
Role of cell cycle regulators in development 
of the inner ear

Johanna Mantela

Institute of Biotechnology
Developmental Biology Programme

and
Division of Genetics

Department of Biological and Environmental Sciences
Faculty of Biosciences

and
Helsinki Graduate School in Biotechnology and Molecular Biology

University of Helsinki

Academic Dissertation

To be presented for public criticism, with the permission of the Faculty of Biosciences 
of the University of Helsinki, in auditorium 2 at Viikki Infocenter 

(Viikinkaari 11, Helsinki) on March 5th 2010, at 12 noon.

Helsinki 2010



Supervised by:
Docent Ulla Pirvola

Institute of Biotechnology
University of Helsinki, Finland

Reviewed by:
Docent Marjo Salminen

Faculty of Veterinary Medicine
University of Helsinki, Finland

and
Professor Seppo Vainio

Faculty of Medicine
University of Oulu, Finland

Opponent:
Docent Eleanor Coffey 

Turku Centre for Biotechnology
University of Turku, Finland

ISBN: 978-952-10-6061-8 (Print)
ISBN: 978-952-10-6062-5 (PDF)
ISSN: 1795-7079
Press: Yliopistopaino, Helsinki 2010



Life is a journey, not a destination
Ralph Waldo Emerson



TABLE OF CONTENTS

LIST OF ORIGINAL PUBLICATIONS  ..................................................................VI
ABBREVIATIONS  ................................................................................................... VII
ABSTRACT  .................................................................................................................IX
1. REVIEW OF THE LITERATURE  ........................................................................ 1
 1.1  Structure of the mature mammalian inner ear  ............................................... 1
 1.2  Signalling molecules with a central role in inner ear development  ............... 2
     1.2.1 Fibroblast growth factor signalling  ............................................................. 3
     1.2.2 TGF-β superfamily  ..................................................................................... 3
  1.2.3 Hedgehog  .................................................................................................... 4
  1.2.4 Wnt signalling  ............................................................................................. 4
  1.2.5 Notch signalling  .......................................................................................... 5
 1.3 Inner ear development  ....................................................................................... 5
  1.3.1 Induction of the otic placode and regulation of early
   inner ear morphogenesis  ............................................................................. 6
  1.3.2 Morphogenesis of the semicircular canals and endolymphatic duct  .......... 7
  1.3.3 Formation of the cochlea  .......................................................................... 10
 1.4 Development of the sensory epithelia  .............................................................  11
  1.4.1 Specifi cation of the cochlear prosensory region  ....................................... 12
  1.4.2 Specifi cation of hair cells and supporting cells within 
   the cochlear prosensory region  ................................................................. 12
 1.5 Cell cycle regulation  ......................................................................................... 14
  1.5.1 The cell cycle  ............................................................................................ 14
  1.5.2 The pocket protein family  ......................................................................... 16
  1.5.3 Cyclin-dependent kinase inhibitors  .......................................................... 16
  1.5.4 Cell cycle and differentiation  .................................................................... 17
 1.6 Cell cycle regulation in the development of cochlear and 
  vestibular sensory epithelia and hair cell regeneration  ................................ 17
2. AIMS OF THE STUDY  ......................................................................................... 19
3. MATERIALS AND METHODS  ........................................................................... 20
 3.1 Methods used in articles I-IV  ............................................................................. 20
 3.2 Mouse strains  ..................................................................................................... 21
 3.3 Probes  ................................................................................................................. 22
 3.4 Antibodies used on whole mounts and on paraffi n sections  .............................. 23



4. RESULTS AND DISCUSSION  ............................................................................. 24
 4.1 The formation and growth of vestibular appendages of the inner ear  ............... 24
  4.1.1 Fgf9 signalling regulates inner ear morphogenesis through 
   epithelial-mesenchymal interactions (I)  ................................................... 24
  4.1.2 Cyclin-dependent kinase inhibitors regulate proliferation activity in 
   the nonsensory otic epithelium that likely underlies shaping of 
   the otocyst during inner ear morphogenesis (IV)  ..................................... 26
 4.2 Negative cell cycle regulators regulate the postmitotic state of 
  inner ear hair cells  .............................................................................................. 27
  4.2.1 The Rb pathway regulates the postmitotic state of auditory and 
   vestibular hair cells (II)  ............................................................................. 27
  4.2.2 Cyclin-dependent kinase inhibitors p19Ink4d and p21Cip1 
   work cooperatively in the postmitotic maintenance of 
   auditory hair cells (II, III)  ......................................................................... 30
5. CONCLUSIONS  .................................................................................................... 32
ACKNOWLEDGEMENTS  ...................................................................................... 33
REFERENCES  ........................................................................................................... 34



VI

LIST OF ORIGINAL PUBLICATIONS

This thesis is based on the following papers, which will be referred in the text by their 
Roman numerals:

I  Pirvola, U., Zhang, X., Mantela, J., Ornitz, D. M. and Ylikoski, J. (2004) Fgf9 
signalling regulates inner  ear morphogenesis through epithelial-mesenchymal 
interactions. Dev. Biol. 273: 350-360.

II  Mantela, J., Jiang, Z., Ylikoski, J., Fritzsch, B., Zacksenhaus, E. and Pirvola, U. 
(2005) The retinoblastoma gene pathway regulates the postmitotic state of hair cells 
of the mouse inner ear. Development 132: 2377-2388.

III  Laine H., Doetzlhofer, A., Mantela, J., Ylikoski, J., Laiho, M., Roussel, M. F., 
Segil, N. and Pirvola, U. (2007) p19(Ink4d) and p21(Cip1) collaborate to maintain 
the postmitotic state of auditory hair cells, their codeletion leading to DNA damage 
and p53-mediated apoptosis. J. Neurosci. 27: 1434-1444. 

IV  Mantela, J. and Pirvola, U. Expression of cyclin-dependent kinase inhibitors during 
inner ear morphogenesis. Manuscript.

The articles are reprinted with the kind permission of their copyright holders.



VII

ABBREVIATIONS

Atoh1 Atonal homolog 1 against decapentaplegic (MAD) gene
bHLH Basic helix-loop-helix motif
BMP Bone morphogenetic protein
BMBR Bone morphogenetic protein receptor
CDK Cyclin-dependent kinase
cDNA Complementary deoxyribonucleic acid
CE Convergence extension
CKI Cyclin-dependent kinase inhibitor
CVG Cochleo-vestibular ganglion
cRNA Complementary ribonucleic acid
Dhh Desert hedgehog
Dlx Vertebrate homologue of Drosophila distal-less gene
DNA Deoxyribonucleic acid
Dvl Dishevelled
E Embryonic day
ECM Extracellular matrix
EDS Endolymphatic duct and sac
EphB2 Ephrin receptor B2
FACS Fluorescence-activated cell sorting
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
FSRP Follistatin-related protein
Gata3 GATA binding protein 3
Gbx Gastrulation brain homeobox
GER Greater epithelial ridge
Gfi 1 Growth factor independent 1
GFP Green fl uorecent protein
H-ATPase H-adenosine triphosphatase
HC Hair cell
Hes Hairy and enhancer of split homolog
Hh Hedgehog
Hip Hh-interacting protein
Hmx H6-like-homeobox
HS Heparan sulfate
Ig Immunoglobulin
IHC Inner hair cell
Ihh Indian hedgehog
LER Lesser epithelial ridge
Lfng Lunatic fringe 
Lmx1a LIM homeobox transcription factor 1, alpha
Lrp Low-density-lipoprotein-related protein
Mfng Manic fringe
mRNA Messenger ribonucleic acid



VIII

Ngn Neurogenin
NeuroD1 Neurogenic differentiation 1
Nor-1 Neuron-derived orphan receptor 1
OHC Outer hair cell
Otx Orthodenticle homeobox
Pax2 Paired box gene 2
PCP Planar cell polarity
PCR Polymerase chain reaction
Pou3f4/Brn4 Human brain-4 ortholog POU3F4 (POU domain, class 3,  transcription 

factor 4)
Prox1 Prospero-related homeobox 1
Ptc Patched
Rfng Radical fringe
Rb Retinoblastoma
Shh Sonic hedgehog
Smad Vertabrate homolog of the drosophila mother against decapentaplegic 

(MAD) gene
Smo Smoothened
Sox2 Sex determining region Y-box 2
Tbx1 T-box 1
TGF-β Transforming growth factor beta
WIF Wnt inhibitory factor
Wnt Vertebrate homologue of Drosophila wingless gene
ZNPC Zone of non-proliferating cells

In the text, gene names are written in italics and protein names normally. In some 
occasions, when the name is written normally it refers to no gene or protein in 
particular.



IX

ABSTRACT

The inner ear originates from an ectodermal thickening called the otic placode. The otic 
placode invaginates and closes to an otic vesicle, the otocyst. The otocyst epithelium 
undergoes morphogenetic changes and cell differentiation, leading to the formation of 
the labyrinth-like mature inner ear. Epithelial-mesenchymal interactions control inner ear 
morphogenesis, but the modes and molecules are largely unresolved. The expressions 
of negative cell cycle regulators in the epithelium of the early-developing inner ear have 
also not been elucidated.

The mature inner ear comprises the hearing (cochlea) and balance (vestibular) 
organs that contain the nonsensory and sensory cells. In mammals, the inner ear sensory 
cells, called hair cells, exit the cell cycle during embryogenesis and are mitotically 
quiescent during late-embryonic differentiation stages and postnatally. The mechanisms 
that maintain this hair cell quiescense are largely unresolved. 

In this work I examined 1) the epithelial-mesenchymal interactions involved in inner 
ear morphogenesis, 2) expression of negative cell cycle regulators in the epithelium 
of the early developing inner ear and 3) the molecular mechanisms that maintain the 
postmitotic state of inner ear sensory cells.

We observed that during otocyst stages, epithelial fibroblast growth factor 9 
(Fgf9) communicates with the surrounding mesenchyme, where its receptors are 
expressed. Fgf9 inactivation leads to reduced proliferation of the surrounding vestibular 
mesenchyme and to the absence of semicircular canals. Semicircular canal development 
is blocked, since fusion plates do not form. These results show that the mesenchyme 
directs fusion plate formation and give direct evidence for the existence of reciprocal 
epithelial-mesenchymal interactions in the developing inner ear.

Cyclin-dependent kinase inhibitors (CKIs) are negative regulators of proliferation. 
We show that the members of the Cip/Kip family of CKIs (p21Cip1, p27Kip1 and p57Kip2) 
are expressed in the early-developing inner ear. Our expression data suggest that CKIs 
divide the otic epithelium into proliferative and nonproliferative compartments that 
may underlie shaping of the otocyst. At later stages, CKIs regulate proliferation of 
the vestibular appendages, and this may regulate their continual growth. In addition 
to restricting proliferation, CKIs may play a role in regional differentiation of various 
epithelial cells.

Differentiating and adult inner ear hair cells are postmitotic and do not proliferate 
in response to serum or mitogenic growth factors. In our study, we show that this is the 
result of the activity of negative cell cycle regulators. Based on expression profi les, 
we fi rst focused on the retinoblastoma (Rb) gene, which functions downstream of the 
CKIs.

Analysis of the inner ear phenotype of Rb mutant mice show, that the retinoblastoma 
protein regulates the postmitotic state of hair cells. Rb inactivation leads to hyperplasia 
of vestibular and cochlear sensory epithelia that is a result of abnormal cell cycle entry 
of differentiated hair cells and of delayed cell cycle exit of the hair cell precursor cells. 
In addition, we show that p21Cip1 and p19Ink4d cooperate in maintaining the postmitotic 
state of postnatal auditory hair cells. Whereas inactivation of p19Ink4d alone leads to low-
level S-phase entry (Chen et al., 2003) and p21Cip1 null mutant mice have a normal inner 
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ear phenotype, codeletion of p19Ink4d and p21Cip1 triggers high-level S-phase entry of 
auditory hair cells during early postnatal life, which leads to supernumerary hair cells. 
The ectopic hair cells undergo apoptosis in all of the mutant mice studied, DNA damage 
being the immediate cause of this death. These fi ndings demonstrate that the maintenance 
of the postmitotic state of hair cells is regulated by Rb and several CKIs, and that these 
cell cycle regulators are critical for the lifelong survival of hair cells. These data have 
implications for the future design of therapies to induce hair cell regrowth.
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1. REVIEW OF THE LITERATURE

1.1 Structure of the mature mammalian inner ear

The mature inner ear is a labyrinth-like, fl uid-fi lled organ that comprises the cochlea 
(auditory organ) and the vestibular (balance) organs (Fig. 1A). There are three types 
of vestibular organs; the utricle, saccule and the three semicircular canals - anterior, 
posterior and lateral - together with their attached ampullae. The sensory cells called 
the hair cells, together with their apical stereociliary bundle, convert mechanical force 
produced by sound waves and head movements into neuronal impulses. 

