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Abstract 

It is estimated that 10% of the world population suffers from hearing impairment, and 

this number tends to rise with the increase in noise pollution and growth of aging 

population. The most frequent cause is irreversible damage to sensory hair cells (HCs) 

of the inner ear, which are highly specialized mechanoreceptor cells able to respond to 

acoustic signals. Non-mammalian vertebrates (fish, amphibians, reptiles and birds) can 

spontaneously regenerate sensory HCs after damage, but mammals have only limited 

capacity to replace the lost HCs, and this leads to permanent hearing and vestibular 

impairments. Available treatments are so far restricted to prosthetics devices, which 

can provide enormous benefit to those with hearing loss, but are only able to amplify 

acoustic signals and, therefore, cannot cure deafness. Thus, research aiming to find 

new therapeutic solutions is highly necessary.  

New therapeutic approaches involving gene therapy, drug treatments and cell 

replacement strategies have been actively pursued. However, large numbers of HCs 

are required to develop these approaches, and this has been a major problem in the 

field, given the scarcity and difficult access to HCs in the inner ear. Pluripotent stem 

cells have the potential to differentiate into any adult cell type, and therefore 

represent an inexhaustible and attractive supply of differentiated cells for in vitro HCs 

studies and HC replacement therapies.  

In this thesis, I describe a new method to efficiently generate HCs in vitro starting from 

pluripotent mouse embryonic stem (ES) cells. I have employed a cellular programming 

strategy, and succeeded in identifying a combination of 3 transcription factor (TFs) that 

can directly convert ES-derived progenitors towards HC fate. These in vitro induced 

HCs express several HC markers and exhibit polarized structures that are highly 

reminiscent of mechanosensitive hair bundles, with many microvilli-like stereocilia. 

Overall, I provide transcriptional, morphological and functional evidence that confirm 

the HC identity of programmed cells. Moreover, combined activity of the 3 TFs induces 

an efficient HC production that is clearly superior to the efficiency of HC generation 

reported in previous protocols using mouse ES cells. I also describe several 

experiments aimed at transplanting the in vitro generated HCs into an in vivo sensory 

epithelium.  

The work presented in this thesis shows that HC programming approach is an efficient 

and reproducible method to generate HCs in vitro. This approach offers huge potential 

for both clinical (cell replacement therapies) and basic inner ear research (model 

system for HC studies; i.e. to performed high-throughput drug screenings). 

Keywords: Hair cells (HCs), pluripotent stem cells, mouse embryonic stem (ES) cells, 

transcription factors, HC differentiation, HC programming, inner ear development, 

direct lineage-conversion.    
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Resumo 

Atualmente, estima-se que 10% da população mundial sofre de danos auditivos, 

tendendo este número a aumentar como consequência do aumento da poluição 

sonora e envelhecimento populacional. Uma das principais causas da surdez em seres 

humanos resulta de lesões irreversíveis nas células sensoriais ciliadas do ouvido 

interno. Estas células são mecanorreceptores especializados na deteção das vibrações 

acústicas e na sua transformação em impulsos elétricos. Os anfíbios, repteis e aves 

regeneram espontaneamente as células ciliadas após uma lesão, mas os mamíferos 

perderam esta capacidade regenerativa. Esta é a razão pela qual as surdezes são 

geralmente permanentes e irreversíveis. Os tratamentos existentes limitam-se ao uso 

de prostéticos, sendo os aparelhos auditivos e implantes cocleares os mais usados para 

surdezes severas a profundas ou totais. Estes prostéticos têm proporcionado uma 

recuperação significativa da capacidade auditiva, no entanto os benefícios são 

limitados apenas a um ligeiro aumento artificial da informação sonora, estando muito 

longe de oferecer uma audição normal. É portanto necessário desenvolver novas 

alternativas terapêuticas que possam estimular a regeneração das células ciliadas e 

consequentemente recuperar a perda auditiva. 

A investigação em novas terapias para promover a recuperação das células ciliadas 

quando estas são danificadas ou morrem têm aumentado muito nos últimos anos. 

Alternativas terapêuticas como a transplantação celular, uso de fármacos e a terapia 

genética têm sido bastante exploradas. No entanto, esta linha de investigação têm-se 

deparado com vários desafios que resultam em parte da anatomia complexa do ouvido 

interno e no escasso número de células ciliadas que normalmente existem neste 

órgão. Neste contexto o uso de células estaminais embrionárias torna-se mais atrativo 

porque estas células têm um potencial proliferativo inesgotável e são pluripotentes, ou 

seja, têm o potencial de se diferenciar em qualquer tipo de célula do organismo 

(incluindo as células ciliadas). A partir das células estaminais embrionárias é possível 

criar in vitro uma população de células ciliadas que pode ser usada não só nas 

transplantações celulares como também em vários estudos in vitro.  

Nesta tese de doutoramento, eu descrevo o estabelecimento de uma nova 

metodologia que promove a diferenciação das células estaminais embrionárias em 

células ciliadas do ouvido interno. As metodologias anteriormente publicadas para 

este efeito apresentam limitações consideráveis na eficiência da diferenciação das 

células pluripotentes para células ciliadas, e na reprodutibilidade do protocolo. Nesta 

tese, é descrito o desenvolvimento de um novo protocolo baseado numa estratégia 

que oferece uma clara superioridade na produção in vitro de células ciliadas. Esta 

estratégia envolve a expressão de uma combinação de três fatores de transcrição para 

programar os progenitores em diferenciação (derivados das células estaminais 

embrionárias) diretamente em células ciliadas. A identificação destes 3 fatores de 

transcrição, Gfi1, Brn3c e Math1 foi baseada no papel crucial que eles desempenham 
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durante o desenvolvimento embrionário das células ciliadas do ouvido interno. A 

ativação conjunta destes fatores in vitro numa população heterogénea de progenitores 

em diferenciação resulta numa indução direta de células ciliada, que expressam 

marcadores específicos e apresentam estruturas morfologicamente semelhantes aos 

estereocilios mecanorreceptores. A caracterização in vitro das células cíliadas 

induzidas foi feita a nível transcricional, morfológico e funcional. Em todos estes níveis 

de análise, foram detetadas as características particulares das células ciliadas na 

população in vitro de células induzidas. Foi portante possível concluir que as células 

induzidas apresentam uma identidade muito semelhante às células ciliadas. Nesta 

tese, estudei também o potencial de uma terapia de transplantação celular de células 

ciliadas in vivo na regeneração de um órgão sensorial do ouvido interno danificado. 

Estas experiências tiveram um caracter muito preliminar mas permitiram identificar os 

vários desafios que é necessário ultrapassar para alcançar o sucesso na terapia de 

transplantação celular.  

O trabalho apresentado nesta tese descreve pela primeira vez uma nova estratégia de 

programação celular para gerar facilmente in vitro uma grande quantidade de células 

sensoriais ciliadas do ouvido interno a partir das células estaminais embrionárias. Esta 

nova metodologia oferece um enorme potencial, uma vez que pode ser aplicada em 

diferentes estudos, como sejam estudos que visam estabelecer novas terapêuticas 

como a transplantação celular, e estudos que tencionam descobrir novos fármacos, ou 

investigar fundamentos biológicos da formação e funcionamento das células sensoriais 

ciliadas. 

 

 

 

Palavras-chave: Células sensoriais ciliadas, células estaminais embrionárias, 

desenvolvimento do ouvido interno, diferenciação das células ciliadas, programação 

direta das células ciliadas, fatores de transcrição  
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1. Hearing and vestibular impairments: Limited therapeutic strategies for 

a worldwide problem  

According to the World Health Organization, 250 million people worldwide have a 

moderate-to-severe or greater hearing loss 

(www.who.int/pbd/deafness/facts/en/index.html), and this figure more than doubles 

if people with mild hearing loss are included (Stevens et al., 2013). Furthermore, 

hearing loss becomes increasingly prevalent with age and it is estimated that there are 

over 300 million people in the world with age-related hearing loss, a number which is 

expected to increase to 900 million by 2050 (www.rnid.org.uk). In Europe, hearing 

impairment is a real health problem, with 40 million individuals (over 10 % of its 

population) suffering from hearing impairment and 2 million profoundly deaf. In 

children, deafness impedes language acquisition and generates learning difficulties. 

Hereditary deafness has a high incidence (one child in a thousand is born deaf and 

another one in a thousand will become deaf before adulthood) (Smith et al., 2005). In 

adults, hearing loss is rapidly increasing and it often leads to severe disruption of social 

links that very frequently results in depression. Current treatment strategies focus on 

sound amplification using conventional hearing aids, bone-anchored hearing aids, and 

in the most severe cases, cochlear implantation devices (Sprinzl and Riechelmann, 

2010). These devices provide enormous benefit to those with hearing loss, but are only 

able to amplify acoustic signals at a limited extent and, therefore, are still far from 

providing a normal auditory function Furthermore, in Europe, the financial costs of 

hearing impairment have been estimated at 3,500 Euros per year per patient, including 

cochlear implantation, hearing aids, special education, speech therapy, physician and 

specialists fees. In the range of 100 billion Euros, this is more than the combined 

economic cost of epilepsy, multiple sclerosis, spinal injury, stroke and Parkinson’s 

disease. Actually, hearing loss is the third leading chronic disability following arthritis 

and hypertension. For all these reasons, research to find new solutions to alleviate 

hearing impairment is absolutely necessary to try to decrease the burdens of these 

defects on human society. 

In addition, impairments in the vestibular part of the inner ear can lead to dizziness, 

visual or gaze disturbances, balance deficit and erroneous sensations of motion, which 

are known as vertigos symptoms. Vertigos are extremely disabling and often 

underestimated. Chronic vertigos like Meniere’s disease, may lead to pronounced 

permanent handicaps. Vestibular impairments affect 1/3 of adults, with a prevalence 

reaching 2/3 of the population above 60 and 85% of elderly over 80. They are often 

directly involved in fall accidents of the adults over the age of 65 and represent 5% of 

general medical consultations (Agrawal et al., 2009). Treatments of vestibular deficits 

involve pharmacological approaches, along with functional rehabilitation through 

physiotherapy. However, these treatments are essentially symptomatic and no cure 

for vestibular disorders is current available.  

http://www.who.int/pbd/deafness/facts/en/index.html
http://www.rnid.org.uk/
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Hair cells (HCs) are specialized mechanoreceptors that convert the auditory and 

vestibular mechanical stimuli into electrical signals. These cells are found in all inner 

ear sensory structures that are responsible for the detection of sound, head position, 

and head movement. The loss or damage of the sensory HCs is the leading cause of 

many hearing impairments and vestibular disorders. In fact, around 80% of all causes 

of hearing loss are due to damage of sensory HCs which is usually irreversible. Once 

lost, the mammalian inner ear lacks the ability to spontaneously regenerate these 

delicate cells (Hawkins, 1973; Roberson and Rubel, 1994b). Rather, they are replaced 

by phalangeal scars generated by the neighboring cells, known as supporting cells 

(Forge, 1985; Raphael and Altschuler, 1991). HCs can be damaged by a wide variety of 

agents, including loud or sustained noise, high fever, certain viruses, tumors, head 

trauma, aging and some drugs (drugs that are toxic to the ear are known as ototoxic 

agents, which include aminoglycoside class of antibiotics, loop diuretics, like 

furosemide and platinum-based chemotherapy agents, like cisplatin).  

 

In this thesis, I have explored the potential of pluripotent stem cell technologies for the 

regeneration and study of mammalian sensory HCs. Pluripotent stem cells have been 

proposed as a possible source of cells to replace the lost or damaged HCs, as well as 

furthering our understanding of inner ear disorders. 

 

In the introduction that follows, I will review the structure and development of the 

mammalian inner ear, emphasizing the HC differentiation program. Lessons learnt 

from classical embryology studies are crucial to establish an optimized an in vitro 

protocol that can efficiently drive pluripotent stem cell differentiation towards HC fate. 
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2. The mammalian ear 

The ear is one of the main sensory organs of the head, with a highly complex three-

dimensional structure. Its function is to transform sound waves, head movements and 

acceleration forces into distinct patterns of neural activity, which are then integrated 

with information from other sensory systems to guide behavior, including orienting 

movements to acoustical stimuli and intraspecies communication. The first stage of 

this transformation occurs at the external and middle ears, which collect sound waves 

and amplify their pressure, so that the sound energy in the air can be successfully 

transformed into mechanical vibrations of the fluid-filled inner ear (Fig. 1 A). The inner 

ear contains the sensory epithelia that converts the mechanical stimuli into electrical 

impulses which are then propagated to the brain (Purves et al., 2004).  

 

2.1. The structure of the mammalian inner ear 

The inner ear can be divided accordingly to its morphology and function in two 

different parts: the vestibular system, which is responsible for the detection of motion 

and position (Fig. 1 C), and the auditory system, which is responsible for the sense of 

hearing (Fig. 1 B).  

The vestibular system is found in the dorsal part of the inner ear and it can be 

subdivided into three components: i) three semicircular canals, ii) two sacs known as 

utricle and saccule and the iii) endolymphatic duct. The sensory epithelium located in 

each semicircular canal is called crista, which is capped by a cupula. The cristas are 

located in chambers known as ampulla that detect angular accelerations. The two 

connecting sacs, the utricle and the saccule, are contained in specialized sensory 

epithelium known as maculas, which are responsible for the detection of linear 

accelerations in the horizontal and vertical axis and also the gravitational pull. The last 

component is the endolymphatic duct, which is constituted exclusively by non-sensory 

epithelium and is involved in the turnover of the endolymph. This endolymph is a 

potassium-rich fluid that bathes the luminal surface of the inner ear sensory epithelia. 

The auditory system only contains one sensory epithelium, known in mammals as the 

organ of Corti, which is placed along the coiled cochlear duct, located ventrally. The 

organ of Corti has a precise cellular architecture with a highly defined cell pattern 

which can only be found in the cochlea of mammals (the morphology and structure of 

the auditory sensory epithelium varies between animal species in chick, it is known as 

basilar papilla). In mammals, this unique specialized auditory sensory epithelium 

provides sound-wave frequency sensitivity ranges that are unmatched in the animal 

world (Fay, 1988).   
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Figure 1: Anatomy of the mammalian inner ear. Schematic representation of the mammalian 

ear showing its different anatomical parts: the outer, middle and inner ear (A). Schematic 

drawing of the auditory system in an adult mammal: showing the cochlea where the auditory 

sensory epithelium, known as the organ of Corti is located (B). Schematic drawing of the 

vestibular system showing the structure of the sensory epithelium: found in the three cristas 

Auditory system: 

Vestibular system: 

A 

B 

C 
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(one per semicircular canal) and in the two maculas of the utricule and saccule regions (C). 

Adapted from (Purves et al., 2004), (Kelley, 2006) and (Burns and Corwin, 2013). 

 

2.2. The inner ear sensory epithelium 

One of the most striking aspects of mature sensory epithelia is the existence of a 

checkerboard-like cell pattern composed of HCs and supporting cells. Supporting and 

HCs are the two major cell types found in all sensory epithelia of the inner ear. The HCs 

are located in the most apical strata of the epithelium, and their basal and lateral 

surfaces are surrounded by supporting cells (Fig. 1 B and C). As a result, HCs do not 

normally contact other HCs, neither the basement membrane. In contrast, supporting 

cells make contact with both the luminal and basal surfaces of the epithelium, and the 

lateral surfaces of supporting cells commonly contact other supporting cells, as well as 

HCs, by tight and adherens junctions (Fig. 1 B and C). Sensory epithelia lie in between 

two extracellular structures, the basal membrane, where supporting cells seat, and an 

extracellular structure associated with their luminal surface that varies in the different 

sensory organs: a cupula in the crista, otolythic membrane in the macula or tectorial 

membrane in the organ of Corti. Otic neurons innervate HCs through the basal side, 

where they establish afferent and efferent synaptic connections (Fig. 1 B and C). The 

cell bodies of neurons sit outside the sensory epithelium and can be found either in 

the sensory ganglion within the temporal bone (afferent neurons) or in the hindbrain 

(efferent neurons).  

The vestibular sensory epithelium is composed by a morphological homogeneous 

population of supporting cells and two different classes of HCs: type I and type II HCs 

characterized by distinct cell shapes and innervation patterns (Fig. 1 C). In contrast, the 

mammalian auditory sensory epithelium contains several types of supporting cells, 

each with distinct morphology and a specific anatomical location within the organ of 

Corti (reviewed in Raphael and Altschuler, 2003). In this sensory organ, there are also 

two types of HCs: the inner and outer HCs, which have more pronounced distinctive 

features at the morphological and functional level (Fig. 1 B). The flask-shaped inner 

HCs, arranged in a long single-file row, send mostly afferent information to the brain, 

and are the actual sensory receptors of sound. The cylindrical outer HCs are located in 

three precisely arranged close-packed rows that mostly receive efferent information 

from the brain, and are responsible mainly for sound amplification (Fig. 1 B) (reviewed 

in Hudspeth, 2008). Because of gradual changes in the features of the organ of Corti, 

such as width and thickness of the basal membrane and precise cell’s position along 

the longitudinal and radial axes, HCs at different positions along the cochlear duct are 

tuned to different sound frequencies (Müller, 1991). As a result, the organ of Corti is 

one of the most highly ordered tissues known, in which it is possible to find a unique 
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tight linkage between the precise cellular architecture and the tuned sensory function 

of individual cells. 

3. The mechanosensory hair cell  

The sensory HC is an evolutionary triumph of nature that solves the problem of 

transforming vibrational movements into electrical signals. The HC is named for the 

bundle of hair-like processes that protrude from its apical end into the luminal surface 

of the sensory epithelium (Fig. 2). These protrusions, known as stereocilia, have 

mechanosensitive ion channels of unknown molecular identity that are precisely 

organized to detect sub-nanometer deflections (reviewed in Hudspeth, 1997; reviewed 

in Peng et al., 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Scanning electron microscopy (SEM) of three distinct hair bundle morphologies 

present in the vestibular and auditory sensory HCs. Utricule hair bundle with the presence of 

a kinocilium (arrow) (A). Hair bundles found in the apical turn of the cochlea; inner hair cells 

(B) and outer hair cell (C) at postnatal day 15. Scale bar, 2µm. SEM image of three rows of 

outer HCs that is viewed from the top of the organ of Corti and that shows unidirectional 

orientation of V/W-shaped hair bundle (D). Adapted from (Frolenkov et al., 2004), (Beurg et 

al., 2006) and (Sekerková et al., 2011). 
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Around 50-300 stereocilia compose the mechanical sensitive hair bundle present in 

each HC. The stereocilia are connected into a bundle by extracellular filaments 

including the tip and ankle links, as well as the top and shaft connectors that 

contribute to the bundle stiffness (Fig. 3 A) (Pickles et al., 1984). These linkages are 

remodeled during development, and mature auditory HCs retain only tip links and top 

connectors (reviewed in Richardson et al., 2011). The tip links are thought to transmit 

tension force onto the unknown transduction channel. In support of this model, tip 

links are oriented along the mechanical sensitive axis of HCs, thus they are 

appropriately positioned to participate in transduction channel gating (Pickles et al., 

1984). Furthermore, disrupting tip links leads to loss of mechanosensitivity of the hair 

bundle (Assad et al., 1991; Zhao et al., 1996). The elusive mechanically gated channels 

are thought to be localized closed to the tip link. The opening and closing of this 

transduction channels in turn modulates the HC’s membrane potential, controlling 

neurotransmitter release (reviewed in Peng et al., 2011; Shin et al., 2013). 

 

3.1. The hair bundle structure, development and polarity 

The hair bundle can be organized in different sizes and shapes, varying between 

species, sensory organelle and hair cell type (Fig. 2). Common to all hair bundles is the 

characteristic stair-cased pattern of the stereocilia, which is always observed in 

organized rows of decreasing height, where in some cases the longest stereocilia are 

juxtaposed next to the kinocilium, a true cilium (Fig. 2). The popular term stereocilia 

can be misleading because the name indicates a relationship with true cilia. However 

the HC stereocilia are specialized derivatives of actin-based microvilli. Despite the actin 

filament core, the stereocilia differs from typical microvilli in many aspects: stereocilia 

have higher thickness and length, possess a prominent taper at their base and have a 

distinct molecular signature, as different sets of proteins are found associated with 

hair bundles (Fig 3 and 4). Furthermore, unlike normal microvilli and filopodia that are 

dynamic structures (continuously being form and disassemble), the stereocilia of 

auditory HCs retain their mature shape throughout the entire life of the organism. 

Nevertheless, the actin core of a stereocilium seems to be renewed, at least in 

developing hair bundles (Rzadzinska et al., 2004). Some of the actin filaments traverse 

the tapered base of the stereocilia and form rootlets, which anchor the stereocilia in 

the cuticular plate, a specialized actin-rich structure at the top of the cell body (Fig. 3 

A).  

The formation of the hair bundle can be summarized in four main steps. First, 

numerous precursor microvilli emerge around a single primary cilium (the kinocilium) 

and grow in unison with neighboring microvilli (Fig. 3 B). Second, precursor microvilli 

stop elongating and increase their width, while the kinocilium migrates to the edge of 

the apical cell surface, an event that determines the eventual orientation of the 

bundle. The filaments in the central core extend basally to form rootlets and the basal 
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ends of stereocilia adopt a tapered shape. Third, the nascent stereocilia elongate 

sequentially to form a staircase-like bundle. Finally, excess microvilli on the apical 

surface are reabsorbed. Upon maturation of the hair bundle, the kinocilium is lost in 

some HCs, such as auditory HCs. Some studies have proposed a crucial role of the 

kinocilium in the development of hair bundle polarity. The disruption of the kinocilium 

formation leads to misoriented hair bundles (Ross et al., 2005; Jones et al., 2008). 

However, the molecules that regulate the kinocilium position in the apical HCs surface 

and hair bundle polarity are not known. The best candidates are proteins that regulate 

planar cell polarity (PCP, which refers to the coordinated orientation of cells in the 

two-dimensional plane of a cell sheet). Indeed, the PCP pathway components are 

localized asymmetrically at the junctions between HCs and supporting cells. Moreover, 

mice with mutations affecting the PCP pathway show misorientation of stereocilliary 

bundles (reviewed in Rida and Chen, 2009; reviewed in May-Simera and Kelley, 2012). 

Interestingly, mutations in the mouse core PCP genes do not affect the formation of 

the polarized stereociliary bundles and their association with the kinocilium, but only 

the coordinated orientation of all stereocilliary bundles in the sensory epithelia. This 

indicates that cell-cell coordination, but not the intrinsic polarity of HCs, is affected 

(reviewed in Jones and Chen, 2008; reviewed in Rida and Chen, 2009). Therefore, a still 

unknown cellular mechanism independent of the core PCP must be responsible for the 

intrinsic polarity of HCs, most likely interacting with the core PCP proteins for 

coordinated alignment of cells across the tissue in a cell context-dependent manner.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The hair bundle development and structure. Cross section through a hair bundle and 

apical hair cell surface indicating the stereocilia, cuticular plate and rootlet (A).When hair 

bundles are stimulated, the stereocilia are sheared towards the tallest row of stereocilia, this is 

also defined as the positive direction of stimulation. Schematic representation of sequential 

stages of the hair bundle development (B). The hair bundle develops from a precursor 

A B 
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microvilli throughout the elongation of a nascent stereocilia to pre-determined lengths and 

through the retraction of redundant microvilli at the end of the maturation process (for further 

details, see the main text). Adapted from (Schwander et al., 2010) and (Peng et al., 2011).  

 

The hair bundle polarity is critical for hair cell function, as only a bundle deflection in 

the direction of the longest stereocilia can lead to opening of the mechanically gated 

ion channels. Deflection away from this edge closes the channels (Fig. 3 A). Bundle 

deflection towards the tall edge exerts a force onto the tip link that attaches the top of 

the shorter stereocilia with the side of the next tallest row, and this is vital for the 

mechanoelectrical transduction (Fig. 3 B). Since their discovery, the hunt for the 

molecular components of the tip link has been very active. Recent studies have finally 

demonstrated that tip links are formed by Cadherin 23 (Cdh23) and Protocadherin 15 

(Pcdh15), two cadherin superfamily members (Fig. 4 A) (Kazmierczak et al., 2007). The 

cue that suggested that these proteins are important in HCs came from the 

observation that mutations in their genes cause deafness. Likewise, the identification 

of many other hair bundle proteins came from the observation of mutant animals with 

a hearing loss phenotype and a disruption in the hair bundle morphogenesis.  

 

3.2. The hair bundle proteins 

Advances in technology have enabled the identification of new hair bundle proteins at 

a fast rate. Our understanding of protein function and interactions within the hair 

bundle is growing fast due to recent proteomic and genetic approaches. Figure 4 

summarizes the known localization of hair bundle protein and their onset of 

expression during development. The hair bundle proteins were organized into 

different groups, which include: 

- Usher syndrome (USH) and stereociliary links (Fig 4 A, B, C and G): USH is an 

autosomal recessive disorder that is characterized by sensorineural hearing loss 

and progressive loss of vision owing to retinitis pigmentosa. The study of USH 

type 1, 2 and 3 in humans, and the characterization of corresponding mouse 

models, have revealed that HCs might use analogous adhesion mechanisms to 

control the morphogenesis of the hair bundle. USH type 1 (the most severe) 

includes Cdh23, Pcdh15, Myosin7a (Myo7a), Sans and Harmonin. The type 2 (the 

most frequent) includes Vlgr1, Usherin and Whirlin. The type 3 involves the 

Clarin-1 which plays a role in synaptic transmission (reviewed in Kazmierczak and 

Müller, 2012). 

- Motor proteins (Fig. 4 D and G)): several unconventional myosin motors are 

found in stereocilia, and are important for HC function, such as Myosin 1C, 3a, 6, 

7a and 15a (reviewed in Peng et al., 2011). 

- Actin regulation proteins (Fig. 4 E and G): the actin bundler that provides the 

most rigid crosslinkers for stereocilia is Espin. Espin is expressed in several tissues 
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but mutations in its gene affects predominantly vestibular and auditory hair 

bundles of mice and humans. Espin is involved in the regulation of the hair 

bundle length and thickness, similarly to Fimbrin, another actin crosslinker 

present in stereocilia (reviewed in Peng et al., 2011). 

- Metabolism and homeostasis proteins (Fig. 4 F and G): high energetic demands 

are required to maintain proper shape and function of the hair bundle. The most 

abundant metabolic protein in the stereocilia is Creatine kinase B (Shin et al., 

2007).  
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Figure 4: The hair bundle proteins. Schematic representation of a hair bundle showing the 

spatial localization of the known hair bundle proteins. These proteins are categorized by 

general functions into proteins associated with Usher syndrome (A), stereocilia links (B), ankle 

link complex (C), myosin motors (D), actin regulation (E) and metabolism and homeostasis (F). 

The onset of expression and maturation timeline for the hair bundle proteins is also illustrated 

in a panel that summarizes the bundle protein composition changes during development (G). 

The onset of the HC mechanosensitivity is also included in this timeline plot. Adapted from 

(Peng et al., 2011).  

The structure and function of a sensory HC reflects a remarkable degree of cellular 

specialization. But, how do these unique sensory cells develop within the well 

organized epithelium located in the inner ear?  

Next, I will review the astonishing and complex journey of embryonic inner ear 

development that culminates in HC differentiation. Just like the most captivating 

narratives, I will start this story from its very beginning: with a pluripotent stem cell.  

 

4. From pluripotent cells to sensory HCs: the long and complex journey 

of the embryonic HC birth 

Mammalian development is a unidirectional process during which there is a 

progressive loss of developmental potential. It begins after fertilization with the 

formation of a single totipotent cell (see Box 1), a zygote, which divides four times 

originating the morula (Fig. 5). The morula consists of a small group of internal cells 

surrounded by a larger group of external cells. Most of the descendants of the external 

cells become the trophoblast (trophectoderm) cells, which produce no embryonic 

structures, but instead the placenta. The embryo is derived from the descendants of 

the inner cells of the morula stage. These cells generate the inner cell mass (ICM), 

which will give rise to the embryo. The first segregation of cells within the inner cell 

mass forms two layers: the lower layer, hypoblast, which will give rise to the yolk sac, 

and the remaining inner cell mass tissue above it, the epiblast. Epiblast cells are 

pluripotent and will give rise to cells of the three germ layers, ectoderm, mesoderm 

and endoderm (Fig. 5) (reviewed in Gilbert, 2000).  

Pluripotent cells can be isolated from the ICM of the embryo at the blastocyst stage 

(around embryonic day 3,5 in mouse) (Fig. 5), and maintained in culture as self-

renewing, undifferentiated, embryonic stem (ES) cells (Evans and Kaufman, 1981) (the 

state of art in ES cell technology for in vitro cell differentiation is reviewed in this 

introduction, section 6).  
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Box 1: Glossary terms 

Totipotency 

Ability of a cell to give rise to all cells of an organism, including embryonic and 

extraembryonic tissues. Zygotes are totipotent. 

Pluripotency: 

Ability of a cell to give rise to all cells of the embryo. Cells of the inner cell mass 

and its derivative, embryonic stem (ES) cells are pluripotent. 

Multipotency: 

Ability of a cell to give rise to different cell types of a given cell lineage. These 

cells include most adult stem cells, such as gut stem cells, skin stem cells, 

hematopoietic stem cells and neural stem cells. 

Unipotency: 

Capacity of a cell to sustain only one cell type or cell lineage. Examples are 

terminally differentiated cells, certain adult stem cells (testis stem cells) and 

committed progenitors.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Diagram showing the differentiation of various adult tissues the several embryonic 

lineages. 

 

In the embryo, a pluripotent stem cell has to engage into a long and complex 

developmental pathway to finally reach a fully differentiated mechanosensory HC. In 

figure 6, it is summarized the main developmental stages in a chronological order that 

leads to sensory HC differentiation, starting from a pluripotent cell. A highlight on the 

key molecular players and signaling pathways for each embryonic stage will be next 

summarized. 
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Figure 6: From pluripotent cells to sensory HCs. Schematic diagram of the major mouse 

embryonic stages involved in the inner ear HC differentiation pathway, starting from a 

pluripotent cell. The development of the auditory sensory epithelium is delay in relation to the 

vestibular epithelia. The time points depicted in this diagram for the prosensory population are 

relative to the first morphological and molecular evidence of prosensory specification. 

Similarly, HC differentiation is marked in this scheme by the onset of Math1 expression (mRNA 

levels) and the hair bundle stage is referred to first visible stereocilia structures in the 

developing vestibular and cochlear HCs by SEM.  

 

4.1. From definitive ectoderm to preplacode ectoderm 

The inner ear arises from the ectoderm germ layer. The ectoderm is established during 

mammalian gastrulation from the anterior-distal portion of the pre-streak primitive 

ectoderm. In lower vertebrates, the formation of ectoderm proceeds via a bipotent 

intermediate, definitive ectoderm, which differentiates to form the two major 

ectodermal lineages: neural and non-neural ectoderm (Hemmati-Brivanlou and 

Melton, 1997). Collectively, these ectodermal lineages give rise to the central and 

peripheral nervous systems (CNS and PNS) and to the epidermis. Studies in lower 

vertebrates have determined that the secreted molecule BMP4, a member of the bone 

morphogenic protein (BMP) family, is an important factor in the patterning of 

definitive ectoderm and induces differentiation towards non-neural ectoderm (Wilson 

and Hemmati-Brivanlou, 1995; Hemmati-Brivanlou and Melton, 1997). The current 

model stipulates that a gradient of BMP signaling patterns the ectodermal layer with 
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high lateral concentrations and low medial concentrations of BMP signaling 

demarcating regions of non-neural and neural ectoderm, respectively (Fig.7 A) 

(Kishimoto et al., 1997; Barth et al., 1999). Already before gastrulation, the non-neural 

ectoderm expresses the TFs Ap2, Foxi1, Dlx3, Dlx5, Gata2 and Gata3, which are 

activated downstream of BMP signaling (reviewed in Chen and Streit, 2013) (Fig.7 A).  

