cells (ECSs) in 3D-cultures. By defi ned temporal control of FGF, BMP and Wnt 
signaling pathways, ESCs formed otic-placode -like epithelia and otic vesicles that fi nally, in a 
self-organized manner, gave rise to epithelium housing functional hair cells. Th is sequential 
in vitro diff erentiation process mimics inner ear development in vivo, involving the steps from 
the formation of the preplacodal domain through the formation of sensory cells. In contrast to 
previous studies, with this protocol, authors were able to produce relatively high amounts of hair 
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cells (Koehler et al., 2013). Keeping in mind the potential therapeutic goal, human-derived stem 
cells are maybe the most attractive target of research, but unfortunately are also more demanding 
in terms of handling and generating into hair cells (Chen et al., 2012; Ronaghi et al., 2014). 
Lately, Ronaghi and co-workers published their studies on human emryonic stem cells (hESCs), 
where they were able to generate cells with characteristics of nascent hair cells in embryoid body-
based culturing conditions (Ronaghi et al., 2014), in similar conditions as those used in the case 
of murine ESCs (Koehler et al., 2013). However, despite these promising results, in contrast to 
murine ECSs, hESCs never diff erentiated into mature-like hair cells, demonstrating the current 
limitations of the use of hESCs (Ronaghi et al., 2014).

2.4  Rho GTPases
During the lifetime of the cell, whether it is a migrating progenitor cell, or terminally 
diff erentiated, quiescent sensory cell, it needs to respond to a variety of environmental cues. 
Oft en this response means simultaneous changes in junctional and cytoskeletal dynamics as well 
as gene expression, leading to necessary biological response. 

Rho guanosine triphosphatases (GTPases) are a subfamily of the Ras-related small GTPases 
and are crucial regulators of biolocigal responses. Th ey regulate cytoskeletal dynamics from 
plants and yeast to mammals and modulate cellular processes, including cell polarity, migration, 
vesicle traffi  cking and cell division, to point out a few. In the Rho GTPase family, there are 20 
members, but the most studied ones are RhoA (Ras homology member A), Cdc42 (Cell division 
cycle 42) and Rac1 (Ras-related C3 botulinum substrate 1) (Jaff e and Hall 2005).
  
Mechanisms of action. Th e basis of the action of Rho GTPases is rather simple (Fig.9), although 
they hold potential to mediate complex functions in cells. When in their active form, bound to 
GTP, Rho GTPases can interact with a huge variety of downstream eff ector proteins, the number 
of which is currently over 70 (Bustelo et al., 2007). Th is huge number of eff ectors explains the 
biological diversity of these proteins. Consequently, switching on a single GTPase, numerous 
separate signaling pathways can be coordinately activated, which highlights the  usefulness  of 
these small GTPases  in the regulation of developmental processes. Th e spatial and temporal 
activation of Rho GTPases is controlled by guanine nucleotide exchange factors (GEFs) that 
catalyse the exchange of GDP to GTP and thereby function as Rho proteins activators. GTPase 
-activating proteins (GAPs) in turn enable GTP hydrolysis to GDP, thus inactivating Rho 
proteins. Guanine nucleotide dissociation inhibitors (GDIs), maintain GTPases in the inactive 
state (Fig.9) (Bustelo et al., 2007). Additionally, Rho GTPases are regulated postranscriptionally 
by miRNAs, and protein stability  is controlled by ubiquitylation and phosphorylation (Liu M. 
et al., 2012). Because of this simple biochemical idea that allows turning on and off  multiple 
biological processes simultaneously, Rho GTPases are commonly called “molecular switches”.  

Rho GTPases can engage in crosstalk with each other, thus increasing the complexity in 
Rho GTPase biology. For example, Rho GTPases may induce the activation or inactivation of 
other Rho GTPases in a cell type-and developmental stage –specifi c manner (Jaff e and Hall 2005; 
Iden and Collard 2008). Cdc42, for example, can contribute to regulating the localization and 
activation of Rac1 in the induction of cellular fi lopodia (Nobes and Hall, 1995), while Rac1 has 
been shown to induce the non-migratory phenotype of fi broblasts by repressing Rho (Sander 
et al., 1999). Furthermore, Rho GTPases might share functional redundancy. Studies on the 
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early developing inner ear have revealed that Rac1 and Rac3 regulate otic morphogenesis in a 
redundant manner. Consistently, simultaneous inactivation of these two factors leads to more 
severe inner ear defects, than the inactivation of one or the other alone (Grimsley-Myers et al., 
2011). 
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Extracellular signals

Effector

GDP
actin cytoskeleton
microtubule cytoskeleton
cell-cell interactions
cell polarity
cell proliferation
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membane transport
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Figure 9. Rho GTPase cycle. Rho GTPases cycle between active GTP-bound, and inactive 
GDP-bound state. Guanine nucletide exchange factors (GEF) induce GDP/GTP exchange 
and serve as activators. GTPase -activating proteins (GAPs) facilitate the hydrolysis of 
GTP, thus serving as Rho GTPase -inactivators. Guanine nucleotide dissociation inhibitors 
(GDIs) maintain RHO GTPases in GDP-bounded, inactive state. In their active GTP-bound 
state, Rho GTPases interact with a diversity of eff ector proteins. Th is leads to activation 
of downstream signaling pathways and a variety of cellular responses. Pi=inorganic 
phosphate. 

2.4.1  Rho GTPase Cdc42 
Cdc42 (Cell division cycle 42) was fi rst discovered in Saccharomyces cerevisiae, where it was 
shown to regulate cell division events and budding of the yeast cells (Adams et al., 1990). In mice, 
there are two Cdc42 isoforms produced by alternative splicing. Isoform Cdc42a is expressed 
ubiquitously, whereas Cdc42b is limited to the brain (Miki et al., 1993; Marks and Kwiatkowski 
1996). Functions of cdc42-1 yeast mutants can be restored by the expression of both of these 
mammalian splice variants (Munemitsu et al., 1990; Shinjo et al., 1990). Th is compensatory 
potential illustrates that, as with many other Rho GTPases, Cdc42 is highly conserved among 
eukaryotes and shares many common functions across species. Th us, the information gathered 
from cell-based experiments and lower animals is oft en applicable to mammalian systems. 
Furthermore, as this ubiquitously expressed Rho GTPase is necessary for embryogenesis and 
conventional Cdc42 – knockout mice die before embryonic day 7, 5 (Chen et al., 2000), most of 
the understanding of mammalian Cdc42 has been obtained from cell-based in vitro studies. Th e 
development of conditional knockout techniques has enabled the production of tissue-specifi c, 
viable murine models and thus the possibility to obtain information about the physiological roles 
of Cdc42 in vivo. So far, the function of Cdc42 has been investigated in heart, pancreas, nervous 
system, lung, bone, eye, kidney, and skin (Cappello et al., 2005; Wu et al., 2006; Benninger et 
al., 2007; Kesavan et al., 2009; Chauhan et al., 2009; Guo et al., 2010; Ito et al., 2010; Scott et al., 
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2012; Choi et al., 2013; Wan H. et al., 2013). From a plethora of functions under the control of 
Cdc42, its role in the dynamics of actin and microtubule cytoskeleton, junctional properties and 
establishment and maintenance of cell polarity are among the most studied and recognized ones. 
Additional roles include the regulation of cell proliferation and cell survival, gene expression and 
cell fate acquisition (Cappello et al., 2005; Kesavan et al., 2009). However, in vivo examinations 
on these diff erent tissues have revealed that the functional outcome of Cdc42-depletion varies 
context-dependently, most likely due to the diff erential, cell-type specifi c existence of Cdc42 
activators and inactivators and downstream eff ectors (Vadodaria et al., 2013). Rather than a 
simple regulator for a given cellular property or process, Cdc42 could be consider as temporal 
and spatial integrator that combine many cellular actions together, depending on the status and 
environment of the cell.

Th e main classes of eff ectors that mediate the function of Cdc42 are WASp (Wiskott-
Aldrich syndrome protein) (Symons et al., 1996), PAK (p21-activated kinase) (Manser et al., 
1994), IQGAP (IQ motif containing GTPase activating protein) (Briggs and Sacks 2003) and 
PAR (partitioning defective) proteins in conjunction with aPKC (atypical protein kinase C) 
protein families (Lin et al., 2000). Out of these eff ectors, the most pertinent to this thesis is aPKC 
(Fig.10).

2.4.1.1 Cdc42 and cytoskeletal dynamics

Cell shape changes, migration, adhesion, cell division, wound healing and polarization are some 
cellular activities crucially dependent on actin and microtubule cytoskeleton dynamics. Via 
many of the eff ectors, Cdc42 is capable of regulating both of these cytoskeletal components and 
all these listed cellular activities, to name few.  

Actin cytoskeleton. Th e protein actin is abundant in all eukaryotic cells and together with other 
members of Rho GTPase family, Cdc42 controls actin dynamics in all examined eukaryotic 
organisms (Schmidt and Hall 1998; Etienne-Manneville 2004). In the cells, actin exists as 
globular monomer (G-actin) and as a fi lamentous polymer (F-actin) where the G-actin subunits 
are arranged in a linear chain. Together with various actin-binding proteins, actin polymer forms 
a microfi lament the size of which being about 6 nm in diameter. Actin fi laments are arranged 
into bundles and networks by actin-crosslinking proteins. Th e area, which is especially abundant 
in actin fi lament networks is located just under the plasma membrane, known as cell cortex. 
Cortical actin fi laments are attached to the plasma membrane by membrane-microfi lament 
binding proteins, and thus, cortical actin can provide mechanical support and defi ne about 
the shape and movements of the cell surface. Also, actin bundles form a core for microvilli and 
fi lopodia, which are protrusions extending from the plasma membrane.

Actin polymerization occurs through the coordinated activities of fi lament severing and 
capping proteins and two major actin polymerization factors Arp2/3 (Actin related protein 2/3) 
and formins (Schmidt and Hall 1998). Th e formins are a group of proteins that facilitate the 
nucleation of unbranched actin fi laments, amongst which many are under the control of Cdc42 
(Cotteret and Chernof 2002; Breitsprecher and Goode 2013). Th e Arp2/3 complex, in turn, 
participates in the formation of the branched actin network. Some central targets of activated 
Cdc42 belong to the WASp protein family (WASP and N-WASP), through which Cdc42 initiates 
peripheral actin nucleation and Arp2/3 – mediated actin branching (Soderling 2009). Proteins 
of WASp family are crucial in regulating the rearrangement of cortical actin fi laments and cell 
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movements (Takenawa and Miki 2001). Cdc42-specifi c GEFs have been identifi ed that can 
associate with actin structures, and thereby they can serve as local scaff olds when they activate 
Cdc42 in the proximity of actin (Nakanishi and Takai 2008).

A prototypical example of actin-based, Cdc42 –regulated function is the formation of the 
fi lopodium, a thin protrusion consisting parallel bundles of unbranched actin fi laments and 
extending from the leading edge in many migratory cells. Cdc42 induces actin polymerization 
at the specifi c site of the cell cortex leading to the localized formation of the fi lopodium. During 
neurogenesis, fi lopodia are important in axon guidance and neurite extension, the processes that 
fail upon Cdc42 depletion (Kim et al., 2002; Garvalov et al., 2007). Another example of the actin-
based cellular function, in which Cdc42 participates is wound healing, a response mechanism 
that protects cells upon damage. Mechanisms of wounding vary context-dependently, but in 
the developing murine tissue, fl ies and frog embryos this process is extremely dependent on the 
dynamic modulation of F-actin and myosin II, which together form contractile actomyosin ring 
(Redd et al., 2004; Benink and Bement 2005). Elegant studies on xenopus oocytes have shown the 
crucial role of Cdc42, alongside Rho GTPases RhoA and Rac1, in the regulation of this dynamic 
process (Benink and Bement 2005; Simon et al., 2012; Abreu-Blanco et al., 2014). 