The hair cells and the various supporting cell types form the mosaic-like 
cytoarchitecture typical to the cochlear and vestibular sensory epithelia (Figs. 1B-D). 
The organ of Corti, the auditory sensory epithelium of cochlea, consists of two types 
of hair cells (inner and outer) and four types of supporting cells (Claudius´, Hensen´s, 

Figure 1. Structure of the mature mammalian inner ear. (A) Schematic representation of inner 
ear. Locations of the sensory epithelia are shown with colours; organ of Corti of the cochlea 
(yellow), maculae of sacculus (blue), maculae of utriculus (red), and three ampullary cristae 
(green) of semicircular canals. Histological views of the sensory epithelia of ampulla (B), utricle 
(C) and cochlea (D), where hair cells are stained with myosin VIIa (brown). Some of the apical 
stereociliary bundles are visible in fi gures B and C (spikes).
Abbreviations: (A) asc, anterior semicircular canal; cc, common crus; cd, cochlear duct; ed, 
endolymphatic duct; es, endolymphatic sac; lsc, lateral semicircular canal; psc, posterior 
semicircular canal. (B, C) sc, supporting cells. (D) ihc, inner hair cell; is, inner sulcus; ohc, outer 
hair cells; stv, stria vascularis; tm, tectorial membrane. Various supporting cells of the organ of 
Corti: cc, Claudius´ cells; hc, Hensen´s cells; dc, Deiter´s cells; opc, outer pillar cell; ipc, inner 
pillar cell.
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Deiter`s and pillar) (Fig. 1D). The tectorial membrane, which partially covers the 
hair cells in organ of Corti guides sound-induced vibrations to hair cells (Gavara and 
Chadwick 2009). In vestibular organs, hair cells are surrounded by distinct types of 
acellular matrices, which stimulate the hair cells when the head moves (Lundberg et al., 
2006).

Hair cells are only a small part of all the cells of the epithelial membraneous 
labyrinth. The rest of the cells are nonsensory cells that are often indirectly involved in 
hearing or balance functions. The three semicircular canals, together with their attached 
ampullae, are involved in detection of angular acceleration. The anterior and posterior 
semicircular canals are joined by the common crus.

The inner ear consists of two isolated chambers containing endolymph (high 
K+, low Na+) and perilymph (low K+, high Na+). The appropriate ion composition 
of the endolymph is essential for normal neuronal function. In mammals, the unique 
ion composition of endolymph is thought to be maintained by several ion channels and 
pump proteins at specifi c locations throughout the inner ear epithelium. These locations 
include the stria vascularis of the cochlea, the specialized cells in the vestibular organs 
called dark cells and the endolymphatic duct and sac (EDS) epithelium (Ciuman 2009). 
In addition, the EDS are structures thought to resorb endolymph and function as an 
extension chamber that can compensate the changes in endolymph volume (Barbara et 
al., 1988; Everett et al., 1999). The mature inner ear is surrounded by the otic capsule.

1.2 Signalling molecules with a central role in inner ear development

Embryonic development requires a precise control of growth, differentiation of cells, and 
morphogenesis of tissues and organs. Throughout embryogenesis interactions between 
cells and tissues regulate development of organs, in the case of developing inner ear 
those include the ectoderm, endoderm and mesoderm (Fekete 1999).

Epithelial-mesenchymal interactions that occur mostly by secreted signalling 
molecules that bind to their receptors in the adjacent tissue, are among the most 
important phenomena during development and regulate a variety of cellular functions 
including proliferation, differentiation, and cell death (Chuong 1998).

Most of the signalling molecules that act during development are transmitted 
between cells. Some signalling molecules are soluble and can function over longer 
distances whereas other signalling molecules remain bound to cell membranes and signal 
between the neighbouring cells (Gilbert 2000).

A signalling pathway consists of molecules (ligands), their cell membrane receptors, 
intracellular signalling factors, transcription factors, co-factors and antagonists. Ligands 
bind to their cell surface receptors and an intracellular transduction cascade ends up in 
the cell nucleus. In the nucleus the target genes are activated. The signalling pathways do 
not function isolated in a cell, but they interact with other signalling pathways and form 
a network. The most important signalling molecules mediating interactions between 
cells and tissues are the members of the fi broblast growth factor, Hedgehog, Notch, 
transforming growth factor-β and Wnt families. Their, and other molecules´ role in inner 
development is described in following chapters.

Review of the literature
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1.2.1 Fibroblast growth factor signalling

During embryonic development, fi broblast growth factors (Fgfs) have diverse roles. 
Fgfs coordinate many cellular functions, such as proliferation, differentiation, migration, 
apoptosis and patten formation during the formation of several tissues (Szebenyi and 
Fallon 1999).

Fibroblast growth factor family consists of 23 ligands in mammals (Itoh and Ornitz 
2004). The ligands bind to and activate fibroblast growth factor receptors (Fgfrs), 
which belong to a family of tyrosine kinase transmembrane receptors, consisting of 
four closely related members (Fgfr1-4). Alternative mRNA splicing creates IIIb or IIIc 
isoforms of Fgfr1-3 transcripts, increasing the variety of Fgfrs (Itoh and Ornitz 2004). 
Fgfr1-3 isoforms are spliced in a tissue specifi c manner: IIIb is specifi cally expressed in 
epithelial lineages, and IIIc in mesenchymal lineages (Ornitz and Itoh 2001). In addition, 
IIIb and IIIc isoforms have different ligand-binding specifi cities. For example, Fgfr-
2(IIIb) is activated by Fgf1, Fgf3, Fgf7, and Fgf10, whereas Fgfr-2(IIIc) is activated by 
Fgf1, Fgf2, Fgf4, Fgf6, and Fgf9 (Ornitz et al., 1996).

Ligand binding on Fgfr depends on the presence of a heparan sulphate (HS) 
proteoglycans that are essential for the Fgf receptor binding and activation of Fgf/
Fgfr receptor signalling complex (Spivak-Kroizman et al., 1994; Ornitz 2000). Fgfr 
is dimerized following the formation of the Fgf-Fgfr-HS complex, and this leads 
to the autophosphorylation and activation of the receptor tyrosine kinase. Tyrosine 
phosphorylation transmits extracellular signal through various cytoplasmic transduction 
pathways to the nucleus, where specifi c transcription factors are activated.

Negative feedback inhibition is one mechanism that provides a way to stop or 
modulate the receptor tyrosine kinase signalling. The receptor tyrosine kinase pathway 
has been shown to induce the expression of its own negative regulators, which include 
mitogen-activated protein (MAP) kinase phosphatases (Camps et al., 1999; Farooq and 
Zhou 2004) and Sprouty proteins (Minowada et al., 1999; Ozaki et al., 2001; Sasaki 
et al., 2001). Sprouty antagonizes Fgf signalling by inhibiting intracellular receptor 
tyrosine kinase pathway. Sprouty was fi rst identifi ed in Drosophila (dSprouty), where 
it was reported to antagonize Fgf signalling during airway branching (Hacohen et al., 
1998). At least four Sprouty isoforms (Sprouty1-4) are known in mammals (Minowada 
et al., 1999; Impagnatiello et al., 2001).

1.2.2 TGF-β superfamily

Transforming growth factor-β (TGF-β) signalling has been shown to affect embryonic 
patterning and tissue homeostasis by regulating cell proliferation, differentiation, 
apoptosis and migration (Wu and Hill 2009). The TGF-β superfamily consists of three 
subgroups which are bone morphogenetic proteins (Bmps), TGF-β and Activin/Inhibins 
(Massagué et al., 2005). Bmps, like all other TGF-β superfamily members, bind to both 
type I and II serine-threonine kinase receptors. When ligand binds to its receptor, the 
active kinase II receptors phosphorylate type I receptors. The activated type I receptors 
phosphorylate cytoplasmic Smad proteins. Activated Smad proteins associate with 
their common partner Co-Smad (Smad-4), and mediate the signals into the nucleus 
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activating the target genes (Balemans and Van Hul 2002). Bmp signals are mediated by 
Smad-1, -5, and -8, whereas Smad-2 and Smad-3 mediate TGF-β and activin signalling 
(Massagué et al., 2005). Bmp signalling can be modulated intra- and extracellularly or at 
the level of membrane receptors (Balemans and Van Hul 2002). Intracellular modulation 
involves inhibitory Smads (Smad-6 and Smad-7) that antagonize Bmp signalling either 
by preventing Smad protein activation, or formation of the Smad/Co-Smad complex. 
Membrane receptor modulation functions through pseudoreceptor BAMBI/Nma that 
binds Bmp type II receptors and prevents the formation of active receptor complex. 
Extracellular modulation operates through diffusible Bmp antagonists such as Noggin, 
Chordin, Chordin-like, Follistatin, Follistatin-related protein (FSRP), Sclerostin, and 
the Dan/Cerberus protein families, that bind Bmps and prevent their interaction with 
receptors.

1.2.3 Hedgehog

Hedgehog signalling molecules have an important role in the development of most 
organs controlling cell growth, survival, fate and pattern (McMahon et al., 2003).

The hedgehog (Hh) gene was fi rst identifi ed in Drosophila, and three hedgehogs 
are known in vertebrates, Sonic hedgehog (Shh), Indian hedgehog (Ihh) and Desert 
Hedgehog (Dhh) (Echelard et al., 1993). Hh signals through a receptor complex that 
includes Patched (Ptc) and Smoothened (Smo) (Varjosalo and Taipale 2008). Hh binding 
to Ptc within the Ptc/Smo complex in the signal-receiving cell releases Ptc repression of 
Smo. Smo then transduces the Hh signal to the cytoplasm and activates its intracellular 
targets including Gli family of zinc finger transcription factors. The activated Gli 
moves to the nucleus where it regulates expression of Hh target genes. In vertebrates, 
Hh-interacting protein (Hip) is a negative modulator of Hh signalling (Chuang and 
McMahon 1999).

1.2.4 Wnt signalling

Wnt signalling pathway regulates embryonic induction, cell polarity, specification 
of cell fate, cell proliferation, migration, cell differentiation, neural patterning and 
organogenesis (Clevers 2006). 

Wnt is thought to act as morphogen, which means that Wnt has long range effects 
and their activities are concentration dependent (Logan and Nusse 2004). Wnts are 
secreted glycoproteins that bind to members of the Frizzled family of Wnt receptors 
and their co-receptors the low-density-lipoprotein-related protein5/6 (Lrp5/Lrp6) 
(Clevers 2006). Both the Frizzled and Lrp5/6 receptors are needed for the activation 
of the pathway. After receptor activation, the signal is transduced to cytoplasmic 
phosphoprotein Dishevelled (Dvl). At this point the Wnt ligands can activate different 
intracellular pathways, the β-catenin dependent signalling and the non-β-catenin 
dependent signalling (Clevers 2006). The non-β-catenin dependend signalling can be 
divided into the planar cell polarity (PCP) pathway and the Wnt/Ca2+ pathway. The PCP 
signalling is a common mechanism for cellular polarization and has a role in sensory cell 
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development of the inner ear, and eye and wing development of Drosophila (Chacon-
Heszele and Chen 2009). The Wnt/Ca2+ pathway has a role in embryonic left-right axis 
determination and neural induction (Slusarski and Pelegri 2007). Secreted Wnt inhibitors 
Frizzled-related proteins (FSRP), Dickkopf (Dkk), Cerberus and Wnt inhibitory factor-1 
(WIF) modulate Wnt function extracellularly (Kawano and Kypta 2003).

1.2.5 Notch signalling

Notch signalling was originally found in Drosophila and it is known to regulate lateral 
inhibition, cell fate, development of tissue compartments and lineage decisions in stem 
cells (Fiuza and Arias 2007). Notch family of signalling molecules mediate short-range 
signalling between neighboring cells. In mammals four membrane bound Notch receptors 
(Notch1-4) and their ligands Jagged1, Jagged2, Delta1, Delta2 and Delta4 are known 
(Tien et al., 2009). Extracellular domains of Notch contain epidermal growth factor-
like (Egf) repeats. In Drosophila, ligand binding and activation of Notch is regulated 
by O-fucosylation within the Egf repeats, mediated by a protein O-fucosyltransferase 1 
(Lei et al. 2003; Okajima et al. 2003). Glycosyltranferase Fringe (Fng) is an intracellular 
modulator of Notch activation by suppressing the effects of O-fucosyltransferase 1 
(Shao et al., 2003). Three mammalian Fng molecules are known: Lunatic fringe (Lfng), 
Manic fringe (Mfng), and Radical fringe (Rfng) (Cohen et al. 1997, Laufer et al., 1997, 
Rodriguez-Esteban et al., 1997).