 

 

 

 

 

 

 

 

 

Figure 7: Development of the preplacodal region (PPR) in vertebrates. Schematic 

representation of a two-step model for PPR development (A). First, during late blastula/early 

gastrula stage BMP act as a morphogen and establishes a broad zone of PPR competence 

throughout the non-neural ectoderm.  Second, near the end of gastrulation signals from dorsal 

tissue locally specify preplacodal ectoderm bordering the anterior neural plate. Diagram 

showing the localization of the different ectoderm-derived tissues in the late gastrula stage 

embryo (B). NC, neural crest; PPE, preplacodal ectoderm. Adapted from (Schlosser, 2007) and 

(Kwon et al., 2010). 

The next step towards the otic specification and inner ear formation is the induction of 

multipotent sensory progenitors from the non-neural ectoderm region that surrounds 

the neural ectoderm, a territory known as the preplacodal region (PPR) (Fig. 7 B). The 

PPR develops as a U-shaped region of the head ectoderm at the border of neural plate, 

and it contains the precursors from all sensory placodes: the adenohypophyseal, 

olfactory, lens, trigeminal, otic and epibranchial placodes. The PPR is characterized by 

the expression of various TFs, namely Six1, Six4 and Eya1 and Eya2, in addition to non-

neural markers (reviewed in Chen and Streit, 2013). Only once cells have acquired PPR 

character, they become competent to respond to placode induction signals and to 

express placode markers, indicating that the PPR state is indispensible for later placode 

development (Martin and Groves, 2006). A recent study has clarified that PPR region is 

exclusively derived from the non-neural ectoderm (Pieper et al., 2012). However, this 

issue is more controversial for neural crest ectoderm, which also arises at the neural 

plate border close to the PPR region (Fig. 7 B) (Yardley and García-Castro, 2012). The 

A 

B 
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signaling pathways crucial for PPR induction have been identified using zebrafish and 

chicken animal models. It was clearly demonstrated that the BMP activity needed for 

non-neural induction must be subsequently attenuated for the PPR to develop 

properly (Fig.7 A). Furthermore, studies have shown that fibroblast growth factor (FGF) 

signaling and inhibition of Wnt signaling are critical for PPR induction. In summary, the 

PPR induction requires BMP and Wnt inhibition, together with activation of FGF 

signaling (Fig.7 A) (reviewed in Chen and Streit, 2013).  
 

4.2. From preplacode ectoderm to otic placode 

In mouse, FGF3 and FGF10, originating from neighboring tissues, are both sufficient 

and necessary for otic placode induction in the competent PPR. Otic placode formation 

appears to occur in two steps. First, FGF signaling induces the the expression of Pax2 

and Pax8 on a broad region in the posterior PPR. Fate map studies in chick and mouse 

have suggested that progenitors expressing Pax2 in this region can give rise to the 

inner ear, and also to the epibranchial placode and epidermis. Therefore, this Pax2 

progenitor domain is often referred to as the otic-epibranchial placodal domain 

(OEPD). The segregation of the OEPD into otic, epibranchial and epidermal regions is 

regulated by a gradient of Wnt signaling. In the OEPD territory, the cells fated to 

become otic placode receive high levels of Wnt, whereas epibranchial placode and 

epidermis progenitors receive far less or no Wnt signals. After the subdivision of the 

OEPD territory into otic and non-otic domains by Wnt signaling, the otic domain 

rapidly attenuates the FGF levels through up-regulation of FGF signaling inhibitors, 

such as Sprouty 1, 2 and Mkp3. This rapid inhibition of FGF signaling is necessary for 

subsequent otic differentiation (reviewed in Ladher et al., 2010; reviewed in Groves 

and Fekete, 2012). 
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Figure 8: Otic induction from the preplacodal domain. Schematic representation of a two-step 

model for otic induction: The preplacodal domain (PPD) is competent to respond to FGF 

signaling from the adjacent mesenchyme (mes), pharyngeal endoderm (endo) and neural 

tissue (A). High levels of FGF induce the otic-epibranchial placode domain (OEPD) within the 

PPD (B). Next, high Wnt and low FGF signaling segregate the OEPD into the otic placode (Otic) 

and the otic-epibranchial placodes (EP) (C). E, epidermis. Adapted from (Groves and Fekete, 

2012). 

In summary, the current model for otic induction predicts two steps: initially, high FGF 

levels specify an OEPD domain within the PPR, and then high levels of Wnt and low 

levels of FGF induce the otic placode.  

Virtually all of the cells that will comprise the inner ear labyrinth are derived from cells 

that were originally located in the otic placode. The only exceptions are melanocytes 

located in the stria vascularis (found in the lateral wall of the cochlea where it is 

responsible for the production of endolymph), and Schwann cells located in the otic 

ganglion, both of which are derived from neural crest. 

 

4.3. From otic placode to prosensory domain 

The otic placode is morphologically visible as a patch of thickened ectoderm that lies 

on either side of the posterior hindbrain around embryonic day 8 in mice (Fig. 9). 

Following its formation, the otic placode invaginates into the mesoderm to form the 

otic pit. During the next 12 to 24 hours, the otic pit epithelium pinches off from the 

surface ectoderm to form the otic vesicle (also known as the otocyst). Shortly after the 

formation of the otic vesicle, a population of neuroblasts delaminates from the ventral 

anterior region and migrates into the adjacent mesoderm where they combine to form 

the auditory and vestibular ganglia (Fig. 9). The specification of these otic neuroblasts 

represents the earliest cell fate decision that takes place in the inner ear (reviewed in 

Torres and Giráldez, 1998). Concomitant with the delamination of otic neuroblasts, 

gene expression studies suggest that the otocyst becomes regionally patterned along 

several different axes, a process referred as otic patterning. The neurogenic event is 

then followed by the specification of prosensory domains, which occurs in the 

ventromedial wall of the otocyst (Fig. 9). The cells within these developing prosensory 

patches are referred to as sensory progenitors or prosensory cells, because they have 

the ability to give rise to different types of HCs and supporting cells that comprise the 

sensory epithelia. In mice, HC production begins around 3.5 days after the onset of 

neurogenic gene expression (Shailam et al., 1997). Key signaling pathways and 

molecular players for the three main events (otic patterning, neurogenesis and 

prosensory specification) that take place during otic placode and otocyst stage are next 

summarized: 
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Figure 9: Overview of the mouse inner ear development. The anatomical development of the 

whole mouse embryo is illustrated in the upper part (inner ear is highlighted in dark grey). In 

the lower part, the inner ear development is represented from embryonic day 8 to 17. The otic 

placode, which is located adjacent to rhombomeres 5 and 6 of the neural plate, invaginates to 

form the otic cup that pinches off the ectoderm to form the otocyst. The otocyst goes through 

an intensive growth and morphogenetic period, which includes the extension of the 

endolymphatic duct in the posterior dorsal region and the elongation of the cochlear duct in 

the anterior ventral part of the otocyst. By E10, the rudiment of the cochlea-vestibular ganglia 

has formed adjacent to the otocyst. At E12.5 the position of the developing sensory patches 

can be identified, and the developing cochlear duct beings to form a spiral. By E17 the cochlear 

duct has grown nearly its complete length and the sensory cell commitment is largely 

complete. Pos crista, posterior crista ampullaris; Lat crista, lateral crista ampullaris; Ant crista, 

anterior crista ampullaris. Adapted from (Kelley, 2006).  

 

4.3.1. Otic patterning: 

Axial patterning mechanims provides cells with positional cues that are required for 

the formation of individual inner ear components in the correct place and with the 

correct orientation. Inner ear patterning is evident along three axis: anterior-posterior 

(AP), dorsal-ventral (DV) and medial-lateral (ML), and is regulated by inductive signals 

from the surrounding tissues, resulting in asymmetric gene expression. These 

asymmetries in gene expression can already be observed in the otic placode stage. 

However, early gene expression patterns still show considerable plasticity, and 

rotation of the otocyst around one of its three axes is capable of altering these 

expression patterns (Wu et al., 1998). Over time, the three axes of the ear become 
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firmly established and can no longer be changed. The fixing of each axis occurs at 

different times, with AP fates becoming permanent before DV fates (Wu et al., 1998).  

The establishment of axial asymmetry, which provides otic cells with positional cues, is 

largely mediated by extrinsic inducers that form molecular gradients across the target 

field. DV axial patterning reflects the separation of the inner ear in two different parts, 

the dorsal vestibular system and ventral auditory system. DV axial patterning is 

regulated by Sonic hedgehog (Shh) signals from the floor plate and notochord, and 

Wnts from the hindbrain and dorsal neural tube. BMPs are also present but have not 

yet been shown to have a role in DV axis specification of the inner ear (reviewed in 

Groves and Fekete, 2012). The Wnt target genes such as Hmx2/3 Dlx5/ and Gbx2 mark 

the dorsolateral region of the otocyst, and mice deficient for either of these genes 

shown defects in the morphogenesis of sensory and nonsensory vestibular structures 

(Wang et al., 1998; Wang et al., 2001; Merlo et al., 2002; Lin et al., 2005; Robledo and 

Lufkin, 2006). Otx1 is expressed in posteroventrolateral domain of the otocyst that 

includes the presumptive lateral crista, and in its absence, mice lack the sensory lateral 

crista as well as the associated lateral canal (Morsli et al., 1999). Pax2 becomes 

restricted to the ventral medial region in the otic vesicle stage. Deleting Pax2 in the 

mouse inner ear results in agenesis of the entire auditory apparatus, but vestibular 

structures usually develop normally (Burton et al., 2004). 

Extrinsic sources of signaling molecules that pattern the AP axis in otic placode/vesicle 

differ between species. In mouse, the AP positional information is influenced by an 

extrinsic gradient of retinoic acid (RA). This gradient arises because of asymmetry in 

the synthesis and degradation of RA by enzymes present in the somatic mesoderm and 

anterior ectoderm, respectively (reviewed in Groves and Fekete, 2012). A previous 

study has shown a direct effect of RA signaling on Tbx1, a gene that has been 

implicated in promoting posterior otic identity. In mice, lack of Tbx1 causes a posterior 

expansion of the anterior neurosensory domain and duplication of the otic ganglia, 

whereas transgenic overexpression of human Tbx1 results in a ganglion of reduced size 

(Raft et al., 2004; Bok et al., 2011).  

The otic patterning, along with morphogenetic and cell specification events during 

inner ear development, results in the formation of the different adult sensory epithelia 

organs and associated nonsensory structures. 

 

4.3.2. Otic neurogenesis: 

During inner ear development, the first specified cells are otic neurons, which derive 

from the anterior-medial region of otic placode. As development proceeds, 

neuroblasts delaminate from the anterior ventral part of the otic vesicle to form the 

auditory and vestibular ganglia. After becoming post-mitotic, each neuron makes 

synaptic connections with one of the sensory epithelia, and with appropriate 

brainstem neurons of either auditory or vestibular nuclei. There are many similarities 
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between the molecular mechanisms that control neurogenesis in the otic vesicle and in 

the neuroepithelium of the central nervous system. In both systems, expression of TFs 

from the SoxB1 family is observed prior to neurogenesis For instance, Sox3 is initially 

expressed before neural specification and then becomes restricted to the otic 

neurogenic regions as they are specified (Neves et al., 2007). Sox3 appears to be 

important for the initial step of otic neurogenesis: forced expression results in ectopic 

neurogenesis (Abelló et al., 2009). However cranial ganglia still form in mice lacking 

Sox3, suggesting possible redundancy with the other SoxB1 family member Sox2, 

which is first expressed in the otic neurogenic region and later is restricted to the 

prosensory region (Neves et al., 2007; Rizzoti and Lovell-Badge, 2007; Dabdoub et al., 

2008).  

The upregulation of proneural basic helix-loop-helix (bHLH) genes, such as atonal-

related family members or achaete-scute-like genes, is considered to be the start of 

neurogenic differentiation (reviewed in Bertrand et al., 2002). Proneural genes were 

identified as genes involved in the early steps of neural development in Drosophila 

and, later on, found to play crucial roles in the development of the vertebrate nervous 

system. The expression of proneural genes is regulated by Notch-mediated lateral 

inhibition (see Box 3) and its function is both necessary and sufficient for the 

development of those progenitors into differentiated neurons (reviewed in Gómez-

Skarmeta et al., 2003). The proneural gene Neurogenin1 (Ngn1) is expressed in otic 

epithelial neuroblasts but not in delaminated neuroblasts. Ngn1 is required for 

determination of neuronal fate and the downstream TFs NeuroD and NeuroM drive 

delimitation and neuronal differentiation (Ma et al., 1998; Liu et al., 2000; Kim et al., 

2001). These neural committed cells express Delta1, a ligand of the Notch signaling 

pathway, which is postulated to function by inhibiting the neighboring cells from 

developing into neuroblasts (see Box 2 and 3) (Adam et al., 1998; Brooker et al., 2006). 

 

4.3.3. Otic neuroblasts and prosensory cells: a clonal relationship? 

Distinct prosensory patches are allocated to specific regions of the otic epithelium 

where different sensory epithelia will develop. The sensory progenitor cells that will 

give rise to the sensory epithelia are marked by the expression of Sox2, which plays a 

prominent role in the establishment of the prosensory identity (Dabdoub et al., 2008). 

In Sox2 deficient mice, no prosensory cells are specified and thus sensory epithelia 

formation is severely impaired (Kiernan et al., 2005b). As mention previously, Sox2 is 

expressed in the neurogenic region prior to prosensory specification, where genes 

such as Six1, Eya2, Islet1 and Lfng are also expressed (Radde-Gallwitz et al., 2004; 

reviewed in Wu and Kelley, 2012). These genes are later expressed in all six prosensory 

domains, and this suggests that an early neurosensory competent domain with 

neurogenic and prosensory competences may exist, giving rise first to neurons and 

then to sensory cells (reviewed in Neves et al., 2013a). The proposed model stipulates 
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that one of the first events in ear development is the patterning of the otic placode in 

two separate domains: one with the ability to generate neurons and sensory cells, 

called the neurosensory domain, and the other devoid of this potential, giving rise to 

the remaining structures of the inner ear (Fig. 10). But are neurons and HCs being born 

from a common progenitor? In a mouse genetic study, a Cre-LoxP fate mapping 

method was used to show that sensory cells of both utricle and saccule macula derive 

from Nng1-positive progenitors residing in the neurogenic domain of the developing 

inner ear (Raft et al., 2007). Additionally, clonal analysis studies using retroviral 

infection of otic vesicles in chicken embryos provided evidence for a common lineage 

between neurons and sensory cells in the utricle (Satoh and Fekete, 2005). However, 

lineage relationship between the neurons and sensory cells was only obtained for the 

maculas. Therefore, there is no direct evidence that the organ of Corti and the three 

cristas are derived from the same lineage progenitors as the maculas. These lineage-

mapping results suggest that there could be an early subdivision of the neurosensory 

domain into a neurosensory macula domain and other sensory domains that will give 

rise to the organ of Corti and three cristae (Fig. 10).  

Interestingly, regardless of lineage relationships, the neurogenic and prosensory 

expressing genes Sox2, Six1 and Eya1 can trigger both otic neural and HC 

differentiation programs (see section 4.4.2 of this introduction) (Ahmed et al., 2012a; 

Ahmed et al., 2012b).  

 

 

 

 

 

 

 

Figure 10: The neurosensory domain during inner ear development. The neurosensory 

domain (NSD) can be defined by the overlapping expression domains of Sox2, Six1, Eya1 and 

Lng (pink). The NSD arises in the anterior region of the otic placode where neuroblasts will first 

delaminate to form the vestibular ganglia (VG) (red) and the cochlear ganglia (SG) (red). 

Following the neurogenic event, the NSD will give rise to the utricule and saccule macula 

(pink), as well as nonsensory regions between the sensory patches (gray). Taken in to account 

the available fate-mapping studies, tree separated prosensory domains (blue stripes) will 

appear close to the NSD at the otocyst stage and will give rise to the three cristas (lc, lateral; ac 

anterior; pc, posterior cristas) and the organ of Corti (oc). Ed, endolymphatic duct; psc, 

posterior semicircular canal; asc, anterior semicircular canal; lsc, lateral semicircular canal; mu, 
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macula of the utricule; ms, macula of the saccule; GER, greater epithelial ridge. Adapted from 

(Wu and Kelley, 2012).       

Box 2: Notch signaling pathway  

The Notch signaling pathway is a juxtacrine short-range communication transducer that is 

involved in the regulation of multiple cellular processes, such as cell proliferation, cell death, 

stem cell niche maintenance, cell fate specification and differentiation. Mutations in the core 

pathway can lead to developmental disorders, adult diseases, and cancer. In the inner ear, the 

Notch pathway plays multiple roles during otic development. In early stages, Notch is required 

for the induction and patterning of the otic placode. Later on in development, Notch is 

involved in the specification of the prosensory patches and regulation of the extension and 

boundaries of those domains by a lateral induction mechanism. The Notch pathway is also 

involved in the regulation of neuron, HC and supporting cell differentiation through a process 

of lateral inhibition (reviewed in Kiernan, 2013a).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Notch receptors and ligands are single-pass transmembrane proteins. The Notch receptor 

is activated by membrane-bound ligands that are part of the DSL family (Delta-like/Jagged in 

mammals, delta/serrate in D. melanogaster, Lag-2 in Caenorhabditis elegans). In mammals, 

there are five canonical ligands, Jagged (Jag) 1-2 and Delta-like (Dll) 1, 3 and 4 and four 

different receptors (Notch1–4). Upon interaction between the extracellular domains of the 

ligand and receptor of adjacent cells, the binding triggers two subsequent proteolytic cleavage 

events in the receptor: S2 cleavage by the ADAM family of metalloproteases, which releases 

the Notch extracellular domain (NECD) and promotes the cleavage of the intracellular portion 

of the Notch receptor by the γ-secretase complex at S3. This produces the active form of 

Notch, the Notch intracellular domain (NICD), which can translocate to the nucleus and 

interact with the core effectors of the canonical pathway, CSL (CBF1/RBPJ_/mammal; 

Suppressor of Hairless/fly; and Lag-1/nematode) and the nuclear protein Mastermind (MAM). 

Figure Box2: Overview of Notch signaling. 

The DSL ligand on the signal sending cell 

binds to the Notch receptor on the signal 

receiving cell and initiates the S2 cleavage 

event. The following S3 cleavage mediated by 

the γ-secretase complex liberates the Notch 

Intracellular Domain (NICD) from the 

membrane, allowing it to translocate to the 

nucleus where it, along with other co-

activators (Co-A) and Mastermind (MAM), 

displace the co-repressors (Co-R) from CSL 

and convert it to a transcriptional activation 

complex on promoters of Notch target genes. 

Adapted from (Kageyama et al., 2007) 
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In the absence of NICD, CSL acts as a transcriptional repressor. In the presence of NICD and 

MAM, CSL is converted to a transcriptional activator. There are many binding sites for the CSL 

transcription factor throughout the genome, and it is not clear which actually represent Notch 

targets. The best characterized Notch targets are the bHLH transcription repressors of the Espl 

genes in Drosophila and the Hes (Hairy and Espl) and Hrt (Hes-related type) family genes in 

vertebrates (reviewed in Borgne et al., 2005; reviewed in Fischer and Gessler, 2007). 

 

4.3.4. Prosensory specification: 

The first step in the development of the sensory epithelia is the specification of the 

prosensory domain in the otocyst. The expression of BMP4 (Morsli et al., 1998), Jag1, 

Lfng (Murata et al., 2006), Frfr1, Fgf10, Fgf20 (Pauley et al., 2003; Hayashi et al., 2008b; 

Hayashi et al., 2010) in these domains was the first clue to discover the important role 

of BMP, Notch and FGF signaling pathways in the prosensory specification and/ or 

maintenance: 

- BMP signaling:  

Bmp4 is expressed in all developing sensory organs in the chick (Wu and Oh, 1996) and 

in the developing cristae of the mouse (Morsli et al., 1998). Moreover, Bmp4 is 

expressed in an adjacent region to the developing prosensory domain of the cochlea. 

The conditional deletion of Bmp4 in the vestibular domains of the inner ear revealed 

an important role in patterning both sensory and nonsensory regions of the crista 

(Chang et al., 2008). In this study, the authors could not prevent Bmp4 transcription in 

the cochlea because the Foxg1CRE driver, commonly used to restrict conditional gene 

deletion to the otocyst, fails to do so in the cochlea. However, another study has 

analyzed the compound mutants of BMP receptors (Alk3/6), which have reduced levels 

of BMP signaling in the developing cochlea (Ohyama et al., 2010). The absence of 

prosensory domain in these mutants confirmed the necessity of BMP signaling for 

prosensory specification. The authors have shown that a gradient of BMP signaling 

exists during cochlear duct formation around E11,5, and high or low concentrations of 

BMP4 induces cell commitment towards nonsensory fates. Thus, intermediate levels of 

BMP4 are needed to increase HC numbers. However, no significant up-regulation of 

prosensory markers (Sox2 and Jag1) was detected when cochlear explants were 

incubated with intermediate levels of BMP4 (Ohyama et al., 2010). This suggests that 

other factors such as FGF signaling may be required in co-operation with BMP signaling 

to induce and maintain prosensory fate in culture.  

- FGF signaling:  

Studies have so far shown a crucial role of FGF in maintaining the prosensory domain 

of the cochlear region (Ono et al., 2014). But evidence is still lacking for the vestibular 

domains where different mechanisms for the establishment and maintenance of the 

prosensory domain may take place. At E11.5, Fgfr1 is present in the ventromedial wall 

of the otocyst, the region that will give rise to the cochlea (Hayashi et al., 2010). 
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Conditional disruption of Fgfr1 in prosensory domain, using Foxg1CRE driver, resulted 

in a severe reduction in HC and supporting cell numbers (Pirvola et al., 2002). FGF20 

has been proposed to be one of the Fgfr1 ligands, since deletion of this ligand also 

leads to a similar but less severe phenotype in the cochlea (Huh et al., 2012). Recently, 

Ladher and co-worker have shown that disruption of Fgfr1 signaling leads to the down-

regulation of Sox2 within the prosensory domain. Premature loss of Sox2 impairs the 

specification of prosensory cells and thus causes a significant decrease in the HC and 

supporting cell numbers. The authors have shown that FGF-mediated MAP kinase 

activation directly or indirectly controls the strength and duration of Sox2 expression 

and consequently prosensory formation (Ono et al., 2014).  

- Notch signaling:  

Jag1 and Lfng are both components of the Notch signaling pathway. Jag1 is a ligand for 

Notch receptors, and Lfng is a glycosyltransferase that modifies Notch receptors and 

consequently regulates the ability of Notch ligands to activate the receptors (see Box 

2) (Brückner et al., 2000). The expression of both genes is detected early throughout 

the prosensory regions of mouse and chick embryos (Adam et al., 1998; Morsli et al., 

1998; Cole et al., 2000; Murata et al., 2006). This widespread expression pattern is 

largely consistent with a role of the Notch pathway in specification of prosensory 

patches by a lateral induction mechanism (see Box 3). Although Lfng deletion in mouse 

embryos does not affect the development of prosensory domains (Zhang et al., 2000), 

there is also evidence supporting an inductive role for Jag1-mediated Notch signaling 

in prosensory formation. First, Jag1 conditional mutant mice show a down-regulation 

of prosensory markers, such as Sox2, and have severely reduced number of HCs and 

supporting cells in the organ of Corti (see Box 3) (Brooker et al., 2006; Kiernan et al., 

2006). Second, ectopic activation of Notch (see Box 2) can induce ectopic sensory 

patches containing both HCs and supporting cells near the chicken vestibular and 

auditory organs (Daudet and Lewis, 2005). Furthermore, constitutive or transient 

activation of Notch at early stages of mouse ear development, also results in ectopic 

HC and supporting cell clusters in non-sensory regions of the cochlea (Hartman et al., 

2010; Pan et al., 2010). Finally, ectopic expression of Jag1 is able to expand Sox2 

positive region and enlarge the prosensory domains in the developing chick otocyst 

(Neves et al., 2011).  

Despite the various experimental results that strongly support a role for Notch in 

prosensory specification, results from ear-specific deletion of the Notch canonical 

effector CSL/RBPjk gave surprising phenotypes. It would be expected that the 

CSL/RBPjk phenotype largely phenocopies the Jag1 mutant, or show even more severe 

defects. However, two independent studies confirmed that prosensory markers such 

as Sox2 were present in the early developing cochlea, indicating that prosensory cells 

are specified in the absence of Notch activation (Basch et al., 2011; Yamamoto et al., 

2011). The hypothesis that could reconcile these different results lies on a non-

canonical role for Jag1-mediated induction of prosensory formation, independently of 
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CSL/RBPjk function. Unfortunately, the molecular players and mechanisms of such 

noncanonical Notch pathway are poorly known and understood. So far, there is no 

experimental evidence to support this noncanonical hypothesis in prosensory 

specification. Yamamoto and colleagues used a different driver to delete CSL/RBPjk in 

early otic development, and observed a down-regulation of prosensory markers in the 

basal region of the cochlea (Yamamoto et al., 2011). Therefore, another possibility is 

that Notch activation in combination with other signaling pathways (like, BMP, FGF, 

Wnt) contribute to prosensory specification. As a consequence, the conflicting results 

can reflect different compensatory phenotypes when different Notch components are 

deleted.  

-Transcriptional regulators important for prosensory cell specification: 

In addition to the already discussed role of Sox2 in prosensory specification, other 

transcriptional regulators have been implicated in the establishment of the prosensory 

domains. The phosphatase-transactivator Eya1 interacts with the Six1 to form 

transcriptional activation complexes, which are required for normal organogenesis in 

various tissues during embryonic development (reviewed in Xu, 2012). In humans, 

mutations in Eya1 or Six1 causes the branchio-oto-renal (BOR) or branchio-oto (BO) 

syndromes, which are characterized by combinations of craniofacial defects and 

hearing loss with or without kidney anomalies, respectively (reviewed in Wong et al., 

2013). Eya1 and Six1 are co-expressed in the mouse otic placode as early as E8,5 in the 

neurogenic region, before delamination of neuroblasts, and later in the otic ganglia. In 

the otocyst, both proteins are found in the ventral region where vestibular and 

auditory prosensory domains are specified (Zheng et al., 2003; Zou et al., 2008). The 

absence of Eya1 or Six1 expression in the early inner ear causes a total arrest of otic 

vesicle growth, and consequently all inner ear components fail to form due to the 

reduction of cell proliferation and increased cell death (Xu et al., 1999; Zheng et al., 

2003; Zou et al., 2006). The genetic reduction of Eya1 expression resulted in the 

absence of cochlear and vestibular sensory epithelium formation. These mutant 

embryos revealed lack of some prosensory markers (like Jag1) and otic patterning 

genes (like Otx1, and Otx2). In addition, Sox2 expression levels were reduced (Zou et 

al., 2008). Six1-null mice also exhibited alterations or reductions in some prosensory 

and otic patterning markers (Zheng et al., 2003). These results suggest that Eya1 and 

Six1 are necessary for prosensory specification. However, these genes are also 

important for neuroblast development, since otic ganglia is also absent in both null 

Eya1 and Six1 mice. Similarly to Six1 and Eya1, the TF Gata3 is also expressed in the 

otic placode and later becomes restricted to the prosensory domains (except the 

saccule region). Two recent and independent studies have suggested that Gata3 has a 

crucial role in prosensory specification and otic neuron survival (Duncan and Fritzsch, 

2013b; Luo et al., 2013).  

Additionally, the striking mouse phenotypes observed upon deletion of the otic 

patterning TFs (previously discussed, see section 4.3.1) suggests that these genes may 
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also have important roles in the specification of the prosensory region located in their 

expression domain. 

 

Box 3: Notch pathway: The control of cell fate choices 

Lateral inhibition: The most classical role of Notch pathway is its ability to influence its 

neighboring cells by a mechanism named lateral inhibition, where a cell that is committed to a 

particular and default fate inhibits its immediate neighbors from doing likewise. Activation of 

Notch in a given cell diminishes its ability to produce functional ligands that can activate Notch 

in the neighbors. A cell that signals more strongly thereby causes its neighbors to signal more 

weakly and the effect is to amplify differences between adjacent cells. If this negative feedback 

loop is sufficiently steep, the predicted outcome is a mosaic of cells in sharply different states. 

Lateral inhibition operates in Drosophila neurogenesis as well as in vertebrate nervous system 

and placodes neurogenesis (including the otic placode). The same mechanism generates the 

alternating arrangement of HC and supporting cells in the developing sensory epithelia of the 

vertebrate inner ear (Fig. Box 3 A) and in the mechanosensory organ of insects, such as bristles 

or chordotonal organs (reviewed in Campos-Ortega and Jan, 1991; Henrique et al., 1995; Adam 

et al., 1998; Eddison et al., 2000; Daudet and Lewis, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Box3: Different Notch signaling mechanisms during inner ear development. The lateral 

inhibition (A); the cell with more Notch ligand activates Notch (aNotch) in the adjacent cell, 

causing a downregulation of ligands expression and inhibition of proneural genes (Math1). 

Ultimately, the cell with high amounts of Notch ligands (Dll1 and Jag2) and Math1 
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differentiates into a HC. Conversely, the cell with high levels of aNotch and low amounts of 

Notch ligands differentiates into a supporting cell. The disruption of Notch activation in this 

type of signaling leads to supernumerary HCs at the expenses of supporting cells. The lateral 

induction (B); in this type of signaling the Notch ligand (Jag1) expressing cell causes 

upregulation of aNotch and ligand (Jag1) in the adjacent cell. As a result, both cells display high 

levels of aNotch and Jag1 and acquire the same prosensory identity. The disruption of Jag1 

signaling leads to a reduction of the prosensory population, resulting in a decrease of HC and 

supporting cell numbers. Adapted from (Kiernan, 2013a). 

Lateral induction: Completely different behavior is observed when Notch activation regulates 

ligand expression in an opposite way than in lateral inhibition. In this case, called lateral 

induction, Notch activation in a given cell increases the ability of that cell to produce functional 

Notch ligands. A cell that expresses Notch ligands will make its neighbors to do the same. The 

effect of the lateral induction is the cooperation between neighbors, instead o competition. 

This positive feedback loop has the effect of amplifying one territory with a common identity 

that differs from the adjacent territory, as occurs during the specification of the prosensory 

patches of the inner ear (Fig. Box 3 B). This mechanism can be responsible for generating 

morphological boundaries, as for example the excision of somites from the presomitic 

mesoderm during vertebrate somitogenesis. It can also restrict Notch activity along the 

boundary cells between adjacent territories, as occurs in the Drosophila wing margin (Kim et 

al., 1996; reviewed in Lewis, 1998; Eddison et al., 2000; reviewed in Lai, 2004; reviewed in 

Kiernan, 2013a).  

 

4.4. From a prosensory cell to a sensory hair cell 

 

4.4.1. Cell cycle exit of the prosensory domain: 

After specification of the prosensory domain, a subsequent step is the regulation of 

the number of cells within each domain. This is particularly important in the organ of 

Corti where the number of HCs and supporting cells is highly regular, but apoptotic cell 

death is minimal. This suggests a crucial role for the regulation of cell number. 

Terminal mitosis within the mouse cochlear prosensory cell population begins at the 

apex at E12.5, and then proceeds toward the base in a gradient. Once prosensory cells 

become postmitotic, reentry into the cell cycle seems to be virtually impossible. 

Previous research has identified a number of molecules that play a role in regulation of 

the cell cycle during inner ear development. The first of these to be examined in the 

cochlea was the cyclin-dependent kinase inhibitor (Cdkn1b), known as p27kip1. The 

p27kip1 is initially expressed in a pattern that matches, but slightly precedes, the 

pattern of terminal mitoses in the cochlea prosensory domain. Deletion of p27kip1 leads 

to prolonged proliferation and an overproduction of HCs and supporting cells (Chen 

and Segil, 1999; Löwenheim et al., 1999). These results demonstrate the importance of 

cell cycle control and of p27kip1, in particular, in regulating the number of prosensory 
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cells. However, even in the absence of p27kip1, terminal mitosis of prosensory cells is 

only delayed by several days, indicating that other cell cycle regulators are also 

important (Sage et al., 2005). In fact, additional studies have demonstrated important 

roles for other cell cycle regulators, including Rb, Rbl2 (p130), Cdkn2d (p19Ink4d), 

Cdkn1a (p21cip1) and CyclinD in carrying out proliferation or termination of mitosis, and 

in the maintenance of this postmitotic stage in both prosensory cells and differentiated 

HCs and supporting cells (Mantela et al., 2005; Laine et al., 2007; Laine et al., 2010; 

Rocha-Sanchez et al., 2011).  