Microtubule cytoskeleton is built as the arrangement of large, straw-shaped microtubule 
fi laments (about 25 nm in diameter), which are composed of a tubulin protein. Microtubules 
have an intrinsic polarity; one end is termed the minus end which is anchored at the centrosome/
MTOC (microtubule organizing centre), and the other end, known as the plus end, is dynamic 
and is usually tethered at the cell periphery (Siegrist and Doe 2007). Microtubules radiating from 
the MTOC to the cell periphery are called as astral microtubules. In addition, in eukaryotic cells, 
microtubule cytoskeleton forms a core (called as axoneme) of cilia and fl agella. Th ese structures 
project from the basal bodies, which are the type of MTOCs able to organize microtubules in 
parallel arrays at the axoneme of cilia or fl agella. Th e organization of the microtubules makes a 
major contribution to the distribution of cellular organelles and structures, such as the mitotic 
spindle or cilia. Additionally, microtubule linkage to particular cortical regions is essential for 
cell polarization (Siegrist and Doe 2007).  

Importantly, Cdc42 controls microtubule plus end dynamics through plus end-binding 
proteins, including CLIP-170 (cytoplasmic linker protein 170) and EB1 (end-binding protein 
1) (Fukata et al., 2002). Microtubule capturing at the plasma membrane allows the generation 
of forces to reorient the microtubule cytoskeleton, a process that is important during cell 
polarization. Besides aff ecting the plus-end capturing of microtubules, Cdc42 might also act 
through a dynein/dynactin dependent pathway to reorientate MTOC (Palazzo et al., 2001). Th us, 
Cdc42 can stabilize the interactions between the cell cortex, MTOC and astral microtubules, and 
thereby contribute to the dynamics of the microtubule cytoskeleton at many levels. In addition 
to having an eff ect on cellular polarization, microtubules together with actin cytoskeleton 
control cell shape and positioning of the nucleus in the cytoplasm (Starr and Fridolfsson 2010). 
Numerous investigations have shown the participation of Cdc42 in these processes (Disanza et 
al., 2006; Das et al., 2012; Gomes et al., 2005; Cappello et al., 2006). 

2.4.1.2 Cdc42 and cell polarity

PAR/aPKC polarity complex. From yeast to mammals, Cdc42 is the key regulator of cellular 
polarity. One of the most studied eff ector complexes through which Cdc42 mediates its function 
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on cellular and tissue polarity is the Par/aPKC complex, which is oft en referred to as the “polarity 
complex”. Th is protein complex comprises of Par3, Par6 (Partitioning-defect) and aPKC (atypical 
protein kinase C). Emphasizing the importance of Cdc42 and Par/aPKC signaling, it has even 
been suggested that the Par/aPKC molecular machinery has arisen to amplify Cdc42-mediated 
polarity cues and to link it to the various types of machineries in order to establish cell polarity 
(Lin et al., 2000; Suzuki et al., 2006).   

Par proteins are highly conserved and contribute to the cell polarization from worms to 
mammals. Par6 and Par3 are scaff old proteins that contain a PDZ domain to anchor proteins 
to the cytoskeleton and hold together signaling complexes (Hung and Kemphues 1999; 
Ranganathan and Ross 1997). Protein kinase C (PKC) family consists of serine/threonine 
kinases that phosphorylate target proteins of variety signaling networks in intracellular signal 
transduction. aPKCs form a subgroup within this family and in mammals there are two isoforms 
of atypical PKCs; aPKCλ/ι (λ in mouse, ι in human) (Akimoto et al., 1994 and Selbie et al., 1993) 
and aPKCζ (Ohno et al., 1988). Par6 has an N-terminal PB1 domain, through which it interacts 
with aPKC (Suzuki et al., 2006). Moreover, Par6 interacts with Cdc42 via PDZ and semi-CRIB 
(Cdc42/Rac-interactive-binding) motifs and thus connects Cdc42 into Par/aPKC complex 
(Suzuki et al., 2006). Cdc42 binding to Par6 relieves inhibition of aPKC, aft er which active 
aPKC is able to phosphorylate target proteins. Th us, Cdc42 is important in the activation and 
localization of Par/aPKC complex (Hutterer et al., 2004; Suzuki et al., 2006).

An essential feature of polarized cell is the asymmetric distribution of proteins and lipids 
on the plasma membrane that result from coordinated vesicle transport and fusion with cell 
membranes. Th e Par/aPKC complex oft en shows an asymmetrical localization at the cellular 
level, either on the apical-basal axis, like in many mammalian epithelial cells or along anterior-
posterior axis as in fertilized egg of D.melanogaster and C.elegans (Suzuki and Ohno 2006). It has 
has been shown that Cdc42-GTP is essential for the localized activation of Par/aPKC complex 
during morphogenesis and directed cell migration. Consistently, RNAi-mediated inhibition 
of cdc-42 prevents the polarized localization of PAR proteins and thus disrupts polarity of the 
C. elegans embryo (Kay and Hunter, 2001; Gotta et al., 2001). In migrating astrocytes, spatially 
restricted activation of Cdc42 triggers the accumulation of the Par/aPKC complex at the tip 
of the leading edge and consequently, by aPKC-mediated inactivation of GSK-3 (glycogen 
synthase kinase 3) allows stabilization of microtubule plus ends (Etienne-Manneville et al., 
2005). Additionally this Cdc42/Par/aPKC complex regulates cellular polarization via localization 
and reorientation of microtubule organizing center (MTOC)/centrosome (Lee et al., 2003; Cau 
and Hall 2005). Apically localised Cdc42/PAR/aPKC complex is known of its role in mediating 
apical-basal polarity and junctional integrity (Cappello et al., 2006; Du et al., 2009; Wu et al., 
2006; Kesavan et al., 2009).

An additional mechanism by which Cdc42, together with the Par/aPKC complex, can 
modulate cell polarity is via polarized vesicle traffi  cking (Harris and Tepass 2010). Th is complex 
has been linked to multiple steps of this dynamic traffi  cking process, including endocytosis and 
exocytosis (Shivas et al., 2010; Bryant et al., 2010). 

Cdc42 and planar polarity. As explained in paragraph 2.2.2.2, planar polarity establishment 
depends on cytoskeletal changes proposed to be mediated by Rho GTPases, downstream 
of or parallel to core planar polarity signaling (Shlessinger et al., 2007; Lapébie et al., 2009). 
Even though the examinations of lower animals have strengthened the idea of the function 
of RhoGTPases in planar polarity (Munoz-Descalzo et al., 2007), their role has just recently 
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started to be revealed in mammals, and there are very few examples of Cdc42 in planar polarity 
(Lyuten et al., 2010). Currently, the possible links between Cdc42 and Wnt/planar polarity 
signaling remains speculative. In the developing kidney, for instance, Cdc42 integrates the 
planar polarity pathway to regulate normal morphogenesis while in polycystic kidney disease 
Cdc42 is highly upregulated and activated simultaneously with known core component of PCP 
pathway, Fz3 (Luyten et al., 2010). Another conceivable connection between Cdc42 and planar 
polarity signaling is Wnt ligand, Wnt5a. It is an important upstream component in the planar 
polarity signaling of vertebrates (Kilian et al., 2003 and Qian et al., 2007) and consequently, its 
ablation from the inner ear leads to defects in convergent extension of the cochlear duct and 
mispolarization of the hair cells (Qian et al., 2007). Interestingly, in xenopus, Wnt5a regulates 
convergent extension via Cdc42 (Schambony et al., 2007). Moreover, studies on primary 
fi broblasts have shown that Wnt5a has an important role in the polarization of the centrosome 
in the primary fi broblasts, and it has been suggested that Cdc42/Par/aPKC signaling cooperates 
with a noncanonical Wnt signaling in order to boost this polarization (Schlessinger et al., 2007). 
Furthermore, Cdc42 is involved in development of primary cilia; deletion of Cdc42 in MDCK 
cells and kidney epithelial cells in vivo resulted in the absence/aberrant development of primary 
cilia (Zuo et al., 2011, Choi et al., 2013). Given that planar polarity relies on primary cilia, Cdc42 
might thus be indirectly linked to planar polarity establishment via its role in ciliogenesis. 

Cdc42-GTP
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Figure 10. Th e main functions and principal eff ectors of Cdc42 upon cell polarization. 
Several cellular components are spatially and temporally regulated when cells undergo 
polarization events. Th e modulation of the actin and microtubule cytoskeletons, 
intercellular junctions and vesicle traffi  c are important events for polarization. Cdc42 is able 
to regulate all of these tasks via variety of downstream eff ectors (of which only principal 
eff ectors are shown in this schema). Of note, cooperation of cellular components is crucial 
for polarization.

2.4.1.3  Cdc42 and junctional dynamics of epithelial cells

Th ere are two main types of intercellular junctions at the apical margin of the lateral membrane 
of epithelial cells: tight junctions and adherens junctions. Adherens junctions provide strong 
mechanical cell-cell interactions and are composed of transmembrane cadherin proteins as 
well as associated cytoplasmic adaptor proteins of the catenin family, that connect adherens 
junctions to the actin cytoskeleton (Niessen 2007). Tight junctions seal the epithelium and 
thereby control permeability of the paracellular space. Th ey are built from the transmembrane 
proteins claudin and occludin, which are connected to cytoplasmic adaptor proteins of the ZO 
family (Niessen 2007). Importantly, these junctions are not only established, but also modifi ed 
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during development. A growing number of in vitro and in vivo studies have reported the role of 
Cdc42 in sequential molecular processes during junctional formation, including the expression 
of junctional components, arrangement of the actin cytoskeleton at the junctional regions and 
modifi cations of junctional proteins (Wu et al., 2006; Du et al., 2009; Warner and Longmore 
2009; Elbediwy et al., 2012). For instance, cell type-specifi c Cdc42 inhibition may either prevent 
the assembly of adherens junctions in MDCK cells (Fukuhara et al., 2003) or lead to disturbances 
later in the maturation and maintenance of these junctional regions, as reported in both in vitro 
and in vivo keratinocyte studies (Wu et al., 2006; Du et al., 2009).  

Th e Par/aPKC complex (see paragraph 2.3.1.1) participates in the establishment of epithelial 
cell polarity and maturation of the junctional structures. Upon cell–cell interaction, this complex 
is recruited to the site of cell-cell contact. Th ere it is involved in localized organization of proteins 
and assembly of the actin cytoskeleton and signaling networks around the adhesion receptors. 
Th is further organizes other cytoskeletal complexes and protein-sorting compartments also 
required for the establishment of asymmetric junctional complex and epithelial cell polarity 
(Popoff  et al., 2009). Consistent with this, inhibition of Cdc42 or aPKC activity in murine 
keratinocytes leads to combined disturbances of the junctions and cellular polarity (Du et al., 
2009). And fi nally as discussed earlier, as Cdc42 plays a crucial part in vesicle traffi  cking, it 
may thus contribute to the junctional dynamics by controlling directed transportation of the 
junctional components, endocytosis and recycling of junctional components (Duncan and Peifer 
2008).

2.4.2 Rho GTPases in the inner ear
As the development of the inner ear sensory epithelium is dependent on the dynamics of the 
cytoskeleton and cell-cell junctions as well as the establishment of polarity at both the cellular and 
tissue level, the whole process is full of opportunities for Rho GTPases to function. In addition, 
as the formation and maintenance of the stereociliary bundle of the hair cells is dependent on 
continuous actin dynamics (Rzadzinska et al., 2004), it would be reasonable to think that Rho 
GTPases known to play a central role in the regulation of actin cytoskeleton, would have part in 
this. What is currently known about the RhoGTPases in the inner ear?