1.3 Inner ear development

The inner ear originates from an ectodermal thickening called otic placode. In mouse 
the otic placode appears during embryonic day (E) 8.0. Between E9.0 and E9.5, the 
otic placode invaginates, forming the otic cup which then closes and pinches off from 
the ectoderm to form the otic vesicle, otocyst (Schneider-Maunoury and Pujades 2007) 
(Fig. 2A). Morphogenesis of the otocyst continues around E10.5 with a dorsomedial 
outgrowth of the EDS and ventral outgrowth of cochlear duct, reaching its fi nal shape by 
E17.0 (Sher 1971; Martin and Swanson 1993; Morsli et al., 1998) (Fig. 2B). The three 
semicircular canals are derived from two epithelial outpouches of the developing otocyst. 
Around E10.5, the vertical canal outpouch, which gives rise to the anterior and posterior 
canals that are joined by the common crus, starts to bulge from the dorsolateral part of 
the otocyst. The horizontal outpouch originating from the lateral part of the otocyst gives 
rise to the lateral canal. Two regions in the anterior and posterior parts of the vertical 
canal outpouch and one in the horizontal canal outpouch start to grow towards the lumen 
and fuse to form the semicircular canals between E12.5 and E13 (Figs. 2B, C). The 
developing inner ear epithelium is surrounded by mesenchyme, which chondrifi es and 
forms the otic capsule. When inner ear starts to develop, it receives axial cues from the 
surrounding tissues, such as endoderm, neural ectoderm (i.e the adjacent hindbrain), 
mesenchyme and notochord (Fekete 1999; Bok et al., 2007). The genes induced within 
the otic epithelium as a result of axial specifi cation mediate inner ear morphogenesis. In 
addition, the epithelial-mesenchymal interactions and the interplay between sensory and 
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nonsensory epithelium accomplish the inner ear morphogenesis through proliferation, 
differentiation and cell death (Bok et al., 2007). The otocyst epithelium will eventually 
adopt three different fates; sensory (forms hair cells and supporting cells), non-sensory 
and neural (forms the neurons of the cochleovestibular ganglion).

Figure 2. Schematic representations of mouse inner ear development. (A) The ectodermal otic 
placode invaginates and forms the otic vesicle, otocyst. (B) Morphogenesis of the mouse inner 
ear between E10.5 and E17. At E10.5 the endolymphatic duct and sac starts to elongate and 
the cochlear duct to coil from the otocyst. The semicircular canals form from the vertical and 
horizontal outpouches, whose walls fi nally meet and fuse between E12 and E13 (asterisks). The 
inner ear reaches its mature shape by E17. The origin of the mouse inner ear sensory organs; 
white marks the three Bmp4-positive presumptive cristae, while black marks the Lfng-positive 
presumptive organ of Corti and maculae of utriculus and sacculus. (C) The three stages of the 
formation of semicircular canal. Initial outpouch from the otic epithelium (left). The outpouch 
grows towars the lumen (middle) and fuses to create a semicircular canal (right). The bars in fi gure 
B indicate the estimated plane of section of the developing posterior and anterior semicircular 
canals.
Abbreviations: (A) hb, hindbrain; oc, otic cup; op, otic placode; ov, otic vesicle. (B, C) ac; anterior 
crista; asc, anterior semicircular canal; cc, common crus; cd, cochlear duct; ed, endolymphatic 
duct; es, endolymphatic sac; lc, lateral crista; lsc, lateral semicircular canal; ms, maculae 
of sacculus; mu, maculae of utriculus; oc, organ of Corti; pc; posterior crista; psc, posterior 
semicircular canal.

1.3.1 Induction of the otic placode and regulation of early inner ear morphogenesis

The formation of an otic placode, a simple layer of thickened ectoderm located next to 
the hindbrain rhombomeres 5 and 6, is the fi rst morphologically visible event in inner 
ear development (Fig. 2A). The induction of the otic placode from the ectoderm, and the 
invagination process to form the otocyst, are dependent on the signals provided by the 
surrounding tissues, such as endoderm, mesoderm and adjacent hindbrain (Ohyama et 
al., 2007).

The importance of the hindbrain in the development of inner ear can be seen in 
mutant mice such as the Hoxa1 and Kr/MafB. Hoxa1 and Kr/MafB are expressed in the 
hindbrain and involved in caudal hindbrain segmentation (Dolle et al., 1993; McKay et 
al., 1994; Helmbacher et al., 1998; Sadl et al., 2003). Even though Hoxa1 and Kr/MafB 
are not expressed in the otic tissue these mutant mice have both hindbrain segmentation 
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and inner ear abnormalities including expansion of the cochlea and absence of the EDS 
(Pasqualetti et al., 2001; Choo et al., 2006). In both cases, the inner ear defects are a 
result of defects in segments (rhombomeres) 4 to 6, the region of the hindbrain alongside 
of the developing otocyst. The hindbrain abnormality seen in these mutants prevents 
particularly Fgf signalling from the hindbrain, and causes inner ear malformations 
(McKay et al., 1996; Pasqualetti et al., 2001).

The Fgfs have important roles in otic placode induction in many species, but 
the identity and source tissue of Fgfs varies between species (Schimmang 2007). In 
mouse, Fgf signalling from the endoderm induce a mesenchymal Fgf that, together with 
hindbrain Fgfs, direct the expression of otic placode genes, are involved in otic placode 
induction and vesicle formation (Shimmang 2007). Studies in mutant mice suggest that 
these signals are provided by Fgf8, Fgf10 and Fgf3 (Alvarez et al., 2003; Wright and 
Mansour, 2003; Ladher et al., 2005; Zelarayan et al., 2007; Dominguez-Frutos et al., 
2009). The hindbrain derived Wnt signalling defi nes the proper size of the otic placode 
by upregulating otic genes and collaborating with Notch signaling pathway (Jayasena et 
al., 2008).

By the otocyst stage, the expression domains of otic genes compartmentalize the 
otocyst along its three axes. These genes that are expressed within the early otocyst are 
thought to give rise to specifi c inner ear structures (Fekete and Wu 2002) and usually 
encode transcription factors. In addition to Fgf signalling pathway, two main signalling 
pathways, the Shh and Wnt, which originate from the hindbrain, the notochord and fl oor 
plate, are involved in otic compartmentalization by regulating expression of otic genes 
(Riccomagno et al., 2002, Riccomagno et al., 2005). For example, the dorsal part of the 
otocyst is marked by expression of Hmx2, Hmx3, Dlx5, Dlx6 and Gbx2, while the ventral 
cells express Otx1, Otx2 and Pax2 (Bok et al., 2007). Inactivation of these genes in the 
mouse confi rms that they participate in establishing the dorsal (vestibular) and the ventral 
(cochlea) part of the developing inner ear (Bok et al., 2007). At cellular level various 
transcription and growth factors coordinate proliferation, death and differentiation.

Proper inner ear morphogenesis is not merely dependent on signals coming from 
surrounding tissues. The signalling within otocyst epithelium and epithelial-mesencymal 
interactions play also a vital role in inner ear development. Examples of these are 
described in next chapters.

1.3.2 Morphogenesis of the semicircular canals and endolymphatic duct

Like mentioned in previous chapter, the semicircular canals derive from the vertical 
and horizontal outpouches of the otocyst. The opposing epithelia meet and fuse leaving 
behind a tube-shaped canal (Sher 1971; Martin and Swanson 1993; Morsli et al., 1998) 
(Figs. 2B, C).

The Hmx2, Hmx3, Dlx5, Dlx6 and Gbx2 are expressed in the dorsolateral region of 
the otocyst that will give rise to vestibular structures (Bok et al., 2007). Wnt signalling 
from the hindbrain is needed for the expression of Gbx2, Dlx5 and Dlx6, whereas 
the expression of Hmx2 and Hmx3 does not seem to be regulated by Wnt signalling 
(Riccomagno et al., 2005). These transcription factors appear to be important for the 
formation of vestibular structures and mice defi cient for these genes show variable 
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defects in EDS, and semicircular crista and canal formation (Acampora et al., 1999; 
Depew et al., 1999, Merlo et al., 2002; Lin et al., 2005; Wang and Lufkin 2005; 
Robledo and Lufkin 2006). Transcription factors Prx1 and Prx2 are expressed mostly 
in the mesenchyme surrounding the epithelial outpouches of the semicircular canals. 
In Prx1/Prx2 double mutant mice, the anterior and posterior semicircular canals are 
smaller and the lateral outpouch never develops into a canal, showing the requirement 
of interactions between the surrounding mesenchyme and the otic epithelium for normal 
canal development (ten Berge et al., 1998).

In order the semicircular canals to form hollow tubes, the opposing walls of the 
canal outpouches have to meet and fuse (Sher 1971; Martin and Swanson 1993; Morsli 
et al., 1998). In chicken, the cells at the fusion site are shown to be removed by cell death 
(Fekete et al., 1997), whereas the dye-marking experiments in mice have suggested that 
the cells at the fusion site neither die nor become transformed into mesenchymal cells, 
but are retracted back into the canal epithelium (Martin and Swanson 1993).

A laminin-related molecule Netrin1 is involved in semicircular canal formation 
through two mechanisms: 1) it induces the proliferation in the surrounding mesenchyme 
that pushes the fusing walls together and, 2) disrupts the basement membrane at the 
fusion site (Salminen et al., 2000). Normally the epithelial cells attach to the underlying 
basement membrane. When the basement membrane is disrupted, the detached cells 
lose their morphology and irtercalate. Ig superfamily protein Lrig3 restricts Netrin1 
expression and in this way defi nes the boundary between fusing and non-fusing region, 
at least in lateral canal (Abraira et al., 2008).

After fusion plate formation the semicircular canals continue to elongate to reach 
their final shape and size. Nor1, a nuclear transcription factor, is essential for the 
continual growth of the semicircular canals. In the absence of Nor1, the fusion process 
takes place normally but the canal diameter is smaller due to defective proliferative 
growth of the semicircular canals (Ponnio et al., 2002).

Defects were seen in the semicircular canal formation in Netrin1 and Nor1 mutant 
mice, despite their normal canal sensory cristae. The formation of the sensory cristae and 
their associated semicircular canals is also related. Bmp4 is expressed in the developing 
cristae of zebrafi sh, mouse and chicken (Oh et al., 1996; Wu and Oh 1996; Morsli et 
al., 1998; Mowbray et al., 2001), whereas Fgf10 is expressed in the cristae of mouse 
and chicken (Pauley et al., 2003; Lilleväli et al., 2007). The missing canal phenotypes 
seen in Bmp antagonist-treated canals in chicken (Chang et al., 1999; Gerlach et al., 
2000; Gerlach-Bank et al., 2004; Chang et al., 2008) and in Bmp4 and Fgf10 null mutant 
mice (Pauley et al., 2003; Chang et al., 2008) support the hypothesis that the cristae 
regulate canal formation. Fate mapping studies in chicken have shown that next to each 
cristae there is a canal genesis zone, which gives rise to majority of the cells in the canal 
and some of the cells in the common crus (Chang et al., 2004). The formation of canal 
genesis zone seems to be dependent on the activation of Bmp2. The expression domain 
of Bmp2 in the canal pouch corresponds to the canal genesis zone, and experimental 
evidence suggests that Fgf10 secreted from the presumptive cristae induce the formation 
of the canals by regulating the expression of Bmp2 (Chang et al., 2004). The recent 
study in zebrafi sh provided direct evidence on the role of Bmp2 in semicircular canal 
outgrowth and suggested that it is likely conserved between different vertebrate species 
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(Hammond et al., 2009). Also a study in Gata3 defi cient mice indicated a relationship 
between sensory epithelia and semicircular canal outgrowth (Lilleväli et al., 2006). This 
study suggested that a failure in semicircular canal outgrowth can be partly due to the 
loss of Fgf10 expression from the vestibular sensory epithelia.

The molecular cross-talk within otocyst epithelium is further supported by a study 
that showed the role of Fgf10/Fgfr-2(IIIb) signalling in inner ear development. In this 
study, Fgf10 and Fgfr-2(IIIb) showed distinct, nonoverlapping expression patterns in the 
prospective nonsensory and sensory epithelium. The inactivation of Fgfr2(IIIb) lead to 
otocyst dysmorphogenesis and failure in outgrowth of cochlea and vestibular appendages 
(Pirvola et al., 2000). Because of the effects of the deletion of Fgfr-2(IIIb) took place 
on early inner ear development, these mutant mice did not reveal the possible role of 
Fgf10/Fgfr-2(IIIb) signalling during later developmental stages. Their nonoverlapping 
expression patterns in the nonsensory and sensory epithelia, however, suggest this 
signalling also has a role at later developmental stages.

Interstingly, extracellular matrix (ECM) molecules and adhesion molecules have 
been shown to have roles in inner ear development in frog. One of them is hyaluronan, 
which is important in semicircular canal formation (Haddon and Lewis 1991). Epithelial 
cells secrete hyaluronan into the space between epithelium and mesenchyme. This small, 
hyaluronan fi lled space, allows the epithelium to move and form axial protrusions. If 
hyaluronan is destroyed, protrusions do not form.

The formation of the EDS is different from semicircular canals. The EDS starts to 
elongate from the dorsomedial part of the otocyst as a hollow tube (Sher 1971; Morsli et 
al., 1998) (Fig. 2B). Cell proliferation studies in chicken have suggested that the initial 
events in elongation of EDS are not considered to be correlated with increased cell 
proliferation but rather a thinning of the epithelium (Lang et al., 2000). By E17.0 the EDS 
has reached its mature shape and it can be divided into two anatomical parts; the basal 
endolymphatic duct and distal endolymphatic sac (Fig. 2B). Similarly to semicircular 
canals, the Wnt signalling induces the expression of transcription factors required for 
EDS formation including Gbx2, Dlx5 (Acampora et al., 1999; Depew et al., 1999; Lin et 
al., 2005; Riccomagno et al., 2005). Like previously reported in semicircular canals, the 
inactivation of Fgfr2(IIIb) causes EDS malformation (Pirvola et al., 2000).