Wnt signaling has also been implicated in the regulation of the cochlea prosensory 

size. High levels of canonical Wnt activity have been observed at E12,5 in the Sox2 

positive prosensory domain of the cochlea, using Wnt reporters, such as the 

TCF/Lef:H2B-GFP mouse line. This revealed that Wnt/β-catenin activation is highest in 

the early mitotic prosensory domain and is downregulated with the onset of HC 

differentiation. Using embryonic cochlear explants, Jacques and colleagues have 

shown that Wnt/β-catenin activation led to an increase in the proliferation of the 

Sox2-positive prosensory cells. Conversely, inhibition of Wnt activity significantly 

reduced prosensory proliferation and HC numbers (Jacques et al., 2012). It remains to 

be determined whether Wnt activation causes just overproliferation within a 

predetermined prosensory domain, or causes changes in the position of the 

prosensory domain by initiating Sox2 expression in a nonsensory region. The idea that 

sustained Wnt/β-catenin activity confers a higher mitotic capacity was also 

demonstrated in differentiated sensory cells of the early postnatal cochlea (Shi et al., 

2012). Overexpression of β-catenin in the Lgr5-positive supporting cells (leucine rich 

repeat containing G protein coupled receptor 5, a well known Wnt target gene) led to 

the initiation of proliferation and transient expansion of these cells within the cochlear 

sensory epithelium (Chai et al., 2012). A recent study has shown that postnatal Lgr5-

negative supporting cells cannot respond to forced expression of β-catenin, and only 

Lgr5-positive cells can divide and then commit towards supporting or HCs fate in vivo, 

acting like progenitors in the postnatal inner ear (Shi et al., 2013).  

During cochlear prosensory development, an extrinsic source of Shh arises in the 

cochlear ganglia. Previous studies have shown that excess of Shh is able to reduce HC 

production (Driver et al., 2008). This suggested a role of Shh in the restriction of the 

prosensory domain in the cochlear duct. However, a recent work has now shown that 

absence of Shh causes a premature cell cycle exit of the prosensory cell, and a reverse 

gradient of HC differentiation (from apical to basal, instead of the normal basal to 

apical direction) (Bok et al., 2013; Tateya et al., 2013). Thus, Shh signaling seems to 

determine the timing of the terminal mitosis of the prosensory domain, and the 

subsequent HC differentiation (Bok et al., 2013). In agreement with these results is the 

phenotype observed in the Ngn1 null mice, which reveals a premature cell cycle exit of 

the cochlea prosensory region and a reverse Math1 expression gradient (apical to 
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basal) (Matei et al., 2005). Ngn1 is not expressed in the cochlea at detectable levels 

during this period of differentiation. However, Ngn1 mutant mouse lacks ganglia, 

which is likely to cause impairments in Shh signaling and consequently affect the 

timing of prosensory differentiation. 

 

4.4.2. HC and supporting cell differentiation: 

Soon after prosensory progenitor cells have become postmitotic, the next step in the 

development of the sensory epithelia is cellular differentiation. The exit from the cell 

cycle and the appearance of the first HC markers are tightly coupled. In the vestibular 

system, differentiation typically begins near the center of each prosensory domain, 

and expands out over an extended period of time. However, in the cochlea a highly 

unusual pattern of cell cycle exit and differentiation is observed. The prosensory 

domain of the cochlear duct begins to exit the cell cycle in the apical tip at E12,5 and 

over the next 48-60h a wave of cell cycle exit proceeds from the apex to the base (Lee 

et al., 2006). Starting around E13,5, cells in the midbasal region of the cochlea begin to 

differentiate into HCs, expressing the bHLH TF Math1, and this region of differentiating 

cells spreads down to the apex over the next three to four days. Thus, the first cells to 

exit the cell cycle in the apex of the cochlear duct are the last ones to differentiate 

terminally into HCs five days later, whereas the last cells to exit the cell cycle are the 

first to differentiate into HCs (reviewed in Kelley, 2007). This dramatic temporal and 

spatial uncoupling of cell cycle exit and differentiation has no parallel in any other 

vertebrate tissue.  

 

- Math1 is the key TF for HC differentiation  

The first TF to be expressed in differentiating HC progenitors prior to all other known 

HC genes is the bHLH Math1 (Bermingham et al., 1999; Chen et al., 2002; Woods et al., 

2004). Math1 plays a pivotal role in HC differentiation, and its deletion in mice causes 

lack of HCs in all sensory regions of the inner ear. In the absence of Math1, prosensory 

cells are not correctly specified, and this leads to cell death (Bermingham et al., 1999). 

By performing a conditional deletion of Math1 at different embryonic and neonatal 

stages, a recent study has concluded that Math1 is necessary at distinct critical periods 

for HC survival, stereociliary bundle maturation, and the long-term viability of HCs (Cai 

et al., 2013). Math1 is also sufficient to generate HCs when ectopically expressed in 

some locations (sensory and nonsensory regions) of the developing inner ear (Zheng 

and Gao, 2000; Kawamoto et al., 2003; Izumikawa et al., 2005; Kelly et al., 2012; Liu et 

al., 2012). However, it is less clear whether Math1 is expressed only in committed HCs 

precursors, or in progenitors capable of giving rise to supporting and HCs. The reported 

onset of Math1 expression in the inner ear is not consistent, as different studies have 

employed different methods of detection. The expression of Math1 was first detected 

by in situ hybridization (mRNA) at E11,5 in vestibular, and at E12,5 in cochlear 
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prosensory domain (Bermingham et al., 1999; Raft et al., 2007). In contrast, antibody 

staining of Math1 protein or transgenic GFP reporter mice (GFP driven by a Math1 

autoregulatory enhancer, or Math1-GFP fusion knocked into the Math1 locus), indicate 

that the onset of Math1 expression occurs only at E12,5 in the vestibular, and at E13,5 

in the cochlear region, and only in nascent HCs (Chen et al., 2002; Cai et al., 2013). In a 

recent study, where a Math1-Cre knock-in mice was crossed with a Cre reporter line, 

the authors have shown that Math1 is expressed in some progenitors that will 

differentiate as supporting cells (Yang et al., 2010b). However, not all supporting cells 

came from a Math1-expressing cell, and the numbers of these “Math1 positive 

progenitors” greatly differ in the different prosensory domains. The most likely 

scenario is that HC progenitors express Math1 immediately before they commit to HC 

fate, but some of these Math1-expressing cells can still be redirected to a supporting 

cell fate due to Notch-mediated lateral inhibition (see Box 3). The labeling of 

supporting cells in different sensory epithelia by Math1-Cre would therefore vary 

according to the speed and efficiency with which Notch-mediated fate decisions are 

fixed, as HCs and supporting cells differentiate.  

Math1-null mice lack both HCs and supporting cells, but it has been shown that Math1 

is not directly required for supporting cell fate (Woods et al., 2004; Pan et al., 2012). In 

the Math1-null mice, the expression of early markers of supporting cells is normal, but 

is subsequently down-regulated. Recently, Cai and colleagues have shown that HCs 

indirectly regulate the survival of supporting cells. The authors observed that 

supporting cells located in regions where HCs were dying, ectopically upregulated 

Math1 (Cai et al., 2013). This result suggests that absence of HCs leads to loss of 

inhibitory signals in neighboring cells. As a consequence, supporting cells might 

undergo an ill-fated attempt to transdifferentiate into HCs (possibly due to a disruption 

in Notch lateral inhibition) which causes their death. 
 

- Notch pathway in the developing sensory epithelia: HCs vs supporting cells 

In the developing sensory epithelia, cells undergo a series of Notch-directed lateral 

inhibition choices to determine which cells will differentiate into HCs, and which will 

become supporting cells (see Box 3). The Math1-positive nascent HC begins to express 

the Notch ligands, Jagged2 (Jag2) and Delta1 (Dll1) (Fig. 11), causing Notch activation 

in their neighbors, which ultimately differentiate into supporting cells (Adam et al., 

1998; Lanford et al., 1999; Kiernan et al., 2005a). Therefore, the nascent supporting 

cell can be identified by the expression of the Notch target genes: the Hes/Hey family, 

particularly Hes1, Hes5, Hey1, Hey2 and HeyL, have been detected in supporting cells 

(Hayashi et al., 2008a; Li et al., 2008a; Doetzlhofer et al., 2009). The Notch ligand Jag1 

that is broadly expressed throughout the prosensory domain then becomes restricted 

to the differentiating supporting cells (Fig. 11) (Morrison et al., 1999).  
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Box 4: Similarities between the development of insect and vertebrate 

mechanosensors 

Insect mechanosensory organs, such as bristles or chordotonal organs also develop from 

peripheral ectoderm and are necessary for the fly senses of touch, proprioception and hearing. 

They consist of four cells that originate from a single sense organ precursor cell (SOP). The 

SOPs differentiate into the ciliated neuron and supporting cells of bristles and chordotonal 

organs (A). 

 

 

 

 

 

 

 

 

 

 

 

In a similar way, the Notch pathway and the vertebrate atonal homologue Math1 are 

instrumental in the development of inner ear sensory epithelia (B). (Adam et al., 1998; Eddison 

et al., 2000). Adapted from (Müller and Littlewood-Evans, 2001) 

 

The predicted outcome due to disrupted Notch signaling during cell fate decisions 

mediated by a Notch lateral inhibition mechanism would be an increase in the default 

cell fate (HCs), at the expense of the alternative cell fate (supporting cells). Indeed, 

simultaneous deletion of Jag2 or Dll1 function results in increased number of HCs (see 

Box 3) (Lanford et al., 1999; Brooker et al., 2006). However, the absence of either Jag2 

or Dll1 alone didn’t result in the loss of supporting cells. This surprising phenotype was 

then shown to be the consequence of extra-proliferation of supporting cells, during a 

period in which developing sensory epithelia is expected to be non-proliferative. Thus, 

the authors concluded that in fact HC are generated at the expenses of supporting 

cells, but some cells are able to reestablish the supporting cells numbers by an ectopic 

proliferative event (Kiernan et al., 2005a).  

B A 
At the onset of Drosophila sense organ 

development, clusters of ectodermal cells 

are marked by the expression of proneural 

genes, such as achaete–scute complex or 

atonal. The SOP is subsequently selected 

from the cluster and accumulates high 

levels of proneural protein, which activates 

a transcription program that is essential for 

sense-organ development. The 

upregulation of proneural genes in the SOP 

and their downregulation in neighboring 

cells is mediated by the Notch signaling 

pathway. Notch activation caused by 

Delta/Serrate binding, results in a 

downregulation of proneural genes in 

Notch expressing cells which prevents their 

differentiation into a SOP. Subsequently, 

Notch signaling is used for cell-fate 

determination leading from the SOP to the 

different cell types of the sense organs (A).  
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The expression of proneural genes, and the Notch-mediated lateral inhibition choices 

are crucial for the development of invertebrates (insects) mechanosensory organs, and 

the parallels with the development of the vertebrate sensory epithelia are striking (see 

Box 4). This suggests that development of mechanosensory organs have been 

remarkably conserved throughout evolution.  
 

-Genetic expression patterns during HC and supporting cell differentiation 

Soon after onset of Math1 expression in the prosensory domain, the HC differentiation 

program is initiated, and up-regulation of key players is then observed. Around E12,5 

to E13,5, the expression of the Pou class 4 homeobox 3 (Brn3c) (Xiang et al., 1998), Lim 

homeobox 3 (Lhx3) (Hume et al., 2007), Hes6 (Qian et al., 2006), Growth factor 

independent 1 (Gfi1) (Wallis et al., 2002), Myosin VI (Myo6) and VII (Myo7a) (Xiang et 

al., 1998) is initiated in the nascent HCs of the vestibular sensory epithelia. In the 

cochlea, HC differentiation begins between E13 and E14, starting close to the base and 

spreading along the length of the cochlea to the apex over the next 4 days (Chen et al., 

2002; Montcouquiol and Kelley, 2003). The inner HCs are the first to differentiate in 

the organ of Corti, and Myo6 is already present at E13,5 in the cells that will give rise 

to the single row of inner HCs (Fig. 11) (Montcouquiol and Kelley, 2003). One day later, 

at E14,5, Dll1 and Jag2 are initially expressed in inner HCs, and later their expression is 

expanded laterally into outer HCs rows (Fig. 11) (Lanford et al., 1999; Morrison et al., 

1999; Hartman et al., 2007). The expression of the Notch ligands in developing HCs is 

transient, lasting only a few days (Fig. 11), indicating that these ligands are required to 

initiate correct differentiation but not necessary to maintain it. The already discussed 

prosensory markers, Sox2, Islet1, Jag1 and p27kip1, became gradually restricted to 

supporting cells in the vestibular and cochlea sensory epithelia (Radde-Gallwitz et al., 

2004; Kiernan et al., 2005b; Lee et al., 2006; Murata et al., 2006) (Fig. 11). However, 

Sox2 only disappears completely from cochlear HCs by P0, and throughout maturity 

can be detected not only in supporting cells but also in a subset of vestibular HCs (Fig. 

11) (Hume et al., 2007). The timeline for the expression of the most used markers of 

incipient HC and supporting cell differentiation during cochlea development is 

summarized in Figure 11. 

Few days after the expression of the incipient HC markers, the first signs of hair bundle 

formation can be already observed by SEM at E13 in vestibular HCs, and at E15 in 

cochlear HCs (reviewed in Kelley et al., 2005). Acquisition of mechanotransduction is 

first detected between E16 and E17 in vestibular HCs (Géléoc and Holt, 2003). 

However, the hearing onset only occurs around 11-12 days after birth in mouse and in 

rats.  

 

 

 



Chapter 1- Introduction 

33 
 

 

 

 

 

 

 

 

 

 

Figure 11: Timeline of gene expression in the cochlear HC and supporting cell differentiation. 

Schematic representation of several gene expression patterns during the development of the 

organ of Corti, starting from a prosensory stage (E12) and ending in a adult stage (around P9). 

In the timeline, expression of the genes in all progenitor cells is represented by the lines in the 

center on the left side of the timeline. The line shifts up when one of these components 

becomes restricted to HCs; while for those that become restricted to supporting cells, the line 

shifts down. The left end of each line represents the time when these genes are first 

expressed, while the right end of the line represents the time they stop being expressed. The 

lines that begin within the HC field (top) are for genes that are only ever expressed in HCs, and 

not in progenitor cells. Lines that reach the left and right edges of the timeline represent genes 

that have begun their expression before E12, or continue to be expressed in the adult cochlea, 

respectively. IHC, inner hair cell; OHC, outer hair cell; SC, supporting cell; ActN1, activated 

Notch1. Adapted from (Cotanche and Kaiser, 2010). 

 

-Transcriptional regulation of HC differentiation 

Math1 is the key initiator of HC differentiation. Soon after its expression in HCs, several 

TFs are subsequently upregulated, and some have been shown to play an important 

role in HC differentiation and/or survival. The POU domain Brn3c is first expressed in 

vestibular HCs at E12,5, and in cochlear HCs at E13,5, just after Math1 and preceding 

Myo7a expression, which begins at E15 in the cochlea (Fig. 11) (Sage et al., 2006; Pan 

et al., 2012). Brn3c is required for late HC differentiation, including their transduction 

and synaptic specializations, and for HC survival. HCs initially differentiate in the 

absence of Brn3c, but begin to undergo apoptosis at E17, leading to a complete 

depletion of HCs from all inner ear sensory epithelia by early postnatal stages (Erkman 

et al., 1996; Xiang et al., 1997; Xiang et al., 1998; Xiang et al., 2003; Hertzano et al., 

2004). Moreover, mutations in human Brn3c gene results in autosomal dominant non-

syndromic hearing loss (DFNA15) (Weiss et al., 2003; Collin et al., 2008; Pauw et al., 



Chapter 1- Introduction 

34 
 

2008). The TFs Lim/homeobox Lhx3 and zinc finger Gfi1 are presumed to be indirectly 

regulated by Brn3c (Hertzano et al., 2004; Hertzano et al., 2007). Despite the early and 

specific expression of Lhx3 in all HCs of the vestibular and cochlear sensory epithelia, 

Lhx3 deletion in mouse doesn’t impair HC differentiation or survival (Hertzano et al., 

2007; Hume et al., 2007). In contrast, Gfi1 has been shown to be important for proper 

differentiation and maintenance of inner ear HCs (Wallis et al., 2002). The onset of Gfi1 

expression in the inner ear is reported to occur after Brn3c expression, being first 

detected in vestibular HCs at E13,5 and in the cochlear inner HCs at E15,5 (Wallis et al., 

2002; Yang et al., 2010a). In Gfi1-null mice, HCs seem to be specified properly as they 

express many of the typical HC markers, such as Myo7a, Myo6, Math1 and Brn3c. 

However, as differentiation progresses, loss of Gfi1 cause defects in all inner ear HCs, 

in different ways. In the vestibular, HCs are morphologically abnormal at the earliest 

stages (E14,5), and at all subsequent stages. In the cochlea, HCs at E15,5 are already 

disorganized, and by E17,5 the outer HCs show signs of apoptosis. The loss of HCs in 

these mutants only occurs in the cochlea and affects outer HCs, prior to inner HCs. By 

P14, all HCs of the organ of Corti are lost (Wallis et al., 2002; Hertzano et al., 2004). 

The TF Barh-like homeobox1 (Barhl1) is also upregulated early in HC differentiation 

(E14,5) and is important for HC survival and/or terminal differentiation. In contrast to 

the previous TFs, the Barhl1 null mouse seems to cause defects only in cochlear HCs 

but not in vestibular HCs. In this mutant, there is progressive degeneration of cochlear 

HCs, but slower than in Gfi1 mutants, occurring roughly from P6 to 2 months of age for 

outer HCs, and between six months and ten months for inner HCs (Li et al., 2002; 

Chellappa et al., 2008).  

HC differentiation is also regulated by TFs upstream of Math1. These TFs appear to 

control Math1 expression, most likely by binding to its enhancer; this is the case for 

Sox2 (Neves et al., 2012; reviewed in Neves et al., 2013b). Sox2 can form a 

transcriptional complex with Six1 and Eya1 that is sufficient to activate Math1, when 

electroporated into the greater epithelial ridge (nonsensory epithelia adjacent to 

developing organ of Corti) of the mouse cochlea (Ahmed et al., 2012a). Six1 and Eya1 

can also induce Math1 in the absence of Sox2, albeit with lower efficiency (Ahmed et 

al., 2012a). Interestingly, forced expression of Six1 and Eya1 in the greater epithelial 

ridge of the cochlea at E13,5-E14 leads to the generation of large numbers of Myo7a 

positive cells, which were considered to be ectopic HCs. In this study, the authors 

found many ectopic Myo7a positive cells that didn’t express Math1, and therefore 

concluded that overexpression of Six1 and Eya1 could promote HC differentiation by a 

Math1-independent (Ahmed et al., 2012a). However, the big caveat of this study is the 

lack of evidence supporting full differentiation into HC fate, since analyses were 

performed only for incipient HC markers and not for late HC markers, neither for the 

presence of hair bundle structures. Given the undisputable role of Math1 in HC 

differentiation, it is likely that at least a subset of these ectopic Myo7a positive cells 

may lack the potential to fully differentiate into a HC. Nevertheless, the indispensable 
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role of Math1 in HC differentiation was also questioned in a different study where a 

chimeric mouse revealed the existence of normal and differentiated Math1-null HCs 

intermingled with wild-type HCs (Du et al., 2007).  

Not only overexpression of Six1 and Eya1 in cochlear explants results in ectopic Myo7a 

positive cells, but also leads to the generation of some few neurons. Interestingly, 

forced expression of the same factors, together with components of the SWI/SNF 

chromatin-remodeling complex (Brg1 and Baf170), generates large numbers of 

neurons and very few Myo7a cells in the cochlear explants (Ahmed et al., 2012b). 

Overexpression of Eya1 and Six1 outside the cochlear region, like the nonneuronal 

epithelial cells of the otocyst, head ectoderm or embryonic fibroblasts, also leads to 

the generation of neurons (Ahmed et al., 2012b). Sox2 cooperates with these TFs to 

mediate neuronal differentiation: Sox2 alone, or combined overexpression of Sox2, 

Six1 and Eya1 in cochlear explants or fibroblasts can efficiently convert cells towards 

neuronal fate (Puligilla et al., 2010; Ahmed et al., 2012b). Given the central role of 

these TFs in the generation of the otic ganglia and prosensory domains, we conclude 

that Six1, Eya1 and Sox2 can regulate the expression of related bHLH TFs to produce 

neurons (Ngn1) or HCs (Math1), depending on the cellular context (a decision that is 

partially mediated by SWI/SNF chromatin-remodeling complex).  

 

5. Inner ear development: A translation perspective to establish new 

therapeutic strategies for the damaged sensory epithelia  

Our understanding of the basic developmental pathways underlying HC formation has 

increased significantly in recent years. Nevertheless, the regulators that direct 

embryonic cells along a lineage that ultimately leads to differentiation of a HC are 

understood only at a basic level. This knowledge has significant implications in the 

search for an efficient therapeutic approach that can restore the lost or damaged HCs 

of the mammalian sensory epithelia. The key genes and signaling pathways activated 

early during inner ear development (reviewed in this introduction) have been 

intensively explored as potential strategies to replace HCs and restore hearing.   

- Generation of new HCs by overexpressing Math1: As previously mentioned, forced 

expression of Math1 in the embryonic and neonatal inner ear results in ectopic HC 

production. However, two independent studies used different transgenic mice to 

activate Math1 in the inner ear, and in both cases the authors have observed a failure 

to produce new HCs when Math1 is only expressed at an adult stage (two weeks of 

age) (Kelly et al., 2012; Liu et al., 2012). The reasons behind this lack of response to 

Math1 overexpression in the mature mammalian inner ear are still unknown. Could it 

be due to a post-translational modification in the Math1 protein that occurs only in 

mature cells and affect the binding of Math1 to its E-box targets? Are the Math1-
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binding targets becoming epigenetically modified with age, and therefore inaccessible 

for transcription even in the presence of exogenous Math1? 

- Generation of new HCs by blocking cell cycle inhibitors: The progenitor that gives 

rise to HCs and supporting cells is already post-mitotic, and after differentiation these 

sensory cells remain quiescent during the entire life of the animal. As previously 

mentioned, the p27kip1, Rb, Rbl2, p19Ink4d, p21cip1, and CyclinD are responsible for the 

maintenance of this post-mitotic state. It is conceivable that local delivery of a 

compound that temporarily inhibits p27kip1, Rb and/or other cyclin-dependent kinase 

inhibitors would lead to cell proliferation and production of new HCs and supporting 

cells. However, suppression of cell cycle inhibitors can cause many undesirable effects. 

Deletion of these genes in mice not only causes a cell cycle re-entry but also leads to 

subsequent HC death and a significant hearing loss (Chen et al., 2003; Laine et al., 

2007).  

- Generation of new HCs by disrupting Notch signaling: As previously mentioned, 

disruption of Notch signaling in the sensory epithelia results in HC overproduction (see 

Box 3). The pharmacological inhibition of γ-secretase is perhaps the easiest approach 

to block Notch pathway by suppressing the activation-dependent cleavage of the 

Notch intracellular domain (see Box 2). Application of γ-secretase inhibitors to 

embryonic and neonatal organ of Corti explants results in robust production of 

supernumerary HCs (Yamamoto et al., 2006; Takebayashi et al., 2007). However, 

experiments on a damaged adult cochlea are less encouraging, resulting in the 

production of few HCs (Hori et al., 2007). Recently, Mizutari and colleagues have 

identified Ly411575 as a more efficient and potent γ-secretase inhibitor, when 

compared to other inhibitors using organ of Corti explants (Mizutari et al., 2013). Local 

administration of this specific compound in vivo, after damage to the adult cochlea, 

also led to the production of more HCs in the apical cochlea, however hearing recovery 

of the treated animals was still minimal (Mizutari et al., 2013). These results suggest 

that Notch signaling in the adult organ of Corti is no longer crucial for the maintenance 

of HC and supporting cell fate.  

- Spontaneous HC regeneration in non-mammalian vertebrates: In the early 1980s, it 

became clear that non-mammalian vertebrates have the capacity to generate new HCs 

during normal life and to replace dead HCs after damage to sensory epithelium. Both 

fish and amphibians were discovered to add new HCs to their vestibular epithelia or 

lateral line organs, as part of their ongoing growth. Ongoing replacement of vestibular 

HCs was also observed in birds, who also have the ability to regenerate both auditory 

and vestibular HCs after damage, leading to significant functional recovery (reviewed 

in Stone and Cotanche, 2007). Comparison of the genetic pathways that are activated 

during the embryonic development of HCs in mammals and HC regeneration in birds, 

suggests that the molecular mechanisms are largely conserved (reviewed in Cafaro et 

al., 2006; Brignull et al., 2009; Daudet et al., 2009). Yet mammals have lost the ability 
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to reinitiate these programs. Researchers have been studying inner ear regeneration of 

birds and fish aiming to understand why mammals have lost this ability: Are there 

mechanisms that suppress proliferation and regeneration of sensory cells in the 

mammalian inner ear? If so, what are these? And can these pathways be manipulated 

safely? 

- Generation of new HCs by cell transplantation: An alternative strategy to replace the 

lost or damaged HCs might be to transplant exogenous sensory progenitors, or 

differentiated HCs, into the inner ear. This approach offers many challenges: first, the 

transplanted cells need to have the potential to differentiate into an HC or supporting 

fate, or be already committed to HC fate. Second, cell replacement therapies often 

require significant amounts of cells to transplant. Thus, using a renewable source of 

stem cells, such as pluripotent stem cells, to generate in vitro a population of HCs or 

HC progenitors is perhaps the only way to obtain large cell numbers (see section 7 for 

in vitro differentiation of pluripotent stem cells into HC fate). Finally, transplanted cells 

need to be injected near the damaged epithelium, or to migrate to the injury region, 

integrate into the sensory epithelium, establish proper cell-cell contacts and be 

properly innervated, so that functional recovery can take place. All of these challenges 

will be discussed in chapter 4 of this thesis.  

The lessons learnt from embryonic inner ear development are important to establish in 

vitro protocols that can promote efficient differentiation of ES cells towards HC fate. 

The generation of HCs and/or supporting cells in a petri dish holds great potential for 

both clinical (cell transplantation) and basic inner ear research (model system to study 

inner ear disorders or to conduct high-throughput drug screenings). 

 

6. Pluripotent stem cells 

The first pluripotent cells were derived from a type of germ line tumor, called 

teratocarcinoma. When explanted in tissue culture, the teratocarcinoma cells 

generated embryonic carcinoma cells, demonstrating that cancer cells can be 

reprogrammed to pluripotent cells (Hogan, 1976). The next breakthrough in the field 

came when researchers isolated embryonic stem (ES) cells from normal mouse 

embryos (blastocyst stage), creating a platform for the genetic engineering of animals 

(Evans and Kaufman, 1981). The generation of ES cells from human embryos came 

more than a decade later (Thomson et al., 1998). The epigenetic reprogramming of 

somatic cells to a pluripotent state has been achieved by nuclear transplantation, cell 

fusion, and more recently, by expression of TFs to promote direct reprogramming 

(Takahashi and Yamanaka, 2006). The generation of induced pluripotent stem (iPS) 

cells was a major breakthrough, demonstrating that forced expression of four TFs 

(Oct4, Sox2, Klf4 and c-Myc) can erase the epigenetic marks characteristic of a 

differentiated cell, and reset the cell to a pluripotent state. This direct reprogramming 
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approach is now paving the way for “personalized” regenerative medicine (reviewed in 

Jaenisch and Young, 2008).  

 
The pluripotent state is characterized morphologically by tightly associated cells 

growing in rounded clusters in in vitro cultures. Molecularly, ES cells express several 

pluripotency markers, like Oct4, Nanog, Stage specific embryonic antigen-1 (SSEA-1), 

Sox2 and Alkaline phosphatase, which is consistent with their origin from the ICM of 

the embryo (reviewed in Ohtsuka and Dalton, 2008). These cells also exhibit activation 

of both X chromosomes in female cells. Maintaining the pluripotent state of ES cells 

depends on key molecular signaling pathways. Initially, researchers established ES cells 

in the presence of fetal bovine serum (FBS) and other undefined factors secreted from 

irradiated mouse embryonic fibroblasts (MEFs). Later, studies identified the leukemia 

inhibitory factor (LIF) as an important mediator that supports maintenance of the 

pluripotency of mouse ES cells, by signaling predominantly through the Stat3 pathway 

(Ying et al., 2008). Cultivating ES cells in defined medium containing BMP4 allowed 

their propagation in the absence of MEFs and FBS. BMP4 acts in concert with LIF and 

supports stabilization of mouse ES cells by inducing inhibitors of differentiation (Id) 

genes. LIF and small molecule inhibitors (termed “2i”) of protein kinases ERK1/2 and 

GSK3β, can replace the FBS and thus allow the maintenance of ES cells in fully defined 

medium without MEFs (Ying et al., 2008).  

In 2006, Yamanaka and colleagues have discovered that overexpression of four TFs, 

Oct4, Sox2, Klf4 and cMyc could reprogram mouse embryonic fibroblasts (MEFs) and 

adult fibroblasts back to pluripotency (iPS cells) (Takahashi and Yamanaka, 2006). 

Mouse iPS cells share all defining features with naïve mouse ES cells, including 

expression of pluripotency markers, reactivation of both X chromosomes and the 

ability to generate mouse chimeras (iPS cells when injected into mouse blastocysts can 

contribute to all three germ layers and to the germline of chimeric animals, just like ES 

cells) (Boland et al., 2009; Zhao et al., 2009). 

 

6.1. Pluripotent stem cells: How to generate sensory HCs in vitro? 

 

6.1.1. ES and iPS cell differentiation: 

Self-renewal and pluripotency are the hallmarks of ES and iPS cells. The capacity of 

pluripotent cells to differentiate into the many cell types of the adult organism, 

coupled with their ability to be cultured and expanded in vitro, offers powerful new 

strategies for modeling disease and developing personalized regenerative cell 

therapies. To generate in vitro the desirable cell type, stem cell biologists have 

essentially take advantage of the knowledge gained from developmental biology 

studies to recapitulate in vitro the developmental pathways that lead to differentiation 
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of the desired cell type. This method is often referred as a “step-wise differentiation” 

of pluripotent stem cells.  

To initiate ES cell differentiation, three differentiation strategies are typically used: 

plating cells as a monolayer on extracellular matrix; co-culture with feeder cell lines 

that have differentiation-promoting activity; or promoting aggregation of cells into 

embryoid bodies (EBs) in suspension. The EB formation has been the principal method 

to trigger differentiation of ES cells in a spontaneous way, when pluripotent factors 

such as LIF, and MEFs are removed from the in vitro cultures. In EB aggregates, cellular 

differentiation proceeds on a schedule similar to that in the embryo, but in the 

absence of proper axial organization or elaboration of a body plan. Therefore, each EB 

consists of endodermal, mesodermal and ectodermal tissues that are randomly 

organized, and exhibit different cell patterns. It is possible to bias the differentiation 

for or against certain lineages and cell types by activating or inhibiting signaling 

pathways in a temporally controlled manner during EB differentiation. However, 

development towards undesirable cell types seems to always occur, and the final 

cultures are invariably a heterogeneous mixture (reviewed in Smith, 2001). Over 

recent years, Sasai and colleagues have established a new culture method to generate 

EBs-like aggregates, termed SFEBq (serum-free, floating embryoid body-like, quick 

aggregation) (Eiraku et al., 2008). This relative simple method can produce highly 

homogeneous aggregates that contain nearly 90% of cells committed towards neural 

ectoderm fate with the capacity to give rise to forebrain, midbrain and retinal tissues 

(Eiraku et al., 2008; Danjo et al., 2011; Eiraku et al., 2011; reviewed in Sasai et al., 

2012).  

How researchers managed to steer ES and iPS cell differentiation towards HC fate? 