Th e only Rho GTPases whose role in the mammalian inner ear biology has been addressed 
directly, belongs to the Rac family (Grimsley-Myers et al., 2009; Grimsley-Myers et al., 2011). Rac1 
and Rac3 have been shown to have redundant roles in the early development of the mouse inner 
ear, and upon simultaneous deletion of these factors, coordinated cell adhesion, cell proliferation, 
cell death and cell movements are disrupted (Grimsley-Myers et al., 2011). Furthermore, Rac1 
regulates the establishment of planar polarity of the auditory hair cells, hair bundle morphology 
and cellular organization in the auditory sensory epithelium during embryonic diff erentiation. 
More specifi cally, Rac1 controls establishment of hair bundle morphology and polarity via 
asymmetric RAC-PAK (p21-activated kinase) signaling that mediate Rac1 activation to the 
microtubule cytoskeleton (Grimsley-Myers et al., 2009). Th e postnatal role of Rac GTPases is, 
however, still unrevealed. Fift een years ago it was presented that in the chicken basilar papilla 
Rac1 regulates the early initiation and polarization of the hair bundle whereas Cdc42 has a role 
later in the elongation of the stereocilia (Kollmar 1999). Despite this interesting assumption, no 
direct evidence has been presented to support this hypothesis.
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Indirect evidence about Rho GTPases in the development of the inner ear sensory epithelia 
comes from investigations where the focus has been on the regulators and eff ectors of these 
small G-proteins (Lynch et al., 1997; Yan et al., 2006; Schoen et al., 2010; Kaartinen et al., 2002). 
Depletion of two homologous GAP proteins with specifi city to Cdc42 and Rac1, Bcr (breakpoint 
cluster region) and Abr (active bcr-related), leads to dysmorphic vestibular organs and consequent 
defects in balance and motor coordination. In this mutant, however, hair cells do not show any 
detectable morphological defects (Kaartinen 2002). Nevertheless, Rho GTPases have been linked 
to mammalian hereditary hearing loss through downstream eff ectors (Lynch et al., 1997; Yan 
et al., 2006; Schoen et al., 2010). Nonsyndromic, progressive hearing loss DFNA1, is caused by 
a mutation in the formin, Diaphanous-Related Formin1 (DIAPH1) (Lynch et al., 1997). mDia1 
(a mouse homolog of diaphanous), a target of RhoA, regulates the polymerization of actin, the 
key component of the hair cell cytoskeleton (Vicente-Manzanares et al., 2003). Th erefore, it has 
been postulated that DIAPH1 may have a role in actin polymerization in hair cells. Additionally, 
mutation in another formin, Diaphanous-Related Formin 3, DIAPH3 leads to progressive hearing 
loss called AUNA1 (Schoen et al., 2010). A Recent study on the mouse model for AUNA1, in 
which Cdc42-eff ector mDia3 is deleted (Yasuda et al., 2004), described cumulative disturbances 
in the hair cell stereociliary bundle. According to these data, stereociliary bundles of inner hair 
cells (IHC) begin to show progressive defects between 4 and 24 week of ages, suggesting that 
DIAPH3 controls actin dynamics of IHCs (Schoen et al., 2013). 

Other processes in which Rho GTPases have been linked are related to cell death and 
stress-induced signaling of the hair cells (Bodmer et al., 2002; Chen et al., 2012). Th e c-Jun- 
N-terminal-Kinase (JNK) pathway mediates hair cell death induced by ototoxic drugs (Pirvola 
et al., 2000; Ylikoski et al., 2002), and as evidenced by cellular studies, the JNK pathway is oft en 
activated downstream of Rho GTPase signaling (Coso et al., 1995; Chuang et al., 1997; Bazenet 
et al., 1998). Inhibition of Rho GTPase signaling in conjunction with aminoglycoside treatment 
enhances the survival of cochlear outer hair cells and diminishes the activation of JNK signaling 
pathway as shown in vitro studies (Bodmer et al., 2002). Moreover, activation of Rho GTPases 
following noise exposure has been reported both in the mammalian organ of Corti (Chen et al., 
2012) and the chicken basilar papilla (Gong et al., 1996).  

However, the information of the actual cellular processes, which are controlled by diff erent 
Rho GTPases and at diff erent stages of the sensory epithelia development, is largely still missing.
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Aims of the study

3.  Aims of the study

Development of the inner ear sensory epithelia into functional units is a stepwise process that 
depends on proper diff erentiation of various cell types and global morphogenesis to achieve the 
complex 3D organization of the tissue. As perturbations during development of the auditory and 
vestibular organs lead to functional errors, auditory or vestibular defi cits, understanding of the 
molecular regulation of every step is essential. 

Th e specifi c aims of this study were:

1. To study transcriptional regulation of hair cell and supporting cell diff erentiation, and more 
specifi cally to characterize the role of Prox1 in this process.

2. To study structural maturation of the auditory sensory epithelium, the organ of Corti, and 
to explore how the Rho GTPase Cdc42 is involved in this process.

3. To study the role of Cdc42 during diff erentiation of the embryonic auditory sensory 
epithelium, with the focus on its role in planar cell polarity. 
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4.  Materials and methods

Th e methods, mouse strains, riboprobes and antibodies used in this study are listed in tables 
below. Th e detailed information can be found in the articles I-III, as indicated in each case.

4.1  Methods

Method Used in publication
Adenoviral-mediated transduction of inner ear sensory epithelia in 
vitro (see 4.1.1)

I

Histology and immunohistochemistry on paraffi  n sections I, II, III
Whole mount surface specimens I, II, III
Radioactive in situ hybridization on paraffi  n sections I, II, III
Genotyping I, II, III
in vitro organotypic cultures (see 4.1.1) I, II
Serial block face scanning electron microscopy (SBF-SEM) II, III
Labeling with thymidine analog III
Apoptosis detection with ApopTaq Plus Fluorescein In situ Apoptosis 
Detection kit

I

Promoter activity, dual-luciferase assay I
Induced auditory hair cell lesion with ototoxins kanamycin and 
furosemide 

II

Tamoxifen injections to induce iCreT2 mediated recombination (see 
4.1.2)

II, III

4.1.1  Organotypic cultures and the use of adenoviral vectors
A signifi cant part of the study (I), was to develop an effi  cient method to transduce sensory 
epithelial cells in vitro. We found adenoviral vectors very eff ective in transducing epithelial cells 
of the inner ear and Figure 11. illustrates the main steps of this method that was developed.

Materials and methods
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Figure 11. Adenoviral-mediated gene transduction on organotypic cultures. Sensory 
epithelium of the mouse utricle and cochlea were used in the study I. Sensory epithelia 
were dissected from the inner ear at E15 or P1. Tissues were placed on a piece of nucleopore 
fi lter, on top of a metal culture grid and were left  to stabilize for 4 to 12 hours in standard 
culturing conditions. Th ereaft er, tissues were put into viral incubation that was conducted 
in ‘standing drops’ where 20 μl drops were pipetted onto the bottom of the culture dish. 
Adenoviral constructs AdGFP and AdProx1 were used. Cloning and propagation of 
replication-defi cient adenoviruses has been described earlier (Laitinen et al., 1998). Viral 
transductions were done at the titers of 3.1x106-107 pfu/ml for AdGFP and 3.3x106-107 
pfu/ml for AdProx1. Utricles were incubated with viral vectors for six hours and sensory 
epithelia of the cochlea up to 48 hours. Th ereaft er tissues were cultured in normal media, 
on the metal grid as shown in the fi gure. Scale bar 500 μm.

4.1.2  in vivo inactivation of Cdc42 in the organ of Corti
In studies II and III, conditional, inducible gene activation was used to deplete Cdc42 from the 
cells of the organ of Corti. 

Mice. Cdc42loxP/loxP (Young et al., 2010) mice were crossed with mice carrying the Fgfr3-iCre-
ERT2 (Wu et al., 2006) transgene. Th ereaft er Cdc42loxP/wt;Fgfr3-iCre-ERT2 mice were mated with 
Cdc42loxP/loxP mice to obtain Cdc42loxP/loxP;Fgfr3-iCre-ERT2 animals, hereaft er referred to as Cdc42 
mutant. From the same litters, mice lacking the iCre transgene served as control animals. Litters 
were genotyped by PCR as described in the original publications. 

Tamoxifen induced iCre-recombination. In study II, Cdc42 inactivation was induced postnatally. 
For that purpose, tamoxifen (Sigma, T5648) was diluted in a mixture of corn oil and ethanol 
(10 mg/ml in a 1:7 mixture of ethanol and corn oil). Tamoxifen was administred at 50 μg/g of 
body weight daily for three days via intraperitoneal injections between P2 and P4 or between 
P16 and P18. Mice were sacrifi ced and examined at P10, P20 and P51.   

In study III, Cdc42 inactivation was induced during embryogenesis, at E13,5-E14,5. For that 
purpose tamoxifen was diluted in corn oil and ethanol (30 mg/ml). Tamoxifen was administred 
as two consecutive, 3 mg/ml (100 μl) injections to pregnant dams at E13,5 and E14,5 (Fig.12). 
Embryos were dissected and genotyped at E18, 5. As Tamoxifen-received mice cannot give birth 
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normally, some pups were surcigally removed and given to foster mothers to obtain postnatal, 
Cdc42 -defi cient mice. Cochleas were dissected out and processed for further analysis. Mice were 
sacrifi ced and examined at E18,5 or P6.

Tamoxifen

Genotyping
E 18,5

Fgfr3-iCre-ER;
Cdc42            /

Controls:

Fgfr3-iCre-ER;
Cdc42 

Mutants:

 SBF-SEM

Confocal

E13,5 - 14,5

Analysis:
E18,5 -P6

Histology

loxP/loxP

loxP/wt

 Fgfr3-iCre-ER

Figure 12. Schematic overview of a embryonic Cdc42 inactivation approach used in 
study III. Pregnant mice (Cdc42loxP/wt;Fgfr3-iCre-ERT2) received two consecutive tamoxifen 
injection at E13,5 and E14,5 to indce Fgfr3-iCre-ERT2 –driven recombination and 
consequent Cdc42 inactivation in the embryos with Cdc42loxP/loxP;Fgfr3-iCre-ERT2 genotype. 

4.2 Mouse lines

Mouse strain Used in 
Publication

Purpose Reference

NMRI I, II, III mRNA and protein expression studies, 
in vitro cultures

Fgfr3-iCre-ERT2 II, III induction of Cre-mediated 
recombination in the organ of Corti

Young et al., 2010

ROSA26tm14(CAG-
tdTomato)

II, III analysis of Cre –induced 
recombination pattern

Madisen et al., 
2010

Cdc42loxP II, III analysis of Cdc42 defi cient phenotype 
(combined with Fgfr3-iCre-ERT2)

Wu et al., 2006

Gfi 1: GFP I analysis of Gfi 1 defi cient phenotype Yücel et al., 2004
Fgfr3-/- I analysis of Prox1 expression Jackson Laboratory
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4.3 Primary antibodies

Antibody Host Used in 
Publication

Source/reference

acetylated tubulin rabbit III Cell signaling Technology
acetylated tubulin mouse III Abcam
aPKCζ mouse III Santa Cruz Biotechnology
aPKCλ/ι rabbit III Santa Cruz Biotechnology
Atoh1 (previously termed Math1) rabbit I Helms and Johnson 1998
Brdu mouse III Neomarkers
cleaved caspase 3 rabbit III Cell signaling Technology
CD44 rat II BD Biosciences
Cyclin D1 rabbit II LabVision/Th ermoScientifi c
E-cadherin rat II, III Sigma
Fodrin mouse III Ylikoski et al., 1990
Frizzled 6 mouse III BD Biosciences
Gamma-tubulin rabbit III Sigma
Gfi 1 guinea pig I, III Wallis et al., 2003
Green fl uorescent protein (GFP) rabbit I Invitrogen
Id1 rabbit I Santa Cruz Biotechnology
Ki67 rabbit III LabVision/Th ermoScientifi c
Myo6 rabbit III Hasson
Myo7a rabbit I Hasson et al., 1997
p57 goat I Santa Cruz Biotechnology
Parvalbumin mouse I Swant
pcJUN(ser63) rabbit Unpublished 

inform. for I
CST

Phalloidin II, III Invitrogen
pPKC ζ/λ rabbit II, III Santa Cruz Biotechnology
Prox1 goat I, III R&D Systems
Rab11a mouse III BD Biosciences
Red fl uorescent protein (RFP) rabbit II Rockland Immunochemicals
Sox2 goat II Santa Cruz Biotechnology
Sox9 rabbit II Millipore
Vangl2 rabbit III Montcouquiol et al., 2006
ZO-1 mouse II, III Molecular probes/Invitrogen
β-catenin mouse III BD Biosciences
β-tubulin rabbit II,III Abcam
β -galactosidase mouse I Promega
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4.4 Riboprobes for in situ hybridization

Riboprobe Used in Publication Reference
Prox1 I G. Oliver
Prox2 I K. Alitalo
P57Kip2 I Matsuoka et al., 1995
P21Cip1 I el-Deiry et al., 1993
Cdc42 II, III M. Götz
Fgfr3 I, II, III D. Ornitz
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5.  Results and discussion

5.1  Prox1 regulates cellular differentiation of the inner ear 
sensory epithelia (I)

Dynamic expression pattern of Prox1 is complementary to the hair 
cell-specific Atoh1 and Gfi1 expression pattern (I)
It was earlier shown that homeobox protein Prox1 (Prospero related homeobox containing 
factor 1) is expressed in the developing inner ear sensory epithelia of the mouse (Bermingham-
McDonogh et al., 2006). Prox1 expression was shown in precursor cell population giving rise to 
outer hair cells (OHCs) and supporting cells and, aft er the onset of diff erentiation, in two types 
of cochlear supporting cells: the pillar and Deiters’ cells. However no functional role for this 
factor was presented in that study. Diff erent studies have unveiled the importance of Prox1 and 
drosophila homolog prospero in cell fate determination and cellular diff erentiation, especially 
in the vertebrate nervous system (Lavado and Oliver 2007; Torii et al., 1999; Mishra et al., 2008; 
see literature review) and developing sensory bristle of the fl ies (Manning and Doe 1999). 
Hair and supporting cells arise from common progenitors, and molecular regulation of hair 
cell specifi cation and diff erentiation is rather well studied. However, the control of supporting 
cell development is poorly understood. So we hypothesized that dynamically-expressed Prox1 
might serve as a factor to determine hair cell vs. supporting cell diff erentiation, similarly as its 
homologous counterpart prospero, in the developing sensory organ of drosophila (Manning and 
Doe 1999).   