The EDS are structures thought to resorb endolymph and function as an expansion 
chamber that can compensate changes in endolymph volume (Barbara et al., 1988; 
Everett et al., 1999). Since semicircular canals and EDS are fi lled with endolymph, 
they are malformed in the mutants that have defects in endolymph production. EphB2 
regulates ion homeostasis and endolymph fl uid production through macromolecular 
associations with membrane channels. Mutation in EphB2 results decrease in endolymph 
volume and smaller semicircular canal diameter (Cowan et al., 2000). Furthermore, 
mutation in Foxi1, which encodes an EDS-expressed transcription factor, or a mutation 
in its target gene, Slc26a4 (encoding the chloride/iodide transporter called pendrin), 
cause an expansion of the endolymphatic chamber (Everett et al., 2001; Hulander et 
al., 2003). In these mutants the EDS is the most expanded structure. The Foxi1 mutant 
mice have also a hearing loss, a likely result of a change in ion composition of the 
endolymph.
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1.3.3 Formation of the cochlea

The cochlea starts to coil from the ventral part of the otocyst, reaching its one and three-
quarters turns by E17.0 (Sher 1971; Morsli et al., 1998) (Fig. 2B). The mammalian 
cochlea forms from the ventral part of the otocyts which is marked by transcription 
factor genes Otx1 and Otx2 and paired-box gene Pax2 (Fekete and Wu 2002; Bok et 
al., 2007). Shh signalling originating from the notochord regulates genes important 
for the development of cochlea (Otx1, Otx2 and Pax2) (Torres et al., 1996; Morsli et 
al., 1999; Cantos et al., 2000; Burton et al., 2004) and the cochleovestibular ganglia 
(Ngn1; neurogenin1 and NeuroD) (Ma et al. 1998; Riccomagno et al., 2002). The loss-
of-function studies of Shh suggest that the failure in cochlear duct outgrowth is most 
likely a result of the lack of Otx1, Otx2 and Pax2 (Riccomagno et al., 2002).

The mature cochlear duct has three walls: 1) the fl oor, which consists of the sensory 
part, the organ of Corti and the greater epithelial ridge, 2) the medial wall consisting of 
the Reissner’s membrane, and 3) the lateral wall, which consists of the stria vascularis 
(Fig. 1D). Interestingly, mutations that affect normal cellular differentiation and 
organization in any of these walls result in abnormal patterning and malformation of the 
cochlear duct.

For example, genes that are expressed in the nonsensory part of the developing 
cochlear duct like Otx1 and Otx2 (Morsli et al., 1999), and Pax2 (Burton et al., 2004) are 
required for normal cochlear duct patterning and outgrowth. The deletion of these genes 
result is abnormal cochlea duct outgrowth possibly due to a decrease in cell proliferation 
and an increase in cell death (Torres et al., 1996; Morsli et al., 1999; Cantos et al., 2000; 
Burton et al., 2004). In addition, genes that are required for proper patterning of sensory 
part, the organ of Corti, are also important for normal cochlear duct outgrowth. For 
example, when Sox2 or Jagged1 expression is affected, both the organ of Corti and the 
cochlear duct are malformed (Kiernan et al., 2005b; Brooker et al., 2006, Kiernan et al., 
2006). These results suggest that proper patterning of the organ of Corti, is important for 
normal outgrowth of the cochlear duct. This is similar to the crista and canal formation 
mentioned previously, where the sensory structure regulates the formation of its 
nonsensory structure (Chang et al., 2004).

Evidence suggest that the primordial organ of Corti within the cochlear duct starts 
out thick and wide and, through cellular intercalation radially and extension along the 
proximal distal axis of the cochlear duct, give rise to the fi nal pattern of hair cells. 
Studies have shown that convergence extension (CE), that is partly mediated by planar 
cell polarity (PCP) pathway, has a role in this process (Montcouquiol et al., 2003; 
Mckenzie et al., 2004; Wang et al., 2005; Qian et al., 2007). CE is a process in which a 
population of cells extends along one axis while stimultaneously narrowing along other 
axis (Keller et al., 2000; Keller 2002). PCP refers to the polarization of cells within a 
cell sheet. Besides being involved in epithelial polarization, PCP is also required for 
CE; a polarized cellular movement that occurs during neural tube closure and cochlear 
elongation. Mutations in mouse PCP genes cause defects in planar polarization of the 
cochlear epithelium leading to stereociliary bundle misorientation (Curtin et al., 2003; 
Montcouquiol et al., 2003; Lu et al., 2004; Wang et al., 2005; Wang et al., 2006b). The 

Review of the literature



11

mutants have also a shorter and wider cochlear duct, resulting from a defective CE during 
cochlear growth (Montcouquiol et al., 2003; Wang et al., 2005; Wang et al., 2006a).

Also other pathways not implicated in PCP can mediate cochlear elongation. 
Similarly to vestibular organs, failure in epithelial-mesenchymal interactions affects 
the patterning and morphogenesis of cochlea. Pou3f4/Brn4 (human brain-4 ortholog 
POU3F4) is expressed in the surrounding mesenchyme. In Pou3f4/Brn4 knockout 
mice cochlear coiling is impaired due to defects in epithelial-mesenchymal interactions 
(Phippard et al., 1999). Expression and knock-out studies have suggested a molecular 
pathway of Shh-Tbx1-Brn4/POU3F4 in the mesenchyme that mediate cochlear duct 
morphogenesis (Riccomagno et al., 2002; Arnold et al., 2006; Xu et al., 2007). Also, 
mutations of genes, which are not expressed in the cochlear epithelia or mesenchymal 
region, including Ngn1 or NeuroD1, can cause defects in cochlear morphogenesis. 
The abnormal differentiation of the cochleovestibular ganglion (CVG) seen in Ngn1 
or NeuroD1 mutants results in cochlear duct malformation (Liu et al., 2000, Ma et al., 
2000, Kim et al., 2001), possibly due to defective signalling from the CVG.

1.4 Development of the sensory epithelia

The neurosensory competent region of two focal domains of the otocyst, thought to be 
specifi ed by Sox2, Six1 and the Notch signalling pathway, will give rise to neuroblasts 
and to presumptive sensory patches of the inner ear (Kelley 2006a; Bok et al., 2007). 
The neuroblasts delaminate from the otocyst to form neurons of the CVG. The 
presumptive sensory patches will give rise to the different sensory epithelia, consisting 
of hair cells and supporting cells. Gene expression experiments with chicken and mice 
have identifi ed the origin of inner ear sensory organs by using Bmp4 as an early marker 
for the sensory epithelia for the three semicircular canals, and Lfng as an early marker 
for the sensory epithelia of utricle, saccule, and cochlea (Morsli et al., 1998; Cole et 
al., 2000). These studies suggested that anterior and lateral ampullary cristae share a 
common origin in the anterior part of the otocyst, whereas the cochlea and the two 
maculae are thought to originate from the same ventral portion of the otocyst, being 
separated later in development (Fig. 2B). Not much is known how each presumptive 
sensory patch separates from each other during development but it is likely that the 
surrounding nonsensory tissue has a role in this splitting process (Bok et al., 2007).

The formation of each sensory organ is linked with the development of its 
nonsensory component and involves interactions between the sensory and nonsensory 
tissues. For example, Fgf10 is expressed in the prosensory domains, while its receptor 
Fgfr-2(IIIb) is mainly expressed in the nonsensory epithelium (Pirvola et al., 2000). 
Fgf10 knockout mice have both sensory and nonsensory defects and targeted mutation 
of Fgfr-2(IIIb) also results in severe malformation of nonsensory components together 
with a failure of sensory organ development (Pirvola et al., 2000, Pauley et al., 2003).

Single-cell lineage analysis with the avian inner ear has revealed that supporting 
cells and hair cells share common precursor cells (Fekete et al., 1998). Although no 
direct hair cell-lineage study is available in the mammalian inner ear, it is believed 
that also in mammals supporting cells and hair cells arise from common precursors. 
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The precursors  giving rise to the organ of Corti are located in the ventral wall of the 
embryonic cochlear duct. This ventral wall is divided into to cellular parts, called the 
greater epithelial ridge (GER) and lesser epithelial ridge (LER) (Fig. 3B). Histological 
studies suggest that, inner hair cells derive from precursor cells located in the GER that 
is medial to the future organ of Corti, whereas outer hair cells derive from precursor 
cells located in the LER (Lim and Rueda 1992). The GER of the cochlea regresses after 
birth and forms a relic called inner sulcus (Fig. 1D).

Even though the cellular architecture and types of sensory cells within the sensory 
epithelium differ between the hearing and balance organs (Figs. 1B-D), the basic 
molecular mechanisms that direct the specifi cation of the prosensory region and its 
cellular specifi cation are largely similar. The discussion below will be restricted mostly 
to the cochlea.

1.4.1 Specifi cation of the cochlear prosensory region

The cochlear prosensory region, that will give rise to hair cells and supporting cells of the 
organ of Corti, is specifi ed by various transcription factors including Prox1 and Sox2, as 
well as Notch and Fgf signalling pathways (Kelley 2007). At E12, the prosensory region 
is established by transcription factor Sox2 (Fig. 3A). Sox2 is vital for the formation 
of the prosensory region since the prosensory development is severely impaired in 
Sox2 mutants (Kiernan et al., 2005b). The Notch signalling pathway member, Jagged1 
promotes the establishment of the prosensory region by inducing Sox2 expression 
(Kiernan et al., 2006; Dabdoub et al., 2008).

The Fgf-Fgfr signalling pathways are important in the formation of the cochlea 
(Kelley 2007). For example, the Fgf20 signalling through the Fgfr1 is required for the 
generation of the prosensory precursor cell pool that gives rise to the organ of Corti 
(Pirvola et al., 2002; Hayashi et al., 2008). The Hh and Islet-Lim homeodomain 
transcription factor (Lmx1a) defi ne the boundaries of the prosensory region by restricting 
Sox2 expression (Driver et al., 2008; Nichols et al., 2008) (Fig. 3A). Precursors in the 
primordial organ of Corti exit the cell cycle between E12.5 and E14.5 (Ruben 1967). 
The cyclin-dependent kinase inhibitor p27Kip1 regulates withdrawal of the precursor cells 
from the cell cycle and determines the size of the prosensory precursor cell pool (Chen 
and Segil 1999; Lee et al., 2006). The p27Kip1 is initially expressed in the cochlear duct at 
E12.5 and proceeds from apical-to-basal axis, forming the zone of non-proliferating cells 
(ZNPC) (Lee et al., 2006) (Figs. 3A, B). In contrast to the cell cycle exit pattern (from 
apical-to-basal axis), cellular differentiation starts in the middle-basal cochlea around 
E14.5, at the time when most prosensory precursor cells have exited the cell cycle, and 
prodeeds bidirectionally (Kelley 2007) (Fig 3A).

1.4.2 Specifi cation of hair cells and supporting cells within the cochlear prosensory 
region

As a result of a cooperation of many molecules and signalling pathways the precursor 
cells within the prosensory region become determined to develop into hair cells or 
different supporting cells types of the organ of Corti. The fi rst steps in this process is 
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when precursor cells start to differentiate into hair cells by expressing basic helix-loop-
helix (bHLH) transcription factor Atoh1 (formerly called Math1) (Bermingham et al., 
1999; Lanford et al., 2000; Chen et al., 2002; Woods et al., 2004). Atoh1 expression 
begins in the base at E12.5 and extends towards the apex (Fig. 3A).

At E14.5 post-mitotic and Atoh1 expressing precursor cells start to differentiate into 
hair cells in the middle-basal cochlea (Fig. 3A). Differentiation proceeds bidirectionally 
and is not completed until E16.5. Meanwhile p27Kip1 expression is localized to 
differentiating supporting cells (Chen and Segil, 1999; Lee et al., 2006) (Fig. 3B). Prox1 
and its upstream effector Sox2, which specify the prosensory region, have later roles in 
supporting cell specifi cation by inhibiting Atoh1 and its downstream targets such as Gfi 1 
(Dabdoub et al., 2008; Kirjavainen et al., 2008).

The cellular patterning of the organ of Corti is mediated by Notch-dependent and 
Notch-independent manner (Fig. 3C). Following Atoh1 expression, the differentiating 
hair cells start to express two ligands of Notch signalling pathway, Jagged2 and Delta1 
(Lanford et al., 1999; Morrison et al., 1999). These ligands bind to and activate Notch in 
surrounding cells and prevent them from adopting hair cell fate. The surrounding cells 

Figure 3. Development of the sensory epithelium. (A) Schematic representation of the cochlear 
coil and the factors involved in commitment and differentiation of the sensory epithelium. At E12 
Sox2 establishes the prosensory region whereas Hedgehog (Hh) and Lim1a defi ne its boundaries. 
At E12.5 the precursor cells within the prosensory region exit the cell cycle from apical-to-basal 
axis, concurrently with the p27Kip1 expression. Meanwhile Atoh1 expression proceeds from basal-
to-apical axis. At E14.5 postmitotic and Atoh1 expressing precursors start to differentiate into hair 
cells bidirectionally along the cochlear duct. (B) Transverse section of the E16 mouse cochlea. 
GER and LER are visible in the cochlear coil. p27Kip1 immunohistochemical staining (brown) 
indicates the ZNPC. In the more mature middle coil of the cochlea (lower coil) hair cells have 
started to differentiate in the LER and p27Kip1 expression is slowly localized to the supporting 
cells (arrowhead). The apical part is more immature (upper coil). (C) Schematic representation of 
the inductive and inhibitory signals involved in cellular patterning of the organ of Corti. See text 
for detailed description.
Abbreviations: (B) GER, greater epithelial ridge; LER, lesser epithelial ridge; OC, otic capsule; 
ZNPC, zone of non-proliferating cells (C) HC, hair cell; SC, supporting cell.
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that will develop into supporting cells start to express two downstream targets of Notch 
signalling HES1 and HES5 (Lanford et al., 2000; Zheng et al., 2000a; Zine et al., 2001). 
The Notch signalling pathway regulates the number of cells that develop into hair cells 
and the deletion of Notch signalling pathway members leads to overproduction of hair 
cells (Lanford et al., 1999; Zheng and Gao 2000; Zine et al., 2001; Kiernan et al., 2005a). 
Furthermore, the initial differentiation of the inner hair cells directs the differentiation 
of the Pillar cells, a specifi c type of supporting cells (Fig. 1D), through Fgf signalling 
in a Notch-independent manner (Hayashi et al., 2007;  Kelley 2007; Doetzlhofer et al., 
2009).