 

6.1.2. ES and iPS cell differentiation towards HC fate: 

Research aiming to establish an efficient step-wise differentiation protocol for in vitro 

HC generation starting from mouse or human ES and iPS cells has significantly 

increased over the last years. The first study was performed by Li and colleagues in 

2003, and described an EB formation protocol with a treatment of EGF and IGF-1, 

followed by bFGF (Li et al., 2003b). However, the mechanisms by which EGF/IGF-

1/bFGF could be inducing in vitro otic differentiation are not understood, and strong 

evidence for HC differentiation are lacking. The authors only described up-regulation 

of some incipient HC markers (Math1, Brn3c and Myo7a), which can also be found in 

other cell types and therefore do not constitute a definitive proof of HC differentiation 

(Xiang et al., 1995; Sahly et al., 1997; Ben-Arie et al., 2000). The most believable 

evidence for otic commitment was obtained through a chimera grafting experiment 

showing HC differentiation of the injected ES-derived otic cells in the avian inner ear 

sensory epithelium (Li et al., 2003b). 
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Figure 12: Recapitulating the HC differentiation pathway in vitro, starting from pluripotent 

stem cells Schematic representation of several embryonic stages that precedes HC 

differentiation during mouse development (A). Starting from mouse ES or iPS cells, two 

different step-wise differentiation protocols can promote HC and supporting cell commitment 

by recapitulating (at a limited extent) the HC differentiation pathway in vitro (B and C). The 

initial commitment towards otic lineages is less defined in Oshima’s protocol (B) when 

compared to the Koehler’s protocol (C). The presence of matrigel in the Koehler’s protocol 

enables epithelial rearrangements during ES differentiation allowing the establishment of self-

organized epithelium with a 3 dimensional (3D) morphology comparable to its in vivo 

counterpart (C). EBs, embryoid bodies; SFEBq, serum free floating culture of embryoid body-

like aggregates with quick reaggregation; DKK1, dickkopf Wnt signalling pathway inhibitor 

1;SIS3, specific inhibitor of Smad3;IGF1, insulin-like growth factor 1;SB-431542, inhibitor of the 

TGF-β1 receptor Alfk5;LDN-193189, inhibitor of the BMP pathway;D, days in culture (Oshima 

et al., 2010; Koehler et al., 2013). 

 

In several reports, the evidence for ES cell commitment towards otic lineages and HC 

differentiation is still far from desirable (Rivolta et al., 2006; Silva et al., 2006; Chen et 

al., 2012; Ouji et al., 2012; Ouji et al., 2013). HCs have specialized morphological 

structures (hair bundle), molecular signatures and functional proprieties 

(mechanotransduction) that cannot be found in other cell types. The presence of these 

unique features among the ES-derived heterogeneous cell populations can confirm the 

A 

B C 
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HC identity of differentiated cells. However, only two recent studies, performed with 

mouse ES cells, were able to show these distinctive HC features (Oshima et al., 2010; 

Koehler et al., 2013). In these studies, authors described different methods to guide ES 

cell differentiation throughout the several embryonic stages of the otic lineage that 

more accurately recapitulate in vivo otic developments (Fig. 12). Oshima and co-

workers initially used cultures of EBs in suspension, treated with IGF-1, inhibitors of 

Wnt and TGF-β signaling, to promote an enrichment of “ectoderm” that could 

sequentially respond to otic placode instructive cues. Although not shown by the 

authors, it is likely that IGF-1/Dkk1/SIS3 treatment can promote some commitment 

towards non-neural ectoderm and preplacodal fate, and this can explain why 

progenitors are able to acquire otic placode fate in response to FGF activation (Fig. 12). 

The second step of this protocol is the transfer of EBs to an adherent culture, and the 

addition of FGF proteins, as activation of FGF signaling is essential for otic placode 

induction in the embryo (see section 4.2 of this introduction). The authors have shown 

the appearance of otic placode population of cells characterized by the triple 

expression of Pax2, Pax8 and Dlx5. Quantification was however not performed at this 

stage, consequently the reported low efficiency of HC generation (less than 1% of the 

total cells exhibited distinctive HC features) can be due to inefficient otic placode 

commitment. To promote HC and supporting cell differentiation, the authors 

established a third and final step that required EB dissociation and cell plating on top 

of mitotically inactivated chick utricle mesenchymal cells. Despite the low cell 

numbers, successful HC differentiation was shown by the presence of stereocilia 

bundles that exhibit unique morphological and molecular HC characteristics. 

Furthermore, upon deflection of the hair bundle-like structures, these cells were 

demonstrated to possess some mechanotransduction properties similar to naive HCs.  

Recently, Koehler and co-workers have reported a step-wise protocol able to generate 

HCs and supporting cells with a higher efficiency compared to the Oshima’s protocol, 

and with a 3D organization that closely resembles the in vivo sensory epithelium. This 

protocol takes advantage of the SFEBq cultures to generate a pure population of 

definitive ectoderm cells, which was then steered towards non-neural ectoderm fate 

by increasing the levels of BMP signalling. In this study, the initial inner ear 

commitment was faithfully recapitulated. Researchers were able to induce preplacodal 

and otic placode fate by inhibiting BMP signalling and activating the FGF pathway. By 

targeting the crucial signalling pathways in a precise temporal manner, the authors 

were able to guide ES cells through each of the epithelial cell fates: definitive 

ectoderm, non-neural ectoderm, preplacodal ectoderm and otic placode (see sections 

4.1, 4.2 and 4.3 of this introduction). This step-wise differentiation protocol also uses 

matrigel, which have been shown to promote the development of a basement 

membrane in 3D cultures and therefore contributes to the formation of self-organized 

epithelial structures. As a result, morphological events like otic placode thickening and 

invagination were possible to observe in these aggregates. The HC and supporting cell 
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differentiation occurred inside of cyst-like structures that were found to have a 

vestibular organization similarly to utricule and saccule sensory epithelium.  

 

7. Direct lineage conversions: An alternative approach to generate 

sensory HCs in vitro? 

Step-wise differentiation protocols are usually technically demanding, time consuming, 

and inefficient. As discussed previously, the step-wise methods have several sequential 

stages, and the efficiency with which the final cell type is generated can be very low. 

This inefficiency is compounded by the fact that differentiation of iPS cells can vary 

widely among lines (Osafune et al., 2008; Koyanagi-Aoi et al., 2013). Moreover, cells 

within the same line also possess different differentiation propensities (reviewed in 

Cahan and Daley, 2013). Taken together, these limitations fuelled investigation into 

alternative strategies that could lead to efficient cell fate conversions (Fig. 13). 

 

 

 

 

 

 

 

 

 

Figure 13: Various routes of induced cell fate conversions. (A) Reprogramming (induced 

pluripotency): involves a dedifferentiation process where cells revert to a pluripotent stage. 

The iPS cell reprogramming is the most typical example. (B) Transdetermination: involves a 

conversion of a progenitor into a different and closely related lineage. (C) Transdifferentiation: 

direct conversion of fates between two differentiated stages without dedifferentiation. 

Examples of direct conversion include fibroblast to neuron, hepatocyte or cardiomyocyte 

lineages. (D) Directly induced differentiation: it is possible to obtain a differentiated cell types 

without passing through the corresponding intermediate progenitor stages. This has been 

shown by force expression of a specific combination of TFs in human ES cells that rapidly were 

converted into neurons (Pang et al., 2012). (E) Dedifferentiation, a differentiated cell type is 

dedifferentiated into a progenitor stage. Each sphere represents a distinct stage of cell 

differentiation, with the bluest spheres corresponding to mature cells. Step-wise 

differentiation directs cells down this natural cascade of fate specification. Adapted from 

(Vierbuchen and Wernig, 2011) 
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The early work of Davis and colleagues described the conversion of fibroblasts into 

myoblasts through ectopic expression of the bHLH TF MyoD, establishing the proof-of-

principle of cellular plasticity and also demonstrating the possibility of triggering direct 

fate switch without reversion to a pluripotent state (Davis et al., 1987). However, 

resurgence of interest over direct cell fate conversions only occurred with the 

monumental demonstration of somatic cell reprogramming back to a pluripotent stage 

(Takahashi and Yamanaka, 2006). Since then, several studies have demonstrated the 

possibility of exchanging cell identity by either introducing a single TF (i.e. Sox2 

expression in fibroblast induces neural fate (Ring et al., 2012) or a combination of TFs: 

for example, combined activity of Ascl1, Brn2 and Myt1l converted mouse fibroblast 

into neurons (Vierbuchen et al., 2010); Gata4, Mef2c and Tbx5 induced conversion of 

fibroblast into cardiomyocytes (Ieda et al., 2010); combined activity of Gata4, Hnf1α 

and Foxa3 can promote conversion towards hepatocyte fate (Huang et al., 2011).  

Cell fate changes mediated by TFs are direct and avoid transition through a progenitor 

state. Moreover, cell identity is stable after removal of the exogenous TFs (Zhou et al., 

2008; Ieda et al., 2010; Huang et al., 2011; Sekiya and Suzuki, 2011). Usually, fate 

conversion is achieved in the absence of cell division, in contrast to the induction of 

pluripotency which requires cell proliferation (reviewed in Sancho-Martinez et al., 

2012).  

In the nucleus, the majority of DNA is packed into nucleosomes, occluded by higher 

order chromatin structure and repressors. Cell proliferation may facilitate 

reprogramming by allowing TF access to otherwise occluded cis-regulatory regions 

through nucleosome displacement during DNA replication (reviewed in Egli et al., 

2008). Several models have been proposed to account for the access of TFs to their 

relevant binding targets to effect genome-wide transcriptional and epigenetic changes 

in the absence of cell division. One particularly favored model is the “pioneer TF” 

model. Pioneer factors can access their target sites in repressed regions of the genome 

where other factors cannot. During organogenesis, pioneer TFs are thought to be the 

first to bind to lineage-specific regulatory elements and create a permissive binding 

environment for other regulatory factors that do not have pioneer activity. This model 

is supported by the fact that many TFs used for lineage conversion are also thought to 

act as pioneer factors during development and have been shown to be capable of 

binding to nucleosomal DNA in vitro (reviewed in Vierbuchen and Wernig, 2012; 

Wapinski et al., 2013). 

Direct lineage conversion by overexpression of key TFs has been used successfully to 

convert the identity of various cell types, both in vivo and in vitro (reviewed in Ladewig 

et al., 2013). Therefore, it is highly likely that conversion of somatic cells into a 

differentiated HC can be successfully accomplished by forced expression of TFs 

involved in HC differentiation.    
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8. Aims and scope of this thesis 

In this introduction chapter, I have reviewed the structure and development of the 

mammalian inner ear, highlighting the role of crucial signaling pathways and regulatory 

genes during development of each embryonic stage. I have next emphasized how this 

knowledge can be used to establish new therapeutic approaches to treat the damaged 

sensory epithelium. Finally, I have focused on the potential of puripotent stem cells to 

generate in vitro a suitable population of HCs that can be used as a model system for 

inner ear research, or as a source of HCs for cell replacement therapies. 

The work presented in this thesis was aimed at discovering a new method for efficient 

in vitro HC generation, starting from mouse ES cells. I have proposed to take a TF-

overexpression approach to directly program ES-derived progenitors towards HC fate, 

bypassing the several embryonic cell stages of the early HC development program (Fig. 

14). In chapter 3 (Sensory hair cells: A programming approach) I describe how this goal 

was achieved. The several sub-aims were:  

- Identify TFs previously shown to be essential for embryonic HC differentiation 

and select single and/or combinations of key TFs for overexpression 

experiments. 

- Design and build an efficient and stable gene expression system in ES cells 

that allows a temporal and tightly controlled expression of the selected TF. 

- Characterize the inducible ES lines generated, in the pluripotent stage and 

during ES differentiation by EB formation. 

-  Access whether forced expression of the selected TFs can promote direct HC 

differentiation from EB-derived cells. 

- Characterize the in vitro generated HC at the morphological, transcriptional 

and functional level. 

Successful in vitro HC generation was achieved by this direct induction differentiation 

approach. However, detailed characterization reveals that induced HCs (iHCs) display 

an immature phenotype. In chapter 4 (Induced hair cells: In vivo cell transplantations), 

I describe a series of cell transplantation experiments into the avian sensory 

epithelium. The sub-aims were: 

- Determine whether iHCs complete proper differentiation and acquire an adult 

phenotype when transplanted into an in vivo environment. 

- Determine the feasibility of cell-replacement therapies in the repair of a 

damaged sensory epithelium.  

Finally, in chapter 5, I summarize the main conclusions of the work described in this 

thesis, and discuss the most promising applications of the HC programming approach 

to generate new in vitro inner ear model systems, and to promote in vivo HC recovery 

in an damaged sensory epithelium.  
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The reprogramming term is usually employed to define a dedifferentiation event back 

to a pluripotent stage. Thus, I have used in this thesis the term “programming” to 

define a directly induced differentiation of an unknown progenitor into a 

differentiated cell type, without passing through the corresponding intermediate 

progenitor stages. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Can mouse ES-derived progenitors be directly converted into HCs by force 

expression of HC-related TFs? In opposition to the step-wise differentiation protocols that aim 

to recapitulate the several embryonic cell stages of the HC development (A), the work 

presented in this thesis aims to discover a protocol for direct induce HC differentiation 

bypassing the several progenitor stages (B). The establishment of such an alternative protocol 

relies in force expression of TFs previously known to play an important role in HC 

differentiation during inner development. 
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1. Molecular Biology Techniques  

1.1- Preparation of chemically competent bacteria: 

Preparation of chemically competent bacteria was based on the protocol 

described by Inoue et al. (1990). The bacterial strain of Escherichia coli used was 

DH5T. Cultures of this bacterial strain were made competent for transformation 

with plasmid DNA by treatment with calcium chloride (CaCl2). A single colony was 

placed in 25mL of SOB medium and grown overnight at 37oC, with vigorous 

shaking. This starter culture was used to inoculate two 1L flasks (each containing 

125mL of SOB medium), of which each received 1mL of the starter culture. Both 

flasks were incubated overnight (o/n) at 18-22oC with vigorous shaking, until they 

reached an OD600nm=0.6 (measured in a GeneQuantpro spectrophotometer from 

GE Healthcare). Further growth of the bacteria was interrupted by cooling the 

culture on ice for 10 minutes (min). Both cultures were joined together in one 

tube and then centrifuged at 2500g for 10min at 4oC. The pellet was gently 

resuspended in 80mL of ice-cold Inoue transformation buffer (55mM MnCl2, 

15mM CaCl2, 250mM KCl, 10mM PIPES pH=6.7, filter sterilized), left on ice for 

10min, centrifuged at 2500g for 10min at 4oC and resuspended once more in 20mL 

of ice-cold Inoue transformation buffer. After complete resuspension, 1.5mL of 

dymethyl sulfoxide (DMSO) was added to the solution and mixed by swirling. The 

cells were then frozen in 100μL aliquots in liquid nitrogen and stored at -80oC.  

1.2- Plasmid transformation of chemically competent bacteria: 

Frozen aliquots of competent cells were thawed on ice. Plasmid DNA was 

incubated with 100μL of cells on ice for 20min. The cells/DNA mix was heat-

shocked for 45 seconds (s) in a water bath at 42oC and then incubated on ice for 

2min. 900μL of SOB medium was added to the mix, which was then incubated 

with shaking at 37oC, for 1h. The mix was centrifuged for 1min on a bench 

centrifuge and 900μL of the supernatant solution were discarded. The cells were 

resuspended in the remaining volume (100μL) and plated on appropriate selective 

LB agar media and incubated at 37oC o/n. 

1.3- Plasmid DNA purification: 

- For small scale preparation of plasmid DNA, 2mL of a 3mL overnight bacterial 

culture of transformed competent cells, in the appropriate selective LB medium, 

was processed using the Wizard Plus SV Minipreps DNA Purification System 

(Promega), according to the manufacturer’s instructions.  

- For large scale preparations of plasmid DNA (200-400μg), 50mL of the selective 

LB medium was inoculated with 0.5mL of plasmid bacterial culture. Bacterial 



Chapter 2- Material and Methods 

48 
 

culture shaken overnight at 37oC was processed using the Genopure Plasmid Midi 

Kit (Roche), according to the manufacturer’s instructions. 

-  For higher quality large scale preparations of plasmid DNA 50mL of the selective 

LB medium was inoculated with 0.5mL of plasmid bacterial culture. Bacterial 

culture shaken overnight at 37oC was processed using the QIAGEN Plasmid Midi Kit 

(Qiagen).  

1.4- DNA and RNA quantification: 

The concentration of DNA and RNA was determined by spectrophotometry using 

Nanodrop spectrophotometer (Thermo Scientific). The purity of the nucleic acid 

preparation was estimated by the ratio between the readings obtained at 260nm 

and 280nm (pure preparations of DNA and RNA show ratio values of 1.8-2.0). 

1.5- DNA precipitation: 

Precipitation of the DNA plasmid was done by adding 1/10 of the solution volume 

of 3M sodium acetate and two volumes of 100% ethanol. The precipitation 

solution was incubated at -20oC for 2h to 24h and then centrifuged for 30min at 

13000rpm. The pellet was washed with 70% ethanol followed by centrifugation of 

10min at 13000rpm and the DNA was then resuspended in water. For 

precipitation of plasmid DNA used in electroporations of ES cells, the DNA 

resuspension was performed in sterile PBS in the sterile laminar flow environment. 

DNA was quantified and DNA integrity was confirmed by agarose gel 

electrophoresis. 

1.6- Restriction digestions: 

Enzymatic restriction of DNA was performed for approximately 1h using 5-10U of 

commercially available restriction enzymes and respective buffers (Promega, 

Roche, Fermentas, New England Biolabs). The volume of enzyme used in each 

reaction never exceeded 10% of the total reaction volume. 

1.7- Analysis and isolation of DNA by agarose gel electrophoresis: 

To separate, estimate the size of DNA fragments and purify them, agarose gel 

electrophoresis was carried out. Gels were prepared by heating agarose (SeaKem® 

LE Agarose, Lonza) until complete dissolution in 1x TAE buffer (40mM Tris, 1mM 

EDTA, 0.35% glacial acetic acid). The final agarose concentration depended on the 

size of DNA to be resolved. This was 2% (w/v) for fragments with sizes inferior to 

0.5kb and 1% (w/v) for fragments between 1kb and 10kb. DNA was visualized by 
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the addition of ethidium bromide (GibcoBRL) to the gel, to a final concentration of 

0.4μg/mL. DNA samples were mixed with loading buffer (60% Glycerol (v/v), 

10mM EDTA, 0.2% OrangeG (Sigma)) in a 5:1 proportion and electrophoresis was 

carried out in 1x TAE buffer at 5-10V/cm of gel length, until the desired resolution 

was achieved. DNA was visualized under an ultraviolet light at 260nm or 365nm 

and the size of the fragments was estimated by comparison with linear DNA 

strands of known molecular weight (1kb Plus DNA Ladder – Invitrogen or 2-Log 

DNA Ladder – New England Biolabs). At this stage the gels were either 

photographed (analytical gels) or DNA was extracted from them (preparative gels). 

In the case of the preparative gels, the region of the gel containing the DNA 

fragment of interest was excised under ultraviolet light at 365nm and purified 

using Wizard Plus SV Gel and PCR Clean-up System (Promega), according to the 

manufacturer’s instructions. 

1.8- DNA ligation: 

Ligations were performed at 15oC in a final volume of 10μL, using 5U of T4 DNA 

Ligase (Fermentas) and the respective ligation buffer. The proportion between 

backbone vector and the insert to be cloned was 1:3, based on DNA 

concentrations assessed by visualizing the fragments after agarose gel 

electrophoresis. Generally, 1μL of vector (approximately 25ng) was used.  

1.9- Dephosphorylation: 

Before ligation of the inserts to the vector backbone, the vector was 

dephosphorylated to reduce the number or negative clones caused by vector self-

ligation. Dephosphorylation was performed on 3-10μg of digested vector at 37oC 

during 1.5h using 2U of Calf Intestinal Phosphatase (Promega) with the 

appropriate buffer in a total volume of 50μL. 

1.10- Generation of blunted ends with Klenow: 

To fill-in 5’ overhangs produced after restriction digestions the DNA Polymerase I, 

Large (Klenow) Fragment was used. Reactions were prepared in a final volume of 

50μL containing up to 10μg of plasmid, 0.2mM dCTP, 0.2mM dGTP, 0.2mM dATP, 

0.2mM dTTP and 20U of Klenow (New England Biolabs) with the appropriate 

buffer. The reaction mixture was incubated for 15min at room temperature 

followed by 10min incubation at 37oC. 

1.11- Polymerase Chain Reaction (PCR): 
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To produce inserts for cloning in several DNA vectors, PCR primers were designed 

for the specific target sequence on the insert DNA. Reactions were prepared in a 

final volume of 25μL (1ng template plasmid DNA, 1x buffer, 0.2mM dCTP, 0.2mM 

dGTP, 0.2mM dATP, 0.2mM dTTP, 25pmol of each primer and the necessary 

amount of Polymerase). In some cases additives were added to the reaction 

mixtures to improve the product yield. In other cases they were totally necessary 

for the PCR to work. These additives were either DMSO at 10%, formamide at 5% 

or glycerol at 10%. For amplification of inserts used in cloning reactions, standard 

PCR using Phusion DNA Polymerase (Finnzymes) were conducted. Amplification 

was performed with an initial denaturation step at 98oC for 30s, followed by 25 

cycles at 98oC for 10s, annealing at 60oC for 30s, 72oC for 15s/kb, followed by 

10min at 72oC and 5min at 4oC. These general cycling programs were adjusted for 

each primer and template set, especially the annealing temperature. 

1.12- Oligonucleotides for cloning: 

The oligonucleotides used during the course of this work for cloning were 

synthesized by Sigma Genosys or Frilabo. 

Table 1: Oligonucleotides used for the DNA constructs described in this section 

Oligonucleotide name Oligonucleotide sequence (5’ to 3’) 

2APMath1Fwd 
GCTCTAGAGGCAGTGGAGAGGGCAGAGGAAGTCTGCTAACAT
GCGGTGACGTCGAGGAGAATCCTGGCCCAATGTCCCGCCTGCT
GCATGCAG 

Math1NotIRev ATAAGAATGCGGCCGCCTAACTGGCCTCATCAGAGT 

2APBrn3c1Fwd 
CGGGATCCGGCAGCGGAGAGGGCAGGGGAAGCCTGCTCACCT
GCGGCGACGTGGAGGAGAACCCCGGCCCTATGATGGCCATGAA
CGCCAAGCA 

Brn3cXbaIRev GCTCTAGAGTGGACAGCAGAGTATTTCA 

Gfi1Fwd CGGAATTCACCATGCCGCGCTCATTCCTGGTC 

Gfi1Rev CGGGATCCTTTGAGTCCATGCTGAGTCT 

Math1BamHIFwd CGCGGATCCATTGCAGTACGATGTC 

Math1XbaIRev GCTCTAGAGCATCGATCTAGTCTACCTAACTGGCCTCATCA 

Brn3cNotIRev ATAAGAATGCGGCCGCTCAGTGGACAGCAGAGTATTTCA 

Myo7aSpeIFwd GTCTTACACACTAGTCTAGTCTGGGATGGA 

VenusEcoRIRev GTGAATTCTTACTTGTACAGCTCGTCCATGCCGA 

Myo7aSacIIFwd CGCCGCGGCTAGAGGGATCTGTCTGTTTC 

Myo7aSpeIRev CCTCTCCATCCCAGACTAGACTAGTGTGTA 
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1.13- Data mining: 

DNA, mRNA and Protein sequences were obtained from the NCBI 

(http://www.ncbi.nlm.nih.gov/) and Ensemble 

(http://www.ensembl.org/index.html) databases 

1.14- Primer design: 

Primer sequences were designed and analyzed using Netprimer 

(http://www.premierbiosoft.com/netprimer/index.html). Creation of 

Reverse/Complement sequences from a previous sequence was performed using 

Reverse Complement tool (http://www.bioinformatics.org/sms/rev_comp.html). 

1.15- DNA sequencing: 

The DNA samples were sequenced at Stabvida. 

1.16- Analysis of the sequencing results:  

Sequencing results were analyzed with ClustalW alignments by comparing the 

sequencing data with the expected sequence. Sequencing ab1 files were visualized 

with Trev (a component of the Staden Package, http://staden.sourceforge.net/). 

1.17- Plasmid constructs: 

The newly generated plasmid constructs were verified by at least 3 independent 

restriction digestions and analysis on agarose gel electrophoresis. Whenever 

Polymerase Chain Reactions were involved in the generation of these plasmids the 

final plasmid sequences were also confirmed by sequencing as described below. 

1.18- Generation of the Nestin enhancer expression vectors 
(NesMath1GFPPGKNeo@PL452 and 
NesCherryGFPPGKNeo@PL452): 

To engineer the final NesMath1GFPPGKNeo@PL452 three sequential cloning steps 

were performed and the following vectors were used: 

PL452 vector 

Plasmid kindly provided Dr. Neal Copeland (Liu et al., 2003). It contains a Neo 

resistance cassette (composed of LoxP site, PGK promoter, Neomycin 

resistance gene, polyA and another LoxP site) inserted in the PKS vector.  

pCIG 
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Plasmid kindly provided by Dr. Andy McMahon (Megason and McMahon, 

2002). It contains an internal ribosome entry site (IRES) sequence followed by a 

GFP with a nuclear localization signal (NLS) and a poly(A) signal. 

Nes1852/TK.lacZ 

Plasmid kindly provided by Dr. Elisabet Andersson (Andersson et al., 2006). It 

contains an 1852bp fragment of the human Nestin enhancer followed by a 

minimal promoter fragment from the Herpes simplex virus (HSV) thymidine 

kinase (TK) promoter. 

1.18-1. First step: The IRES, GFP-NLS and polyA cassette was extracted from 

pCIG vector using SalI and XhoI restriction enzymes. The PL452 plasmid was 

digested with SalI and dephosphorylated for further ligation with the 

previous excised IRES-GFP-NLS-polyA fragment producing the 

IRESGFPNLSpolyA@PL452 vector.  

1.18-2. Second step: The Nes1852 and TK promoter cassette was extracted 

from Nes1852/TK.lacZ using HindIII and NotI and the overhangs were 

blunted with Klenow. The IRESGFPNLSpolyA@PL452 vector was linearized 

with ClaI followed by a Klenow blunting reaction. After this, the 

IRESGFPNLSpolyA@PL452 vector was dephosphorylated and ligated with the 

previous prepared fragment to generate the NesIRESGFPNLSpolyA@Pl452. 

1.18-3. Third step: The Math1 cDNA was amplified from the Math1 I.M.A.G.E 

(Ref: IRAVp968D0993D) with primers Math1BamHIFwd and Math1XbaIRev. 

This PCR fragment was digested with BamHI and XbaI and the overhangs 

were blunted with Klenow. The NesIRESGFPNLSpolyA@PL452 was digested 

with EcoRV dephosphorylated and ligated with the previously prepared PCR 

fragment to produce the final NesMath1GFPPGKNeo@PL452 vector. 

Generation of the control Nestin enhancer expression vector (without Math1) 

NesCherryGFPPGKNeo@PL452: 

- The mCherryNLS fragment was extracted from pCAG-CherryNLS (Vilas-Boas et 

al., 2011) with HindIII / XbaI and the overhangs were blunted with Klenow. The 

NesIRESGFPNLSpolyA@PL452 was digested with EcoRV dephosphorylated and 

ligated with the previously prepared mCherryNLS fragment to produce the final 

NesCherryGFPPGKNeo@PL452 vector. 

1.19- Generation of the Lox targeting plasmid (PloxGBMpolyA@PKS) 

for the iGBM ES line: 
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To engineer the final PloxGBMpolyA@PKS four sequential cloning steps were 

performed. 

1.19-1. First step: Generation of the PloxpolyA@PKS 

To produce this construct 2 vectors were used: 

Plox@PKS vector  

Plasmid kindly provided by Dr. Moises Mallo. It contains a 500bp sequence 

compose of the PGK promoter followed by an ATG and a loxP site, that is 

inserted in the PKS vector (the commercially available bacterial cloning vector 

pBluescript II KS from Stratagene) 

pCIG 

This is an eukaryotic expression vector kindly provided by Dr. Andy McMahon 

(Megason and McMahon, 2002). 

- pCIG was digested with SalI and the overhangs were blunted with Klenow. 

Next, NotI digestion allowed the extraction of the poly(A) signal from pCIG. 

The Plox@PKS was digested with SacII followed by a Klenow blunting 

reaction. This vector was digested with NotI and dephosphorylated and later 

ligated with the previously prepared poly(A) signal fragment to generate the 

PloxpolyA@PKS vector. 

1.19-2. Second step: Generation of the Plox2APMath1polyA@PKS 

2AP sequence and Math1 cDNA were amplified from the Math1 I.M.A.G.E (Ref: 

IRAVp968D0993D) with primers 2APMath1Fwd and Math1NotIRev. This PCR 

product was digested with XbaI / NotI and ligated to PloxpolyA@PKS previously 

digested with XbaI / NotI and dephosphorylated to generate the final construct 

Plox2APMath1polyA@PKS.  

1.19-3. Third step: Generation of the Plox2APBrn3c2APMath1polyA@PKS 

2AP sequence and Brn3c cDNA were amplified from the Brn3c I.M.A.G.E (Ref: 

IRCKp5014M137Q) with primers 2APBrn3c1Fwd and Brn3cXbaIRev. This PCR 

fragment was digested with XbaI / BamHI and ligated to 

Plox2APMath1polyA@PKS previously digested with XbaI / BamHI and 

dephosphorylated to generate the final construct 

Plox2APBrn3c2APMath1polyA@PKS.  

1.19-4. Fourth step: Generation of the PloxGBMpolyA@PKS 
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Gfi1 cDNA was amplified from the plasmid kindly provided by Dr. Möröy T. (Ref: 

NM_010278) with primers Gfi1Fwd and Gfi1Rev. The PCR fragment was 

digested with EcoRI / BamHI and ligated to Plox2APBrn3c2APMath1polyA@PKS 

previously digested with EcoRI / BamHI and dephosphorylated to generate the 

final construct PloxGfi12APBrn3c2APMath1polyA@PKS, hereon referred to as 

PloxGBMpolyA@PKS. 

1.20- Generation of the Lox targeting plasmid (PloxMath1polyA@PKS) 

for the iMath1 ES line: 

The Math1 cDNA was amplified from the Math1 I.M.A.G.E (Ref: IRAVp968D0993D) 

with primers Math1BamHIFwd and Math1XbaIRev. This PCR fragment and 

PloxpolyA@PKS were digested with BamH1 / XbaI and the overhangs were 

blunted with Klenow. After the PloxpolyA@PKS dephosphorylation, this vector 

was ligated to the Math1 fragment generating PloxMath1polyA@PKS. 

1.21- Generation of the Lox targeting plasmid 

(PloxGfi12APBrn3cpolyA@PKS) for the iGB ES line: 

The 2AP sequence and the Brn3c cDNA were amplified from the Brn3c I.M.A.G.E 

(Ref: IRCKp5014M137Q) with primers 2APBrn3c1Fwd and Brn3cNotIRev. This PCR 

fragment was digested with BamHI / NotI. The vector PloxGBMpolyA@PKS was 

digested with BamHI / NotI and the resulting 2APBrn3c2APMath1 fragment was 

excluded after gel extraction. The remaining vector backbone PloxGfi1polyA@PKS 

was dephosphorylated and ligated to the digested PCR fragment 2APBrn3c 

generating PloxGfi12APBrn3cpolyA@PKS. 

1.22- Generation of the Myo7aVenuspolyAPGKBlasticidinpolyA@PKS 
vector for the construction of the iGBM-Myo7a:mVenus reporter 
ES line: 

To establish a Myo7a fluorescence reporter system, a different strategy was 

developed that depended on bacterial artificial chromosomes (BAC). The BAC 

carries the genomic areas around the Myo7a gene and is therefore likely to 

contain all the required regulatory regions that may not be present in constructs 

composed of smaller promoter regions. Cassettes were engineered that allowed 

the manipulation of DNA by homologous recombination using recombinogenic 

engineering (recombineering (reviewed in Copeland et al., 2001)). The final Myo7a 

BACs RP23-109F24 was engineered to contain a Venus-poly(A) signal cassette and 

a PGK-Blasticidin-poly(A) signal selection cassette in the place of the Myo7a coding 

region. First, two targeting cassettes for recombineering were generated:  
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-Myo7a5armVenuspolyA@PKS, containing ~500bp upstream of the coding region 

of the mouse Myo7a followed by Venus and poly(A) signal sequence inserted in 

the PKS vector. 