First we examined the expression of Prox1 during development of the vestibular and 
auditory sensory epithelia, in relation to the expression of factors known to be crucial for the 
diff erentiation and survival of hair cells: Atoh1, Gfi 1 and Myo7a (see literature review for details). 
We found that the Prox1 expression pattern was mainly complementary to the patterns of these 
hair cell markers. In the organ of Corti Prox1 mRNA was detected for the fi rst time at E14, 5 
and expression followed a basal-to-apical diff erentiation gradient along the cochlear duct. In the 
vestibular epithelia utricle, Prox1 appeared around E13 (I/Fig. 1 and 2). Together, the timing of 
the expression initiation and basal-to apical expression gradient in the organ of Corti strongly 
indicates that in contrast to its role in terminal mitosis during neurogenesis and retinal cell 
diff erentiation (Torii et al., 1999; Mishra et al., 2008; Dyer et al., 2003), in the sensory epithelia, 
Prox1 does not primarily regulate cell cycle exit. In the organ of Corti, cell cycle exit of hair and 
supporting cell progenitors is initiated at the cochlea apex at E12,5 and the wave proceeds towards 
the basal coil, thus opposing the diff erentiation gradient that Prox1 expression follows. At E15 in 
the organ of Corti, consistently with the previous study, strong Prox1 expression was localized in 
the cell group developing as outer hair cells (OHCs) and Deiters’ cells and pillar cells. Prox1 was 
never observed in the developing inner hair cells (IHCs).  At E15, weak Atoh1 expression partially 
overlapped the expression pattern of Prox1, and Gfi 1 was expressed only in the inner hair cells 
devoid of Prox1 (I/Fig.1). According to the neural-to-abneural developmental gradient, inner 
hair cell diff erentiation starts before that of outer hair cells (Lim and Anniko 1985) consistent 
with Gfi 1 expression only in this inner hair cell population (I/Fig.1). Only a half day later at 
E15,5, Prox1 expression started to gradually decrease in the outer hair cells, simultaneously with 
the appearance of Gfi 1 in these cells. However, in contrast to the earlier study in which Prox1 
expression was shown to be undetectable in hair cells aft er E18 (Bermingham et al., 2006), we 
found a more progressive downregulation of Prox1 from the outer hair cells, as OHCs at age 
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P0 still showed weak Prox1 expression that disappeared by P7 (I/Fig.1). Additionally, during 
development, we found weak Prox1 expression in the nonsensory cells located laterally from 
pillar and Deiters’ cells, which was not reported earlier. Th is slight discrepancy in the expression 
patterns most likely springs from the sensitivity capacities of diff erent antibodies.

In the utricle, Prox1 expression followed a similar, dynamic pattern as in the cochlea; it was 
localized in the supporting cells during diff erentiation of the epithelium and was complementary 
to the Atoh1, Gfi 1 and MyoVIIa expressions in the developing hair cells (I/Fig.2). Contrary 
to the organ of Corti, utricular hair cells become post-mitotic and start diff erentiation over a 
long period (E12,5–fi rst postnatal week) (Sans and Chat 1982; Burns et al., 2012). Of note, we 
noticed that in the utriculus, Atoh1 expression was decreased and diminished faster aft er hair 
cell diff erentiation was launched, in contrast to Gfi 1 expression, which was maintained in the 
hair cells. Altogether, these correlative expression studies suggested that, in contrast to having a 
role in terminal mitosis, Prox1 could act negatively on hair cell specifi cation or diff erentiation.

Prox1 antagonizes Atoh1 and Gfi1 in the utricular and cochlear hair 
cells (I)
Results from the expression studies suggested that Prox1 functions either as a positive regulator 
of supporting cell diff erentiation and/or as a negative regulator of hair cell diff erentiation. To 
challenge these hypotheses, we used a gain-of-function approach in organotypic cultures of E15 
and P1 mouse utricles and cochleas. For that purpose, we sought to fi nd methods that would 
allow eff ective gene transfer into the hair cells, which are in general diffi  cult targets for many 
traditional gene transfer techniques. We found adenoviral vectors (AdGfp and AdProx1) very 
effi  cient tools to transduce sensory hair cells: the targets where we wanted to overexpress Prox1 
(I/Fig.4).     

Atoh1 is a crucial for the onset of hair cell diff erentiation and the survival of hair cells 
(Bermingham et al., 1999; Chonko et al., 2013; Pan et al., 2012). Gfi 1, in turn, is needed for hair 
cell survival, but not for the early specifi cation of the hair cells (Wallis et al., 2003). As mostly 
complementary expression patterns between Prox1 and hair cell-specifi c factors were found, we 
sought to unravel whether they had also a real inhibitory relationship in the developing hair 
cells. To support this hypothesis, adenoviral mediated Prox1 overexpression in the embryonic 
and postnatal hair cells of the utricles and cochleas led to strong downregulation of Atoh1 and 
Gfi 1. In hair cells, Gfi 1 expression is initiated soon aft er Atoh1 (current study I) and in intestinal 
secretory cells, Atoh1 positively regulates Gfi 1 (Shroyer et al., 2005), indicating that the repressive 
eff ect of Prox1 on Gfi 1 expression could be indirectly mediated via Atoh1. However, promoter 
activity studies on cultured cells revealed that Prox1 repressed the transcriptional activity of 
Gfi 1 promoter in a dose-dependent manner, independently of Atoh1 (I/Fig.5). Even though this 
inhibition was not as strong as autoinhibition of Gfi 1 (I/Fig.5), this shows that Prox1 can repress 
Gfi 1 promoter activity directly. Nevertheless, simultaneous Atoh1 repression by Prox1 is likely 
to strengthen repression of Gfi 1 in hair cells, a cellular context in which Gfi 1 and Atoh1 are 
naturally present simultaneously. Interestingly, a recent study in a conditional knock-out mouse 
has uncovered that Atoh1 indeed is needed for maintained Gfi 1 expression in the hair cells of the 
organ of Corti (Chonko et al., 2013), further indicating that downregulation of Gfi 1 in Prox1-
overexpressing hair cells is mediated both directly and indirectly. In contrast to fruit fl y, where 
atonal (Atoh1 homolog) expression is dependent on senseless (Gfi 1 homolog), in the murine 
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inner ear, such dependence between Atoh1 and Gfi 1 does not exist (Nolo et al., 2000; Wallis et 
al., 2003). 

In D.melanogaster, prospero and senseless (sens, homologue of mammalian Gfi 1) mediate 
cell fate specifi cation of color photoreceptor cells (Nolo et al., 2000; Xie et al., 2007). In this 
process, sens represses prospero expression. However, in the inner ear this type of antagonistic 
relationship between Prox1 and Gfi 1 is unlikely to exist as Gfi 1-/- inner ears showed normal 
Prox1 expression in the sensory epithelia (I/Fig.1). Nevertheless the presence of antagonistic 
interactions in diff erent systems might refl ect evolutionarily conserved mechanisms of Gfi 1/
senseless and Prox1/prospero to regulate cell fate specifi cation and diff erentiation in the 
developing systems. Furthermore, the possible link between antagonistic action of Gfi 1 and 
Prox1 is of interest in the fi eld of cancer biology, as Gfi 1 is considered an oncogene (Möröy 
2005; Khandanpour and Möröy 2013) and context-dependently, Prox1 may function as a tumor 
suppressor (Foskolou et al., 2013).

Th e fi rst signs of morphological diff erentiation of hair cells appear around E15 in the basal 
coil of the cochlea, where the expression of cytoskeletal-linked proteins such as unconventional 
myosins is started. Characteristically, during morpholocigal diff erentiation, hair cells obtain 
elongated cell shapes and hair bundles start to develop at the apical cell surface. We observed 
that despite the downregulation of Atoh1 and Gfi 1, the expression of structural protein MyoVIIa 
was launched and maintained and hair cells had started to obtain typical morphologies during 
culturing period of three to ten days (I/Figs.3,4). Th ese results suggest that Prox1 is capable of 
repressing early events of hair cell diff erentiation, but it does not repress ongoing maturation of 
hair cells once initiated. Th ese results also indicated for the fi rst time, to my knowledge, that hair 
cell diff erentiation could proceed further from the initial specifi cation stage without continuous 
expression of Atoh1 as evidenced by the initiation of MyoVIIa expression and morphological 
changes typical for hair cells. Embryonic organotypic cultures were established at E15, the age 
when Atoh1 has already started to be expressed in the diff erentiating hair cells (Chen et al., 2002; 
the current study I/Figs.1,2). Th us, it has potentially initiated the genetic program needed for 
further hair cell diff erentiation, explaining the hair cell capability to continue diff erentiation 
without Atoh1. However, in this study we focused on molecular control and did not study 
detailed morphological characteristics of hair cells. As in any case, Prox1-overexpressing hair 
cells faced cell death in the embryonic cochlear cultures, it is likely that diff erentiation defects 
existed at some level. Later it has been shown in the conditional Atoh1 mutant, that transient 
expression of Atoh1 is not suffi  cient to prevent cochlear hair cells from dying (Pan et al., 2012). 
In contrast to Atoh1, Gfi 1 is not needed for early specifi cation events of hair cells as evidenced in 
studies on Gfi -/- animals (Wallis et al., 2003; the current study I).

Atoh1 is suffi  cient to induce hair cell development from the nonsensory supporting cells 
and epithelial cells outside the organ of Corti (Kawamoto et al., 2003; Izumikawa et al., 2005). 
In a study published shortly aft er ours (Dabdoub et al., 2008), it was shown that concomitant 
transfection of Prox1 and Atoh1 counteracts the Atoh1 potential to induce hair cell formation 
from the nonsensory cells of Kolliker’s organ (KO) in the organ of Corti. Th is was evidenced by 
the total lack of Myosin VI expression, a read out of hair cell diff erentiation, in co-transfected 
cells (Dabdoub et al., 2008). However, there is a slight discrepancy in the results of how effi  ciently 
Prox1 is capable of inhibiting hair cell diff erentiation. Th is may be due to the diff erent cellular 
contexts in which Prox1 overexpression was induced. In our approach, Prox1 was overexpressed 
in the cell population that was committed to develop as hair and supporting cells and where Prox1 
is naturally present during development (except for the inner hair cells). Th us, it is likely that in 
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these cells, in contrast to cells in the KO, active signaling pathways, such as Notch signaling, are 
able to drive hair cell diff erentiation to some extent to overcome the inhibiting eff ect of Prox1. 
To support this explanation, we found that Prox1 overexpression could not counteract the eff ect 
of y-secretase inhibitor, an inhibitor of Notch signaling, from inducing formation of extra hair 
cells (unpublished result). Nevertheless, these results demonstrate that downregulation of Prox1 
in the hair cells during the development of the sensory epithelia is essential for normal molecular 
control of hair cell development.