After commitment, the developing hair cells start to express transcription factors 
that are needed for their differentiation and survival, such as Pou-domain transcription 
factor Pou4f3(Brn3c) (Erkman et al., 1996; Xiang et al., 1997; Xiang et al., 1998), 
homeodomain protein Barhl1 (Li et al., 2002), and zink-fi nger transkription factor Gfi 1 
(Wallis et al., 2003; Herzano et al., 2004).

Development of the apical mechanosensory region of hair cells, is essential part 
of hair cell differentiation (Kelley 2006b). This mechanosensory region consists 
of stereociliary bundle, initiating the transduction process, and the cuticular part to 
which the stereociliary bundles are anchored. A number of genes that are important for 
stereociliary structure, their formation and maintenance are known, such as myosin VI, 
VIIa, XVa, espin and γ-actin. The mutations in these genes affects stereociliary bundle 
development and leads to deafness in humans and mice (Frolenkov et al., 2004).

1.5 Cell cycle regulation 

A cell cycle is a multistep process that ends in cell division and formation of a new 
daughter cell. The development of organisms and maintenance of tissue homeostasis 
requires tightly regulated cell cycle. This internal regulation makes sure that the cell 
goes properly through all the phases within a cell cycle and divides if the chromosomes 
are intact. The progression of a cell cycle is dependent on stimulatory and repressive 
signals coming from the surroundings.

1.5.1 The cell cycle 

The cell cycle consists of four different phases G1, S, G2, and M, and various 
checkpoints, each having a vital role in the proper formation of a new cell (Fig. 4A). 
Cell cycle checkpoints are regulatory pathways that control the order and timing of cell 
cycle phases and ensure that critical events such as DNA replication and chromosome 
segregation are completed before the initiation of a new phase. Checkpoints also respond 
to cellular damage by arresting the cell cycle to provide time for repair and by inducing 
transcription of “repair” genes (Elledge 1996). Two critical checkpoints occur at the 
G1/S and the G2/M transition (Li and Zou 2005). If DNA damage occurs during the 
G1 phase of the cell cycle, the G1/S checkpoint prevents the cell´s entry into the S 
phase. p53 tumor suppressor plays an important role in the G1/S checkpoint. p53 is 
a sensor of cellular stress and DNA damage stimulates p53-dependent apoptosis and/
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or p21Cip1-mediated cell cycle arrest, depending on cell context (Vousden and Lu 2002; 
Zhivotovsky and Kroemer 2004). The G2/M checkpoint prevents the onset of mitosis if 
DNA damage occurs. Delayed entry into mitosis provides time for repair mechanisms 
for the damaged DNA before it is passed on to daughter cells.

Most cells in adult animals are thought to be terminally differentiated. Terminal 
differentiation is coupled with permanent exit from the cell cycle. Intra- and extracellular 
proliferative and anti-proliferative factors during the G1 phase determine whether a cell 
will withdraw from the cell cycle or initiate S phase and proliferate (Heichman and 
Roberts 1994). The G1 phase contains a checkpoint, called the restriction point (R) (Fig. 
4A). Restriction point is the point in the cell cycle where cells become committed to 
entering the S phase (Blagosklonny and Pardee 2002). If the restriction point is passed, 
a cell can enter into the S phase, even without proliferative factors, such as growth 
factors. The cell´s passage through G1 restriction point depends on proliferative and 
anti-proliferative factors (Blagosklonny and Pardee 2002). If anti-proliferative factors 
exist before the reach of restriction point, cells cease division. When cells stop dividing 
they exit the cell cycle in G1, and enter a phase called G0 (Pajalunga et al., 2008). Cells 
can stay in the G0 phase for a certain period of time, or like mammalian hair cells, 
permanently.

Proliferative factors promote the cell cycle at the level of cyclins which, together 
with cyclin-dependent kinases (CDKs), regulate progression through different phases 
of the cell cycle (Murray 2004) (Figs. 4A, B). CDKs are serine/ threonine kinases, 

Figure 4. (A) Mammalian cell cycle. Dividing cells go through different phases within the cell 
cycle: G1, cellular contents, excluding the chromosomes, duplicate; G0, cell cycle arrest; R, 
restriction point; S, chromosomes duplicate; G2, duplicated chromosomes are checked for errors 
and cell prepares for cell division; M, mitosis (nuclear division) followed by cytokinesis (cell 
division). Cell cycle progression is controlled by cyclin/CDK complexes and cyclin-dependent 
kinase inhibitors (Ink4d and Cip/Kip family). (B) The retinoblastoma pathway. Retinoblastoma 
protein, pRb, and other Rb family members bind to the E2F transcription factor family members 
and inhibit their activity. Proliferative factors stimulate transcription of cyclins leading to cyclin/
CDK complex formation. Cyclin/CDKs phosphorylate Rb on several sites and E2Fs dissociate 
from the Rb. This allows E2F-mediated transcription of genes that are required for S-phase 
progression. Cyclin dependent kinase inhibitors (Cip/Kip and Ink4d families) inhibit cell cycle 
progression by preventing the cell cycle driving activity of cyclin/CDKs. This maintains pRb in 
a hypophosphorylated (active) state.
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and when bound to cyclins they become activated. The active cyclin/CDK complexes 
phosphorylate substrates critical for various cell cycle events to proceed.

Differentiation factors, including certain transcription factors, TGF-β family 
members and Fgfs, can regulate cyclin-dependent kinase inhibitors (CKIs) to trigger cell 
cycle exit (Buttitta et al., 2007). CKIs bind to cyclin/CDK complexes and repress their 
function (Besson et al., 2008). The proximal mechanism by which cell cycle progression 
is arrested functions through retinoblastoma (Rb) family members that repress E2F 
transcription factor-mediated cell cycle progression (Sun et al., 2007). Many regulators 
of G1 and S phases are known to be inactivated by ubiquitin-dependent proteolysis (Yew 
2001).

1.5.2 The pocket protein family

Rb gene was fi rst identifi ed in a cancer called retinoblastoma, a rare childhood cancer 
of the retina that is caused by Rb inactivation (Friend et al., 1986; Lee et al., 1987). 
pRb is the prototypical member of the pocket protein family, p107 and p130 are the 
other members of this family (Giacinti and  Giordano 2006). Pocket proteins have 
roles in cell cycle control, in cell differentiation and survival, and in inhibition of 
oncogenic transformation (Weinberg 1995). pRb is a nuclear phosphoprotein. When 
hypophosphorylated (activated), it binds to members of the E2F family of transcription 
factors during G1 and represses genes required for G1-S-transition (Sun et al., 2007) 
(Fig. 4B). In response to proliferative factors, phosphorylation (inactivation) of pRb is 
initiated by cyclin D/CDK4/6 in mid G1 phase and further phosphorylated by cyclin E/
CDK2 in late G1 (Giacinti and Giordano 2006). This phosphorylation dissociates pRb 
from the E2Fs, and allows E2Fs to activate genes, such as DNA polymerase subunits, 
cyclin A and cyclin E, which are required for S phase entry and progression from G1 
to S phase (Sun et al., 2007). After the G1-S transition, pRb is kept in a phosphorylated 
state by the action of cyclinA- and B-dependent CDKs (Giacinti and Giordano 2006). 
The pRb returns to its hypophosphorylated state when the cell enters in G0 and early G1 
phase after cytokinesis.

1.5.3 Cyclin-dependent kinase inhibitors

Cyclin dependent kinase inhibitors (CKIs) inhibit cyclin/CDK´s cell cycle driving 
activity and maintain pRb in a hypophosphorylated (active) state (Sherr and Roberts 
1999) (Fig. 4B). The CKIs act by binding and inhibiting different cyclins/CDK 
complexes during different phases of the cell cycle (Fig. 4A). There are two families of 
CKIs, the Ink4 (inhibitors of kinase 4) family, consisting of p15Ink4B (Hannon and Beach 
1994), p16Ink4A (Serrano et al., 1993), p18Ink4C (Guan et al., 1994; Hirai et al., 1995) 
and p19Ink4D (Chan et al., 1995; Hirai et al., 1995) and the Cip/Kip (CDK inhibitory 
protein) family, comprising p21Cip1 (El-Deiry et al., 1993; Gu et al., 1993; Harper et 
al., 1993; Xiong et al., 1993), p27Kip1 (Polyak et al., 1994a, b; Toyoshima and Hunter 
1994) and p57Kip2 (Lee et al., 1995; Matsuoka et al., 1995). Members of the Cip/Kip  
family interfere with the function of various cyclin/CDK complexes and this way act 
in different phases of the cell cycle (Sherr and Roberts 1999). The members of the Ink4 
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family specifi cally inhibit the function of the cyclin D-dependent kinases, CDK4 and 
CDK6 (Sherr and Roberts 1999).

1.5.4 Cell cycle and differentiation

Cell proliferation and differentiation are coordinated during the normal development, but 
the knowledge of this coordination is incomplete (Zhu and Skoultchi 2001). When cells 
stop dividing they exit the cell cycle, thus become postmitotic, for a certain period of 
time or permanently. The absence of any proliferative capacity, like seen in neurons and 
mammalian hair cells, may indicate that the cell has reached a terminally differentiated 
state. Terminal differentiation comprises two interdependent phenomena: permanent 
withdrawal from the cell cycle and differentiation (Goldstein 1990; Ferrari et al., 1992; 
Tam et al., 1995). The pocket protein family members and cyclin-dependent kinase 
inhibitors (CKIs) function, in addition to their role in cell cycle transitions, in cell cycle 
exit, maintenance of the postmitotic state, differentiation and survival of numerous cell 
types (Lipinski and Jacks 1999; Vidal and Koff 2000; Cunningham and Roussel 2001; 
Classon and Harlow 2002). At the beginning of this study an important question in 
hair cell development was the identity of genes that regulate cell cycle exit of sensory 
precursor cells and maintain the postmitotic state of hair cells.

1.6 Cell cycle regulation in the development of cochlear and vestibular sensory 
epithelia and hair cell regeneration

In many tissues, precursor cells permanently exit the cell cycle before the onset 
of differentiation. This has also been shown to be the case in cochlea where cyclin- 
dependent kinase inhibitor p27Kip1 withdraws the cochlear precursor cells from the cell 
cycle between E12.5 and E14.5 and forms the ZNPC, an area that will fi nally give rise to 
the cells in the organ of Corti (Chen and Segil 1999; Lee et al., 2006). p27Kip1 is rapidly 
downregulated in differentiating hair cells, but supporting cells continue to express 
p27Kip1 postnatally (Chen and Segil 1999). In contrast to cochlea, the precursors cells of 
the vestibular sensory organs withdraw from the cell cycle over a longer period of time, 
ranging from E14 to P3 (Ruben 1967). p27Kip1 is also expressed in the differentiating 
vestibular sensory epithelia and localized in the supporting cells of postantal animals 
(Chen and Segil 1999). Even though the expression of p27Kip1 is not precicely correlated 
with the cell cycle exit in the vestibular epithelia, the expression pattern suggests that  
p27Kip1 has a similar role in cell cycle exit of precursors in the vestibular system.

In p27Kip1 knockout mice, the cell cycle exit in cochlear precursor cell population 
is delayed, resulting in supernumerary hair and supporting cells (Chen and Segil 1999; 
Löwenheim et al., 1999). Thus, it is likely that p27Kip1 1) regulates the postmitotic 
precursor cell number within the prosensory region, and 2) maintains the postmitotic 
state of supporting cells. It is not known which upstream factors regulate p27Kip1, but 
it is likely that Sox2, Notch1 and Jag1 have a role since p27Kip1 expression is lost or 
reduced in Jag1 knockout and Sox2 mutant mice (Kiernan et al., 2005b; Brooker et 
al., 2006; Kiernan et al., 2006; Dabdoub et al., 2008). Since the post-mitotic wave of 
sensory cells proceeds from apical-to-basal orientation along the cochlear duct and 
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differentiation starts basal-to-apical orientation, the cells in the apical part are post-
mitotic and uncommitted for a few days (Kelley 2007). This a rare cellular state since 
in most systems cell cycle exit and differentiation are closely linked (Götz and Huttner 
2005). Genetic mutations and enviromental factors such as noise and antibiotics cause 
hair cell damage and death. In non-mammalian species, such as birds, vestibular and 
cochlear hair cells can regenerate and this capacity is based on transdifferentiation of 
supporting cells into hair cells (Corvin and Cotanche 1988; Ryals and Rubel 1988). This 
transdifferentiation occurs with or without preceding proliferation of supporting cells. 
Unfortunatelly, mice, humans and other mammals do not have this ability to regenerate 
new cochlear hair cells once they are lost, even though supporting cells in the vestibular 
sensory epithelia retain a limited ability to divide (Forge et al., 1993; Warchol et al., 
1993).