-Myo7a3armPGKBlasticidinpolyA@PKS, containing ~500bp downstream of the 

coding region of the mouse Myo7a followed by a PGK promoter, a Blasticidin 

resistance gene and a poly(A) signal sequence. 

The Myo7a BAC approach failed to produce any ES cell clone capable of driving 

Venus expression in the Myo7a+ cells during EBs differentiation. Therefore, the 

detailed protocol of the BAC recombineering will not be described in this thesis. 

However, the final engineered Myo7a BAC RP23-109F24 as well as the two Myo7a 

targeting cassettes (Myo7a 5arm and Myo7a 3arm) were used to generate the 

Myo7aVenuspolyAPGKBlasticidinpolyA@PKS vector in three sequential cloning 

steps.  

1.22-1. First step: The engineered Myo7a BAC was used to PCR amplify a 

fragment with primers Myo7aSpeIFwd and VenusEcoRIRev. This PCR 

product and Myo7a5armVenuspolyA@PKS were digested with EcoRI / 

SpeI. The resulting polyA@PKS was isolated and dephosphorylated for 

sequential ligation with the Myo7a PCR product. From this, the 

SpeIMyo7aVenuspolyA@PKS was generated. 

1.22-2. Second step: The engineered Myo7a BAC was used to PCR amplify a 

fragment with primers Myo7aSacIIFwd and Myo7aSpeIRev. This PCR 

product and SpeIMyo7aVenuspolyA@PKS were digested with SacII / SpeI. 

Afterwards, SpeIMyo7aVenuspolyA@PKS was dephosphorylated and 

ligated with the Myo7a PCR product, which resulted in the generation of 

the Myo7aVenuspolyA@PKS. 

1.22-3. Third step: The Myo7a3armPGKBlasticidinpolyA@PKS vector was 

digested with SalI / Acc65I to obtain the PGKBlasticidinpolyA fragment 

from the vector backbone. The Myo7aVenuspolyA@PKS was digested 

with SalI / Acc65I, dephosphorylated and ligated to the 

PGKBlasticidinpolyA fragment generating the final 

Myo7aVenuspolyAPGKBlasticidinpolyA@PKS vector. 

1.23- 2A peptide (2AP) sequences:  

The 2A peptide sequence used in these DNA constructs was obtained from the 

Thosea asigna virus (TaV) of the tetraviridae virus family with the following 

sequence: 
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GGC AGT GGA GAG GGC AGA GGA AGT CTG CTA ACA TGC GGT GAC GTC GAG GAG 

AAT CCT GGC CCA 

The second 2A peptide present in the PloxGBMpolyA@PKS vector is the same TaV 

2A peptide sequence with silent mutations (underlined) that were designed using 

the codon usage table. These mutations were conducted to avoid duplications of 

homologous regions that can lead to an unwanted recombination: 

GGC AGC GGA GAG GGC AGG GGA AGC CTG CTC ACC TGC GGC GAC GTG GAG GAG 

AAC CCC GGC CCT 

1.24- Isolation of total RNA from cultured cells: 

To extract total RNA from cultured cells, a total of 106 cells were collected and 

washed twice in PBS. The RNA was then extracted using the High Pure RNA 

Isolation Kit (Roche), according to the manufacturer’s instructions. The total RNA 

was stored at -80oC. The absence of contaminating genomic DNA was confirmed 

for each RNA extraction by PCR amplification of GAPDH-specific product from RT 

(reverse Transcriptase) negative samples. 

1.25- cDNA synthesis: 

For synthesis of cDNA, 1μg of total RNA was used as a template for the reverse 

transcription performed with the Superscript II Reverse Transcriptase system 

(Invitrogen) in a final volume of 20μl. Transcription was performed with random 

primers, according to the manufacturer’s instructions. The cDNA obtained was 

used to perform standard PCR or real time PCR. 

1.26- Isolation of genomic DNA from cultured cells: 

To obtain genomic DNA from cultured cells for mycoplasma test PCR or for 

screening PCRs, samples were routinely collected using the following procedure. A 

total of 106 cells were centrifuged at 13000rpm for 2min, resuspended in wash 

buffer (10mM Tris-HCl, 50mM KCl, 1,5mM MgCl2) and centrifuged again in the 

same conditions. The pellet was then resuspended in a 1:1 mix of solution A 

(10mM Tris-HCl, 100mM KCl, 2,5mM MgCl2) and solution B (10mM Tris-HCl, 

2,5mM MgCl2, 1% Tween20, 1% TritonX100, 120μg/ml proteinase K) and 

incubated for 1h at 60oC. The suspension was incubated at 90oC for 10min to 

inactivate proteinase K. The resulting DNA was used for PCR or stored at -20oC.  

1.27- Oligonucleotides for semi-quantitative and quantitative PCR: 
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The oligonucleotides used during the course of this work for PCR (semi-

quantitative and quantitative) were synthesized by Sigma Genosys or Frilabo. The 

oligonucleotide sets used in real time PCR were designed to have comparable melt 

curves (Tm = 60oC, pearl oligonucleotide) and, when possible, spamming exon-

exon junctions. 

Table 2: Oligonucleotides used for semi quantitative and quantitative PCRs. 

Oligonucleotide name Oligonucleotide sequence (5’ to 3’) 

MycoplasmaPr37 TGCACCATCTGTCACTCTGTTAACCTC 

MycoplasmaPr22 ACTCCTACGGGAGGCAGCAGTA 

Myo7aFwd AATCACATCAGGTACAGCGAAGAG 

Myo7aRev CGGGGAAGTAGACCTTGTGGA 

Cdh23Fwd AACAGCACAGGCGTGGTGA 

Cdh23Rev TGGCTGTGACTTGAAGGACTG 

EspinFwd GGTCTCAGCCACTGCTCAATG 

EspinRev GAATGTCTCGTCTCCAGGCAG 

Lhx3Fwd AACAACAGTAACGCCTTGCTTC 

Lhx3Rev CACACGGCATTCCAGAACAG 

Myo6Fwd GAGAGGCGGATGAAACTTGAGA 

Myo6Rev CTTCGGAGTGCCATGTCACC 

OtoFwd GGAAGAGAAGGAAGAGATGGAAAG 

OtoRev GGGCTCTGGTTTTTCTTCTTTTTC 

Math1Fwd ATGCACGGGCTGAACCA 

Math1Rev TCGTTGTTGAAGGACGGGATA 

Brn3cFwd GCAAGAACCCAAATTCTCCA 

Brn3cRev TAGATGATGCGGGTGGATCT 

Gfi1Fwd AGGAACGCAGCTTTGACTGT 

Gfi1Rev TGAGATCCACCTTCCTCTGG 

Sox2Fwd ATGGACAGCTACGCGCAC 

Sox2Rev CGAGCCGTTCATGTAGGTCTG 

NestinFwd CTGGAACAGAGATTGGAAGGCCGCT 

NestinRev GGATCCTGTGTCTTCAGAAAGGCTGTCAC 

Tuj1Fwd AAGGTAGCCGTGTGTGACATC 

Tuj1Rev ACCAGGTCATTCATGTTGCTC 
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VenusFwd ATGGTGAGCAAGGGCGAGG 

VenusRev AGTCGTGCTGCTTCATGTGGTC 

GAPDHFwd ATTCAACGGCACAGTCAAGG 

GAPDHRev TGGATGCAGGGATGATGTTC 

2APFwd AGCGGAGAGGGCAGGGGAA 

2APBrn3cRev ATGCGGGTGCGAGGTGAGT 

LoxinFwd CTAGATCTCGAAGGATCTGGAG 

LoxinRev ATACTTTCTCGGCAGGAGCA 

 

1.28- Quantitative PCR: 

The quantitative PCR reaction was performed on 96-well plates (MicroAmp; 

Applied Biosystems) or 384-well plates (MicroAmp; Applied Biosystems) covered 

with optical adhesive covers (Applied Biosystems). The instruments used were 

Applied Biosystems 7500 Real-Time PCR or Applied Biosystems ViiA 7 Real-Time 

PCR. The Real-Time PCR was carried out using iTaq Universal Sybr Green Supermix 

(Bio-Rad), 2μl of the retrotranscription cDNA template diluted 1:100 and 12,5pmol 

of each primer. Reaction conditions were as follows: one step of 50oC for 2 min, 

one 95oC for 10 min, and 40 cycles of 95oC for 15 s denaturation and 60oC for 1 

min annealing and extension. The cDNA was used as template for each pair of 

primers in a duplicate PCR reaction. GAPDH was used was a calibrator. Relative 

expression levels in the various Dox-treated samples were referred to the levels of 

expression in control untreated (without Dox) which were arbitrarily set to 1. 

Results are shown as averages ± standard error of mean (SEM) of three 

independent experiments and Student’s t test was applied to test for statistical 

significance. 

1.29- Semi-quantitative PCR: 

For the semi-quantitative PCR, 5μl of the cDNA template diluted 1:100 were used 

in each tube. Reactions were prepared in a final volume of 25μL (5 μl of template 

cDNA, 1x buffer, 0.1mM dCTP, 0.1mM dGTP, 0.1mM dATP, 0.1mM dTTP, 25pmol 

of each primer and 0,16 μl of rTaq Polymerase) Amplification was performed with 

an initial denaturation step at 94oC for 5min, followed by 30-35 cycles at 98oC for 

1min, annealing at 60oC for 1;30min, 72oC for 1min, followed by 10min at 72oC and 

5min at 4oC. These general cycling programs were adjusted for each primer, 

especially the annealing temperature. A PCR for GAPDH (housekeeping gene that 

functions as an internal control) was always performed to compare quality and 
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amount of the cDNA between samples. All samples to be compared were 

processed in parallel and 3 independent experiments were performed.  

1.30- Mycoplasma PCR: 

The PCR for mycoplasma detection was performed using rTaq Polymerase, 

amplifying a conserved region in the mycoplasma 16S RNA gene. The amplification 

was performed with an initial step of denaturation at 95oC for 5min, followed by 

30 cycles of denaturation at 95oC for 30sec, annealing at 58oC for 1.5min and 

extension at 72oC for 1.5min, and a final step of extension at 72oC for 10min and 

5min at 4ºC. The reactions were prepared for a final volume of 25μL: 3μL of 

genomic DNA sample, 1x rTaq buffer, 0.2mM dCTP, 0.2mM dGTP, 0.2mM dATP, 

0.2mM dTTP, 25pmol of each primer and 2.5U of rTaq Polymerase. The PCR 

products were analyzed by agarose gel electrophoresis. The quality of the DNA 

preparation was confirmed by performing a PCR to detect GAPDH. Also, a plasmid 

that carries an insertion that corresponds to the amplified fragment was used as a 

positive control.  

2. Cell Culture Techniques  

2.1- Mouse Embryonic Stem (ES) cell cultures: 

All steps involved in the manipulation of ES cells were performed in a sterile 

laminar flow hood class II, type A/B3. 

2.2- Supplementation of DMEM medium: 

The Dulbecco’s Modified Eagles Medium 1x (DMEM, GIBCO) was supplemented 

with 10% of heat-inactivated fetal bovine serum (FBS) (GIBCO, ES-qualified), 2mM 

Glutamine (GIBCO), 1% Penicillin/Streptomycin (GIBCO), 1mM Sodium Pyruvate 

(GIBCO), 1% MEM non-essential amino acids (GIBCO) and 7μM 2-Mercaptoethanol 

(Sigma). All solutions were mixed and filtered through a 0,2μm filter unit into a 

new sterile flask. Leukemia inhibitory factor (LIF) supplementation was always 

performed whenever DMEM medium was used for ES cell expansion but not 

differentiation by adding 2ng/ml of LIF. 

2.3- Gelatin and PDL-Laminin coating: 

- Gelatin 2% solution (GIBCO) was pre-heated to prepare a 0,1% working solution 

with sterile Phosphate Buffered Saline (PBS) and stored at 4oC. The tissue culture 

dishes were covered for 15min and this gelatin solution was removed immediately 

before plating cells. 
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- The tissue culture dishes or coverslips were covered with PDL solution (Sigma-

Aldrich) (10μg/mL in PBS) and were left for 1h at room temperature. The dishes 

were then washed twice with PBS, covered with Laminin solution (Sigma-Aldrich) 

(2,5μg/mL in PBS) and incubated overnight at 37oC and 5% CO2. Laminin was 

removed immediately before plating the cells. 

2.4- Trypsin solution for cultured cells: 

To prepare a working 0,025% Trypsin solution for ES cell culture, Trypsin 2,5% 

solution (GIBCO) was diluted in sterile PBS with 0,1% of inactivated chicken serum 

and 0,1mM of EDTA. The Trypsin solution was filtered through a 0,2μm filter unit 

into a new sterile flask. Alternatively, a working 0,25% Trypsin solution for MEFs or 

ES cell culture was also used. Trypsin 2,5% was diluted in sterile PBS with 1% of 

inactivated chicken serum and 1mM of EDTA followed by filtration using a 0,2μm 

filter unit. 

2.5- Thawing, expansion and freezing procedures for ES cells: 

ES cells were thawed in pre-heated supplemented DMEM medium plus LIF and 

plated on 0,1% gelatin-coated dishes. Medium was changed 6 hours later to 

eliminate DMSO residues. ES cells were grown at 37oC in a 5% CO2 incubator on 

gelatin-coated dishes in supplemented DMEM. The morphology and health of cells 

were assessed daily by direct visualization on an inverted bright field microscope 

(Leica DMIL with a DC200 camera) and cells were passaged every other day, at a 

constant plating density of 3x104 cells/cm2. For each passage, cells were washed 

twice with PBS and dissociated with 0,025% trypsin for 2-3min at 37oC. Cells were 

immediately resuspended in DMEM (to neutralize trypsin solution), centrifuged at 

1200 rpm for 4min and resuspended again in DMEM. Cells were counted using 

trypan blue solution (Sigma) which stains dead cells and helps to provide a 

measure of the number of viable ES cells within the sample. Trypan blue-stained 

cells suspension was placed onto a haemocytometer (Fisher Scientific) and 

numbers of viable cells were counted under an inverted microscope at 10x 

magnification. The required amount of cells was then plated on gelatin-coated 

dishes in supplemented DMEM. To prepare ES cell stocks for long storage in 

freezing conditions, 3x106 cells were collected in a final volume of 1ml with DMEM 

1x and 10% dimethyl sulphoxide (DMSO) into cryopreservation cryovials (Nunc). 

These cryovials were transferred to -80oC or to liquid nitrogen. Whenever cells 

were frozen, a sample was collected for mycoplasma PCR analysis.  

2.6- Mouse embryonic fibroblast (MEF) cultures: 
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All ES lines used in this work were cultured in 0,1% gelatin-coated dishes. 

However, the generation of the several doxycycline-inducible ES lines using the 

parental Ainv15 line required the presence of a mouse MEFS feeder layer during 

the entire Neomycin selection procedure. Therefore, mitotically inactive MEFs, 

resistant to Neomycin were produced. The following steps describe the necessary 

procedure to obtain these MEFs cells. 

2.7- Isolation of mouse embryonic fibroblast (MEF): 

Only for isolation and culture of MEFs, the DMEM media used was supplemented 

with just 10% of FBS (GIBCO), 2mM Glutamine (GIBCO) and 1% 

Penicillin/Streptomycin (GIBCO). More supplements were required for ES cell 

culture and therefore the mouse embryonic fibroblasts media is referred as MEFs-

DMEM. 

The transgenic C57BL/6-TgN (pPGKneobpA) mice containing the neomycin-

resistance gene was kindly provided by Dr. Moises Mallo. These transgenic 

pregnant mice containing E13.5 – E14.5 day old embryos were humanely 

sacrificed. The mice were then dissected, the uterine horns were removed and 

embryos were placed on a Petri dish containing PBS. The limbs, heads, tails and all 

visible organs were removed from the embryos that were then washed in fresh 

PBS. Fine scissors were used to mince the remaining torsos that were then 

incubated in 0,25% Trypsin (1ml per embryo) containing 1mM EDTA and 1% of 

inactivated chicken serum, for 10-20 minutes at 37°C. Inactivation of trypsin was 

achieved by the addition of three times the volume of MEFs-DMEM and repeated 

pipetting was performed to promote further dissociation. Dissociated cells were 

centrifuged at 1200 rpm for 4 minutes, the supernatant was removed and cells 

were then transferred into MEFs-DMEM media and distributed into 150mm 

culture dishes (distribution density of about one embryo per culture dish). Dishes 

were incubated at 37oC with 5% CO2 and monitored on a daily basis. 

2.8- Expansion and frozen procedures for MEFs cells: 

Each MEFs 150mm culture dish was inspected daily and checked for cell 

confluence and morphology. The MEFs-DMEM media was changed every 2 days 

and when the MEF cells within the dish reached approximately 90% confluence, 

the dish was passaged in a ratio of 1 to 3. The passaging process was required to 

provide the MEF cells space within the dish to continually expand. The MEF cells 

were washed twice with PBS and incubated with 3 ml of 0.025% trypsin for 3 

minutes at 37oC. Trypsin was inactivated by the addition of 10 ml of MEFs-DMEM 

media and cell suspensions were collected by centrifugation at 1200 rpm for 4 

minutes. The supernatant was removed and cells were resuspended in 30ml of 
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MEFs media and transferred equally into three new 150mm culture dishes. Dishes 

were incubated at 37oC with 5% CO2 and checked on a daily basis. To prepare 

MEFs stocks for long storage in freezing conditions, cryopreservation cryovials 

(Nunc) with 1x106, 2x106 and 3x106 cells were filled in a final volume of 1ml with 

MEFs-DMEM 1x and 10% DMSO. These cryovials were transferred to -80oC or to 

liquid nitrogen. Every time cells were frozen, a sample was collected for 

mycoplasma PCR analysis. 

2.9- MEFs cells inactivation by Mitomycin C: 

Prior to plating and use with ES cells, MEFs were treated with Mitomycin C (Sigma) 

which is a potent DNA crosslinker that causes DNA replication arrest in cells and 

thus prevents cell division. As inactivated MEFs are non-dividing they will also 

utilize fewer nutrients from the media but still produce the essential factors to 

maintain ES cell pluripotency. 

Mitomycin C was added to the culture medium within the dish of MEFs at a final 

concentration of 10µg/ml and incubated for 3 hours at 37oC with 5% CO2. After 

Mitomycin C incubation, the media was removed and cells were carefully washed 

three times with excess of PBS. Cells were detached from the tissue culture dish by 

incubation with 3 ml of 0,025% trypsin at 37oC for 3 minutes. Trypsin was 

inactivated by the addition of 10ml of MEFs-DMEM media, and the cell suspension 

was collected by centrifugation at 1200rpm for 4 minutes. The supernatant was 

discarded and the cell pellet was resuspended in fresh MEFs-DMEM media. Cells 

were counted using trypan blue dye exclusion method and the required amount of 

cells was either plated on required tissue culture dishes or cryopreserved for long 

term storage as described above.  

2.10- Generation of doxycycline inducible ES lines from the Ainv15 
targeting cells: 

All necessary plasmid DNAs were purified in high quality large scale preparations 

as described previously in 1.3. A total of 30µg of each plasmid was used for one 

electroporation cuvette (Bio-Rad). The required plasmids were the following: 

- pTurbo-Cre (recombinant plasmid engineered to express an extremely high 

amount of CRE recombinase in cells) plus, 

- PloxGBMpolyA@PKS, to generate iGBM ES line; 

- PloxMath1polyA@PKS to generate iMath1 ES line; 

- PloxGfi12APBrn3cpolyA@PKS to generate iGB ES line; 

Ainv15 ES cells grown on top of inactivated MEFs were detached from the tissue 

culture dish by incubation with 0,025% trypsin at 37oC for 3 minutes. Cells were 

resuspended in DMEM media and plated in uncoated tissue culture dishes for 
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45min. MEFs are able to attach to the plastic dish faster than ES cells. Thus, this 

incubation allows the attachments of MEFS but not ES cells which remain in the 

supernatant media of the tissue dish. The supernatant with ES cells was collected 

and centrifuged at 1200rpm for 4 minutes. The cell pellet was resuspended in 

fresh DMEM and counted using trypan blue dye. 4x106 Ainv15 cells were 

resuspended in 800µl of PBS with the two required plasmids DNA and placed in 

the electroporation cuvette. A Gene Pulse II (Bio-Rad) with capacitance extender 

plus was used to electroporate the ES cells with 1 pulse of 250V and 500µF. The 

electroporated cells were plated into 60mm tissue culture dishes carrying 

inactivated MEFs neomycin-resistant at 80%-90% confluence with supplemented 

DMEM with LIF (MEFs were plated the day before). After 24h, DMEM was further 

supplemented with 350µg/ml of G418 for selection of resistant cells. Due to 

elevated cell density, culture medium was changed twice per day during the first 

selection days. After most cells have died off, media changes were done once a 

day. Selection with G418 was performed during 10 to 14 days until resistant 

colonies appeared in the dish. These individual colonies were picked, dissociated 

with 0,25% trypsin for 2min at 37oC and plated in 96 well plates carrying 

neomycin-resistant MEFs. To confirm integration of the Lox targeting plasmid, the 

genomic DNA was extracted from the clones and a PCR using the LoxinFwd and 

LoxinRev primers was performed. Positive clones were further expanded in 

gelatin-coated dishes (protocol described previously in 2.5).  

2.11- Generation of the Nestin enhancer ES lines and the iGBM-
Myo7a:mVenus reporter ES line: 

All required plasmid DNAs were purified in high quality large scale preparations as 

described previously. Digestion with a restriction enzyme was performed for each 

plasmid before ES cell electroporation. The selected enzyme linearized the plasmid 

in the backbone but not in the promoter, gene(s) of interest or selection cassette. 

A total of 20µg of each linearized plasmid was used for one electroporation 

cuvette (Bio-Rad). The required plasmids were the following: 

- To generate the Nestin enhancer expression ES lines:  

- NesMath1GFPPGKNeo@Pl452 was digested with AhdI  

- NesCherryGFPPGKNeo@Pl452 was digested with ClaI 

- To generate the iGBM-Myo7a:mVenus reporter ES line: 

- Myo7aVenuspolyAPGKBlasticidinpolyA@PKS was digested with Acc65I 

iGBM ES cells for the iGBM-Myo7a:mVenus reporter and E14tg2a ES cells for the 

Nestin enhancer expression ES lines were grown in gelatin-coated dishes. ES cells 

were detached from the dish with 0,025% trypsin at 37oC for 3 minutes and 

resuspended in DMEM media. After centrifugation at 1200rpm for 4 minutes, the 

cell pellet was resuspended in PBS and counted using trypan blue dye. 4x106 ES 
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cells were resuspended in 800µl of PBS with the required linearized plasmid DNA 

and placed in the electroporation cuvette. A Gene Pulse II (Bio-Rad) with 

capacitance extender plus was used to electroporate the ES cells with 1 pulse of 

250V and 500µF. The electroporated cells were plated into 60mm tissue culture 

dishes previously coated 0,1% of gelatin, with 10ml of pre-warmed supplemented 

DMEM (with LIF). After 24h, DMEM was further supplemented with 350µg/ml of 

G418 for selection of the resistant cells. The DMEM medium was replaced every 

day during the 7 to 9 days necessary to obtain visible isolated ES cells colonies. 

Various individual colonies (20 to 30 clones) were picked, dissociated with 0,25% 

trypsin for 2min at 37oC and plated in 48 well plates coated with 0,1% of gelatin. 

The several clones were further expanded (protocol described previously in 2.5) 

and differentiation assays (described below) were performed for each clone to 

evaluate the capacity to drive the gene(s) of interest in the cells expressing Nestin 

or Myo7a. 

2.12- ES cell differentiation: 

In this thesis, ES cell differentiation was achieved using two different protocols: 

- Neural differentiation in adherent monolayer cultures: 

- Heterogeneous differentiation into the three germ lineages (endoderm, 

mesoderm and ectoderm) using a non-adherent culture system throughout 

the formation of three-dimensional aggregates known as the embryoid bodies 

(EBs). 

2.13- Neural differentiation in adherent monolayer cultures: 

The protocol for neural differentiation in adherent monolayer cultures was 

performed as previously described (Abranches et al., 2009). Briefly, 24h before the 

beginning of the monolayer differentiation protocol (day -1), cells were plated at 

high density (1x105 cells/cm2) on gelatin-coated dishes in serum-free medium 

(ESGRO Complete Clonal Grade medium, Millipore) supplemented with 2ng/ml of 

LIF. After 24h (day 0), cells were observed on a bright field microscope to assess 

morphology and confluence of the cultures. Cells were then dissociated, counted 

and plated on fresh gelatin-coated dishes in RHB-A medium (Stemcells, Inc) at a 

cell density of 3x104 cells/cm2. Medium was changed at day 2 and cells were 

replated at day 4. For the replating, cells were dissociated, counted and plated at a 

cell density of 2x104 cells/cm2 on PDL-Laminin-coated tissue culture plastics or 

coverslips (as described in 2.3) in RHB-A supplemented with 5ng/mL of murine 

bFGF (PeproThec) and medium was changed at day 6. At the end of the neural 

differentiation protocol (day 8) cells were either fix with 4% of paraformaldehyde 

(PFA, Sigma-Aldrich) during 10min or collected for flow cytometry analysis. 
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2.14- Embryoid bodies (EBs) formation: 

To generate EBs, ES cells were dissociated into single cells (using 0,025% trypsin at 

37°C for 3 minutes) and plated at low density (2x104 cells/cm2) with supplemented 

DMEM medium without LIF in 10 cm bacterial grade petri dishes to prevent 

attachment. EB formation was checked on day 1 and medium was replaced every 

two days (day 2, 4, 6, 8 and 10). The EB morphology was assessed every day. 

Supplementations with 2µg/ml doxycycline (diluted in sterile PBS and filtered 

through a 0,2μm filter unit) (Sigma), 1µM retinoic acid (diluted in 0,01% DMSO) 

(Sigma) and 10nM LY411575 (diluted in 0,01% DMSO) were initiated at day 4 and 

maintained until the required time point for analysis (day 8 or day 12). At day 8 or 

12, EBs were fixed with PFA (as described above in 2.19) or dissociated into single 

cells for FCAS analysis (as described above in 2.23), or RNA was extracted 

(previously described in 1.24). Alternatively, EBs were also dissociated into single 

cells at day 6 to perform the co-culture with inactivated embryonic chicken utricle 

periodic mesenchyme (CUM) cells. The EBs (day 6) were collected into a conical 

tube and allowed to sediment (~5min) at the bottom of the tube and then the 

supernatant was removed and fresh PBS was added. EBs were washed twice in 

PBS, and after incubation with 1 ml of 0.25% trypsin for 5 minutes at 37oC, DMEM 

media was added to stop the reaction. Cells were triturated 10-20 times using a 

P1000 Gilson pipette tip and then were counted and plated on 4-well plates 

(Greiner) (0,5x106 cells/well) on top of inactivated embryonic chicken utricle 

periodic mesenchyme (CUM) cells (prepared as described above in 2.15, 2.16 and 

2.17). These co-cultures were grown using Dulbecco’s modified Eagle’s medium 

and Ham’s F-12 (DMEM/F-12; GIBCO) supplemented with 2mM Glutamine 

(GIBCO), 1% Penicillin/Streptomycin (GIBCO), 1mM Sodium Pyruvate (GIBCO), 1x 

B27 and N2 supplements (GIBCO) until day 12. The co-cultures in the 4-well plates 

were fixed with PFA for immunocytochemistry (as described above in 2.18), fixed 

for scanning electron microscopy (as described above in 2.26) or analyzed in live 

confocal microscopy after having been exposed to the FM1-43 dye (as describe 

above in 2.23).  

2.15- Isolation of embryonic chicken utricle periodic mesenchyme 
(CUM) cells: 

Utricles were dissected from eight embryonic day 17-18 White Leghorn chicken 

embryos by microdissection in cold medium M199 (with Hanks' salts, 25mM 

HEPES and L-Glutamine; M199, PAA). The otolith and surrounding nonsensory 

tissues were removed. Utricles were digested in 200μl of 0,5mg/ml thermolysin 

(Sigma) prepared in DMEM/F-12 (GIBCO) at 37oC for 30min. Utricles were 

transferred into fresh M199 and the sensory epithelium was separated from the 

stroma layer using syringe needles and fine forceps. The edges of the sensory 
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epithelia collected were trimmed and discarded while central portions of pure 

sensory epithelium were collected. The sensory epithelia and mesenchyme cells 

were digested separately in 200μl of pre-warmed 0,05% trypsin (GIBCO) for 

10min. DMEM/F-12 medium was added to stop the reaction. Cells were triturated 

5-10 times using a P1000 Gilson pipette tip coated with 10% FBS in DMEM/F-12 

until cell clumps were no longer visible by eye. Mesenchyme cells were plated in 4 

wells of a 24-well plate (BD Falcon) and cultured in DMEM/F-12 media 

supplemented with 10% FBS and 15μg/ml ciprofloxacin (Sigma), supplemented 

with 2-mercaptoethanol (GIBCO) and non-essential amino acids (Sigma). This 

combination will henceforth be referred to as CUM medium. Cells were cultured 

at 37oC in a 5% CO₂ atmosphere. Fibrous tissue and debris were removed by media 

change after overnight incubation of cells. 

2.16- Expansion and frozen procedures for CUM cells: 

Cells were passaged after reaching 70% confluence. To passage, cells were washed 

briefly with Hanks' Balanced Salt Solution without calcium or magnesium (GIBCO), 

incubated at 37oC with pre-warmed 0.05% trypsin for 10-15 min until cells had 

become round and detached from the plate. Cells were collected and trypsin 

quenched using pre-warmed CUM medium. The cell suspension was centrifuged at 

1500rpm for 5min, the supernatant aspirated and discarded and the pellet 

resuspended in fresh pre-warmed CUM medium. Cells were plated into new wells 

at seeding density of at least 1,5x104 cells/cm2. With increasing passage, cells were 

plated into 6-well plates (BD Falcon) and T25 flasks (BD Falcon). P4 cells were 

frozen at 1x106 cells/ml in 20% FBS and 10% DMSO (Sigma) in DMEM/F-12 

overnight in a Cryo 1oC Freezing container (Nalgene 5100) and then stored in liquid 

nitrogen.  

2.17- CUM cells inactivation by Mitomycin C: 

P4 CUM cells were thawed and cultured to 100% confluence on gelatin coated 4-

well plates (Greiner). Prior to inactivation, cells were washed 3 times with 

DMEM/F12, then treated for 3 hours with Mitomycin C. Mitomycin C (Sigma) was 

used at 2μg/ml, diluted in 5% FBS in DMEM/F-12 as previously described (Oshima 

et al., 2010). Cells were then washed 3 times and incubated with CUM medium 

until co-culture with EB cells was performed.  

2.18- Chick utricle supporting cell preparation and mixed cultures 
with induced HCs: 

Chick utricle supporting cells were prepared as described in 2.15, and the 

dissociated sensory epithelia was plated in 4-well plates (Greiner) coated with 
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10μg/ml of fibronectin (Sigma). The supporting cells were allowed to proliferate 

during 5 to 6 days in these 4-well plates. The fibronectin coating was performed by 

incubating the 4-well plates during 3h at 37oC, before the dissociated sensory 

epithelia cells were plated. The supporting cells were then gently detached from 

the well using 0,025% trypsin and resuspended in DMEM/F-12 supplemented with 

2mM Glutamine (GIBCO), 1% Penicillin/Streptomycin (GIBCO), 1mM Sodium 

Pyruvate (GIBCO), 1x B27 and N2 supplements (GIBCO). These resuspended 

supporting cells were mixed in a ratio 1:1 with induced cells obtained from 

dissociated iGBM-Myo7a:mVenus-derived EBs exposed to Dox for 4. The mixed 

cell population was plated into the 4-well plates (5x105 cells/well) coated with 

either 10μg/ml of fibronectin or 0,25% of puramatrix (BD Biosciences) and allowed 

to grow for 6 days at 37oC with 5% CO2 in supplemented DMEM/F-12 media. At 

the end of this protocol, cells were fixed and immunocytochemistry was 

performed as described in 2.19. The puramatrix coating was obtained by diluting 

1% of puramatrix to 0,25% using sterile water. 50μl of puramatrix (0,25%) was 

added evenly to each well of the 4-well plates. Next, 150μl of DMEM/F-12 media 

was added to each well, which allowed the initiation of puramatrix layer assembly. 