In the expression analysis, we observed weak Prox1 expression in the OHCs until P0. 
However, embryonic Prox1 overexpression in the organotypic cultures led to Atoh1 and Gfi 1 
repression and outer hair cell degeneration. How could this be explained and what is the possible 
role of endogenous Prox1 in the OHCs during the diff erentiation? Our data indicated that high 
Prox1 levels, as seen in Deiters’ and pillar cells, are needed for effi  cient inhibition of Gfi 1 and 
Atoh1. Specifi cally, we conducted promoter activity assays and showed that Prox1 repressed 
transcriptional activity of the Gfi 1 promoter in a dose-dependent manner (I/Fig.5). However, 
IHCs did not show Prox1 expression at any stage (present data; Bermingham-McDonogh et al., 
2006) and diff erentiation of IHCs is initiated before that of OHCs (Lim and Anniko 1985; the 
current study I/Fig.1). So, in conclusion, we propose that dynamically expressed Prox1 acts to 
slow down the initiation of OHC diff erentiation relative to the timing of diff erentiation of IHC. 
Correct timing of the diff erentiation of diverse cell types might be of importance for accurate 
cytoarchitecture of the organ of Corti and proper establishment of the neuronal innervation into 
hair cells.

Prox1 and supporting cell specification (I)
Besides its function in cell fate specifi cation, Prox1 has been shown to promote cellular 
diff erentiation (Petrova et al., 2002; Dyer et al., 2003). To sort out whether overexpressed Prox1 
has the potential to induce supporting cell-like diff erentiation program in hair cells, we studied 
the expression of Fgfr3 (Fibroblast growth factor receptor 3), shown to be important for the 
development of pillar and Deiters’ cells (Colvin et al., 1996; Szarama et al., 2012). Studying 
the changes of Fgfr3 was reasonable in the light that Prox1 has been shown to regulate Fgfr3 
expression in the lymphatic system (Shin et al., 2006) and the Fgfr3 expression pattern in the 
organ of Corti overlaps that of Prox1 (Pirvola et al., 1995; Hayashi et al., 2010; the current 
study I). In addition, we paid attention to transcription factor Id1 (inhibitor of diff erentiation), 
a dominant-negative regulator of proneural proteins such as Atoh1, and whose expression 
pattern in the cochlea suggest for an inhibitory role over Atoh1 expression (Jones et al., 2006). 
Additionally, Prox1 has been shown to upregulate the expression of Id2 in diff erentiated 
BECs (Blood Vascular endothelial Cell) (Petrova et al., 2002), suggesting that Prox1 mediates 
its inhibitory eff ect on Atoh1 via Ids. However, we did not observe increase in the expression 
of Fgfr3 or Id1 in the Prox1 overexpressing hair cells (I/ Fig.6), indicating that Prox1 is not a 
primary regulator of Fgfr3 in the auditory sensory epithelium. Moreover, Prox1 is not suffi  cient to 
induce supporting cell diff erentiation from cells fated to diff erentiate as hair cells. Furthermore, 
this suggests that Id1 does not mediate the antagonistic eff ect of Prox1 to Atoh1 expression. To 
clarify the possible converse relationship between Prox1 and Fgfr3, we studied Prox1 expression 
in Fgfr3-/- mice, but did not observe any diff erence in Prox1 levels between mutants and controls 
(I/Fig.6).  Indicating that, despite similar temporal and spatial expression patterns, Fgfr3 and 
Prox1 are not in a linear regulatory relationship in the auditory sensory epithelia. In a study by 
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Dabdoub and colleagues, Sox2, an essential factor for the specifi cation of the prosensory domain 
and diff erentiation of all cell types of the inner ear sensory epithelia, was shown to induce Prox1 
expression in the nonsensory cells located medial to the organ of Corti. Th is data suggests that 
Sox2 functions as an upstream regulator of Prox1. Moreover, conditional deletion Sox2 abolished 
Prox1 expression in the cochlea (Dabdoub et al., 2008). However, as Sox2 expression includes 
a larger cell population, including inner hair cells in which Prox1 expression is never seen, it is 
likely that other regulatory factors exist.

Taken together, our results indicate that in the supporting cells, Prox1 acts to promote 
supporting cell specifi cation by inhibiting them from obtaining hair cell-specifi c gene expression 
profi les. If and how Prox1 additionally controls supporting cell diff erentiation by direct means 
could not been addressed in this study. 

Prox1 overexpression in cochlear hair cells during early 
development leads to hair cell degeneration, mimicking hair cell 
death in Gfi1-/- and Atoh1-/- cochleas (I)
Gfi 1 is needed for cochlear hair cell survival (Wallis et al., 2003) and as we observed a strong 
inhibition of this survival factor upon Prox1 overexpression, we were motivated to study the 
survival of Prox1-transduced vestibular and auditory hair cells. And indeed, diff erences in the 
cell survival between epithelia and between the developmental stages were observed. First of all, 
when Prox1 overexpression was initiated in the cochlea at E15 and samples cultured for fi ve 
days, outer hair cells died following a base-to-apical gradient (I/ Fig.7). However, in the cultures 
established at P1, this type of hair cell death was never present despite the strong downregulation 
of Gfi 1 and Atoh1 (I/Fig.7). Moreover, no diff erences in hair cell death between the experimental 
and the control were detected in the utricular cultures, even aft er ten days in vitro. Admittedly, 
the pattern of hair cell death mimics to a large extent the situation in the Gfi 1-/- inner ears (Wallis 
et al., 2003, the current study I), giving a strong indication that cell death would be due to the 
downregulation of Gfi 1, or Gfi 1 and Atoh1 rather than Prox1 overexpression per se. Th ese results 
also showed the diverse sensitivity of the diff erent types of hair cells to the lack of Gfi 1 and 
Atoh1 and indicated that there are developmental stage-specifi c demands for these factors. In 
this regard, these results brought new information about these factors, not possible to obtain 
by using conventional knockout models. Excitingly, now it has been shown in the conditional 
Atoh1 murine model that there is an Atoh1- sensitive period around E15, in regards to hair cell 
survival. Accordingly, if Atoh1 is depleted during this period, hair cells of the organ of Corti 
die, whereas later inactivation is not necessary for cell survival (Cai et al., 2013; Chonko et al., 
2013). It was also uncovered that maintained Gfi 1 expression in the hair cells is dependent on 
Atoh1 (Chonko et al., 2013), similarly as shown in intestine secretory cells (Shroyer et al., 2005). 
Th ese results are in line with our results and further support the idea that in our model system, 
Prox1-mediated inhibition of Gfi 1 and Atoh1 is the reason for hair cell degeneration. Even if in 
these studies (Cai et al., 2013; Chonko et al., 2013) the defi nite cause for hair cell death was not 
speculated, it would be reasonable to think that the absence of Gfi 1 has a role in this. In many 
cellular studies, Gfi 1 has been shown to repress proapoptotic proteins, such as proteins of the 
Bax family (Karsunky et al., 2002; Grimes et al., 1996). Furthermore, we have unpublished data 
that cJUN is activated in the Gfi 1-depleted auditory hair cells, indicating activation of the JNK 
pathway, a crucial signaling pathway mediating hair cell death aft er noise trauma and ototoxic 
insult (Pirvola et al., 2000; Ylikoski et al., 2002; Wang et al., 2003). 
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Upon Gfi 1 depletion, OHCs of the organ of Corti die and in contrast to auditory hair cells, 
vestibular hair cells survive (Wallis et al., 2003, the current study I). However, the underlying 
reason for diverse responses of diff erent hair cell types is obscure. In our studies, we observed 
very specifi c alteration in the expression of negative cell cycle regulator p57Kip2 in Gfi 1-/- inner 
ears. In the control inner ears, p57Kip2 is expressed in the diff erentiating OHCs, in the nonsensory 
cells of the inner sulcus region of the cochlea and in occasional cells in the vestibular epithelia 
(Laine et al., 2007; I/Fig.8). In the absence of Gfi 1, p57Kip2 expression was abolished from the outer 
hair cells of the auditory sensory epithelium, both at the protein and mRNA levels (I/Fig.8). In 
contrast, the normal expression was maintained in the utriculus, and the nonsensory regions of 
the organ of Corti (I/Fig. 8) demonstrating that Gfi 1 regulates p57Kip2 expression both positively 
and specifi cally in the outer hair cells of the organ of Corti. Although commonly regarded as 
a transcriptional repressor, Gfi 1 can also function as a target gene activator. Consequently, the 
most evident way in which p57Kip2 defi ciency in Gfi 1 mutants is linked to hair cell degeneration 
may be abnormal cell cycle activation, resulting eventually in inescapable death of the cochlear 
hair cells (Sulg et al., 2010; Laine et al., 2007). However, as we did not observe any cell cycle 
reactivation in Gfi 1-/- hair cells prior to their degeneration (data not shown), this is an unlikely 
explanation for the observed phenotype. Th e function of p57Kip2 is not solely dedicated for 
negative cell cycle regulation, but it has been shown to have additional tasks in control of cellular 
diff erentiation, maturation and apoptosis (Yan, 1997, Zhang, 1997, Dyer and Cepko, 2000 and 
Joseph, 2003). Th ese functions are enabled via the CKI-independent domain of the protein. 
Th us, based on these results, we propose that Gfi 1 and p57Kip2 promote diff erentiation and/or 
survival particularly in cochlear OHCs, in contrast to another type of hair cells of the inner ear.  
As Gfi 1 and thus p57Kip2 is downstream of Prox1, these results provide rationale for the death-
prone phenotype of cochlear OHCs versus death-resistant phenotypes of utricular HCs and 
cochlear IHCs following Prox1 overexpression. At what level Gfi 1 and p57Kip2 interact remains 
to be revealed in subsequent investigations. When bearing in mind that Gfi 1 is proposed to be 
a relevant downstream target of Pou4f3 (Hertzano et al., 2004), a transcription factor whose 
disturbed function is known to underlie nonsyndromic deafness, DFNA15 in humans (Weiss 
et al., 2003), understanding causes for hair cell death in Gfi 1 mutants could also expand the 
comprehension of this deafness type.

5.2  Postnatal maturation of the organ of Corti is dependent on 
Cdc42 (II)

By the end of embryogenesis, the cellular organization and polarization of the organ of Corti 
(OC) are mostly established, but auditory epithelium continues to mature postnatally in order 
to become a functional unit of hearing (Souter et al., 1997). Postnatal maturation of the murine 
organ of Corti is comprised of prominent changes in the architecture of the epithelium and 
in the morphology of the individual cells, both of which are dependent on cytoskeletal and 
junctional modifi cations. During this process, characteristic tunnel structures form within the 
epithelium, and the epithelium width and height increase as a result of the increase of cellular 
diameter, especially of the supporting cells (Ito et al., 1995; Souter et al., 1997; Forge et al., 1997). 
Prominent F-actin and microtubule cytoskeletons of the supporting cells provide stiff ness to the 
organ of Corti, a property that is thought to contribute to hearing biomechanics (Tolomeo et al., 
1997; Szarama et al., 2012). However, the molecular regulation driving cytoskeletal modifi cations 
and morphological changes postnatally is not well understood.
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Rho GTPases belong to the family of small guanosine triphosphatases that, via their 
numerous eff ector proteins, control many processes in cellular diff erentiation, especially those 
related to the control of the actin and microtubule cytoskeletons (see literature review). However, 
amongst the Rho GTPases, Rac1 and Rac3 are the only ones whose in vivo role has been directly 
tested in the developing mammalian inner ear (Grimsley-Myers et al., 2009; Grimsley-Myers et 
al., 2011) and no investigations on any Rho GTPases have been completed in the postnatal inner 
ear. As in vivo studies on drosophila and murine embryos have revealed, Cdc42 is crucial for the 
dynamics of cell-cell junctions, especially adherens junctions and the underlying F-actin network 
(Wu et al., 2006; Harris and Tepass 2008; Georgiou et al., 2008). Th is led us to regard Cdc42 as 
an interesting candidate of controlling postnatal diff erentiation of the sensory epithelium and 
individual cells.

First, we verifi ed the abundance and spatial localization of Cdc42 in the postnatal organ of 
Corti by radioactive in situ hybridization. In line with the proven and universal role of this factor 
in the regulation of a variety of processes in a diversity of epithelial cells, at age P0, ubiquitous 
Cdc42 expression was seen in the organ of Corti (II/Fig.1). However, during the progression of 
development, more prominent expression was observed in the supporting cells when compared 
to hair cells (II/Fig.1). Because of the lack of a functional Cdc42 antibody, we were not able to 
study the protein expression.

Fgfr3-iCre-ERT2 drives efficient recombination in the cochlea and 
has potential to be used in inactivation approach in the auditory 
sensory epithelium  (II, III)
Cdc42 is a vital and irreplaceable factor for early embryonic development, proven by the fact 
that conventional Cdc42 knock-out mice die before E7,5 (Chen et al., 2000) and even tissue-
specifi c deletion of Cdc42, driven by Pax2 promoter, led to death of the embryos before E11,5 
(our unpublished data).