The difference in regenerative capacity between mammals and birds may be due 
to the p27Kip1 status in adult supporting cells: either p27Kip1 levels in mammals are too 
high or they are ineffi ciently downregulated after injury. The decreased p27Kip1 levels in 
the supporting cells could allow the cells to re-enter the cell cycle. Even though in vitro 
transdifferentiation of postnatal supporting cells into hair cells have been accomplished 
in early postnatal mice (Zheng and Gao 2000; White et al., 2006), in vivo hair cell 
regeneration in postnatal animals in still much on the way.

Mature mammalian hair cells are terminally differentiated and do not proliferate in 
response to serum or mitogenic growth factors (Ryan 2003). In this study we will show 
that this is the result of an activity of negative cell cycle regulators. Even though the 
role of p27Kip1 in the development of sensory epithelia and postmitotic maintenance of 
supporting cells was partly revealed, not much was known whic factors are behind the 
maintenence of postmitotic state of hair cells. At the beginning of this study, Chen et al. 
(2003) showed that p19Ink4d is expressed in the cochlear prosensory domain beginning 
between E14.5 and E16.5, and despite the expression, p19Ink4d null mutant mice did not 
have an altered inner ear phenotype at embryonic stages. The postnatal cochlear hair 
cells, however, re-entered the cell cycle. Since the deletion of p19Ink4d did not have an 
effect on the antiproliferative state of hair cells during late-embryogenesis, although 
it was reported to be expressed in the embryonic organ of Corti (Chen et la., 2003), 
we became interested in fi nding out which additional CKIs compensate for p19Ink4d  
defi ciency in the developing cochlear hair cells. In this study we also wanted to fi nd 
out the cell cycle regulation dowstream of CKIs in the cochlea and the mechanisms 
underlying postmitotic state of vestibular hair cells.

This study shows how negative cell cycle regulators are critical in the development 
and postmitotic maintenance of inner ear sensory cells. It also shows how the activity of 
negative cell cycle regulators is vital for the lifelong survival of sensory cells.
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2. AIMS OF THE STUDY

The aims of this thesis work were to investigate inner ear morphogenesis, and the 
expressions and roles of negative cell cycle regulators in inner ear nonsensory and 
sensory epithelia.

The specifi c aims were:

1.  To uncover molecular players in the epithelial-mesenchymal interactions occuring 
during inner ear development. Epithelial-mesenchymal interactions are thought to 
control inner ear development, but the ways and molecules are largely unresolved. 
Thus, based on the expression patterns, we used knockout mice to determine whether 
Fgf9 signalling regulates inner ear morphogenesis through these interactions.

2.  To examine the expression of pocket protein family members and CKIs in the 
nonsensory epithelium during inner ear morphogenesis and investigate how their 
expression patterns correlate with the proliferative activity of epithelia during 
development.

3.  To identify the mechanisms that control hair cell state. Since differentiating and 
postnatal hair cells are postmitotic and do not divide under normal conditions or in 
response to damage, we determined the mechanisms that maintain their postmitotic 
state. We hypothesized that this is a likely result of the activity of negative cell 
cycle regulators. Based on the expression data, we focused on the role of Rb and its 
upstream effectors p21Cip1 and p19Ink4d in the inner ear sensory epithelia by analysing 
mutant mice.

Aims of the study
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3. MATERIALS AND METHODS

Experiments done in this study are summarized in Table 3.1, except for the in situ hy-
bridization method that is explained below. Mice strains, probes and antibodies used in 
this study are listed in Tables 3.2, 3.3 and 3.4.

3.1 Methods used in articles I-IV

Method Used and explained in article
Cochleograms III

Genotyping I-IV
Histology and immunohistochemistry on sections I-IV

Histology and immunohistochemistry on cochlear and 
semicircular canal whole mounts

III, IV

Organotypic culture and Noggin experiments IV
Paint-fi lling of inner ears I

Proliferation and apoptosis assays I, II
Semi-thin sections II, III

Radioactive in situ hybridization using paraffi n sections and 35S-labelled cRNA probes 
was used in articles I, II and IV. The protocol was originally described by Wilkinson and 
Green (1990). The probes were used at a fi nal concentration of 15000-20000 cpm/0,5μl. 
For autoradiography, the slides were dipped in autoradiography emulsion (Kodak 
NTB-2) and exposed at 4°C from 14 days (p57Kip2) to 21 days (other probes). After de-
velopment the slides were counterstained with hematoxylin and mounted.  

Atoh1(Math1)-GFP positive hair cell purifi cations by fl uorescence-activated cell 
sorting (FACS) and quantitative polymerace chain reaction (PCR) experiment, and HeLa 
cell transfections with cyclin E-pRC-cytomegalovirus expression vector were performed 
by co-authors. These experiments are expained in article III.

Materials and methods



21

3.2 Mouse strains
Pu

rp
os

e

To
 re

ve
al

 th
e 

ro
le

 o
f F

gf
9 

si
gn

al
lin

g 
in

 in
ne

r e
ar

 d
ev

el
op

m
en

t

To
 a

na
ly

se
 th

e 
m

gR
b:

Rb
–/

–  i
nn

er
 e

ar
 se

ns
or

y 
ep

ith
el

ia

 

To
 e

va
lu

at
e 

th
e 

co
nt

rib
ut

io
n 

of
 a

po
pt

os
is

 to
 th

e 
Rb

 m
ut

an
t 

ph
en

ot
yp

e

To
 a

na
ly

se
 p

19
In

k4
d 
 n

ul
l i

nn
er

 e
ar

s

 
To

 a
na

ly
se

 p
21

C
ip

1  n
ul

l i
nn

er
 e

ar
s

To
 a

na
ly

se
 th

e 
po

te
nt

ia
l s

yn
er

gi
st

ic
 a

ct
io

n 
of

 p
19

In
k4

d 
an

d 
 

p2
1C

ip
1  o

n 
ce

ll 
cy

cl
e 

re
ac

tiv
at

io
n 

in
 th

e 
se

ns
or

y 
ep

ith
el

iu
m

To
  p

ur
ify

 H
C

s b
y 

FA
C

S 
fo

r q
ua

nt
ita

tiv
e 

PC
R

R
ef

er
en

ce

C
ol

vi
n 

et
 a

l.,
 2

00
1a

, b

Za
ck

se
nh

au
s e

t a
l.,

 
19

96
Fi

el
d 

et
 a

l.,
 1

99
6

Yo
sh

id
a 

et
 a

l.,
 1

99
8

Ji
an

g 
et

 a
l.,

 2
00

0

G
uo

 e
t a

l.,
 2

00
1

Zi
nd

y 
et

 a
l.,

 2
00

0;
 C

he
n 

et
 a

l.,
 2

00
3

O
br

ai
ne

d 
fr

om
 Ja

ck
so

n 
La

bo
ra

to
ry

 (M
A

, U
SA

), 
or

ig
in

al
ly

 d
es

cr
ib

ed
 b

y 
B

ru
ga

ro
la

s e
t a

l.,
 1

99
5

B
ru

ga
ro

la
s e

t a
l.,

 1
99

5;
 

Zi
nd

y 
et

 a
l.,

 2
00

0;
 C

he
n 

et
 a

l.,
 2

00
3

C
he

n 
et

 a
l.,

 2
00

2

U
se

d 
in

 a
rt

ic
le

I II II II II II II
I

II
, I

II

II
I

II
I

St
ra

in
(s

)

Fg
f9

 R
b

E2
f1

-/-

Ap
af

1-/-

m
gR

b:
Rb

-/-
:E

2f
1-/-

m
gR

b:
Rb

-/-
:A

pa
f1

-/-

p1
9In

k4
d

p2
1C

ip
1

p1
9In

k4
d , 

p2
1C

ip
1

At
oh

1(
M

at
h1

)–
G

FP

Materials and methods



22

3.3 Probes

The following probes were used for in situ hybridization on paraffi n sections.

PROBE SPECIES REFERENCE USED IN ARTICLE
Bdnf rat Pirvola et al.,1992 II
Bmp2 mouse Vainio et al., 1993 IV
Bmp4 mouse Vainio et al., 1993 IV
Bmp6 mouse Åberg et al., 1997 IV
Bmp7 mouse Åberg et al., 1997 IV
Brn3c mouse Xiang et al., 1995 II
Dlx5 mouse Liu et al., 1997 I
Fgf8 mouse Heikinheimo et al., 1994            II
Fgf9 rat Kettunen and Thesleff 1998 I
Fgf10 mouse Bellusci et al., 1997 I, II, IV

Fgfr1(IIIc) mouse Kettunen et al., 1998 I
Fgfr2(IIIb) mouse Orr-Urtreger et al., 1993 I
Fgfr2(IIIc) mouse Kettunen et al., 1998 I

Hmx2 mouse Wang et al., 1998 I
Atoh1(Math1) mouse Helms and Johnson 1998 II

Netrin1 mouse Serafi ni et al., 1996 I
p107 mouse Zacksenhaus et al., 1996 II
p130 mouse Zacksenhaus et al., 1996 II

p21Cip1 mouse El Deiry et al., 1993 II, III, IV
p57Kip2 mouse Matsuoka et al., 1995 IV

Rb mouse Zacksenhaus et al., 1996 II
Sox9 mouse Wright et al., 1995 I

Mouse p27Kip1 cDNA (0,6 kb), that was cloned into pBluescript vector (Stratagene), 
was a generous gift from N. Segil (used in article IV). XhoI restriction enzyme and T7 
polymerase were used to produce antisense cRNA probe, whereas sense probe was pro-
duced with BamHI and T3.

Materials and methods
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3.4 Antibodies used in this study

Antibody Host Source/Reference Used in article

BrdU mouse Lab Vision/Thermo Scientifi c II
Calbindin mouse Swant II
Calretinin mouse Swant II

Cleaved Caspase-3 rabbit Cell Signaling Technology II, III
Cyclin D1 rabbit Lab Vision/Thermo Scientifi c IV
Cyclin D2 mouse Lab Vision/Thermo Scientifi c IV
Cyclin E rabbit Millipore III

Espin rabbit Zheng et al., 2000b II
Ki-67 mouse Novocastra III
Ki-67 rabbit Lab Vision/Thermo Scientifi c IV

Myosin VI, VIIa rabbit Hasson et al., 1997 I, II, III
p19Arf rat Millipore III
p27Kip1 mouse Lab Vision/Thermo Scientifi c II

p53 rabbit Novocastra III
p57Kip2 goat Santa Cruz Biotechnology IV

p75NTR rabbit Pirvola et al., 2002 II
PCNA mouse Novocastra III

Phospho-ATM mouse Millipore III
Phospho-Chk2 rabbit Cell Signaling Technology III

Pan-Cytokeratin mouse Sigma-Aldrich IV
Phospho-Histone H3 rabbit Cell Signaling Technology I, II, III

Phospho-H2AX mouse and rabbit Millipore III
Phospho-p53 rabbit Cell Signaling Technology III

Phospho-Smad1/5/8 rabbit Cell Signaling Technology IV
Prox1 rabbit Covance III

Rb mouse BD Biosciences II

In addition, Fluorescein In Situ Cell Death Detection Kit (Roche) was used to detect 
apoptotic cells in articles I and II. 
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4. RESULTS AND DISCUSSION 

4.1 Formation and growth of vestibular appendages of the inner ear 

The cochleovestibular labyrinth of the inner ear is formed from the otocyst through 
epithelial extensions, fusions and coiling. Most of the gross inner ear morphogenesis in 
mice occurs between E10.5 and E15.0 (Sher 1971; Morsli et al., 1998). We investigated 
the formation of the inner ear appendages (cochlea, EDS and semicircular canals), 
focusing on the semicircular canals (I, IV).

4.1.1 Fgf9 signalling regulates inner ear morphogenesis through epithelial-
mesenchymal interactions (I)

Fgf-Fgfr signalling functions at multiple stages of development of the mouse inner 
ear, as shown by Fgf and Fgfr loss-of-function mutations. Fgfs and Fgfrs are important 
in otic placode induction (Alvarez et al., 2003; Wright and Mansour 2003), otocyst 
morphogenesis (Mansour et al., 1993; Pirvola et al., 2000; Pauley et al., 2003), formation 
of the pool of precursor cells giving rise to the auditory sensory epithelium (Pirvola et 
al., 2002) and differentiation of supporting cells (Colvin et al., 1996).

Fgf signalling between the mesenchyme and epithelium is important in the 
morphogenesis of many organs including tooth, lung and limb (Min et al., 1998; Sekine 
et al., 1999; Jernvall and Thesleff 2000; Colvin et al., 2001b; Sun et al., 2002). A 
previous study suggested that interactions between the mesenchyme and epithelium are 
essential in the morphogenesis of the otocyst (Swanson et al., 1990), and the scarcity of 
information on these interactions sparked our interest in them. 