These wells were incubated at 37oC during 30min followed by two washes with 

DMEM/F-12 media to buffer the low pH of the puramatrix (10min each). After the 

washes, the mixed cell populations were placed on top of the puramatrix-coated 

4-wells plates. 

2.19- Immunocytochemistry in 4-well plates/ coverslips: 

Cells in coverslips were washed twice for 5min in PBS and fixed for 10min at room 

temperature (RT) with 1% paraformaldehyde (PFA) in PBS. Cells were washed 

twice for 5 min in PBS and residual PFA was washed with 0.1M Glycine in PBS for 

10min at RT. Cells were permeabilized by incubation with 0.1% Triton in PBS for 

10min at RT and blocked with blocking solution (composed of 10% fetal bovine 

serum (FBS) and 0,05% Tween-20 in PBS) for 30 min at RT. Primary antibodies (see 

Table 3 in 2.21) were diluted in blocking solution and incubated overnight at 4oC. 

Cells were then washed three times with PBS for 5min. Appropriate secondary 

antibodies (Molecular Probes) were diluted in blocking solution and incubated for 

30min at RT. Cells were washed three times for 5min with PBS and counterstained 

with 0.15% 4',6-diamidino-2-phenylindole (DAPI) (Sigma) for 5min. After washing 

three times in PBS for 5min, cells in coverslips were mounted with Mowiol 

mounting medium (0.1% Mowiol (Calbiochem), 33% glycerol, 0.1M Tris, pH=8.5). 

2.20- Fixation, embedding, cryostat sectioning and 
immunocytochemistry of EBs: 
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The EBs at day 8 or day 12 were collected into a conical tube and allowed to 

sediment (~5min) at the bottom of the tube and then the supernatant was 

removed and fresh PBS was added. EBs were washed twice in PBS and incubated 

in 1% PFA in PBS during 15min at room temperature. After fixation, EBs were 

washed twice in PBS and passed through a solution of 15% sucrose in PBS during 

~12h for cryoprotection. The EBs were then embedded in a solution containing 

7.5% gelatin and 15% sucrose in PBS, and frozen in cold isopenthane (-75ºC). 

Frozen embedded EBs were stored at -80oC until sectioned on a cryostat (Leica CM 

3050). 8-10μm sections were collected on Superfrost slides. Sections were de-

gelatinized and processed for immunocytochemistry by incubating the slides 

immersed in PBS at 37oC until gelatin was completely dissolved. EBs sections were 

washed in PBS and blocked with 10% Fetal Bovine Serum (FBS) in PBS for 1h at 

room temperature. Primary antibodies (see Table 3 in 2.21) were diluted in 

blocking solution and incubated overnight at 4oC. After primary antibody binding, 

sections of EBs were washed three times in PBS for 5min. Appropriate secondary 

antibodies were diluted in blocking solution and incubated for 1h at room 

temperature. All sections were counterstained with 0.15% DAPI (Sigma) for 5min, 

washed three times in PBS for 5min and mounted with Mowiol mounting medium 

(0.1% Mowiol (Calbiochem), 33% glycerol, 0,1M Tris, pH=8.5). 

2.21- Primary Antibodies: 

Primary antibodies used in the various experiments described in this thesis. 

Table 3: Primary antibodies, dilutions used, animal in which it was raised and origin are 

listed. 

Antibody Species Source Dilution 

Myo7a Mouse Hybridoma Bank 1:100 

Math1 Guinea-Pig Y. Sasai (Gift) 1:1000 

Brn3c Rabbit Sigma 1:50 

Espin Rabbit A. J. Hudspeth (Gift) 1:1000 

Cdh23 Rabbit Ulrich Mueller (Gift) 1:200 

Gfi1 Guinea-Pig Hugo Bellen (Gift) 1:2000 

Myo6 Rabbit Proteus Biosciences 1:800 

Lhx3 Rabbit Abcam 1:200 

Nestin Mouse BD Pharmingen 1:20 

Sox2 Rabbit Millipore 1:200 

Tuj1 Mouse Covance 1:500 
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GFP Rabbit Abcam 1:400 

GFP Chicken Abcam 1:1000 

Caspase 3 Rabbit Cell signaling 1:200 

BrdU Mouse Sigma 1:1000 

Jag1 Rabbit Santa Cruz 
Biotechnology 

1:50 

Prox1 Rabbit Abcam 1:200 

E-cadherin Mouse BD Transduction 1:100 

Phalloidin-
488 

Probe 
conjugated 

to Alexa 488 
Molecular Probes 1:100 

 

2.22- BrdU and EdU cell proliferation assays: 

Cell proliferation in EBs at day 8 was assessed by two different methods:  

-Using BrdU (5-bromo-2-deoxyuridine), which is a thymidine analogue that is 

incorporated into DNA during DNA synthesis in the S phase of the cell cycle. The 

cells that incorporate BrdU can then be detected using an antibody against 

bromodeoxyuridine.  

-Using the Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Molecular 

Probes). EdU (5-ethynyl-2´-deoxyuridine) is a thymidine analogue that is 

incorporated into DNA during DNA synthesis in the S phase of the cell cycle. 

Detection is based on click chemistry: a copper-catalyzed covalent reaction 

between an azide and an alkyne. In this application, the alkyne is found in the 

ethynyl moiety of EdU, while the azide is coupled to Alexa Fluor 488. 

At day 8, EBs were incubated with either BrdU (10μM, Sigma) or EdU (10μM) for 

30min at 37oC in DMEM media. After, EBs were harvested and washed twice with 

fresh PBS and incubated in 1% PFA in PBS during 15min at room temperature. EBs 

were then embedded in gelatin and cryopreserved for cryostat sectioning (as 

described previously in 2.20). Detection of EdU was performed according to the 

manufacturer’s instructions (Molecular probes).Detection of BrdU was performed 

as follows: cryosections were incubated in 2N HCl, for 30min at 37oC for antigen 

retrieval. After acidic treatment, the slides were neutralized with four 5min 

washes in 0.1M Tris-HCl (pH=8) and three 5min washes in 1x PBS. From here 

onward, sections were blocked and processed as described in 2.20. 

2.23- Fluorescence Activated Cell Sorting (FACS) analysis: 
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This method was used to assess the Venus/EGFP expression by the Nestin 

enhancer ES lines and iGBM-Myo7a:mVenus reporter ES line. The cells to be 

analyzed were dissociated into single cells and 0,5x 106 cells were resuspended in 

500μl of FACS buffer (composed of 4% of fetal bovine serum FBS in PBS) and 

collected into 5ml BD Falcon tubes. Propidium iodide (PI) (1 μg/ml) was added to 

the FACS buffer just before analysis to exclude dead cells and debris. Fluorescence 

analysis was performed in a FACS Calibur cytometer (Becton Dickinson) or in a cell 

analyzer BD Biosciences LSR Fortessa.  

FACS Data: 

Live cells were gated based on forward and side scatter and by propidium iodide 

dye exclusion. In each data acquisition 10000 gated events were recorded and the 

data obtained was subsequently analyzed using the FlowJo software. 

2.24- FM1-43 dye labeling procedure: 

To visualize whether fast permeation of the FM1-43 dye occurred in the EB-

derived induced cells, the co-cultures with EBs-derived progenitors and mitotically 

inactivated chicken utricle periodic mesenchyme (CUM) cells were performed as 

previously described in 2.14. The FM1-43 labelling was performed at day 12 of 

culture in the 4-well plates (Greiner). Stock solutions of 3 mM FM1-43 [N-(3-

Triethylammoniumpropyl)-4-(4-(Dibutylamino) Styryl) Pyridinium Dibromide) 

(Molecular Probes) were dissolved in water. The DMEM/F-12 media was removed 

and individual wells were washed twice with Hanks’ Balanced salt solution (HBSS, 

GIBCO) during 5min. Next, the live cells were exposed for 60 seconds to HBSS 

solution containing 6μM of FM1-43. The individual wells were immediately 

washed three times (3-4min each wash) in HBSS solution. The 4-well plates were 

then placed in a glass-bottomed Perspex chamber containing 1,5 ml HBSS and 

observed on an upright microscope (Zeiss LSM 510 upright 2-photon Meta) 

equipped with epifluorescence optics and FITC filters (excitation 488 nm, emission 

520 nm) using 10X dry and 40X water immersion lenses. Images were captured 

from live cultures in random fields and immediately after dye application. This 

experiment was performed on two separate cultures, each of which contained 

individual wells with non-treated Dox EBs-derived progenitors (control) and Dox-

stimulated progenitors during 8 days obtained from the iGBM-Myo7a:mVenus 

reporter ES line.  

2.25- Imaging procedures: 

- Bright field and/or fluorescent images of live cell cultures were acquired using 

the inverted bright field microscope Leica DMIL with a DC200 camera that was 

also equipped with epifluorescence optics and FITC filters.  
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- Bright field images of fixed sections and/or coverslips were acquired using the 

microscope Leica DMR, equipped with a Leica DC500 digital camera. Fluorescent 

images of fixed sections and/or coverslips were acquired using the microscope 

Leica DM5000B equipped with a Leica DC350F digital camera. Confocal fluorescent 

images of fixed sections and/or coverslip were acquired using the laser scanning 

confocal microscope Zeiss LSM510 Meta or Zeiss LSM 710. 

- Image analysis on data acquired from fixed cells using the confocal microscope 

was done by first processing the data obtained using the Zeiss LSM Image Browser 

to convert the images to the TIFF format. These and other images acquired in fixed 

cells were then treated for noise reduction and color adjustments in Adobe 

Photoshop Software. Alternatively, all image analysis was conducted using the 

software ImageJ (http://rsbweb.nih.gov/ij).  

- Cell counts were performed in the Adobe Photoshop Software. Data and graphs 

were tabulated and prepared using Microsoft Excel and GraphPad Prism. All data 

are expressed as mean ± S.E.M and statistical significance was assessed using an 

unpaired Student’s t-test.  

2.26- Scanning electron microscopy (SEM): 

The scanning electron microscopy was performed in the co-cultures with EBs-

derived progenitors and mitotically inactivated chicken utricle periodic 

mesenchyme (CUM) cells at day 12. The Dox stimulated EBs-derived progenitors 

grown in 4-well plates were fixed with 2.5% glutaraldehyde (Sigma) in 0.1M 

sodium cacodylate buffer pH 7.3 (Sigma) with 3mM CaCl2 at room temperature 

during 1h30min. The wells were washed three times (5min each wash) in 0.1M 

sodium cacodylate buffer pH 7.3. Next, 1h incubation with 1% OsO4 (Ted Pella) in 

0.1M cacodylate was performed followed by one wash in 0.1M cacodylate buffer 

and two washes with distilled/deionised water (5min each). The wells were 

incubated during 20min in a saturated aqueous solution of thiocarbohydrazide 

(Sigma) (0.5% in water, stirred, filtered just before use). After, the wells were 

washed 5 times with distilled/deionised water (10min each) and incubation with 

1% OsO4 in 0.1M cacodylate was performed for 1h. Again, the wells were washed 

5 times with distilled/deionised water (10min each) and incubated 20min with the 

same fresh saturated thiocarbohydrazide solution. After, wells were washed 5 

times with distilled/deionised water and were then further incubated with 1% 

OsO4 in 0.1M cacodylate for 1h. After washing 5 times with distilled/deionised 

water (10min each), the wells were dehydrated in ethanol series to dry 100% 

ethanol (30%, 50%, 70%, 85%, 95% and 100%, 10min each wash). Critical point dry 

from liquid CO2 was then performed. The wells were mounted on SEM stubs using 

silver paint (Ted Pella) and cells were sputter coated. Samples were visualized 

using a scanning electron microscopy: JEOL JSM-5200LV. 
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2.27- Microarray sample preparation and data analysis: 

- Samples used for microarray analysis were obtained from untreated EBs at day 

8 and day 12, and from FACS-sorted Dox treated EBs (at day 8 and 12 challenged 

with Dox or Dox+RA). Induced cells were prepared as described in 2.23 and the cell 

sorting experiments were done on a FACS Aria cell sorter (Becton Dickinson). The 

sorted Venus+ populations were collected with high cell purity (~98%) (Venus 

negative cell fraction was discarded for the microarray analysis). FACS-sorted cells 

were directly processed for RNA extraction. Total RNA was extracted using the 

High Pure RNA Isolation Kit (Roche), according to the manufacturer’s instructions. 

Concentration and purity was determined by spectrophotometry and integrity was 

confirmed using an Agilent 2100 Bioanalyzer with a RNA 6000 Nano Assay (Agilent 

Technologies, Palo Alto, CA). RNA was processed for use on (Affymetrix, Santa 

Clara, CA, USA) Mouse Genome 2.1 ST Arrays Strip by using the Ambion WT 

Expression Kit (Life Technologies, CA, USA) and Affymetrix GeneChip WT Terminal 

Labeling Kit, according to the manufacturer’s protocols. Briefly, 100ng of total RNA 

containing spiked in Poly-A RNA controls (GeneChip Expression GeneChip 

Eukaryotic Poly-A RNA Control Kit, Affymetrix) was used in a reverse transcription 

reaction (Ambion WT Expression Kit) to generate first-strand cDNA. After second-

strand synthesis, double-stranded cDNA was used in an in vitro transcription (IVT) 

reaction to generate cRNA (Ambion WT Expression Kit). 15µg of this cRNA was 

used for a second cycle of first-strand cDNA synthesis (Ambion WT Expression Kit). 

5.5µg of single stranded cDNA was fragmented and end-labeled (GeneChip WT 

Terminal Labeling Kit; Affymetrix). Size distribution of the fragmented and end-

labeled cDNA, respectively, was assessed using an Agilent 2100 Bioanalyzer with a 

RNA 6000 Nano Assay. 3.5µg of end-labeled, fragmented cDNA was used in a 

150µl hybridization cocktail containing added hybridization controls (GeneAtlas 

Hybridization, Wash, and Stain Kit for WT Array Strips, Affymetrix), of which 120 µl 

were hybridized on array strips for 20h at 48oC. Standard post hybridization wash 

and double-stain protocols (GeneAtlas Hybridization, Wash, and Stain Kit for WT 

Array Strips, Affymetrix) were used on an GeneAtlas system (Affymetrix), followed 

by scanning of the array strips. 

Data Analysis: 

The 16 scanned arrays were analyzed first with Expression Console software 

(Affymetrix) using RMA to obtain expression values and for quality control. Control 

probe sets were removed and log2 expression values of the remaining 33710 

transcripts were imported into Chipster 2.4 (Kallio et al., 2011). Differential 

expression was determined by empirical Bayes two-group test (Smyth, 2004) with 

Benjamini-Hochberg multiple testing correction and a p-value cut-off of 0.01. 

Gene ontology (GO) analysis was performed by the DAVID functional annotation 

tool (http://david.abcc.ncifcrf.gov/). 
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3. Chick Embryo Manipulation  

3.1- In ovo chick embryo electroporation: 

For in ovo chick embryo electroporation, embryos were injected using capillary 

needles made from borosilicate glass capillaries GC120-10 (Harvard Apparatus) 

pulled with a flaming/brown micropipette puller model P-87 (Sutter Instrument 

Co.) and using the Inject+Matic (Genève) injector, and were electroporated using 

an Electro Square PoratorTM ECM830 (BTX).  

 The super-coiled plasmid DNA for the Nestin enhancer constructs (NesMath1 and 

NesCherry-GFP), was injected into neural tubes of chicken embryos staged HH14-

HH15 (Hamburger and Hamilton, 1951) at 2μg/μL in PBS and fast green was used 

for contrast. Platinum electrodes (Nepagene CUY613P5), distanced 4mm apart, 

were placed parallel to the neural tube under the embryo. Using an Electro Square 

PoratorTM ECM830 (BTX), 4 pulses of 35V were applied for 50ms. Embryos were 

incubated for 24h or 48h at 37oC and then harvested and fixed in a solution of 4% 

paraformaldehyde (PFA) in PBS, at 4oC overnight.  

3.2- In ovo chick embryo transplantation of induced HCs: 

iGBM-Myo7a:mVenus-derived EBs were treated with Dox for 4 days (culture day 

8) and dissociated into single cells. Around 1x106 induced cells (containing Venus+ 

cells) were resuspended in 10μl of PBS and placed inside of a capillary needle. 

These cells were injected into one of the embryo’s otic vesicles (at stages HH17 to 

19), while the opposite vesicle served as a control. Successful cell injections were 

immediately determined by visualizing fluorescence under the stereoscope Leica 

MZ10F equipped with a Media Cybernetics Evolution MP Color digital camera. 

Only embryos with Venus+ cells within the otic vesicle were selected for further 

incubation of 24h, 48h and 72h at 37oC. After the incubation period, embryos 

were harvested and fixed in a solution of 4% paraformaldehyde (PFA) in PBS, at 

4oC overnight. 

3.3- Chick embryo embedding, cryostat sectioning and 
immunohistochemistry: 

After fixation, embryos were washed twice in fresh PBS and incubated first in a 

solution of 15% sucrose in PBS, followed by a solution of 30% sucrose in PBS for 

cryoprotection. The embryos was then embedded in a solution containing 7.5% 

gelatin and 15% sucrose in PBS, and frozen in cold isopenthane (-70oC). Frozen 

embedded embryos were stored at -80oC until sectioned on a cryostat (Leica CM 

3050). Embryonic tissue was sectioned at 10-14μm and collected on Superfrost 

slides. Sections were de-gelatinized and processed for immunohistochemistry by 
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incubating the slides immersed in PBS at 37oC until gelatin was completely 

dissolved. Immunohistochemistry was performed as described for the frozen EBs 

sections in 2.20.  

3.4- Chick utricle explants preparation, in vitro streptomycin 
treatment, transplantation of induced HCs and 
immunohistochemistry: 

Wild-type chicks were euthanized between embryonic days 16 and 19. The skull 

was sectioned, and transferred into sterile dissection media (M199 with Hanks' 

salts, 25mM HEPES and L-Glutamine) in a laminar flow cabinet. Utricles were 

removed from the temporal bone and transferred into fresh dissection media. The 

otolithic membrane was aspirated using a gentle fluid jet. Utricles explants were 

cultured in 0,5ml of DMEM/F12 medium at 37oC with a 5% CO2 environment and 

allowed to attach to the well (4-well plates, Greiner) overnight. After an initial 16h 

adaptation to culture, utricles were switched into culture media containing 1 mM 

streptomycin sulphate. Explants were maintained in this medium for 48 hours and 

then three washes with DMEM/F12 media (5min each) were performed to remove 

streptomycin from the explants. The iGBM-Myo7a:mVenus-derived EBs exposed 

to Dox for 4 days were dissociated into single cells and approximately 1x106 

induced cells were resuspended in 10μl of DMEM/F12 media. These induced cells 

were placed inside of a capillary needle and injected into the streptomycin-treated 

utricle explants. The transplanted utricles were cultured at 37oC with 5% CO2 for 6 

days in DMEM/F12 media prior fixation. Explants were fixed in 4% 

paraformaldehyde for 30 minutes and washed thoroughly with PBS. Utricle 

explants were incubated in blocking solution (0.2% Triton X-100, 10% normal 

horse serum in PBS) for one hour to permeabilize the tissue and reduce non-

specific antibody binding. Primary antibodies (see Table 3 in 2.21) were diluted in 

blocking solution and incubated overnight at 4oC. Appropriate secondary 

antibodies were diluted in blocking solution and incubated for 1h at room 

temperature. All sections were counterstained with 0.15% DAPI (Sigma) for 5min, 

and washed three times in PBS. Utricle explants were placed in a glass-bottomed 

Perspex chamber and observed on an upright microscope (Zeiss LSM 510 upright 

2-photon Meta) using 10X dry and 40X water immersion lenses.  
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1. Summary 

As pluripotent stem cells self-renew and have the potential to differentiate into any 

adult cell type, they represent an inexhaustible and attractive supply of differentiated 

cells for replacement therapies. However, the utility of pluripotent stem cells is 

dependent on the efficiency of differentiation protocols that convert these cells into 

relevant adult cell types. In this chapter, I describe the robust and efficient 

differentiation of mouse embryonic stem (ES) cells into sensory HCs. This was achieved 

by employing a cellular programming strategy during in vitro ES cell differentiation. It 

was found that combined activity of three transcription factors, Gfi1, Brn3c and 

Math1, can program ES-derived progenitors towards HC fate with efficiencies of 60%-

80%. These induced HCs express several HC markers and exhibit polarized structures 

that are highly reminiscent of the mechanosensitive hair bundles, with many microvilli-

like stereocilia. Evidence for the existence of functional mechanotransduction channels 

is shown, as well as detailed transcriptomic analysis that confirms the HC identity of 

these cells. Furthermore, I have generated a fluorescence reporter system to easily 

identify and purify the programmed HC population. Overall, this approach enables the 

production of large numbers of HCs in vitro that can be used for cell replacement 

studies and high-throughput drug screenings. 
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2. From pluripotent stem cells to hair cells: facts and challenges 

Loss of HCs in the inner ear is the prevalent cause of human deafness. Some 

vertebrates retain the ability to regenerate sensory HCs after damage (reviewed in 

Brignull et al., 2009; reviewed in Bermingham-McDonogh and Reh, 2011), but 

mammals have only very limited capacity to replace lost HCs (Forge et al., 1993; 

Warchol et al., 1993; Kelley et al., 1995; Kawamoto et al., 2009), making the associated 

deficits permanent. Identifying and understanding the key factors that regulate the 

development of these cells is important to improve the knowledge of hair cell 

differentiation and its functional physiology, as well as to unravel new repair strategies 

for their replacement. Unfortunately, the inner ear’s complex anatomical structure, 

relative inaccessibility, and scarcity of HCs impose several restrictions to HC studies.  

Pluripotent ES cells have been considered not only as alternative approach to establish 

a new platform for in vitro HCs studies, but also as a possible source of cells that could 

replace lost HCs (reviewed in Brigande and Heller, 2009; reviewed in Groves, 2010). 

Previous studies have shown that pluripotent ES and iPS cells have the capacity to 

differentiate into immature HCs-like cells in vitro (Li et al., 2003b; Oshima et al., 2010; 

Chen et al., 2012). The strategy used in these studies involved the exposure of ES cells 

to various signalling molecules (Dkk1, SIS3, IGF1, FGF3&10) that promote 

differentiation towards otic lineages, thereby trying to recapitulate the embryonic HC 

differentiation pathway. However, the reported efficiency of HC production using this 

strategy was very low (the final cultures had less than 1% of cells exhibiting HC 

features). The poor commitment of ES cells towards the early inner ear progenitor 

stage was a major setback in these attempts. Recently, Koehler and colleagues 

established a new protocol using a 3D culture and a precise temporal control of 

signaling pathways, resulting in significant improvements in the initial steps of HC 

differentiation (Koehler et al., 2013). The 3D environment favored the generation of an 

organized sensory epithelium containing functional HCs and supporting cells. Although 

this method enables the production of HCs and inner ear structures with comparable 

organization to that of a natural inner ear, the efficiency of HC generation (only 2-8% 

of the initial cell population) is a big limitation for high throughput drug screenings and 

for cell replacement therapy experiments. 

 

3. Sensory hair cells: a programming approach 

In this work, I have investigated the possibility of generating ES cell-derived HCs by 

adopting an alternative strategy. This explores the overexpression of TFs known to 

participate in the normal embryonic process of HC specification, aiming to directly 

convert cells into a HC fate. Direct cell fate conversion studies have demonstrated that 

distinct combinations of lineage-specific TFs could program somatic cells directly into a 

variety of cell types, including iPS cells (Takahashi and Yamanaka, 2006), neurons 
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(Vierbuchen et al., 2010), cardiomyocytes (Ieda et al., 2010), hepatocyte (Huang et al., 

2011) and blood progenitors (Szabo et al., 2010), that are similar to their naturally 

existing counterparts. My first goal was, therefore, to identify a specific combination of 

TFs suitable for programming towards HC fate. To accomplish this, I selected TFs that 

have an important function in HC survival and/or differentiation (based on knockout 

phenotypes), and that also show a restricted expression in all HCs during inner ear 

development. Only 4 different TFs exhibit this specific function and expression profile: 

the basic helix-loop-helix Math1 (Bermingham et al., 1999; Ben-Arie et al., 2000; Chen 

et al., 2002), the zinc finger Gfi1 (Wallis et al., 2002; Hertzano et al., 2004), the POU 

domain Brn3c (Erkman et al., 1996; Xiang et al., 1997; Xiang et al., 1998) and the 

homeodomain Barhl1 (Bulfone et al., 2000; Li et al., 2002; Chellappa et al., 2008). 

However, from this list, Barhl1 doesn’t play a crucial role in differentiation and survival 

of vestibular HCs (Li et al., 2002). Furthermore, its absence during development leads 

to cochlea HCs defects but only at postnatal stages, which suggests that Barhl1 is 

important just for the late maturation and survival of cochlea HCs. For these reasons, 

Barhl1 was excluded from the candidate list. I therefore tested if the simultaneous 

expression of Gfi1, Brn3c and Math1 could convert ES cell-derived progenitors into 

HCs. In addition, I also tested the need to overexpress combinations of several TFs, in 

opposition to just one TF. This question is relevant because Math1 is known to be 

necessary and sufficient for HC differentiation (Zheng and Gao, 2000; Pan et al., 2011; 

Cai et al., 2013), in contrast to Gfi1 and Brn3c that are not required for HC specification 

(Xiang et al., 1998; Hertzano et al., 2004). Moreover, ectopic expression of Math1 can 

directly convert epithelial cells into new HCs in the embryonic and neonatal inner ear 

(Zheng and Gao, 2000; Shou et al., 2003; Woods et al., 2004; Gubbels et al., 2008; Kelly 

et al., 2012; Liu et al., 2012; Yang et al., 2013). Therefore, it is also pertinent to 

understand if Math1 overexpression is capable of converting progenitors into HCs. 

In summary, I took advantage of the major insights gained in the recent years about 

the molecular mechanisms of HC differentiation to generate a small list of candidate 

TFs for the programming experiments. In my first attempt, I decided to determine 

whether forced expression of Math1 or the combination Gfi1-Brn3c-Math1 could 

promote the generation of HCs from differentiating ES cells.  

The next step was to determine the best method for efficient and controlled 

expression of the chosen TFs in ES cells. 

 

4. Results 

4.1. Stable gene expression system in ES cells 

One of the advantages of ES cells is their accessibility to genetic manipulation. The 

pluripotent ES cells can be selectively propagated in culture allowing clonal expansion 

of genetically altered cells. I have explored these advantages to generate stably-
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modified ES cell lines in which the selected TFs can be overexpressed in a reproducible 

and efficient manner, with precise temporal control of their expression. In this way, 

the introduced transgenes remain silent in the initial pluripotent stage and their 

transcription can be selectively initiated during differentiation. To generate such a 

system I have adopted two different strategies: 

4.1.1. Nestin enhancer expression system 

One possible strategy is to take advantage of well characterized promoters and/or 

enhancers to drive transgene expression at the desired time or in specific cell types. It 

is known that the human Nestin enhancer is active in neural progenitors, but not in 

undifferentiated ES cells (Zimmerman et al., 1994; Lothian and Lendahl, 1997; Lothian 

et al., 1999; Lenka et al., 2002). Thus, placing Math1 under the control of this enhancer 

should result in its expression only when neural commitment occurs during ES cell 

differentiation. I have first generated expression vectors in which a transgene is driven 

by the Nestin enhancer, and validated their efficacy in vivo, by electroporation in the 

embryonic chicken neural tube (see supplementary results, Fig. 1 and Fig. 2 of section 

6.1). I then tried to establish ES lines in which a fluorescent reporter or Math1 is driven 

by the same Nestin enhancer. Surprisingly, it was not possible to establish any Nestin-

ES cell line in which the transgene is expressed upon neural differentiation (see 

supplementary results, Fig. 3 of section 6.1). This failure could be due to poor 

efficiency of the Nestin enhancer in driving transgene expression. In this case, how can 

one explain the effectiveness of the Nestin enhancer in vivo but not in vitro? The 

inability to strongly activate transcription could be masked by an elevated copy 

number of the Nestin expression vector inside a cell. This situation is frequent in 

transient electroporations of the chick neural tube but not during the ES cell 

electroporation. However, different electroporation parameters and other transfection 

methods can favor the integration of more copies of the vector into the ES cell 

genomic DNA. This could explain why it is possible to find some studies that report 

successful establishment of Nestin-ES lines that can efficiently drive transgene 

expression (Andersson et al., 2006; Li et al., 2008b; Friling et al., 2009; Jolly et al., 2009; 

Panman et al., 2011).  

I thus concluded that the strategy using the Nestin enhancer was unsuccessful. 

Moreover, this approach was limited in its ability to provide spatial and temporal 

control of gene expression, since it relies on the endogenous activation of the Nestin 

enhancer which can only be achievable upon specific lineage differentiation (mainly 

neural differentiation). For these reasons, I decided to use another strategy where TF 

expression in ES cells can be more tightly regulated. 

4.1.2. Doxycycline inducible expression system 

One of the latest advances in ES cell gene expression systems has been the ability to 

control transgene expression with exogenously added factors. To this aim, the 
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inducible system that explores the Escherichia coli tetracycline resistance operon has 

been commonly used in ES cells. This system explores the binding affinity of the 

tetracycline repressor protein to its operon to control gene expression, and was shown 

to work effectively in vivo and in vitro (Kistner et al., 1996; Niwa et al., 2000; Björnsson 

et al., 2001; Wutz et al., 2002; Beard et al., 2006; Wernig et al., 2008). With this 

system, the spatial and temporal control of gene expression can be achieved, the 

levels of expression can be accurately titrated and the reversibility of gene expression 

can be easily accomplished (Ting et al., 2005). Thus, the doxycycline (a tetracycline 

antibiotic) (Dox) inducible system offers a superior control in transgene expression. 

Several ES cell lines have been engineered with the two main components, the 

tetracycline controllable transactivator (tTA) and the tetracycline responsive element 

(TRE) driving the transgene of interest (Kyba et al., 2002; Hochedlinger et al., 2005; 

Masui et al., 2005; Masui et al., 2007; Ozasa et al., 2007). 

To overexpress the selected TFs, I have taken advantage of the Ainv15 ES cell line, 

which has been well characterized (Ting et al., 2005) and successfully used in previous 

studies (Kyba et al., 2002; Wang et al., 2007; Dahl et al., 2008; Lin et al., 2010; Petros 

et al., 2013). The Ainv15 line contains a reverse tetracycline transactivator (rtTA) 

integrated into the ubiquitously expressed ROSA26 locus, and the inducible transgene 

is positioned near the constitutively active hypoxanthine phosphoribosyltransferase 1 

(HPRT) gene (Fig. 1). Consequently, the two main components of the Dox-inducible 

system are located in loci previously shown to be favorable for transgene expression. 

This bypasses problems of transgene silencing and altered cell phenotypes that are 

usually observed when integration occurs in undefined gene regions. The only 

remaining problem with this system is the need to use an inefficient homologous 

recombination method to retarget the inducible locus to insert the selected TFs. 

However, the Ainv15 line offers a unique “Lox-in” strategy that allows an easy and 

efficient insertion of any gene of interest into the inducible locus (Fig. 1). Basically, the 

Lon-in strategy consists in using Cre-Lox recombination of a specific target Lox vector 

that contains: i) a Pgk1 promoter and translation initiation codon (ATG) to restore 

neomycin function upon recombination into the inducible gene locus, ii) the transgene 

and polyadenylation sequences and iii) a loxP site that is located between the Pgk1 

promoter-ATG and the gene of interest to allow the integration of the transgene 

downstream of the TRE element (Fig. 1). Once this target Lox vector is built, the next 

step involves its co-electroporation with a Cre recombinase-expressing plasmid to 

promote the Lox vector integration into the inducible locus of the Ainv15 ES cells (Fig. 

1). Only the successful recombinants clones will gain resistance to neomycin and can 

therefore be selected and further expanded in culture. The final prove of successful 

integration was obtained by PCR analysis with genomic DNA from the positive clones.  