Hence, in order to study the role of Cdc42 in the developing organ of Corti in vivo, 
conditional and inducible model systems were sought. We fi nally utilized the tamoxifen 
inducible mouse line Fgfr3-iCre-ERT2 (Young et al., 2010) where Cre-mediated recombination is 
taken place in the cells that express Fgfr3. Th is Cre-line was found particularly interesting as, on 
the basis of dynamic Fgfr3 expression, it allows gene activation in diff erent cell types, depending 
on the developmental stage (Pirvola et al., 1995; Hayashi et al., 2010, see literature review). 
Importantly, Fgfr3 is expressed in the epithelial cells of developing auditory sensory epithelium, 
which is critical to our study of Cdc42 in embryonic and postnatal organ of Corti development.

We studied the recombination characteristics of the Fgfr3-iCre-ERT2 line by crossing it 
with the ROSA26tm14(CAG-tdTomato) reporter line (Madisen et al., 2010). In this reporter, 
recombination is indicated by expression of red fl uorescent protein (RFP) and in the absence 
of tamoxifen, no recombination occurs, and thus there is no expression RFP. We found 
effi  cient recombination, which followed the known expression pattern of Fgfr3 in the auditory 
sensory epithelium (II/Fig.1, III/Fig.1). Based on immunohistochemical labeling against RFP, 
tamoxifen injections given at E13,5 and E14,5 induced recombination in the outer hair cells, 
Deiters’ cells and pillar cells, in a manner that followed base-to-apex diff erentiation gradient 
and Fgfr3 expression gradient along the cochlear duct. Th us, the most apical coil of the cochlea 
was mostly devoid of RFP staining. Postnatally, tamoxifen injections given at P2-P4 produced a 
recombination pattern that covered most of the pillar and Deiters’ cells along the entire cochlear 
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duct. Random recombined outer hair cells were found outside the most apical and basal coils 
of the cochlea (II/Fig.1). However, regarding the use of this Fgfr3-iCre-ERT2 -line, it is worth 
pointing out, that the timing for tamoxifen injections should be carefully examined in each 
and every study, as based on the RFP expression, injections just one day earlier, at P1, induced 
recombination in many more hair cells. Consistently with Fgfr3 expression in the pillar and 
Deiters’ cells and lateral supporting cells at later postnatal ages (Hayashi et al., 2010), tamoxifen 
injections, given at P16-P18, induced recombination only in the supporting cells. Together, these 
recombination analyses showed the potential of this Fgfr3-iCre-ERT2 -line in spatiotemporal gene 
inactivation approaches in the organ of Corti. Satisfi ed with the activity of this inducible Cre line, 
we crossed Fgfr3-iCre-ERT2 mice with Cdc42loxP mice (Wu et al., 2006) to test the function of 
Cdc42 in the developing organ of Corti. In study II, we concentrated on structural maturation 
during early postnatal life and in particular, focused on the supporting cells; thus, we induced 
inactivation at P2-P4. In study III, we focused on the embryonic diff erentiation of the OC and 
hence we induced inactivation at E13,5-E14,5.

Cdc42 is necessary for the maturation of the apical heads of the 
supporting cells (II)
As the most evident roles of Cdc42 are regulation of the actin and microtubule cytoskeletons and 
intercellular junctions in diff erent cellular contexts (Etienne-Manneville 2004), we fi rst focused 
on the consequences of Cdc42 inactivation in these structures of supporting cells. Cdc42 was 
inactivated in supporting cells before the initiation of postnatal structural maturation by three 
consecutive injections at ages P2-P4. Th e inner ears were analyzed at P10 and P20, stages when 
the major cytoskeletal changes have occured, but no gross changes in the morphology of the 
organ of Corti were seen. Accordingly, the characteristic tunnel structures, the tunnel of Corti 
and Nuel’s space had developed, processes that occur around P7, and cross morphologies of 
the epithelial cells were comparable to controls. However, at the level of the reticular lamina, 
consisting of the apices of hair cells and supporting cells, diff erences were clearly present. Th e 
medial-to-lateral width of the reticular lamina of the Cdc42 mutant OC was smaller than in 
controls (II/Fig.2). Confocal and electron microscopy analysis revealed this to be a result from 
prominently shorter adherens junction regions in the apices of Deiters’ cells. Th ese shorter 
junctional regions were accompanied by an abnormally thick underlying circumferential F-actin 
belt (II/Figs.3 and 6). Additionally, adherens junctions of the Cdc42 mutant outer pillar cells 
had severe disturbances of integrity, as evidenced by the existence of E-cadherin-lined lumens 
of variable sizes at these junctions. Also, the underlying F-actin belt was fragmented at the 
site of lumens (II/Fig.5). Cdc42 is known to regulate vesicle traffi  cking from the Golgi to the 
membranes and might participate in vesicle docking and fusion with the plasma membrane as 
evidenced in cell-based models (Duncan and Peifer 2008). Th ese lumens found in Cdc42 mutant 
outer pillar cells were always formed at the site of cell-cell junctions and were connected with the 
cell membrane. Equivalent, ectopic lumens have been reported upon hepatocyte-specifi c (Van 
Hengel et al., 2008) and pancreatic-specifi c Cdc42 depletion (Kesavan et al., 2009). 

Th ese phenotypic alterations point to the value of Cdc42 in the dynamics of E-cadherin 
positive adherens junctions. In keratinocytes, Cdc42 controls adherens junction maintenance 
and maturation, but not the initial assembly of the junctional components (Wu et al., 2006; Du 
et al., 2009). Specifi cally, in Cdc42 -null keratinocytes, primordial adherens junctions fail to 
mature and instead retain a patchy, weak adhesive state (Du et al., 2009). Further, an in vivo 
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study in which Cdc42 inactivation was induced postnatally, well aft er the initial establishment 
of E-cadherin-rich adherens junctions, has highlighted its role in the maintenance of adherens 
junctions, as evidenced by the loss of cell-cell contact and junctional components over the 
lifespan of an animal (Wu et al., 2006). However, the results from study III, in which Cdc42 
inactivation was induced during embryonic development (E13,5-E14,5), showed that E-cadherin 
rich junctional regions appeared to assemble normally in early development (III/Fig.3), further 
indicating that Cdc42 has a special role in postnatal maturation and refi nement of these 
junctional regions in the inner ear. It is worth noting that Cdc42 inactivation at P15-P17 did not 
contribute to the integrity of the junctional regions, when analyzed at P30, suggesting that Cdc42 
it is not necessarily needed for the maintenance of junctions. However, longer-term follow-up-
study may be needed to verify the participation of Cdc42 in prolonged junctional maintenance 
(Wu et al., 2006). 

Strong E-cadherin-mediated adhesions require the association of adherens junction with 
the underlying F-actin cytoskeleton and moreover, the formation of this actin cytoskeleton 
and adherens junctions unit proceeds in a reciprocal manner (Hartsock and Nelson 2007). 
Th is close reciprocal relationship is also demonstrated in our study, as the defects in adherens 
junctions were accompanied with the failures of the underlying F-actin cytoskeleton. Cdc42 is 
known to regulate many steps of actin dynamics such as polymerization and branching (Hall 
1998). However, in Cdc42-depleted supporting cells, the total amount of apical actin seemed to 
be comparable to controls, proposing that these processes of actin dynamics not be defected. 
However more likely, as the apical surface area of the supporting cells failed to expand and was 
smaller in Cdc42 mutant mice, it led to a crumbled and thicker appearance of the circumferential 
F-actin belt. Altogether, these results show that Cdc42 is necessary both for the lengthening of 
the adherens junctions and underlying circumferential F-actin belts but also for the integrity of 
adherens junctions, though in a cell type-specifi c manner. 

Nevertheless, despite the apparent changes in the apical F-actin cytoskeleton upon Cdc42 
depletion, the microtubule cytoskeleton appeared unaltered, as revealed in SBF-SEM analysis 
and in immunohistochemical labeling against ß -tubulin antibody (II/Figs. 2 and 5). Moreover, 
in the Cdc42 mutant organ of Corti, the tunnel of Corti, a structure whose formation appears 
to be dependent on microtubule dynamics in pillar cells (Szarama et al., 2012), was formed. 
Th is gives further evidence of the absence of major defects in ß-tubulin –rich microtubule 
cytoskeleton. However, in study III, performed aft er this and where Cdc42 inactivation is induced 
during embryonic development, we have found that Deiters’ cells of Cdc42 mutant epithelium do 
not have comparable expression of acetylated tubulin in their apical microtubule cytoskeleton 
(Tannenbaum and Slepecky 1997) (additional data for III). If and how this observation links to 
the aberrant expansion of the apices of the supporting cells, needs further research.

Hair cells in the conditional Cdc42 model in which recombination did not occur showed 
normal apical cell surface area, and yet, the width of the epithelium was markedly smaller 
than in controls (II/Fig.2). Th is clearly demonstrates the value of the dynamic modulation of 
the supporting cell morphologies during the fi nal structural maturation of the epithelium, as 
presented earlier (Souter et al., 1997). Mechanical properties of the epithelium surface and 
stiff ness of the reticular lamina are of importance for auditory function. Audiological evaluations 
were not undertaken in this study, however, based on the morphological abnormalities of the 
epithelium and supporting cells, it is expected that hearing defi cits would occur.

Mechanical forces from supporting cells aff ect the orientation and morphological changes 
of the neighboring hair cells during embryonic development (Lee et al., 2012). Despite the 

Results and discussion



48

prominent alterations in the diameters and junctional properties of supporting cells, here we 
did not observe morphological changes at the apical cell surface of the unrecombined outer hair 
cells of Cdc42 mutant mice (II/Fig.3). Th is might indicate that cell-intrinsic mechanisms have a 
signifi cant role in driving the postnatal morphological changes of the hair cells. 

Apico-basal polarity is aberrant in Cdc42-depleted supporting cells 
(II)
To further pursue the defects of the outer pillar cells, we conducted immunohistochemical and 
immunocytochemical staining against CD44, a cell surface glycoprotein expressed in the outer 
pillar cells (Hertzano et al., 2010) (II/Fig.2). In contrast to control samples in which CD44 is 
normally localized at the basolateral cell membranes, in Cdc42-depleted outer pillar cells, CD44 
expression was expanded into more apical regions and lumens at adherens junction were lined by 
CD44 (II/Fig.2). Th is suggested aberrant polarization of the membrane domains. Interestingly, 
mutation of Cdc42 in other model systems has led to similar disruptions of basolateral protein 
segregation into apical cell membranes (Kroschewski et al., 1999). Additionally, in vitro studies 
have shown that Cdc42 and CD44 have functional and physical interactions via the F-actin 
cytoskeleton. Accordingly, CD44 is linked to the cytoskeleton via interactions of the ERM 
(Ezrin-Radixin-Moesin) protein complex, and this binding is regulated by Rho GTPases (Th orne 
et al., 2004). Upon Cdc42 deletion in neutrophils for instance, CD44 distribution is changed 
(Szczur et al., 2009). Th us, in addition to serving as a sign of abnormal apical-basal polarity, 
CD44 mislocalization might be directly caused by the absence of Cdc42.

One of the most important downstream eff ectors to mediate the function of Cdc42 on 
cell polarity is atypical protein kinase C (aPKC) (Suzuki and Ohno 2006). In order to study 
whether aPKC serves as a Cdc42 eff ector in the auditory sensory epithelium, we fi rst examined 
the expression of diff erent aPKC isoforms in the postnatal organ of Corti. We found sharp and 
well-defi ned expression of aPKCι at the apices of postnatal supporting cells (II/Fig.4). In Cdc42 
mutants, aPKC expression was still detectable, but its spatial localization was changed; aPKC 
was delocalized from the junctional areas resulting in a more diff use expression pattern (II/
Fig.4). Th is delocalization together with the wealth of studies showing the cooperation of Cdc42 
and aPKC (Lin et al., 2000; Georgiou et al., 2008; Warner et al., 2010) suggest that aPKC is a 
primary candidate to mediate the role of Cdc42 in the postnatal organ of Corti, most probably in 
conjunction with Par proteins (see literature review). Th ese fi ndings are in line with the known 
role of Cdc42, together with aPKC, to promote and maintain apical polarity and junctional 
integrity in various systems and if one or another is depleted, disturbed apical polarity oft en 
coincides with junctional defects (Georgiou et al., 2008; Du et al., 2009). Th is was the fi rst time, 
to our knowledge, that aPKC expression was characterized in the inner ear. In order to better 
understand how aPKC and Cdc42 interact in these processes in the developing inner ear, aPKC 
mutant mice should be studied alongside with Cdc42 mutant in the future.