Since previous studies briefl y showed expression of Fgf9 in the otic epithelium 
(Colvin et al., 1999) and expressions of its preferred recepetors Fgfr1(IIIc) and 
Fgfr2(IIIc) (Ornitz et al., 1996; Santos-Ocampo et al., 1996) in the surrounding 
mesenchyme (Orr-Urtereger et al., 1993; Pirvola et al., 2000; Pirvola et al., 2002), we 
analysed in further detail their precise spatiotemporal expression patterns. 

We showed (I) how an epithelial  Fgf9 signal controls inner ear morphogenesis 
through its main receptors, Fgfr1(IIIc) and Fgfr2(IIIc), which are concentrated in the 
mesenchyme. This result is different from those of previous studies that show how 
two other Fgfs, Fgf3 and Fgf10, and their receptor Fgfr2(IIIb), are all expressed in the 
otocyst epithelium (Mansour et al., 1993; De Moerlooze et al., 2000; Pirvola et al., 2000; 
Pauley et al., 2003).

Fgf9 was expressed in the otocyst epithelium at E10.5, while between E11.5 
and E12.5, Fgf9 became concentrated in the thin-layered nonsensory epithelium of 
the otocyst, excluding the endolymphatic duct (Fig. 1 in I). During these stages Fgf9 
was predominantly expressed in the outpocketings of semicircular canals and in the 
forming fusion plates. Fgf9 was also expressed in the ventral nonsensory wall of the 
extending cochlear duct at E12.0 and E14.5 (Fig. 1 in I), an area that gives rise to 
Reissner´s membrane (Sher 1971). The Fgfr1(IIIc) and Fgfr2(IIIc) were expressed in 
the surrounding mesenchyme (Fig. 1 in I). Colvin et al. (2001a, b) previously described 
in mice how the deletion of  Fgf9 affects sex reversal and causes lung hypoplasia but 
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did not report inner ear phenotype. Thus, based on the expression data, and due to the 
unkown inner ear phenotype of Fgf9 mutant mice, we investigated how deletion of Fgf9 
affects inner ear morphogenesis.

The analysis of paint-fi lled inner ear whole mounts, which was used to reveal inner 
ear morphology, revealed that semicircular canals were not formed but replaced by a 
large cavity (Fig. 2 in I). Even though semicircular canals were absent, histological 
analysis showed that the three ampullary sensory epithelia, which are normally connected 
to these canals, were present and showed a normal amount of hair cells. The sensory 
epithelia were also normal in the saccule and utricle, which, however, were not separated 
into an individual chamber, but occupied the same dilated cavity (Fig. 2 in I). The EDS 
development was normal in Fgf9 mutants.

By histological analyses we confirmed that the failure in semicircular canal 
formation in the Fgf9 mutants was a result of a decreased volume of the surrounding 
mesenchyme. This decreased volume was not due to increased cell death but to decreased 
proliferation seen particularly between E12.0 and E14.5 (Figs. 5, 6 in I). Fgf9 affected 
the precartilage stages, which was confi rmed by Alcian Blue staining (Fig. 4 in I), a 
stain that marks chondrogenic regions. Sox9 expression was also more diminished in the 
mutants, indicating reduced mesenchymal volume (Fig. 4 in I). Sox9 is a regulator of 
chondrogenesis (Bi et al., 1999; Akiyama et al., 2002) and its maintained expression in 
the mutants suggests that it is not a downstream target of Fgf9 signalling. The expression 
of epithelial genes Hmx2, Dlx5 (Rinkwitz-Brandt et al., 1995; Hadrys et al., 1998; 
Acampora et al., 1999; Depew et al., 1999; Wang et al., 2001) and Netrin1 (Salminen et 
al., 2000), which are expressed in the vestibular part and known to regulate semicircular 
canal formation, was unaffected in Fgf9 mutant mice. This suggested that the direct 
downstream targets of Fgf9 signalling are located in the otic mesenchyme.

Even though the Fgf9 null mutation had the strongest effects on the vestibular 
part of the inner ear, a defect was also seen in the cochlea. The cochlear duct and the 
cytoarchitecture of the sensory and nonsensory cochlear epithelia appeared normal in 
Fgf9 mutants. However, consistent with the Fgf9 expression pattern in the developing 
Reissner´s membrane and its receptors in the adjacent mesenchyme, abnormalities were 
seen in the mesenchyme of mutant cochleas. Normal attachment of mesenchymal cells 
to epithelial Reissner´s membrane did not occur in Fgf9 mutants and resulted in an 
enlarged scala vestibule, a fl uid-fi lled chamber located above the Reissner’s membrane 
(Fig. 3 in I). Thus, in addition to functioning at the prechondrogenic stages, Fgf9 plays a 
role in the later-developing inner ear, in the remodelling of the cochlear mesenchyme.

In conclusion, Fgf9 is involved in interactions between the otic epithelium and the 
surrounding mesenchyme, where its receptors are expressed. Fgf9 signalling plays a role 
in inner ear morphogenesis by stimulating mesenchymal proliferation. In Fgf9 mutant 
mice, early epithelial semicircular canals do not form, due to the reduced proliferation 
of the surrounding mesenchyme. Proliferation in the mesenchyme seems to “push” the 
semicircular canal walls against each other, resulting in the formation of fusion plates. 
Similarities can be seen in the underlying cellular mechanisms, causing failures in the 
formation of semicircular canals and airways in the lung (Colvin et al., 2001b). In both 
cases, the early epithelial outpocketings remain dilated, due to reduction in the amount 
of surrounding mesenchyme.
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4.1.2 Cyclin-dependent kinase inhibitors regulate proliferation activity in the 
nonsensory otic epithelium that likely underlies shaping of the otocyst during inner 
ear morphogenesis (IV)

Although some information on the mechanisms behind the initial formation of the 
semicircular canals is available, there is little knowledge of the mechanism controlling 
semicircular canal elongation after they are formed through fusion plate formation. 
Semicircular canals have specific length and curvature, and fine-tuned regulation 
of growth at different parts of the canals is likely to be important for their proper 
development. We screened the expression of the CKI family members in the developing 
otocyst (IV). The results suggested that p21Cip1, p27Kip1 and p57Kip2 are important in 
regulating proliferation activity in the nonsensory otic epithelium. This  likely underlies 
shaping of the otocyst, especially growth of the vestibular appendages, EDS and 
semicircular canals.

The p21Cip1, p27Kip1 and p57Kip2 were all expressed in the fusion plates of semicircular 
canals and only a few proliferating cells were seen in these areas (Fig. 1 in IV). This 
suggests that these Cip/Kip family members play a role in fusion plate formation by 
silencing proliferation at the presumptive fusion site.

The p21Cip1 was the only CKI detected along the endolymphatic duct at E10.5 
(Fig. 1 in I). During the period of robust elongation of the EDS, between E12 and 
E15, homogenous p21Cip1 expression became patchy in the distal endolymphatic sac, 
which was refl ected in the pattern of localization of proliferating cells (Fig. 2 in IV). 
Meanwhile, p21Cip1 expression was sustained homogenous in the basal part, which forms 
the narrow endolymphatic duct.

Along with these changes, the endolymphatic epithelium became thin. The initial 
p21Cip1expression pattern is consistent with a previous study done in chicken, in which 
the initial events in outgrowth of the endolymphatic duct are not considered to be 
correlated with increased cell proliferation, but rather with a thinning of the epithelial 
surface (Lang et al., 2000).  At later stages, the patchy p21Cip1 expression pattern in the 
distal part may allow the dilatation of the presumptive endolymphatic sac.

The forkhead transcription factor Foxi1, which is an upstream regulator of the 
chloride/iodide transporter pendrin and the vacuolar H-adenosine triphosphatase 
(H-ATPase) proton pump,  shows a temporal expression pattern similar to that in p21Cip1 
in the embryonic EDS (Hulander et al., 2005; Vidarsson et al., 2009). Foxi1 (Hulander et 
al., 2005; Vidarsson et al., 2009) and p21Cip1 (this study) were initially found throughout 
the endolymphatic epithelium and later showed patchy expression patterns. Based on the 
data, p21Cip1 and Foxi1 may be either directly or indrectly linked in the EDS. Since cell 
cycle exit generally precedes the onset of cellular differentiation,  p21Cip1-mediated cell 
cycle exit could be associated with transcription of the Foxi1 target genes.

The p21Cip1 and p57Kip2 were expressed in a nonoverlapping pattern in the extending 
semicircular canals, and their expression was upregulated during semicircular canal 
growth, spatially restricting proliferation in the canal epithelium (Figs. 2, 3 in IV). Thus, 
in addition to elongation, shaping of the semicircular canals is probably associated 
with spatially restricted proliferation. Our previous study (I) showed the importance 
of epithelial-mesenchymal signalling for the formation of the vestibule, including the 
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semicircular canals. Bmp signalling, in addition to Fgfs, is known to be involved in this 
cross-talk (Chang et al., 2002). Previous studies showed that in epithelial cells, Bmp- 
and TGF-β-signalling stimulates the expression of p21Cip1 and p57Kip2 (Pardali et al., 
2000; Pardali et al., 2005; Gosselet et al., 2007), which sparked our interest in their 
interaction in the inner ear. In this study we showed the colocalization of the activated 
Bmp pathway, with the expression of patterns of p21Cip1 and p57Kip2 (Fig. 4 in IV). 
This suggested that CKI expression in the canal epithelium (and in the surrounding 
mesenchyme) is induced by Bmp signalling. Instead of the knock-out approach, we used 
in vitro Noggin experiments. Noggin is a Bmp antagonist and prevents Bmp interactions 
with its receptor. After Noggin treatment, negative p-Smad1/5/8 immunostaining, which 
reveals the site of action of Bmp signalling, showed that the Bmp signalling pathway was 
inhibited with Noggin treatment, whereas the expression of p57Kip2 was not decreased. 
This suggests that the p57Kip2 expression is not regulated by Bmps. CKI expression in 
the semicircular canal epithelium may be activated by other TGF-β family members 
and this remains to be explored. In conclusion, the malformation seen in Noggin-treated 
canals probably results independently of CKIs. The defects seen in canal morphology 
in Noggin-treated cultures may also result from increased cell death and defects in 
chondrogenesis seen in the surrounding mesenchyme.

4.2 Negative cell cycle regulators regulate the postmitotic state of inner ear hair 
cells

As mentioned in Chapter 1.4.1, the precursors of hair and supporting cells of the 
organ of Corti exit the cell cycle by E14.5 (Ruben 1967). Cell cycle exit is linked with 
upregulation of Atoh1 (Math1) (Bermingham et al., 1999; Chen et al., 2002; Woods et 
al., 2004), which is the fi rst step in hair cell differentiation. Differentiating and mature 
hair cells are postmitotic and do not proliferate in response to serum or mitogenic growth 
factors (Ryan 2003). In the following studies (II and III), we show that this is the result 
of the activity of negative cell cycle regulators.

4.2.1 The Rb pathway regulates the postmitotic state of auditory and vestibular hair 
cells (II)

A previous study by Chen et al. (2003) showed that a disruption of the Ink4 family 
member of CKIs, p19Ink4d, leads to abnormal proliferation of cochlear hair cells, followed 
by apoptosis. Even though p19Ink4d expression was already visible in the organ of Corti 
at the embryonic stages, the abnormal proliferation could only be detected postnatally. 
This result suggested to us that additional CKI family members may compensate 
for this p19Ink4d deficiency in embryonic developing cochlear hair cells. Since cell 
cycle regulation downstream of CKIs had not been explored in the cochlea, and the 
mechanisms behind cell cycle arrest of vestibular hair cells had not been investigated, 
we initiated screening of the expressions of different negative cell cycle regulators, 
including the CKI and pocket protein family members in the embryonic hair cells of the 
cochlea and vestibule. 
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Since the expressions of two negative cell cycle regulators, Rb and one of its 
upstream effectors p21Cip1 , were detected in developing hair cells, we investigated their 
role.

The Rb tumour suppressor gene and its encoded protein, pRb, were already 
expressed at E12.5 in the presumptive vestibular sensory patches and in an area of the 
cochlear duct, that contains sensory precursor cells. pRb expression was upregulated in 
differentiating and postnatal auditory and vestibular hair cells, whereas supporting cells 
adjacent to cochlear and vestibular hair cells did not show detectable expression (Fig. 
1 in II). Based on the expression patterns, we analysed the inner ears of mgRb:Rb-/- 
mice (Zacksenhaus et al., 1996). Rb loss-of-function mutant mice die between E13 
and E14 due to defects in various organs, including nervous system, skeletal muscle, 
lens and haematopoietic cells (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992; 
Zacksenhaus et al., 1996). Since the loss-of-function mutant mice die before hair cells 
begin to differentiate, we analysed the sensory epithelia of mgRb:Rb-/- mutant mice. 
These mutants are rescued at birth by transgenic expression of a wild-type Rb minigene 
that is expressed only in the nervous system, but not in non-neuronal tissues, such as 
inner ear hair cells (Zacksenhaus et al., 1996).