The Ainv15 allowed the generation of two independent ES lines:  

- iMath1 line, for inducible expression of Math1  
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- iGBM line, for inducible and simultaneous co-expression of Gfi1, Brn3c and Math1 

 
Lox targeting plasmid:  

 

 

HPRT locus before recombination:  

 

 

HPRT locus after recombination: 

 

 

Rosa26 locus: 

 

 

 

Lox targeting plasmid: 

 

 

HPRT locus before recombination:  
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Figure 1: Generation of doxycycline-inducible iMath1 and iGBM ES lines. Schematic 

representation of the experimental procedures used for the generation of the ES cell lines to 

control the ectopic expression of Math1 (A) and the simultaneous co-expression of Gfi1, Brn3c 

and Math1 (B). Two targeting plasmids were built; one having the Math1 cDNA (A) and the 

other containing the 3TFs cDNAs separated by two different 2A peptide sequences (B). The 

targeting vector was integrated into the inducible locus by a “lox-in” strategy, to restore neoR 

expression by providing a start codon (ATG) and the PGK promoter to the formerly non 
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functional ∆ neoR gene, thereby allowing positive selection of neomycin resistant clones. pPGK, 

phospho-glycero-kinase promoter; HPRT, hypoxanthine phosphoribosyltransferase 1 gene; 

TRE, tetracycline responsive element; rtTA, reverse tetracycline transactivator; Puro, 

puromycin resistance gene; pR26, promoter of the ROSA26 locus; 2AP, 2A peptide sequence; 

ATG, start codon for the neo gene; loxP, Cre-recombinase recognition sequence; ∆ neor, 

deletion mutant of the neomycin (G418) resistance gene; //, plasmid sequence  

4.2. Generation and characterization of iMath1 and iGBM ES line 

The generation of iMath1 ES line was a straightforward process once the Lox plasmid 

with Math1 cDNA was built (Fig. 1 A). On the other hand, to generate the iGBM line, I 

had to construct a polycistronic Lox targeting plasmid with the cDNA of the 3 TFs. The 

establishment of an ES line capable of promoting simultaneous delivery of 3 TFs in the 

same cell can be a challenging task. The conventional method for polycistronic 

expression cassettes uses internal ribosomal entry sites (IRES), which enable 

expression of multiple genes under the control of the same promoter region. However, 

it has been shown that expression levels of genes downstream of IRES are lower, 

compared with the gene upstream of IRES (Kaufman et al., 1991; Dirks et al., 1993; 

Zhou et al., 1998; reviewed in Houdebine and Attal, 1999). For this reason, I used a 

strategy for multigene expression based on the 2A peptide sequence originally 

reported in picornaviruses (Ryan et al., 1991). This peptide, when inserted between 

different proteins, allows efficient, near-stoichiometric production of up to 4 discrete 

protein products, via a ribosomal skipping mechanism (Donnelly et al., 2001; Felipe et 

al., 2006). The system was shown to work efficiently in vivo and in vitro (Felipe et al., 

1998; Furler et al., 2001; Szymczak et al., 2004; Fang et al., 2005; Trichas et al., 2008; 

Tang et al., 2009), including in ES cells (Hasegawa et al., 2007; Unger et al., 2007; Hsiao 

et al., 2008; Okita et al., 2008; Gonzalez et al., 2009).  

I therefore built a Lox targeting vector containing two 2A peptide sequences in frame 

with the coding region of the 3 TF genes (Fig. 1 B). When a ribosome encounters 2A 

peptide sequence within an open reading frame (ORF), it “skips” the synthesis of the 

glycine–proline peptide bond at the C-terminus of 2A peptide. The nascent protein is 

released from the ribosome and translation of the downstream sequences is then 

resumed, allowing the stoichiometric production of multiple unfused proteins. 

Five independent iMath1 clones and one iGBM clone were isolated, expanded and 

characterized. All clones should similar morphology, viability and growth rate 

compared with the parental ES line Ainv15. This suggests that genetic manipulations 

didn’t affect the self-renewal potential and pluripotency state of these ES cells. The 

results presented in this thesis regarding the iMath1 line were obtained from the same 

clone. However, for each experiment two or more independent iMath1 clones were 

analysed and all exhibited similar results.  
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Figure 2: Inducible TFs expression in the iMath1 and iGBM ES lines. Immunofluorescence 

analysis of Math1 (green) expression conducted in day 6 EBs generated from the iMath1 ES 

cells that were cultured with or without Dox for 24h (A). Immunostaining analysis of Brn3c 
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(red)/Math1 (green) (B) and Brn3c (red)/Gfi1 (green) (C) expression in EBs derived from iGBM 

ES cells in the presence or absence of Dox for 24h. Nuclei were identified with Dapi (blue). 

 

Finally, I wanted to validate the iMath1 and iGBM lines as a reliable system to induce 

the expression of the TFs upon Dox stimulation. For this purposed, I analyzed the Dox 

dependent induction of the TFs at the messenger RNA (mRNA) and protein levels, in 

comparison with the untreated Dox condition. In the pluripotent stage, ES cells were 

challenged with 2µg/ml of Dox during 48h followed by RNA extraction. Semi-

quantitative PCR revealed strong up-regulation of the TFs only upon Dox stimulation in 

the iMath1 and iGBM lines (see supplementary results, Fig. 4 of section 6.2). The 

parental line (Ainv15) was also treated with Dox in similar conditions but never show 

expression of the TFs, as expected (see supplementary results, Fig. 4 of section 6.2). 

Next, I tested whether induction of the TFs could also be achieved during the 

differentiation process. ES cell differentiation was promoted by formation of three-

dimensional cell aggregates, known as embryoid bodies (EBs). Generation of EBs is 

achieved by culturing ES cells in suspension without the factors that maintain 

pluripotency, such as LIF and embryonic fibroblasts (reviewed in Keller, 1995) (see 

chapter 2; Material and Methods). After 48h of Dox treatment, it was possible to 

detect strong expression of the TFs in a vast population of cells in the EBs, but the 

same was not true for untreated EBs (Fig. 2). Moreover, in the iGBM line the co-

expression of Gfi1, Brn3c and Math1 was always detected within the same cells, 

showing comparable expression levels (Fig. 2 B and C). Overall, the results indicate that 

iMath1 and iGBM ES lines are not only suitable for controlled TF expression but also 

for efficient co-expression of the 3 TFs. However, successful activation of TF expression 

only occurred in 61,31 ± 1,31% (mean ± SE, n=3) of the total EB cell population (Fig. 2). 

Possible explanations for the existence of “escaper cells” will be later discussed. 

4.3. HC programming by combined expression of Gfi1, Brn3c and 

Math1 in ES-derived progenitors 

To determine whether activity of Math1 or combined activity of Gfi1, Brn3c and Math1 

promotes HC differentiation, I first examined the expression of Myo7a. This gene is a 

well established cellular marker for incipient HC differentiation and known to be 

expressed in all inner ear HCs, both cochlear and vestibular (Hasson et al., 1995; El-

Amraoui et al., 1996). The iMath1 and iGBM ES cells were subjected to an EB-mediated 

in vitro differentiation protocol (Fig. 3 A and B). In these conditions, cells stochastically 

differentiate into progenitors of all three germ layers (Desbaillets et al., 2000; Itskovitz-

Eldor et al., 2000).   
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Figure 3: Myo7a up-regulation in EBs can be promoted by co-expression of Gf1, Brn3c and 

Math1 but not with single force expression of Math1. Schematic representation of Dox-

inducible iMath1 and iGBM lines used in this experiment (A). Schematic diagram of the ES cell 

differentiation protocol through EB formation and subjected to a period of 4 days Dox 

treatment (B). Immunostaining analysis of Myo7a (red) and Math1 (green) expression 
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performed in EBs harvested at day 8, showing strong up-regulation of Myo7a only in induced 

Math1+ cells of iGBM-derived EBs (C). Nuclei were identified with Dapi (blue). Graph showing 

the mean percentage of Myo7a+ cells among cells induced for Math1 or Gfi1, Brn3c and Math1 

co-expression after 4 days Dox treatment (D). Standard error bars are shown. Unpaired t-test 

was used for statistical analysis. ***P<0,001 (n=3). 2AP, 2A peptide; TRE, tetracycline 

responsive element; rtTA, reverse tetracycline transactivator. 

 

Dox treatment was initiated in 4 days old EBs and maintained during the following 4 

days until EBs were fixed and analyzed at day 8 (Fig. 3 B). Immunostaining of Myo7a 

expression in the EB slices revealed striking differences between iMath1 and iGBM 

cells. Strong up-regulation of Myo7a was only detected in iGBM-derived EBs and never 

in EBs originated from iMath1 cells or from the absence of Dox treatment (Fig. 3 C). 

53,85 ± 2,45% of cells co-expressing Gfi1, Brn3c and Math1 were also positive for 

Myo7a protein (Fig. 3 D mean ± SE, n=3), which suggests that combined activity of this 

3 TFs might favor commitment towards HC fate, in contrast to single activation of the 

“HC master gene” Math1. However, in the embryo, Myo7a is also transcribed in other 

epithelial cells that possess microvilli, like retinal pigment, olfactory epithelium, 

choroid plexus etc. (Sahly et al., 1997). Therefore, to verify the identity of the induced 

Myo7a+ population, I have examined the expression of different HC markers in the 

iGBM-derived EBs. Notably, all Myo7a+ cells were found to be co-labeled with the 

known HC progenitor markers Sox2, Lhx3 and Myo6 (Fig. 4 A, B and C), which are 

expressed at the onset of the vestibular and auditory HC differentiation process 

(Avraham et al., 1995; Xiang et al., 1998; Kiernan et al., 2005b; Hertzano et al., 2007; 

Hume et al., 2007; Mak et al., 2009). Significant increase of transcripts levels for these 

markers was also detected by quantitative reverse transcriptase PCR (qRT-PCR), in 

respect to the untreated EBs (Fig. 4 E, Myo7a: 10,3 ± 1,9; Sox2: 2,6 ± 0,2; Myo6: 5,8 ± 

1; Lhx3: 6560 ± 585 mean ± SE). During inner ear development, the expression of Sox2 

rapidly declines as soon as HC differentiation advances, in contrast to Myo7a, Myo6 

and Lhx3 (Hume et al., 2007; Dabdoub et al., 2008). Thus, strong up-regulation of Sox2 

detected in the Dox treated EBs suggests that induced Myo7a+ cells are likely in the 

initial HC commitment phase. In vivo, HC progenitors first exit the cell cycle and then 

terminally differentiate (Ruben, 1967; Chen et al., 2002). Therefore, I wanted to 

determine if the induced Myo7a+ cells were also postmitotic. For this purpose, a 

30mim incubation Edu pulse was performed in the 4 days Dox treated iGBM-derived 

EBs. Immunodetection revealed lack of co-localization between Edu+ and Myo7a+ cells, 

which indicates that induced cells are not mitotic active and have exited the cell cycle 

(Fig. 4 E). Overall, the results suggest that combined activity of Gfi1, Brn3c and Math1 

is able to program directly different progenitors towards HC lineage. However, 

additional studies are a necessary requirement to confirm this hypothesis and more 

results will be presented in the following sections.   
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Figure 4: Combined activity of Gfi1, Brn3c and Math1 promotes the differentiation of EB-

derived progenitors towards HC fate. Representative images obtained from immunostaining 

for Myo7a/Sox2 (A), Myo7a/Lhx3 (B), Myo7a/Myo6 (C) of EBs derived from iGBM Es cells and 

analyzed at day 8, after 4 days of Dox exposure. These EBs were subjected to a 30mim of BrdU 

incorporation pulse followed by immunodetection analysis that revealed lack of co-localization 

between BrdU and induced Myo7a+ cells at day 8 (D). Nuclei were identified with Dapi (blue). 

Bar diagram showing the relative mRNA levels of Myo7a, Sox2, Myo6 and Lhx3 in EBs treated 

for 4 days with Dox (E). Relative expression of which transcript is presented as fold change 

normalized to the mean of untreated EBs (dotted baseline = 1) at day 8 ± SE; unpaired t-test 

was used for statistical analysis. **P<0,01 ***P<0,001 (n=3). 

4.4. Force expression of Math1 induces neuronal commitment but not 

HC differentiation 

HCs lack dendrites and axons which are typically found in neurons, but just like 

neurons, they establish synapses and communicate by releasing neurotransmitters. In 

addition, HCs and neurons share a common embryonic lineage (Satoh and Fekete, 

2005; Raft et al., 2007). Therefore, it is not surprising to observe that many structural 

markers and key TFs known to be HC-specific can also be expressed in different types 

of neurons of the central and peripheral nervous system. This applies for instance to 

Myo6 (Osterweil et al., 2005) , Lhx3 (Sharma et al., 1998; Thor et al., 1999) and Brn3c 

(Xiang et al., 1995). Furthermore, from the selected TFs, Math1 is also sufficient and 

necessary for the specification of cerebellar granule cells (Ben-Arie et al., 1997) and 

spinal cord D1 interneurons (Bermingham et al., 2001). Thus, induction of neuronal 

commitment by the expression of Math1 (as part of the 3TFs) might occur, despite the 

results already presented. I have therefore examined the expression of βIII-tubulin 

(Tuj1), a well known neuron specify marker (Lee et al., 1990) that is not present in 

mammalian HCs (Wallis et al., 2002). Analysis of Tuj1 in iMath1 and iGBM derived-EBs 

challenged with Dox during 4 days revealed again contrasting results: almost every cell 

overexpressing Math1 exhibit a massive expression of Tuj1, while combined activity of 

the 3 TFs does not induce significant Tuj1 expression (Fig. 5 A). This strongly indicates 

that Math1 activity is able to convert differentiating EB cells into neurons, in contrast 

to the combined 3 TFs. In addition, the absence of Nestin expression in iMath derived-

EBs suggest that rather than inducing neural progenitors, Math1 overexpression 

promotes programming towards differentiated neurons (Fig. 5 B).  
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Figure 5: Force expression of Math1 promotes neuronal differentiation but not its co-

expression with Gfi1 and Brn3c. 8 days old EBs derived from iMath1 and iGBM ES cells were 

immunostained for Tuj1 (red) and Math1 (green) after Dox treatment, and revealed massive 

Tuj1 up-regulation only upon Math1 overexpression (A). The same EBs didn’t show significant 

Nestin (red) up-regulation, neither the combined activity of the 3TFs (B). Nuclei were identified 

with Dapi (blue). 
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Figure 6: Force expression of Math1 does not induce HC differentiation of EB-derived 

progenitors. Immunodetection analyses for several HC specific markers performed in day 8 

iMath1-derived EBs previously exposed to a 4 days Dox treatment. Among the induced Math1+ 

cells (green), no significant up-regulation was observed for Sox2 (red) (A), Lhx3 (red) (B), Myo6 

(red) (C), Brn3c (red) (D), Gfi1 (red) (E) and Espin (red) (F). Nuclei were identified with Dapi 

(blue). 

Since Math1 activity can induce neuronal differentiation, I wanted to know if any of 

the HC specific markers could also be expressed in these programmed neurons. Similar 

to the previous experiments, iMath1-derived EBs treated with Dox during 4 days were 

analyzed at day 8 by immunostaining for Math1/Sox2, Math1/Lhx3, Math1/Myo6, 

Math1/Brn3c, Math1/Gfi1 and Math1/Espin (Fig. 6 A, B,C, D, E, F respectively). 

Notably, no significant up-regulation was observed for all the HC makers examined, 

confirming neuronal but not HC commitment of the induced Math1+ cells. 

4.5. Enhancing the HC programming efficiency by manipulating 

signaling pathways 

HC differentiation is tightly regulated directly or indirectly by multiple signaling 

pathways, such as Notch, BMP, FGF and Retinoic acid (RA) (reviewed in Romand, 2003; 

reviewed in Kelley, 2006). During embryonic development, HC production can be easily 

increased by activating or inhibiting these key signaling pathways. Thus, I wanted to 

understand if the efficiency of HC programming could be enhanced in a similar way in 

vitro. For these experiments I have focused in 2 signaling pathways, the Notch and the 
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Retinoic acid (RA) pathways. Experimental evidence has clearly demonstrated the role 

of Notch-mediated lateral inhibition in determining HC and SC cell fates (reviewed in 

Kiernan, 2013b). Disruption of Notch signaling during development leads to the 

overproduction of HCs at the expense of SCs (Lanford et al., 1999; Kiernan et al., 

2005a; Brooker et al., 2006; Zhao et al., 2011; Mizutari et al., 2013). The generation of 

extra HCs can be also achieved by exogenously adding RA in ex-vitro cultures of otic 

vesicles and sensory explants (Represa et al., 1990; Kelley et al., 1993). However, the 

mechanisms behind RA action in HC fate determination are not fully understood 

(reviewed in Romand, 2003). Nevertheless, I have tested whether adding RA, or 

blocking Notch pathway using the γ-secretase inhibitor LY411575 (Lanz et al., 2004), 

could promote a significant increase in the numbers of induced HCs. For this purpose, I 

have exposed iGBM-derived EBs to a 4 day Dox treatment combined with LY411575 or 

RA (Fig. 7 A). Myo7a expression was analyzed in these EBs and compared to the single 

Dox-treated EBs at day 8. Remarkably, I found that among the induced cell population, 

the Myo7a+ cells were significantly increased with LY411575 (70,24% ± 1,7) and RA 

(83,95% ± 1,15) supplementation, in respect to the single Dox treatment condition 

(53,85% ± 2,45) (Fig. 7 B mean ± SE, n=3). The striking increase in Myo7a+ cells 

observed after Dox + RA treatment can be easily detected in representative images 

obtained from immunoreaction for Myo7a and Brn3c (Fig. 7 C). The EBs grown in the 

presence of LY411575 or RA, but in the absence of Dox, exhibited similar Myo7a 

expression levels to the untreated EBs. This indicates that Notch activity and RA 

signaling are not directly regulating the expression of Myo7a.  

Next, I wanted to confirm that HC commitment is occurring in the large Myo7a+ 

population induced by the combination of 3 TFs overexpression and RA treatment. To 

test this, I have analyzed the expression of different HC markers by qRT-PCR in Dox 

treated EBs grown with and without RA. For all tested HC–specific genes, I have found 

higher expression levels in RA-treated EBs, relative to the RA-untreated condition (Fig. 

7 D), indicating that RA activity enhances HC programming efficiency. Additionally, I 

have also examined the expression of neuronal markers, because commitment to 

neuronal fate can also occur upon RA stimulation in differentiating EBs (Bain et al., 

1995; Li et al., 1998). However, I haven’t detected significant up-regulation of these 

markers (Fig. 7 D), revealing that the RA effect on HC differentiation is highly specific.  

 

In summary, blocking the Notch pathway or enhancing RA signaling enhances the 

induction of HCs in culture. However, as the RA effect was stronger, it was included in 

the different experimental procedures that are described in the following sections.  
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Figure 7: Increased efficiency in generating induced HC progenitors by signalling pathways. 

Schematic diagram of iGBM ES cell differentiation protocol to promote HC fate, including the 

combinatorial treatment of Dox plus LY411575 or RA (A). Graph showing the mean percentage 

of Myo7a+ cells among cells expressing the 3 TFs (Brn3c+ cells) analysed in 8 day old EBs 

treated with Dox (orange bar), Dox + LY411575 (green bar) and Dox + RA (blue bar) for 4 days ± 

SE (B). Representative images of iGBM-derived EBs at day 8, obtained by immunostaining of 

Brn3c (green) and Myo7a (red), showing significant increase of Myo7a+ cells by combined 

treatment of Dox+ LY411575 or Dox+RA, in respect to single Dox treatment (C). Nuclei 

counterstained with DAPI (blue). Bar diagram showing the relative mRNA levels of HC markers 

(Myo7a, Sox2, Myo6 and Lhx3) and neuronal markers (Nestin and Tuj1) in EBs treated with Dox 

(orange bars) or Dox + RA (blue bars) (D). Relative expression is presented as fold change 

normalized to the mean of untreated EBs (dotted baseline = 1) at day 8 ± SE. Unpaired t-test 

was used for statistical analysis. *P<0,05 **P<0,01 ***P<0,001 (n=3). RA, retinoic acid.  
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4.6. The induced HCs are able to develop hair bundle-like structures 

The hallmark of a differentiated HC is the highly organized apical hair bundle, 

composed of 50-300 microvilli called stereocilia, where mechanical stimuli are 

converted to electrical signals (reviewed in Hackney and Furness, 1995). The hair 

bundle is characterized by unique biochemical and morphological features. Therefore, 

understanding whether these distinctive structures are present in the induced Myo7a+ 

cells is vital to confirm the HC identity of programmed cells. To accomplish this, I first 

examined the expression of Espin, a protein only present in the stereocilia of the hair 

bundle, where it is crosslinked to F-actin (Zheng et al., 2000). After immunostaining 

analysis for Myo7a and Espin in iGBM-derived EBs at day 8, I found that Espin is only 

weakly expressed in induced cells (Fig. 8 B).  

However, it is known that the onset of Espin expression during normal inner ear 

development occurs later than Myo7a, and this raises the hypothesis that induced 

Myo7a+ cells are at an initial stage of HC commitment. I have therefore extended the 

period of Dox treatment for additional 4 days and examined EBs at day 12 (Fig. 8 A). 

Notably, at this later time point, high levels of Espin are detected in polarized 

projections of the induced Myo7a+ cells (Fig. 8 B). These Espin+ protrusions are 

observed in 54,9% ± 2,7 of the Myo7a+ cells, a percentage that does not increase by RA 

treatment (54,56% ± 5,5) (Fig. 8 C mean ± SE, n=3). Another well established hair 

bundle marker, Cadherin 23 (Cdh23) (Siemens et al., 2004), is also detected by 

immunolabelling in the polarized Myo7a+ projections at day 12 (Fig. 8 E). Furthermore, 

using qRT-PCR analysis, a significant increase is observed in the expression of the genes 

encoding these hair bundle proteins (Espin and Cdh23) at day 12 compared to day 8 

(Fig. 8 D). These results suggest that development of hair bundle-like protrusions in 

iHCs occurs from day 8 to day 12 in culture. The significant decline of Sox2 levels in the 

Myo7a+ cells at day 12 further supports the idea of progression in HC differentiation 

(Fig. 8 D and F).  

The analysis performed in iGBM-derived EBs at day 12 reveals surprising results 

regarding the numbers of Myo7a+ cells. Among the cells expressing the 3TFs (Brn3c+), a 

significant decrease in the percentage of Myo7a+ cells is observed, when compared 

with the results at day 8 (29,7% ± 1 versus 53,85% ± 2,45 Myo7a+ cells) (Fig. 9 A and B 

mean ± SE, n=3). Similarly, iGBM-derived EBs exposed to a Dox treatment combined 

with LY411575 or RA show a significant decrease of Myo7a+ cells at day 12 (LY411575: 

70,24% ± 1,69 at day 8 but 36,98% ± 0,24 at day 12; RA: 83,95% ± 1,15 at day 8 but 

43,55% ± 1,8 at day 12) (Fig. 9 B mean ± SE, n=3).  
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Figure 8: Induced HC progenitors can differentiate and develop hair bundle-like structures. 

Schematic diagram of iGBM ES cell differentiation protocol to promote HC fate; EBs were 

analyzed at day 8 and day 12 (red) of culture (A). Immunostaining for Espin (green) and Myo7a 
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(red) in iGBM-derived EBs treated with Dox show a strong and polarized Espin signal at day 12 

but not at day 8 (B). Graph revealing the mean percentage of Espin+ cells found in the induced 

Myo7a+ population examined in EBs at day 12 treated with Dox (orange bar) and Dox + RA 

(blue bar) for 8 days ± SE (C). Bar diagram exhibiting the relative mRNA levels of hair bundle 

markers (Espin and Cdh23), HC markers (Myo7a and Sox2) and neuronal markers (Nestin and 

Tuj1) in EBs treated with Dox (orange bars) or Dox + RA (blue bars) at day 8 (light colours) and 

at day 12 (dark colours) (D). Statistically significant differences are detected for Espin, Cdh23 

and Sox2 when relative expression levels are compared between day 8 and day 12 (Espin 
+P=0,03, Cdh23 ++P=0,0019, Sox2 +P=0,016). Relative expression of each transcript is presented 

as fold change normalized to the mean of untreated EBs (dotted baseline = 1) ± SE. 

Immunodetection analyses for Cdh23 (green) and Myo7 (red) at day 12 in EBs exposed to Dox 

treatment during 8 days (E). Immunostaining analysis reveals a decrease of Sox2 (green) 

expression in the Myo7a+ cells (red) from day 8 to day 12 (F). Nuclei counterstained with DAPI 

(blue). Unpaired t-test was used for statistical analysis. *P<0,05 **P<0,01 ***P<0,001 (n=3). 

RA, retinoic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Day 12 Day 8 

Brn3c / Myo7a 

A 
B 

C 
Merge 

Day 8 

Caspase  3 Brn3c 

Merge 

Day 12 

Caspase 3 Brn3c 



Chapter 3- Sensory hair cells: a programming approach 

 96 

Figure 9: The number of induced HCs decreases from day 8 to day 12 during EB 

differentiation. Representative images of iGBM-derived EBs at day 8 and day 12 

immunostained for Brn3 (green) and Myo7a (red), showing less Myo7a+ cells in the older EBs 

(A). Graph showing the mean percentage of Myo7a+ cells among cells expressing the 3 TFs 

(Brn3c+ cells) analysed in EBs treated with Dox (orange bar), Dox + LY411575 (green bar) and 

Dox + RA (blue bar) at day 8 (light colours) and at day 12 (dark colours) ± SE (B). 

Immunostaining analysis reveals lack of co-labelling between Caspase 3 (green) and Brn3c 

(red) at day 8 and also at day 12 (C). Nuclei were identified with Dapi (blue). Unpaired t-test 

was used for statistical analysis. *P<0,05 **P<0,01. RA, retinoic acid.; Ly, LY411575 

This surprising reduction of Myo7a+ cells could be explained by an increase of cell 

death. The lack of surviving factors or inaccessibility to essential nutrients caused by 

cell clustering is known to promote apoptosis in cell culture. In fact, immunodetection 

of caspase 3 identified many apoptotic cells in the EBs (Fig. 9 C). However, lack of co-

localization between the 3TFs expressing cells (Brn3+) and caspase 3 at day 8 and at 

day 12 suggests that cell death is not occurring in the induced cells (Fig. 9 C). On the 

other hand, the reduction in Myo7a+ cells at day 12 could also result from a 

preferential proliferation of 3TF-induced cells that are negative for Myo7a. However, 

Edu incorporation experiments performed at day 8 revealed that all induced cells 

(Brn3c+ cells) have already exited the cell cycle (data not shown). This is consistent 

with the fact that mean percentage of total Brn3c+ cells counted at day 8 (61,31% ± 

1,31) remained identical at day 12 (58,9 %± 5,23). Overall, the results suggest that no 

proliferation and cell death occurs in this population. Therefore, I can conclude that 

significant down-regulation of Myo7a takes place from day 8 to day 12 in the Brn3c+ 

population.  

In summary, the results indicate that induction by the 3 TFs is able to program 

progenitors into HCs precursors, which initially express early HC markers and later can 

develop hair bundles-like projections, mimicking the in vivo HC differentiation process. 

But, are the polarized Espin+ protrusions able to acquire the normal hair bundle 

morphology that is necessary for mechanoreception? 

4.7. Characterization of induced hair bundle-like structures 

From the analysis performed at day 12 in iGBM-derived EBs, I could conclude that hair 

bundle-like protrusions exhibit random orientations, and that some induced HC show 

multiple, non-organized protrusions (see supplementary results, Fig. 5 of section 6.3). 

Furthermore, these programmed iHCs appear as disorganized clusters within EBs, with 

no evident epithelial polarity. It is known that normal development of the hair bundle 

is directly linked to the establishment of both apico-basal and planar polarity within 

the highly organized sensory epithelium (reviewed in May-Simera and Kelley, 2012; 

reviewed in Ezana and Montcouquiol, 2013) It is therefore likely that programmed HCs 
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need to be in the proper epithelial environment to fully acquire their normal 

morphological features, which are a prerequisite for their function as 

mechanoreceptors. Thus, I have explored several strategies aiming to improve the 

epithelial organization of the induced HC.  

Matrigel, which contains basement membrane proteins, has been shown to promote 

epithelial rearrangements during ES differentiation into specific cell lineages (Eiraku et 

al., 2011; Antonica et al., 2012; Nakano et al., 2012; Lancaster et al., 2013). Therefore, I 

have grown differentiating iGBM ES cells in 3D matrigel cultures, and tested several 

culture parameters, like different Dox exposure periods or matrigel concentrations. 

However, these attempts never resulted in enhanced epithelial organization of the 

programmed HCs. In addition, I also performed similar experiments with another 

matrix scaffold, a chemically defined self-assembled peptide hydrogel known as 

“puramatrix”. This was shown to be the best scaffold for inner ear sensory epithelium 

explants when compared with matrigel and other collagen-based matrices (Spencer et 

al., 2008). However, just like matrigel, the epithelial rearrangements of the 

programmed HCs were not improved by 3D puramatrix environment (see 

supplementary results, Fig. 5 of section 6.3).  

Previous studies have shown that inner ear mesenchymal cells are not only necessary 

to instruct otic progenitors to differentiate into HCs containing Espin+ hair bundle-like 

protrusions (Doetzlhofer et al., 2004; White et al., 2006), but it is also important for 

the establishment of proper epithelium patterning (Montcouquiol and Kelley, 2003). 

Similarly, ES-derived otic progenitors could only develop Espin+ hair bundle-like 

structures when cultured on top of mitotically inactivated chicken utricle mesenchyme 

cells (Oshima et al., 2010). In the 3TF-induced cultures, programmed HCs can reach a 

state where Espin+ projections do form without the presence of utricle mesenchyme 

cells. I have therefore tested whether the presence of otic mesenchymal cells can 

provide cues for epithelial organization and cell polarization of iHCs, which 

consequently could result in proper hair bundle morphology. For this, I developed a co-

culture system where iGBM-derived EBs were dissociated and plated on top of utricle 

mesenchymal cells for 6 days, in the presence of Dox + RA (Fig. 10 A). 

In these co-cultures, no epithelial organization could be detected among the 

programmed HC cell population. The induced HCs (Myo7a+/Espin+ cells) are scattered 

and frequently localized to the periphery of cellular clusters (Fig. 10 B). A suitable in 

vitro environment that could favour an epithelial assembly of programmed HC remains 

to be found, however it was still possible to detected polarized Espin+ protrusions in 

the induced HC cells within these co-cultures (Fig. 10 C, D and E). A detailed confocal 

analysis reveals that Espin+ structures exhibit a defined orientation that can be either 

directed towards the bottom of the dish (in contact with the mesenchymal cells), or to 

the top of the cell layer (Fig. 10 C and E). The same could not be observed with induced 

HCs grown in absence of utricle mesenchymal cells and subjected to a similar 
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differentiation protocol. In this condition, the induced cells are only found inside big 

cell clusters and display a random localization. Furthermore, Espin+ protrusions were 

less polarized (data not shown). It is therefore likely that embryonic utricle 

mesenchymal cells can provide physical support to the differentiating HC cells, 

contributing to diminish cell aggregation and to avoid the formation of big cell clusters. 

The observation of polarized hair bundle-like protrusions with a defined orientation 

suggests that utricle mesenchymal cells can also provide polarization signals to the 

induced HCs. 

In these experiments, programmed HCs often display Espin+ protrusions that differ in 

their length and morphology. The high heterogeneity of these cells can be a 

consequence of the inadequate cellular environment in which they are cultured. 

Nevertheless, the co-culture approach used in these experiments led to significant 

improvements regarding the polarization of the hair bundle-like structures. 

Furthermore, some Espin+ protrusions presented a morphological structure that 

suggested an organized stereocillia pattern (Fig. 10 E). For this reason, I decided to 

characterize in more detail the hair bundle-like structures of the programmed HC cells. 

The basic organization of stereociliary bundles in all vertebrate hair cells is identical. 