Cdc42-dependent development of the apical F-actin cytoskeleton is 
required for a normal wound healing response, but Cdc42 does not 
contribute on acute scarring process (II)
Together with the other Rho GTPases RhoA and Rac1, Cdc42 plays a central role in wound 
healing of single cells, a process based on the contractile actomyosin recruitment to the site 
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of the membrane wound (Simon et al., 2013; Abreu-Blanco et al., 2014). In the multicellular 
auditory sensory epithelium, wound healing and the subsequent ‘scarring’ that occurs upon hair 
cell death refers to the process that closes the epithelium at the site of lost hair cell. Th ough it is 
not an optimal outcome, scarring protects epithelium from broad damage potentially caused by 
the leakage of the potassium rich endolymph inside the epithelium. Scarring is thought to be 
a supporting cell-dependent process during which the apical actin cytoskeleton is remodeled 
(Forge et al., 1985; Raphael and Altschuler 1991; Leonova and Raphael 1997). Th e molecular 
control of scarring is rather poorly understood, and we were curious to study the involvement 
of Cdc42 in the scarring process in the organ of Corti and to challenge the function of Cdc42-
depleted supporting cells.

In order to answer this question, we used ototoxic drugs to induce outer hair cell death in 
the auditory sensory epithelium of control and Cdc42 mutant mice. We then analyzed epithelia 
at 2, 7, 14 and 28 days aft er lesion. We observed that in contrast to control OCs, where typical 
F-actin positive scars had formed at the site of lost hair cells, in Cdc42-depleted OCs these scars 
were absent (II/Fig.8). In rare cases, thin actin protrusions were present at the site of lost hair 
cells, but scars comparable to controls never. In addition, in contrast to control epithelia that had 
retained characteristic tunnel structures, in Cdc42 mutants, epithelia were collapsed, and tunnels 
disappeared (II/Fig.7). Th is might be an indication that supporting cells with defected actin-
cytoskeleton and dysmorphic adherens junctions cannot provide support for the epithelium 
upon hair cell death. However, ZO-1 staining showed the recruitment of tight junctions at the 
luminal surface of the lesioned epithelium, above the adherens junction level, indicating that, 
despite the lack of normal wound healing, epithelium was not totally open for the endolymph 
infl ux at all places. Of note, when Cdc42 was inactivated at P16-P18 and hair cell lesion induced 
later, at P22, there were no defects in the scarring process (II/Fig.8). Th ese results demonstrate 
that the existence of Cdc42 is not necessary for the scarring process per se, but instead, the 
Cdc42-dependent proper maturation of the actin cytoskeleton and adherens junctions during 
development is necessary for normal wound healing in the organ of Corti.

Altogether, in this study we concentrated on the role of Cdc42 in the supporting cells that 
are important in providing the structural support for the organ of Corti. We showed that Cdc42 
is a crucial regulator of the structural maturation of these cells and consequently the whole 
auditory sensory epithelium. As the molecular regulation of structural maturation of the OC has 
remained a rather inscrutable area, this study provides important new information of this fi nal 
phase of OC diff erentiation

5.3  Versatile roles of Cdc42 in the regulation of differentiating 
organ of Corti (III)

In the developing sensory epithelia of the inner ear, cellular diff erentiation is a complex process 
containing dynamic changes in the cytoskeletal and junctional properties. To produce a functional 
epithelium, diff erentiation of the individual cells must occur in accordance with the neighboring 
cells and morphogenetic changes of the whole epithelium, which especially in the developing 
organ of Corti (OC) are extremely drastic (Figs.2,4,7 in the literature review). A Characteristic 
feature of the diff erentiation of the inner ear sensory epithelia is strong polarization of the cells 
and the entire epithelium along two axes: the apical-basal axis running along the depth of the 
epithelium and the planar polarity axis along the surface of the epithelium.
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Inspired by the role of Cdc42 in the regulation of postnatal maturation of the organ of 
Corti and especially its capability to regulate junctional and cytoskeletal dynamics as well as 
cellular polarity, we hypothesized that it might serve as an important molecular regulator during 
embryonic diff erentiation.

Cdc42 regulates cellular organization of the organ of Corti (III)
To examine the in vivo function of Cdc42 in the embryonic organ of Corti during the 
diff erentiation process, we used the same conditional murine model (Fgfr3-iCre-ERT2; Cdc42loxP) 
that was characterized in the previous study (II). Here, we induced Cdc42 inactivation at E13,5 
in the diff erentiating outer hair cells, Deiters’ and pillar cells. Consistent with the fact that Cdc42 
is capable of activating multiple signaling pathways simultaneously via numerous downstream 
eff ectors, many developmental processes were abnormal upon Cdc42 inhibition. Th e most drastic 
changes were seen in cellular organization (III/Figs.3,4) of the epithelium and polarization of 
the whole epithelium and individual hair cells (III/Fig.5). At the surface of the organ of Corti, 
defects in the cellular patterning were evidenced by the disturbances of the normal checkerboard 
pattern of the hair cells and supporting cells leading, to abnormal junctions between cell types 
(III/Fig.3). Additionally, in contrast to the control OC where outer hair cells show regularity 
in cell shape, in the Cdc42 mutant epithelium hair cells showed variable diameters and lengths 
along the apical-basal axis (III/Fig.4). In particular, those outer hair cells that showed smaller 
cell bodies and had a squeezed apical neck area showed stronger and extended Phalloidin and 
Fodrin expressions in the apical neck, indicating a possible change in the F-actin cytoskeleton 
(III/Fig.4). Th is change in the spatial expression may also indicate enhanced F-actin-based 
apical constriction, a phenomenon observed in Cdc42-depleted epithelial cells of D.melanogaster 
(Warner and Longmore 2009). Together, all these defects demonstrate that Cdc42 is important 
for the correct cellular organization of the epithelium and the shaping of individual cells. If this 
factor is missing, hair cell diff erentiation occurs asynchronously, resulting in abnormal hair cell 
morphology.

Th e overall morphology of the cochlea in these Cdc42 mutant mice was comparable to 
controls (III/Fig.2). Th is notion was interesting, as Cdc42 has been shown to drive polarized 
migration and intercalation of cells upon convergent and extension (CE) movements during 
gastrulation of zebrafi sh and xenopus embryos (Yeh et al., 2011; Choi and Han 2002). 
Furthermore, CE in turn drives the thinning and elongation of the cochlea over the course of 
late embryonic diff erentiation at E14-E18,5, the age when Cdc42 was inactivated in the OC in 
this study (McKenzie et al., 2004; Wang, Mark et al., 2005). At the beginning of this process, 
the epithelium is thick and consists of multiple cell layers that during cochlear development are 
organized into two cell layers of hair cells and supporting cells into precise longitudinal rows. Of 
note, the same molecular machineries are thought to regulate the establishment of planar cell 
polarity (PCP) and CE as demonstrated in the mutant models for core PCP proteins that oft en 
have defects in both of these processes in various organs (Montcouquiol et al., 2003; Wang et al., 
2006; Wallingford et al., 2002). 

We cannot exclude the possibility that defects in the cellular patterning resulted from 
problems in directed cell intercalation, however, signifi cant defects in CE did not exist in this 
mutant mouse, where Cdc42 was inactivated from E14 onwards. Th is statement is supported by 
the typical and characteristic expression of adherens junction components, proven to be critical 
for CE movements, in the embryonic conditional Cdc42 mutant (III/Fig.3) (Chacon-Heszele 
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et al., 2012). Th us, these results suggest that Cdc42 has divergent roles in the regulation of 
convergent extension in diff erent developing systems and animal species. Additionally, in the 
developing sensory epithelium, Cdc42 promotes the establishment of planar polarity rather than 
convergent extension, indicating that separate molecular machineries control these processes in 
the organ of Corti, as proposed earlier (Chacon-Heszele et al., 2012).

Cdc42 regulates planar polarity of the hair cells (III)
Hair cells of the organ of Corti show distinct, uniform polarization accompanied by common 
orientation of the stereociliary bundles (see literature review for details). As the easily detected 
misorientation of the hair cell stereociliary bundles can be used as a sign of abnormal planar 
polarity establishment. Based on the general view, Rho GTPases are oft en placed downstream 
from the core planar cell polarity (PCP) pathway as they have potential to regulate cytoskeletal 
changes that are crucial during the polarization process (Schlessinger 2009). We observed 
planar polarity defects in the outer hair cells of Cdc42 mutant mice, defi ned by the presence 
of misoriented stereociliary bundles. Th is misorientation was most pronounced in the medial 
regions of the cochlear duct, where defects in cellular patterning were also observed. In contrast, 
in the basal part of the cochlear duct, hair cell misorientation was a more random event (III/
Fig.5). In order to segregate the link between the obvious patterning and planar polarity defects, 
we focused on the basal region, where cells had normal organization, but random, misoriented 
hair cells existed. Importantly, there we found normal expression patterns of core PCP proteins, 
Vangl2 (III/Fig.5.) and Frizzled 6, despite the misorientated hair bundles. Based on these data, 
we assumed that Cdc42 could directly regulate planar polarity, independently of its role in 
cellular patterning. However, it should be pointed out that spreading of core PCP signals over the 
epithelium relies on the cell-cell contacts and thus incorrect junctions between cells potentially 
aff ects the dispersion of these signals in the Cdc42-depleted epithelium. Th us, this might have 
increased planar polarity defects in those epithelial regions where prominent patterning defects 
were present, explaining the accumulation of planar polarity and patterning defects in the same, 
medial coil of the cochlea.

Also, the notion that hair cell mispolarization did not accompany the changes in the 
localization of core PCP components suggests that Cdc42 rather acts on the downstream or 
parallel pathways to the core planar polarity pathway. Th is theory was also supported by the 
fact that, besides misoriented stereociliary bundles, defects in polarization was seen at the cell-
intrinsic level in the hair bundles. Accordingly, in contrast to the normal stereocilia arrangement 
in the hair cells of control mice, in the disorganized hair bundles of Cdc42 mutant outer hair cells, 
stereocilia were not precisely arranged according to their heights. In addition, in some hair cells, 
kinocilia which are normally located next to the tallest stereocilia at the center of the bundle, 
showed variable positions relative to the hair bundles in Cdc42 mutant specimens (III/Fig.6). Of 
note, besides mispolarized stereociliary bundles, this type of cell-intrinsic polarization defects 
have not been reported in the hair cells of the core PCP mutants, such as Vangl2 or Frizzled6 
(Montcouquiol et al., 2003; Wang et al., 2006). 

Recently, it was shown that there is an active postnatal refi nement period of planar polarity 
in mice (Copley et al., 2013) and that the location of the basal body and associated kinocilium 
needs active maintenance. In postnatal experiments, when we induced Cdc42 inactivation at P0 
in the outer hair cells, and analyzed hair cell at the apical coil at P8, we did not observe any eff ect 
of Cdc42 depletion on planar polarity, suggesting that Cdc42 is not required in this refi nement 
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process (unpublished, additional data). Th is is in contrast to what has been reported in the case 
of potential upstream regulator of Cdc42 and Rac1, Lis1 (Sipe et al., 2013). 