In the mgRb:Rb-/- mutant mice, Rb inactivation led to the aberrant proliferation of 
differentiating vestibular and cochlear hair cells that resulted in hyperplasia of sensory 
epithelia (Figs. 2, 3 in II). Perturbations in the activity of negative cell cycle regulators 
often lead to DNA synthesis, but manipulated cells can undergo arrest at G2 and do not 
enter the M phase (Lipinski et al., 2001). Using phospho-histone H3 to mark late-G2 and 
M phases, we observed that ectopic hair cells indeed undergo mitosis in the absence of 
Rb (Figs. 2, 3 in II). Mitoses were not detected in the supporting cell layer. Interestingly, 
Rb loss induced hair cell cycling, but a large number of supernumerary hair cells had 
failures in cytokinesis.

In addition to its role as a repressor of cell cycle progression, Rb is known to 
positively regulate differentiation by inducing expression of cell-type-specifi c genes 
(Chen et al., 1996; Novitch et al., 1996, 1999). Rb-null hair cells, however, expressed 
differentiation (and mature) markers including Atoh1(Math1), myosin VI and VII, 
calbindin, Fgf8 and Brn3c despite their abnormal cell cycling, suggesting that hair cell 
differentiation does not require pRb function.

The hair cell hyperplasia seen in the mutant mice could be partly a result of an 
increase in precursor cell pool, at least in the cochlea. Although we did not see a clear 
effect of Rb inactivation on the size of the cochlear precursor cell pool at E13.5 and 
E14.5, observations suggest that Rb inactivation delayed the timing of terminal mitoses 
of precursors, leading to elevated precursor cell numbers. First, the extra dividing cells 
were seen in the presumptive organ of Corti. Second, the greater epithelial ridge, which 
contains precursor cells that can develop into hair cells (Zheng and Gao 2000; Woods et 
al., 2004), contained abnormally cycling cells in the late embryonic mutants. Third, even 
though mitoses were not detected in the E18.5 cochlear supporting cells, the supporting 
cell population was slightly expanded. Thus, the elevated numbers of precursor cells 
may contribute to this expansion.
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At the same time, another study concerning Rb’s role in the inner ear sensory 
epithelia was published by Sage et al. (2005). This study utilized a cre-lox rescue 
strategy to generate pRb conditional knockout mice (Col1A1-Rb-/-) that survived until 
birth. In these knockouts cre recombinase was expressed in a pattern similar to that 
of endogenous collagen 1A1 (Col1A1), which was expressed all around the E11.5 
otocyst epithelium, but was later reduced in hair cells and supporting cells. In  Col1A1-
Rb-/- inner ears, pRb was not detected in the sensory epithelium. Sage et al. (2005) also 
reported pRb expression at E12.5 and its expression was detected in hair cells from 
embryo to adult. Unlike us, they detected dividing cells in the supporting cell layer of 
the cochlea and vestibule. They also suggested, however, that  the elevated hair cell 
numbers were the result of increased numbers of sensory precursor cells and abnormal 
hair cell division. Their study also supported our results that hair cell differentiation does 
not require pRb function. In addition to being involved in the regulation of cell cycle 
progression and differentiation, studies have shown that Rb inactivation is associated 
with apoptosis in many tissues (Zacksenhaus et al., 1996; Guo et al., 2001; MacPherson 
et al., 2004). Apoptosis was seen in hair cells of the mgRb:Rb-/- mutants at birth (Fig. 5 
in II), but this cell death did not compensate for the epithelial hyperplasia.  Even though 
most of the Rb-defi cient hair cells were mitotic, a large number of supernumerary hair 
cells showed defects in cytokinesis. This resulted in hair cell multinucleation, which 
implies polyploidy (Fig. 6 in II). The polyploidy, caused by manipulation of cell cycle 
machinery, can trigger cell death as shown in previous studies (Storchova and Pellman 
2004). Even though Sage et al. (2005) did not detect multinucleation and apoptosis, 
their later study (Sage et al., 2006) suggested that the rate of apoptosis of supernumerary 
hair cells accelerated during postnatal life, an issue that could not be studied in the 
mgRb:Rb-/- mice due to their lethality at birth. In this study Sage et al. developed 
conditional Rb knockout mice with a cre-lox rescue strategy, in which cre was under the 
promoter of hair cell-specifi c transcription factor Pou4f3. Pou4f3-pRb-/- mice survived 
up to 6 months and showed total hair cell loss in the organ of Corti by 3 months.

A later study by Weber et al. (2008) showed how the response to Rb loss was 
dependent on the differentiation stage of hair cells. Our study and one by Sage et al. 
(2005) showed that the absence of Rb before cell cycle exit leads to supernumerary 
hair cells and supporting cells that escape death at E18.5.  Weber´s study showed that 
such proliferation did not occur when Rb was inactivated in postnatal hair cells; instead, 
rapid cell cycle entry and subsequent cell death ensued. Thus, the study by Weber et al. 
suggests that Rb inactivation delays cell cycle exit in the precursor cell pool, resulting 
in an increased number of hair cells, which slowly begin to die. Whether Rb deletion at 
E14, a stage at which hair cells and supporting cells are early postmitotic, would lead to 
rapid cell death or proliferation, would be a worthwhile subject of investigation.

Our results, together with those of Sage et al. (2005), show that postmitotic hair 
cells retain the potential for cell cycle entry, but the pRb acts as a guard to prohibit 
proliferation. The forced hair cell proliferation by Rb inactivation may, however, induce 
tumour cell-like and death-prone phenotypes and these data will be vital when future 
therapies for inducing hair cell regrowth are developed.
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4.2.2 Cyclin-dependent kinase inhibitors p19Ink4d and p21Cip1 work cooperatively in 
the postmitotic maintenance of auditory hair cells (II, III)

The p21Cip1 expression was detected in embryonic and early postnatal vestibular 
and cochlear hair cells (Fig. 7 in II) and was induced at the initiation of hair cell 
differentiation. In the auditory sensory epithelium, p21Cip1 expression was initiated at 
E14.5 at the stage when differentiation marker Atoh1(Math1) is fi rst detected (Chen 
et al., 2002). This p21Cip1 induction in hair cells may be regulated by Atoh1(Math1) 
in a manner similar to skeletal myogenesis in which myogenic basic helix-loop-helix 
(bHLH) factors induce p21Cip expression (Guo et al., 1995; Halevy et al., 1995).

Previous studies showed that p21Cip1 knockout mice are phenotypically normal 
(Deng et al., 1995), but the p21Cip1-null inner ears were not analysed. Based on our 
study, the overall morphology of the inner ear and the cytoarchitecture of the sensory 
epithelia appeared normal in the developing and adult p21Cip1 mutant inner ear (II). 
The coexpression of p21Cip1 and Rb in developing hair cells suggested that p21Cip1 is 
an upstream regulator of pRb and, based on the fact that p21Cip1 knockout mice have a 
normal phenotype, we hypothesized that other CKIs may cooperate with p21Cip1.

A study by Chen et al. (2003) showed how normally postmitotic auditory hair cells 
re-enter the cell cycle in  p19Ink4d-/- mice. The cell cycle reactivation begins at the end of 
the fi rst postnatal week and few auditory hair cells re-enter the cell cycle at any given 
time. This cell cycle re-entry is followed by cell death.

Since the hair cell phenotype seen in p19Ink4d-/- mice was mild and, despite its 
expression pattern in hair cells, p21Cip1 inactivation did not result in an altered inner 
ear phenotype (II), we hypothesized that p21Cip1 and p19Ink4d may cooperate to maintain 
the postmitotic state of hair cells. A similar phenomenon was shown in other cell types 
(Zindy et al., 1999; Cunningham et al., 2002), where CKIs act redundantly to inhibit 
proliferation. Interestingly, p19Ink4d inactivation had a stronger effect on inner hair cells 
than on outer hair cells (Chen et al., 2003), suggesting differences in the regulation of 
the postmitotic state between the two cochlear hair cell subtypes. 

To determine whether p21Cip1 and p19Ink4d cooperate in maintaining the postmitotic 
state of hair cells, we crossed the two knockout mouse lines to generate double-defi cient 
(dko) mice. The identity of the CKI that may cooperate with p21Cip1 in the vestibular hair 
cells also remained to be identifi ed, since p19Ink4d expression and the consequences of 
p19Ink4d inactivation have not been reported in vestibular organs.

Our study indicated that the codeletion of p19Inkd4 and p21Cip1 led to a sudden S-phase 
re-entry of cochlear hair cells that was detected 3 days after birth (P3) and increased by 
P6  to P7 (Fig. 2 in III). Abnormal proliferation continued at P10, declining thereafter. 
In a manner similar to that of the single p19Ink4d-inactivated animals (Chen et al., 2003), 
codeletion of p19Inkd4 and p21Cip1 had a stronger effect on inner hair cells. The postmitotic 
state of supporting cells was not abolished by the codeletion. Compared with p19Ink4d 
single-mutant animals, signifi cantly greater numbers of hair cells went through DNA 
synthesis in the dko mice. The hair cells that entered the cell cycle were also able to 
progress to mitosis and divide. The more profuse phenotype seen in dko mice suggests 
cooperation between p19Ink4d and p21Cip1 .

Results and discussion



31

Since the loss of both p19Ink4d and p21Cip1 led to abnormal hair cell proliferation at 
a specifi c time window, we investigated the possible redundancy among the other CKI 
members at this stage. The CKI expressions in hair cells were studied, and the results 
indicated that the decreasing levels of p57Kip2 between P0 and P4, and the rising levels of 
p27Kip1 at P7 may aid in explaining the short time of aberrant hair cell proliferation seen 
in dko mice (Fig. 5 in III). Thus, when both p21Cip1 and p19Ink4d are deleted, the fl uctuating 
expressions of the remaining CKIs could make the hair cells variably susceptible to 
disruptions of the postmitotic state at different time points.

The abnormal S-phase re-entry of auditory hair cells resulted in apoptotic death, 
similar to the p19Ink4d  (Chen et al., 2003) and  Rb mutants (II, Sage et al., 2006). Mutation 
of p19Ink4d  leads to a progressive hair cell loss that was fi rst detected at 7 weeks of age 
(Chen et al., 2003), whereas in dko mice hair cell loss was fi rst detected at P6. The rapid 
apoptosis along the cochlear duct led to severe hair cell loss at 1 month of age. Apoptosis 
was not detected in cochlear supporting cells.

Our data suggest that abnormal cell cycle entry is a stress factor in auditory hair 
cells. The abnormally proliferating hair cells experience replicative stress that leads to 
the formation of double-strand breaks in DNA. DNA damage is known to lead to tumour 
suppressor p53 activation, which induces apoptosis and/or p21Cip1-mediated cell cycle 
arrest at the G2/M checkpoint (Vousden and Lu 2002; Zhivotovsky and Kroemer, 2004). 
The codeletion triggered S-phase entry and mitosis of auditory hair cells. This abnormal 
proliferation led to replicative stress that was followed by a DNA damage response and 
p53-dependent apoptosis (Figs. 6, 7 in III).

In addition, to playing a common role in preventing S-phase entry, p21Cip1 is known 
to be involved in the G2/M checkpoint. The p21Cip1 defi ciency may explain why some 
of the auditory hair cells escaped from G2 cell cycle arrest and progressed to mitosis. 
Interestingly, it was mainly the inner hair cells that went through mitosis (thus passed 
the G2/M checkpoint), suggesting that mechanisms in addition to p21Cip1 defi ciency may 
contribute to this checkpoint control in outer hair cells. The fate of these abnormal cells, 
however, was apoptosis, similar to the cell cycle- activated hair cells that did not proceed 
beyond the G2/M transition.

The cell cycle status and morphology of the vestibular hair cells was normal in the 
p19Ink4d mutants and dko mice. This suggests that different CKIs control the postmitotic 
state of vestibular and cochlear hair cells.

These results show how maintenance of the postmitotic state of hair cells is an 
active process co-operatively regulated by several CKIs and is critical for the survival 
of these cells.

Results and discussion



32

5. CONCLUSIONS

Fgf9 signalling regulates inner ear morphogenesis through epithelial-mesenchymal 
interactions. Fgf9 defi ciency leads to a hypoplastic vestibular labyrinth, including the 
absence of semicircular canals.

The CKIs p21Cip1, p27Kip1 and  p57Kip2 are expressed in the early-developing inner ear. 
During morphogenesis, they regulate proliferation activity in the nonsensory epithelium 
during inner ear morphogenesis, and this is likely to regulate shaping of the otocyst.

The retinoblastoma protein pathway regulates the postmitotic state of hair cells in the 
hearing and balance organs. Rb inactivation leads to supernumerary hair cells and 
induces apoptosis.

The CKIs p19Ink4d and p21Cip function cooperatively in the postmitotic maintenance of 
auditory hair cells. Their codeletion leads to DNA damage and p53-mediated apoptosis.

Postmitotic maintenance of hair cells is an active process cooperatively regulated by 
several CKIs.

The negative cell cycle regulators are critical for the lifelong survival of hair cells, 
and their inactivation leads to hair cell death. Thus, the stimulation of proliferation of 
auditory hair cells by suppressing expression of these regulators is unlikely to be a valid 
approach for hair cell regeneration.
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