Cdc42 is important for proper hair bundle morphogenesis (III)
One of the earliest signs of planar polarity establishment is the migration of the centrosome and 
kinocilium associated with it from the center of the hair cell apex to the lateral side. Later, the 
positioning of the kinocilium determines the orientation of the hair bundle (Denman-Johnson et 
al., 1999). If lateral migration is prohibited and the centrosome remains centered, the stereociliary 
bundle obtains a circular morphology around the centrosome (Jones et al., 2008), instead of 
normal, V-shaped bundle morphology. In many Cdc42-inactivated outer hair cells, kinocilia 
positioning was randomized around the cell apex, however primary migration was not inhibited. 
Many outer hair cells of Cdc42 mutants had aberrant hair bundle morphologies: split, fl at or as a 
rare event, bundles with inversed V shape. Common to these bundles was the mispositioning of 
the kinocilium in relation to the bundle (III/Fig.6). In addition to determining the orientation of 
the hair bundle, the kinocilium has been shown to promote correct morphological diff erentiation 
of the hair bundle. In normal conditions, the kinocilium is linked to the tallest stereocilia at 
the vertex of the hair bundle and if this connection is disrupted or the kinocilium is absent, 
normal hair bundle morphogenesis fails (Ross et al., 2005; Sipe and Lu 2011; Cui et al., 2011). 
Of note, Cdc42 has been shown to participate in the assembly of primary cilia, both in vitro 
and in vivo studies (Zuo et al., 2011; He et al., 2012; Choi et al., 2013). Upon Cdc42 depletion, 
primary cilia fail to form or develop abnormally in the developing kidney (Choi et al., 2013). In 
this light, we found it interesting that in the organ of Corti, both hair cells and supporting cells 
had normal-looking kinocilia. In addition, we found the expression of Rab11a, a GTPase that 
plays crucial role in the vesicle traffi  cking of the primary cilia, and with whom Cdc42 interacts in 
many cellular processes (He et al., 2012; Das and Guo 2012), in the base of the kinocilia of wild 
type animals. However, comparable expression of Rab11a was observed also in the Cdc42 mutant 
kinocilia (III/Fig.6). Unchanged Rab11a expression gives an indication of the functioning vesicle 
traffi  cking machinery in the kinocilia. Th ese results indicated that major defects of kinocilia 
assembly are not the primary cause of aberrant hair bundle morphogenesis per se.

To study the postnatal survival of Cdc42-depleted epithelial cells, we examined whole 
mount samples at age P6. No additional cell death was observed in the mutant organ of Corti, 
but stereociliary bundles of the outer hair cells showed a stunted and fragmented appearance 
(III/Fig.10), suggesting that Cdc42 plays a role in the cohesion of the hair bundle. As Cdc42 has a 
central role in the regulation of actin dynamics, this is not really surprising, but nevertheless, an 
important result. Th ere are hearing impairments caused by perturbations of unknown proteins, 
and some of them have been linked to biology of Rho GTPases (Schoen 2013; Yan et al., 2006), 
supporting the importance of understanding the role of these multifunctional small GTPases 
in the development and maintenance of the mechanosensory apparatus. While fi nalizing this 
thesis study, Kassai and colleagues published a study where they show that hair cell-specifi c 
Cdc42 depletion results in stereociliary defects postnatally (Kassai et al., 2014). Interestingly, this 
stereocilia disruption pattern is reminiscent to what is shown upon mDia mutation, an eff ector 
of Cdc42 and whose mutation in humans underlies progressive hearing loss, AUNA1 (Schoen et 
al., 2010; Schoen et al., 2013).
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aPKC is a primary candidate for mediating the function of Cdc42 in 
the developing auditory sensory epithelium (III)
We found defects in hair cell polarization and decided to study whether aPKC is the mediator 
of Cdc42 function in establishing polarity in the embryonic OC similarly to postnatal OC (II). 
We found asymmetrical expression of the zeta isoform of aPKC (aPKCζ) in the hair cells of 
developing the OC at age E18, 5. Expression at the medial domain of the hair cells bordered the 
hair bundle, whereas the area lateral to the hair bundle was devoid of aPKC expression (bare 
zone). aPKCζ expression correlates with the orientation of the hair bundle and opposes the 
position of kinocilium (III/Fig.8). In the Cdc42-depleted hair cells aPKC was still detectable, but 
spatial expression was changed. Th is change in the expression correlated both with hair bundle 
morphology defects, and with the hair bundle placement at the apical cell surface (III/Fig.8). 
Th ese data show that Cdc42 is needed for the correct spatial localization of aPKCζ and that 
mislocalization of aPKC, due to the absence of Cdc42, is linked to the morphology and location 
of the hair bundle. 

Recently, hair cell planar polarity was shown to be regulated by two molecular machineries 
participating in asymmetrical cell divisions in eukaryotes: Par/ aPKC complex and Gαi/Pins. 
Proteins of these complexes have asymmetric localization at the opposing compartments in 
the apical cell area of the hair cells (Ezan et al., 2013; Tarchini et al., 2013). Gαi/Pins proteins 
are located in the lateral cell domain while aPKC and Par6 are localized to the medial domain. 
Together these proteins set up a blueprint for the kinocilium and hair bundle location and the 
orientation of the hair bundle. Th e hair bundle is placed at the interface where the expressions 
of these protein complexes meet. In the light of the results from these previous studies (Ezan 
et al., 2013; Tarchini et al., 2013), expression changes of aPKC in Cdc42 mutant outer hair cells 
and accompanied changes in hair bundle morphologies and locations are interesting and adds 
Cdc42 as a new piece in the puzzle of planar polarity regulation. Th ese results show that Cdc42 
is an important factor in the establishment of hair cell planar polarity. Its depletion causes 
misexpression of aPKCζ, a component suggested to be central in the control of this polarity. Th is, 
together with the numerous studies showing the interaction between Cdc42 and aPKC, suggests 
aPKC as a candidate eff ector of Cdc42 in the diff erentiating hair cells.    

Even if we do not know the exact mechanism, how Cdc42 together with aPKC regulates 
planar polarity of the outer hair cells, based on the data gained from cell-based examinations, 
we may speculate the possibilities. Cdc42-depleted hair cells showed defects in their astral 
microtubule cytoskeleton, in the cell apices. As the microtubule cytoskeleton interacts with the 
proteins at the cell cortex, it has a central role in defi ning the cell shape and polarity (Siegrist and 
Doe 2007). For instance, in migrating astrocytes, Cdc42 together with the Par/aPKC complex, 
regulates centrosome positioning and cell polarization by controlling interactions between 
microtubule plus-ends and the cell cortex (Etienne-Manneville and Hall 2001). Movement of 
the basal body and its associated kinocilium at the apices of the hair cells is dependent on the 
pulling forces generated by the microtubule cytoskeleton (Ezan et al., 2013). Consequently, 
upon defects in the microtubule cytoskeleton, depolarization of the hair cells occurs (Grimsley-
Myers et al., 2009; Sipe et al., 2013; Ezan et al., 2013). Based on the observed abnormalities in 
the astral microtubule cytoskeleton in the apices of Cdc42-depleted outer hair cells (III/Fig.7), 
accompanied with the changes in aPKC expression, it is very likely that to drive the polarization 
of the hair cells, Cdc42 acts via aPKC to modulate microtubule dynamics.
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Many phenotypic changes in the Cdc42-depleted OC are reminiscent of what is reported 
upon deletion of another Rho GTPase, Rac1 (Grimsley-Myers et al., 2009) or the potential 
upstream regulator of Rac1 and Cdc42, Lis1 (Sipe et al., 2013). Th us, bearing in mind that Rho 
GTPases oft en converge on the same regulatory pathways (Iden and Collard 2008), maybe Rac1 
and Cdc42 share some functional redundancy in the developing organ of Corti.

We did not investigate the upstream regulation of the Cdc42 in this study; however, it is 
tempting to speculate about the possible candidates. Although there are multiple steps during 
which Cdc42 activity can be turned on and off , one interesting candidate is the Wnt ligand, 
Wnt5a. In cell-based studies, Wnt5a has been shown to activate Cdc42 (Florian et al., 2013) 
and Wnt5a deletion in the organ of Corti leads to defects in the planar polarity and convergent 
extension (Qian et al., 2007). Furthermore, in xenopus, Cdc42 can rescue the Wnt5a -depletion–
induced CE phenotype, suggesting that, in this process, Wnt5a acts via Cdc42. Based on the 
partial phenotypic similarities of Wnt5a and Cdc42 deletion in the inner ear, the possibility that 
Cdc42 is linked to non-canonical Wnt signaling through Wnt5a, could be addressed in the future. 
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Figure 13. Conclusive table of the actions of Cdc42 in the developing auditory sensory 
epithelium, on the basis of studies II and III. Th e panel on the left  hand side summarizes 
the phenotypic alterations observed upon embryonic Cdc42 (inactivation in supporting 
cells and hair cells). Th e right panel summarizes changes upon postnatal inactivation of 
Cdc42 from supporting cells (except hair bundle phenotype, in which case inactivation was 
induced embryonically, but inner ears analyzed at P6).
 

Results and discussion



55

6.  Concluding remarks

Development of the individual cell into a mature, functional epithelial cell is a stepwise process 
that can be subdivided into events such as cell fate commitment, specifi cation and cell type-
specifi c diff erentiation. Each of these steps is dependent upon fl awless completion of the previous 
step. To make this a more complex process, development of individual cells in the sensory 
epithelia of the inner ear, occurs in reciprocity with the development of the neighboring cells 
and the entire epithelium. In this thesis work, I studied the molecular control of the development 
of the inner ear sensory epithelial cells at diff erent stages, with a focus on the transcriptional 
regulation and morphogenetic changes during embryogenesis and structural maturation during 
early postnatal life. 

In this study, two novel regulatory relationships between cell type-specifi c factors 
were revealed: 1) Prox1-Atoh1-Gfi 1, and 2) Gfi 1- p57Kip2. We showed that upon Prox1 
overexpression in hair cells, master regulator of hair cell diff erentiation Atoh1, and survival factor 
Gfi 1 are repressed. We revealed specifi c Atoh1- and Gfi 1-sensitive developmental periods during 
embryogenesis, aft er which hair cells survived without these factors in culturing conditions. 
And secondly, Gfi 1 a critical factor for hair cell survival in the cochlea positively regulates 
p57Kip2. Hence, in addition to expanding the knowledge of the molecular control of the cellular 
diff erentiation in sensory epithelia, these results may be of use when unraveling the mechanisms 
and reasons for hair cell death upon mutation of Gfi 1 and Pou4f3, that acts for a model of human 
deafness syndrome; DFNA15 (Vahava et al.,1998; Hertzano et al., 2004). How the absence of 
p57Kip2 may contributes to outer hair cell death in the cochlea remains unresolved in this study, 
but is an intriguing question that might be taken under focus in the future research.

In addition to transcriptional regulation, we addressed the regulation of morphogenetic 
changes in the developing auditory sensory epithelium and showed that Rho GTPase Cdc42 is 
a crucial regulator in this process. Depending on the developmental state of the organ of Corti, 
Cdc42 controls events, linked to microtubule and actin cytoskeleton and junctional dynamics. 
We found that Cdc42 functions as a novel player in the control of planar polarity of the cochlear 
hair cells and our data strongly suggested that this function is mediated via a conserved 
downstream eff ector, atypical protein kinase C (aPKC). For the fi rst time, we found these 
conserved interactions between Cdc42 and aPKC in the developing organ of Corti. However, 
the exact mechanisms of aPKC and Cdc42 interactions were not examined in this study and thus 
remain elusive. Th ereby, to elucidate these questions further, studying of inner ear development 
in aPKC mutant, alongside a Cdc42 mutant, would be relevant. 

In addition, we showed that Cdc42 is required for the morphological diff erentiation of the 
mechanosensory apparatus, the stereociliary bundle at the hair cell apex. Th ese data suggest that 
Cdc42 has a role in hearing biomechanics and that the role of Cdc42 and other Rho GTPases 
in the stereociliary dynamics should be specifi cally addressed. Taking these data together, 
along with its ability to activate multiple signaling cascades simultaneously, Cdc42 serves as a 
potential temporal and spatial integrator for many cellular functions driving the morphogenesis 
and cellular diff erentiation in the organ of Corti. Th is study provides the foundation to examine 
the role of Cdc42 in inner ear development, and to separate the signaling pathways with which 
Cdc42 interacts in future studies.  

Understanding the mechanisms and the identifi cation of regulators underlying the stepwise 
development of the inner ear sensory epithelia has medical value. It may help to explain the 
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fundamental reasons why mammalian hair cells do not regenerate. It may also help to reveal 
the mechanisms and identify factors that could be applied to promote hair cell regeneration. 
Furthermore, as developmental defects usually underlie genetic disorders that cause early-onset 
deafness, identifi cation of novel deafness genes allows diagnosing, potentially alleviating genetic 
deafness. Cellular development is a fi ne-tuned process where every step matters. In the case 
of the inner ear sensory epithelia, it is still full of open questions. By combining all pieces of 
information, in the future, it will likely be possible to understand how the sensory epithelia and 
their diff erent cell types are built.
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