Individual stereocilia contain a core of uniformly spaced actin filaments interconnected 

with Espin. In the co-cultures, Myo7a+ cells frequently exhibited cytoplasmic 

projections that displayed immunoreactivity for actin and Espin (Fig. 11 A and B). A 

more detail morphological characterization of the hair bundle-like structure was 

performed by scanning electron microscopy. This analysis allows the observation of 

structures that are highly reminiscent of hair bundles with many microvilli-like 

stereocilia protruding from the apical surface of the cell membrane (Fig. 11 C) (Tilney 

et al., 1992). However, the hair bundle-like structures exhibit poorly organized rows of 

thickly clustered stereocilia. In the embryonic sensory epithelium, a partially 

differentiated hair bundle contains several regular rows of stereocilia with well defined 

height increments between the rows, similar to a staircase (Furness et al., 1989). Such 

a highly organized stereocilia pattern was never observed in these co-cultures, which 

might indicate that Espin+ protrusions are still undifferentiated stereocilia-like bundles. 

Progression of hair bundle differentiation is likely to be dependent of the culture 

environment that supports better polarization and epithelial organization of induced 

cells. Nevertheless, I can conclude that Espin+ protrusions have a stereocilia nature, 

which confirms the HC identity of programmed HCs. 
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Figure 10: Hair bundle-like structures of programmed HCs grown on top of inner ear 

mesenchymal cells. Schematic diagram of iGBM ES cell differentiation protocol to promote HC 

fate; programmed HCs were co-culture with embryonic chicken utricle periodic mesenchyme 

cells and analyses were performed at day 12 (red) (A). Immunostaining for Myo7a (red) and 

Espin (green) in theses co-cultures shows that induced HCs are localized mainly in the 

periphery of cell aggregates and frequently isolated from each other (B). Orthogonal views of 

confocal stack reveal Espin+ structures oriented towards the utricle mesenchyme layer (arrow 

in C) or in the opposite direction facing the cell surface (arrowhead in C) (C). Projections of 
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confocal images stacks showing single polarized Espin protrusions in several programmed HCs 

(D). In these co-cultures, induced HC cells can exhibit a polarized Espin+ protrusion oriented to 

the top of the dish (E). Nuclei counterstained with DAPI (blue). RA, retinoic acid 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Detailed characterization of the hair bundle-like protrusions. Representative 

images of iGBM-derived cells grown on top of mitotically inactivated utricle mesenchymal cells 

for 6 days. High magnification views of the hair bundles-like protrusions labelled with Myo7a 

(red) and Espin (green) (A). Confocal stacks of phalloidin (pink) showing F-actin-filled 

membrane protrusions which were labelled with Espin (green) and Myo7a (red) (B). Nuclei 

were identified with Dapi (blue). Scanning electron microscopy performed in these co-cultures 

reveals microvilli-like stereocilia protruding from the cells surface in several induced HCs (C). 
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4.8. The effect of continuous TF overexpression versus a single pulse 

in inducing HC differentiation 

In all previous experiments, Dox was added to cultured EBs every two days, to keep 

continuously elevated levels of exogenous TF expression. However, it is known that 

Math1 is able to induce his own expression during HC commitment in the embryo, 

creating a positive feedback loop (Raft et al., 2007), and this raises the hypothesis that 

a single pulse of exogenous TF expression might be sufficient to trigger HC 

programming, with the subsequent differentiation implemented by the activity of the 

endogenous cascade of HC transcriptional regulators. In addition, continuous presence 

of the exogenous TFs might cause an arrest of normal HC differentiation, and 

contribute in this way to decrease the number of iHCs detected at day 12 of the 

continuous protocol when compared to day 8 (Fig. 9 A and B). I therefore tried 

different regimes of TF induction by Dox, and have compared EBs that were exposed to 

Dox + RA at day 4 and allowed to differentiate for another 8 days with different Dox + 

RA regimes. The iGBM-derived EBs were treated with Dox + RA for just 48 hours (Fig. 

12 C), 4 days (Fig. 12 B), or 8 days (Fig. 12 A). After immunostaining analysis, I found 

that permanent or just 4 days of Dox exposure led to comparable results at day 12. The 

EBs exhibited high numbers of Brn3c+/Myo7a- cells, although the scattered Myo7a+ 

iHCs developed Espin+ protrusions (Fig. 12 A’ and B’). Surprisingly, in EBs challenged 

with Dox for just 48 hours, the Brn3c+/Myo7a- population was no longer present at day 

12. All Brn3c+ cells expressed Myo7a and exhibit polarized Espin+ protrusions (Fig. 12 

C’). Furthermore, rather than being scattered, these induced HCs were grouped 

together in several small clusters in the EBs (Fig. 12 C’). Since this data was obtained 

from a preliminary experiment (n=1), I was not able to perform a proper quantification 

analysis. However, no striking differences in the numbers of induced HCs were 

observed between the 2 day-pulse or the permanent Dox induction of TF expression.  

Overall, the results indicate that force expression of the 3 TFs for just 2 days is 

sufficient to promote efficient HC programming in differentiating EBs.  
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Figure 12: iGBM-derived EBs exposed to Dox during different time periods. Schematic 

diagrams of iGBM ES cell differentiation protocols to promote HC fate; EBs were either 

challenged with a continuous Dox + RA treatment for 8 days (A) or with a short treatment of 

Dox + RA for 4 days (B), of just 2 days (C). Analyses were always conducted at day 12 (red). 

Immunostaining for Brn3c (green) / Myo7a (red), and Espin (green) / Myo7a (red) performed 

at day 12 in the EBs subjected to the Dox + RA treatment for 8 days (A’), 4 days (B’) and 2 days 

(C’). Nuclei were identified with Dapi (blue). RA, retinoic acid 

4.9. Generation and characterization of the iGBM-Myo7a:mVenus ES 

reporter line 

The generation of induced HCs through forced expression of Gfi1, Brn3c and Math1 

has proven to be a reproducible and highly efficient approach. However, the induced 

HCs are grown as heterogeneous cultures, mixed with different types of other 

progenitors that are present in the EBs. The impossibility to discriminate these cells in 

real time, and to obtain a pure population of iHCs, imposes big limitations in further 

studies at functional and transcriptome level. Therefore, I decided to build a promoter-

driven fluorescence reporter system that could specifically label programmed HCs. To 

accomplish this, I took advantage of the previously studied Myo7a regulatory region 

(Boëda et al., 2001) to drive the expression of fast maturating yellow fluorescent 
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protein (Venus) in the iGBM ES line. It has been demonstrated that Myo7a promoter 

(from the mouse gene) plus a strong HC enhancer located in the intronic region 1 are 

sufficient to drive expression of a transgene specifically in vestibular and auditory HCs 

(Boëda et al., 2001). I have therefore built a Myo7a expression vector containing 2kb 

of the promoter and the exon 1 and intron1 of the mouse Myo7a gene, followed by 

the Venus cDNA and a selection cassette (containing a PGK promoter and a blasticidin 

resistance gene) (Fig. 13 A). This Myo7a reporter vector was electroporated into iGBM 

ES cells and blasticidine selection was applied to select clones with Myo7a vector 

integration. More than 20 independent clones were isolated, expanded and 

characterized. To evaluate the capacity to report accurately Myo7a expression, I have 

subjected the independent clones to the in vitro differentiation protocol (described in 

Fig. 3 B). I found that the majority of the clones show reduced levels or total absence 

of Venus expression. This is likely to result from differences in the site of insertion of 

the Myo7a vector. However, it was possible to identified one clone with strong Venus 

fluorescence in the Myo7a expressing cells. This clone named “iGBM-Myo7a:mVenus” 

was thus selected for further characterization.  

In the pluripotent stage, iGBM-Myo7a:mVenus ES cells exhibited similar morphology, 

viability and growth rate, when compared with the parental ES line iGBM. More 

importantly, no Venus fluorescence was detected in this stage. However, it was 

possible to detect some Venus+ cells at day 8 upon in vitro differentiation throughout 

EB formation in the absence of Dox (14,5% ± 0,44) (Fig. 13 C mean ± SE, n=3). These 

Venus+ cells presented weak fluorescence levels and were difficult to observe in live 

EBs under the fluorescence microscope (Fig. 13 B). In contrast, strong fluorescence 

levels and high numbers of Venus+ cells were detected when EBs were stimulated with 

Dox + RA (46,03% ± 4,57) (Fig. 13 B and D). Notably, immunostaining analysis in these 

EBs revealed a high degree of correlation between Venus and Myo7a expression (Fig. 

13 B). This result indicates that iGBM-Myo7a:mVenus reporter cells provide an 

accurate fluorescent read-out for Myo7a expression during HC programming in EB-

derived differentiation.  

To further assess the adequacy of the iGBM-Myo7a:mVenus reporter, I determined the 

total mean percentage of Brn3c, Myo7a and Venus in EBs exposed to different 

treatments at day 8 and day 12, in the parental and reporter cell lines (Fig. 14 table A 

and B). No statistically significant differences were detected in the numbers of Brn3c+ 

and Myo7a+ cells between the 2 ES lines in the various conditions. I can thus conclude 

that the addition of the Myo7a reporter does not interfere with HC differentiation and 

is able to adequately monitor the appearance of Myo7a+ iHCs during programming. 

However, strong correlation between Venus and Myo7a expression was only detected 

upon Dox + RA treatment at day 8 (Fig. 14 table A and B, C). The stability of the 

fluorescent Venus protein and the down-regulation of Myo7a expression at day 12 can 

be the likely cause for the diminished correlation of Myo7a and Venus expression at 
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this time point. Nevertheless, the iGBM-Myo7a:mVenus reporter can be used to 

identify iHCs with an adequate degree of precision in EBs.  

In summary, I have engineered and validated a iGBM-Myo7a:mVenus reporter line, 

which provides a good read-out of Myo7a expression. This reporter line is therefore a 

powerful tool to discriminate iHCs in in vitro cultures, to identify iHCs in future 

transplantation experiments, and to obtain an enriched iHC population by FACS-

sorting.  
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Figure 13: The iGBM-Myo7a:mVenus ES line is an adequate fluorescence reporter for Myo7a 

expression. Schematic representation of the iGBM-Myo7a:mVenus ES line containing the 

promoter region, exon 1 and intron1 of the mouse Myo7a gene driving transcription of 

mVenus in the iGBM ES line (A). Bright field and fluorescence images of floating 

iGBM:Myo7a:mVenus-derived EBs at day 8, untreated or treated with Dox for 4 days, showing 

visible Venus fluorescence only upon Dox exposure (B). Immunostaining analysis for Myo7a 

(red) and Venus (green) conducted in EBs not stimulated with Dox at day 8, showing few 

Venus+ cells (C). Representative histogram of Venus expressing cells for this untreated EBs 

(14,5% ± 0,44 Venus+ cells were observed in this condition) (C). Immunofluorescence for 

Myo7a (red) and Venus (green) performed at day 8 in EBs treated with Dox + RA for 4 days, 

reveals a strong correlation between cells expressing Myo7a and Venus (D). Representative 

histogram of Venus expressing cells for this treated EBs (46,03% ± 4,57 Venus+ cells were 

observed in this condition) (D). Nuclei were identified with Dapi (blue). 2AP, 2A peptide; TRE, 

tetracycline responsive element; rtTA, reverse tetracycline transactivator; pPGK, phospho-

glycero-kinase promoter; Blasticidine, blasticidine resistance gene; RA, retinoic acid; FACS, 

fluorescence-activated cell sorting. 
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 Day 8 

 iGBM iGBM-Myo7a:mVenus 

 No Dox Dox Dox + RA No Dox Dox Dox + RA 

Brn3c Residual 61,31 ± 1,31 45,39 ± 2,61 Residual 60,72 ± 1,65 50,36 ± 1,5 

Myo7a 14,65 ± 3,62 38,78 ± 0,59 48,02 ± 3,23 13,28 ± 6,01 38,26 ± 0,65 47,72 ± 0,4 

Venus Residual Residual Residual 14,5 ± 0,44 46,9 ± 4,11 46,03 ± 4,57 

% Myo7a in 

the Venus 

population 

-- -- -- nd 54,39 ± 1,65 79,54 ± 0,36 

 

 Day 12 

 iGBM iGBM-Myo7a:mVenus 

 No Dox Dox Dox + RA No Dox Dox Dox + RA 

Brn3c Residual 58,9 ± 5,23 48,36 ± 5,34 Residual 53,45 ± 1,85 46,19 ± 1,13 

Myo7a 5,94 ± 0,44 18,39 ± 0,39 23,11 ± 3,65 7,05 ± 0,62 15,27 ± 1,08 21,63 ± 0,11 

Venus Residual Residual Residual 5,96 ± 0,6 27,08 ± 3,08 32,85 ± 0,19 

% Myo7a in 

the Venus 

population 

-- -- -- nd 41,33 ± 4,84 51,95 ± 0,19 
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Figure 14: Detailed characterization of the iGBM-Myo7a:mVenus reporter line. Table 

showing the mean percentages of total Brn3c, Myo7a and Venus positive cells counted in EBs 

untreated, treated with Dox or challenged with Dox + RA for the parental cell line iGBM and for 

the reporter line iGBM-Myo7a:mVenus at day 8 (A) and day 12 (B). The mean percentage of 

Myo7a+ cells among the Venus+ population reveals how accurately the Venus reporter line can 

reflect Myo7a expression in different culture conditions and time points (A and B). 

Representative images of immunofluorescence for Myo7a (red) and Venus (green) in iGBM-

Myo7a:mVenus-derived EBs at day 8 and day 12 that were subjected to Dox or Dox + RA 

treatment (C). Nuclei were identified with Dapi (blue). RA, retinoic acid. 

4.10. Specific and fast permeation of the FM1-43 dye into the 

programmed HCs 

The presence of microvilli-like stereocilia in programmed HCs raised the question of 

whether these cells could activate the mechanotransduction machinery in response to 

stimulation of the hair bundle. Normally, a HC is stimulated when its elastic hair bundle 

is deflected towards its tail edge. To understand if induced HCs are also capable of 

generating response currents upon hair bundle movement, electrophysiology studies 

have to be performed in these cells. However, a quick visual assay for 

mechanotransduction ion channel function can be performed by briefly exposing HCs 

to the cationic, styryl pyridinium dye FM1-43 (Gale et al., 2001; Meyers et al., 2003). In 

most cells, FM1-43 is unable to penetrate the lipid bilayer, but sensory HCs can be 

selectively labelled because of its rapid permeation through mechanosensory 

transduction channels that are found in the open state (Nishikawa and Sasaki, 1996; 

Gale et al., 2001). To test for the possibility that programmed HCs might express 

functional mechanotransduction channels, I briefly incubated with FM1-43 the Dox 

and non Dox treated EB-derived cells, cultured on top of mitotically inactivated utricle 

mesenchymal cells (differentiation protocol described in Fig. 10 A). In order to 

discriminate the programmed HCs from the other cell types present in these cultures, I 

used the iGBM-Myo7a:mVenus reporter line. When co-cultures grown in the absence 

of Dox were incubated for thirty seconds in 6μM of FM1-43 (followed by 5 minutes of 

thorough washes), no labelled live cells were detected (Fig. 15 A). In contrast, in Dox 

treated cells, around 25% of the Venus+ population was labelled by FM1-43 (Fig. 15 B). 

The specificity of FM1-43 permeation to Venus+ cells suggests that these cells contain 

open and potentially functional mechanotransduction channels. Electrophysiology 

studies have to be conducted to further confirm that programmed HCs possess 

functional characteristics of HCs in vivo. Unfortunately, due to time constrains these 

experiments were not carried out during the time frame of this thesis.  
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Figure 15: Induced HCs express mechanotransduction channels that enable specific and fast 

FM1-43 permeation. The in vitro differentiation protocol (described in Fig. 10 A) for co-culture 

with embryonic chicken utricle mesenchymal cells was performed using the iGBM-

Myo7a:mVenus reporter ES line. At day 12, EB-derived cells grown in the presence or absence 

of Dox were incubated in 6μM of FM1-43 for thirty seconds. Confocal z-stacks were taken in 

live cells after the FM1-43 incubation, in random fields of the dish. Bright field and 

fluorescence images in the “No Dox” condition shows absence of Venus and FM1-43 staining 

(A). In contrast, Dox treatment led to the appearance of induced HCs that are Venus positive 

and permeable to the FM1-43 dye (B). BF, Bright field; FM1-43, N-(3-

triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridiniumdibromide.  
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4.11. Transcriptional profiling of induced HCs 

The results described in the previous sections indicate that combined activity of Gfi1, 

Brn3c and Math1 can directly convert ES cells-derived progenitors into HC precursors 

with the capacity to differentiate and develop hair bundle-like structures at a later 

time point (Fig. 16). In contrast to the scarcity and complexity of the environment in 

which HCs are located in the embryonic inner ear, these in vitro cultures can provide 

large amounts of induced HCs at different stages of differentiation. Furthermore, the 

reporter line iGBM-Myo7a:mVenus allows cell sorting by FACS to obtain a 

homogeneous populations of induced HCs. This creates a unique opportunity to 

characterize the transcriptome program of induced HCs at the early precursor stage 

(day 8) and at the hair bundle stage (day 12) (Fig. 16). This would serve in addition to 

confirm whether a full HC-specific genetic program is being activated by the 

combination of these 3 TFs. 

 

 

 

 

 

 

Figure 16: Programming pluripotent stem cells into sensory HCs. Schematic representation of 

the successive HC programming stages to generate an induced HC with hair bundle-like 

structures.  

Global gene expression profiling was done using Affymetrix microarrays (Mouse 

Genome 2.1 ST Arrays Strip) for Venus+ sorted cells obtained from EBs at day 8 and day 

12, treated with Dox or Dox + RA. The transcriptional program of the purified induced 

HC population was compared to untreated EB-derived cells at day 8 and day 12. Three 

biologically independent replicates were done for the Dox treated conditions, and two 

independent RNA preparations for control untreated conditions. Thus, a dataset 

composed of 16 independent transcriptomes was generated. Previous validation of 

these samples was done by analyzing the expression of Venus and Myo7a by semi-

quantitative RT-PCR (see supplementary results, Fig. 6 of section 6.4). As expected, 

strong Venus expression was only observed among the sorted Venus+ cells. Myo7a 

expression was also higher in the Venus+ sorted cells, especially in the Dox + RA treated 

condition, in which elevated numbers of Myo7a+ cells are observed. This experiment 
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confirmed the high degree of purity of the sorted cells (see supplementary results, Fig. 

6 of section 6.4). 

To analyze this dataset, I first studied the similarities between the 16 independent 

transcriptomes. To achieve this, I have performed a hierarchical clustering of the 16 

transcriptome datasets, visualized as a hierarchical tree (dendrogram). In the 

dendrogram, samples with similar expression profile are clustered together, while 

samples with different expression profiles are placed far apart in the tree. The 

dendrogram clearly shows two main branches that correspond to the untreated 

conditions and to Dox treated conditions. The clear segregation between “No Dox“ and 

“Dox” was expected and validates this global dataset. Interestingly, in the Dox branch, 

samples are divided in two groups: one containing day 8 iHCs treated with Dox, and 

the other composed of day 8 HCs treated with Dox + RA, together with all the day 12 

iHCs samples. This implies that day 8 iHCs treated with RA are more differentiated and 

reached a stage similar to day 12 iHCs. Thus, RA activity not only leads to more 

efficient HC programming but also increases the differentiation rate in iHCs. This is 

consistent with the onset of Myo7a expression in induced EBs, which occurs after 2 

days of Dox exposure in the presence of RA, but takes 4 days in its absence (see 

supplementary results, Fig. 7 of section 6.5).  

The hierarchical dendrogram also shows that biological replicates are clustered 

together. However, one replicate from the Dox treated cells at day 12 is found far 

apart from other two. This could be a consequence of technical variability during 

differentiation, or during sample processing. Nevertheless, the transcriptome profile of 

this sample was included in the dataset analysis. 

I next examined the microarray datasets to identify gene whose expression vary 

significantly among the 4 iHC stages, when compared to the non-induced cells at the 

same time point. An empirical Bayes two-group test with Benjamini-Hochberg multiple 

testing correction (P-value < 0,01, expression fold change > 2) (Smyth, 2004) was used 

to identify lists of differentially expressed genes in each stage. These lists are organized 

accordingly to the variations in expression (up- or down-regulated in relation to the 

untreated cells) (Table 2). 
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Figure 17: Analyses of the iHC transcriptome profiles. Dendrogram showing the hierarchical 

clustering of the various expression profiles obatain from iGBM-Myo7a:mVenus reporter-

derived EBs (A). Untreated samples are represented in black, Dox treated cells are presented in 

orange and Dox + RA in blue. E-numbers represent independent biological replicates. Gene 

ontology (GO) analysis performed by the DAVID functional annotation tool for the significant 

up-regulated genes detected in the four different iHC groups (expression fold changes > 2; P-

value < 0,01) when compared to the untreated cells ( B: c’, d’, e’ and f´). P-value represents the 

threshold of EASE Score, a modified Fisher Exact P-value for gene-enrichment analysis. 
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To correlate these differentially expressed gene lists with biological function, I 

searched for enrichment of gene ontology (GO) functional groups in the up-regulated 

and down-regulated gene lists. I found that up-regulated genes in day 8 iHC are mainly 

involved in transmission of nerve impulses and neuron differentiation (Fig. 17 B, c’ and 

d’). Conversely, in day 12 iHCs, up-regulated genes are enriched in genes involved in 

sensory perception of mechanical stimulus, and transmission of nerve impulses (Fig. 17 

B, e’ and f’). This indicates that iHCs at day 12 are expressing genes important for 

sensory mechanoreception, while day 8 iHCs are at an immature HC precursor stage. 

When the same GO analysis is performed for down-regulated gene lists, no significant 

enriched functional categories can be found among the different iHC groups. Down-

regulated genes in all lists are connected to cell cycle and cell division (see 

supplementary results, Fig. 8 of section 6.6). This is consistent with the observation 

that iHCs have exited the cell cycle.  

Table 2: Differentially expressed genes in each of the 4 different iHC stages, when compared to control, 

non-induced iGMB cells (P-value < 0,01, expression fold change > 2) 

Dox Day 8 Dox + RA Day 8 Dox Day 12 Dox + RA Day 12 

Differentially expressed genes: 

2697 3652 3442 3961 

Up-regulated: 1207 Up-regulated: 1550 Up-regulated:1492 Up-regulated: 1705 

Down-regulated: 1490 Down-regulated: 2102 Down-regulated: 1950 Down-regulated: 2266 
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Figure 18: Transcriptional analyses confirms the identity of the programmed HCs. Venn 

diagram illustrating the overlap between the significantly up-regulated genes identified in iHCs 

at day 8 (P-value < 0,01) and day 12 (expression fold changes > 2 P-value < 0,01) compared 

with untreated cells (day 8 and day 12, respectively). From the list of common up-regulated 

genes in iGBM cell with Dox only, those that show higher fold change at day 12 were selected 

(962 genes) (A). This list was subjected to a GO analysis using DAVID functional annotation tool 

(A’). The same procedure was performed to the overlapping genes from iGBM cells cultured 

with Dox +RA (B). The day 12 up-regulated genes (1042) were also analysed using DAVID 

functional annotation tool (B’). P-value represents the threshold of EASE Score, a modified 

Fisher Exact P-value for gene-enrichment analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Deafness genes are significantly up-regulated in the programmed HCs. Heat maps 

depicting the relative fold change of deafness-related genes expressed in HCs (A) and/or 

present in hair bundles (B) in the 4 different iHC groups. Red and green indicate increased and 

decreased expression, respectively.  
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If day 8 iHCs are immature HC precursors that progress into differentiation by day 12, I 

expect that functionally important HC-specific genes should be included in the list of 

up-regulated genes at day 8 and 12, and show a further increase in expression in day 

12 iHCs. To test this hypothesis, I have identified genes up-regulated both at day 8 and 

day 12. Next, I have selected the genes with higher fold change at day 12 (compared at 

day 8), and searched for enrichment in GO functional groups (Fig. 18 A and B). Notably, 

I found that genes from this list are exclusively involved in the primary functions of HCs 

and inner ear development (Fig. 17 A’ and B’). Interestingly, RA treatment induces the 

up-regulation of various genes responsible for ion transport in iHCs.  

In summary, the full transcriptional analysis of iHCs confirms the existence of a specific 

HC signature in these cells, further supporting their HC identity. To confirm this 

further, I analysed the expression of a particular set of genes that are known to be 

functionally relevant for inner ear HC development/function, contained in an available 

list of over 250 deafness genes in mouse that cause inner ear malformations or 

dysfunction (http://hearingimpairment.jax.org/master_table.html). Since it is 

expectable that various of these deafness genes are not expressed in HCs, I first 

selected, by literature search, only those that have been previously demonstrated to 

be expressed in HCs. This resulted in a list of 90 deafness genes with known expression 

in HCs. Analysis of their expression in iHCs at different stages (Fig. 19 A and B) show 

that the majority of deafness genes are significantly up-regulated in iHCs, in particular 

in day 12 iHCs, which exhibit higher expression of deafness genes known to be present 

in hair bundles.  

 

4.12. Forced expression of Gfi1 and Brn3c is not sufficient to promote 

full HC differentiation 

The crucial role of Math1 in HC fate determination and differentiation has been 

extensively demonstrated by gain and loss of function studies, in which ectopic 

formation of HCs or their absence have been reported, respectively (Bermingham et 

al., 1999; Kawamoto et al., 2003; Izumikawa et al., 2005). However, various studies 

have reported the existence of a Math1-independent HC differentiation pathway. 

Hamre and co-workers, for instance, have found that Math1-null HCs were able to 

differentiate and survive when intermingled with wild-type HCs in chimeric mice (Du et 

al., 2007). Additionally, forced expression of Six1 and Eya1 in cochlear explants 

promoted the generation of ectopic HCs without Math1 up-regulation (Ahmed et al., 

2012a). Therefore, I question whether combined activity of Gfi1 and Brn3c would be 

sufficient to program EB-progenitors into HCs, by a Math1-independent mechanism. 

To achieve this, I have generated another Ainv15-based Dox-inducible ES line where 

the cDNAs for Gfi1 and Brn3c, separated by a 2A peptide sequence (Fig. 20 A), were 
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inserted into the inducible locus using. Two independent iGB (inducible Gfi1-Brn3c) ES 

clones were isolated, expanded and characterized. Similar results between the 2 

clones were obtained regarding the potential to induce expression of Gfi1 and Brn3c, 

suggesting that successful insertion of the 2 TFs into the inducible locus was achieved. 

The following experiments were performed using these two different clones and 

comparable results were always observed. 

To test if forced expression of Gfi1 and Brn3c can promote HC fate, I performed the ES 

differentiation protocol previously used in the triple iGBM ES line (Fig. 20 B) and 

examined the expression of early HC markers. Remarkably, after 4 days of Dox 

treatment I found strong up-regulation of Myo7a in all induced cells (Brn3c+ cells) (Fig. 

20 C). These Myo7a+ cells also express the HC marker Myo6 (Fig. 20 D). However, 

expression of Lhx3, Math1 and Sox2 was not detected in induced cells (Fig. 20 E, F and 

H). Neuronal commitment was also accessed by the analysis of Tuj1 expression in this 

iGB-derived EBs at day 8. Similar to the iGBM-derived EBs, I found no up-regulation of 

Tuj1, which indicates lack of neuronal differentiation among Brn3c+ cells (Fig. 20 G).  

The up-regulation of some HC markers in induced cells at day 8 suggests that 

combined activity of Gfi1 and Brn3c can program progenitors into HC fate. To confirm 

this hypothesis, I determined if hair bundle-like structures were present in the iGB-

induced Myo7a+ population at day 12. For this, I have examined the expression of 

Myo7a and Espin by immunostaining in iGB-derived EBs after 8 days of Dox treatment 

(Fig. 21 A). In contrasts to iGBM-derived EBs at day 12, I found no significant down-

regulation of Myo7a, as all Brn3c+ cells in the iGB-derived EBs were positive for Myo7a 

(Fig. 21 B). Among this Myo7a+ cells, strong up-regulation of Espin was detected (Fig. 

21 C). Surprisingly, Espin was not localized in polarized cytoplasmic projections within 

the Myo7a+ cells, being rather dispersed throughout the entire cell body (Fig. 21 C). 

This result strongly indicates that iGB-induced cells are incapable of developing hair 

bundle-like structures. Furthermore, at day 12, iGB-induced Myo7a+ cells were positive 

for Myo6, but no up-regulation of Sox2 and Lhx3 was detected (Fig. 21 D, E and F). This 

suggests that ectopic expression of Gfi1 and Brn3c cannot activate the expression of 

some HC genes.  

The Dox + RA treatment for the iGB-derived EBs was also performed in these 

experiments, however, no significant differences were observed in respect to the Dox 

treatment.  

In summary, I could observe that combined activity of Gfi1 and Brn3c can promote up-

regulation of some HC markers. However, these induced cells are unable to acquire HC 

features such as hair bundle-like structures. Thus, forced expression of Gfi1 and Brn3c 

can partially activate the HC differentiation program, but Math1 seems to be 

absolutely necessary to fully implement an HC-specific differentiation during the 

programming event.  
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Figure 20: Combined activity of Gfi1 and Brn3c during 4 days promotes up-regulation of 

some HC markers but not all. Schematic representation of Dox-inducible iGB ES line used in 

this experiment (A). Schematic diagram of the ES cell differentiation protocol through EB 

formation and a period of 4 days Dox treatment (B). Immunostaining analysis of Brn3c (green) 

and Myo7a (red) reveals a strong co-expression of these 2 proteins (C). The Myo7a+ cells (red) 
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are also co-labelled with the HC marker Myo6 (green) (D). However, representative images 

obtained from immunostaining for Brn3c/Math1 (E), Lhx3/Myo7a (F), Brn3c/Tuj1 (G) and 

Brn3c/Sox2 (H) of iGB- derived EBs analyzed at day 8, show lack of co-localization between 

these markers. Nuclei were identified with Dapi (blue). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Forced expression of Gfi1 and Brn3c during 8 days does not lead to the generation 

of hair bundle-like projections, neither to expression of late HC markers. Schematic diagram 

of iGB ES cell differentiation protocol to promote HC fate; EBs were analyzed at day 12 of 

culture (A). Representative images obtained from immunostaining for Brn3c (green)/ Myo7a 

(red) (B), Espin (green) / Myo7a (red) (C), Brn3c (green) / Lhx3 (red) (D), Brn3c (green) / Sox2 

(red) (E) and Myo6 (green) / Myo7a (red) (F) performed in iGB-derived EBs treated with Dox 

for 8 days. Nuclei were identified with Dapi (blue).  
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5. Discussion 

5.1. Gfi1, Brn3c and Math1: Functional conservation in regulation of 

the mechanosensory cell development 

As previously mentioned in this thesis, Gfi1, Brn3c and Math1 are crucial for proper 

development of the highly specialized mammalian mechanoreceptors, HCs (Table 3). 

Notably, the invertebrate homologues of these TFs also exhibit similar expression and 

critical function in the development of mechanosensory systems. The best example is 

found in insects’ internal mechanoreceptor organs, known as the chordotonal organs 

(CHOs), which provide proprioception and vibration sense (Moulins, 1975; McIver, 

1985; Eberl, 1999). During the course of evolution, some CHOs became specialized for 

hearing. In Drosophila, CHOs located in the antenna form the Johnston organ, which 

mediates near-field hearing and vertical head positional information (Staaden and 

Römer, 1998). Interestingly, the proneural gene atonal (ato), Drosophila homolog of 

Math1, is both necessary and sufficient for the generation of CHOs in the fly: loss of 

ato function leads to absence of CHOs, while ectopic ato expression causes ectopic 

CHO formation (Jarman et al., 1993). Moreover, replacing the fly ato by the 

mammalian Math1 gene rescues fly sensory organ development, and the reverse 

experiment in mouse shows that ato gene can rescue the mammalian HC development 

(Ben-Arie et al., 2000; Wang et al., 2002). Thus, Math1 and ato are highly conserved: 

both genes specify cells with similar functions (inner ear HCs and fly 

mechanoreceptors) and are functionally interchangeable (as each gene can substitute 

for the function of the other). Likewise, the role of Gfi1 in mammalian HC development 

is also similar to the role of its Drosophila homologue (senseless) in the formation of 

the fly sensory organs. Expression of senseless in the fly sensory organs is dependent 

on proper expression of proneural genes, such as ato (Nolo et al., 2000). In the 

senseless null mutants, sensory organ precursor do form but these cells go into 

apoptosis during differentiation, which causes the absence of sensory organs in these 

mutants (Salzberg et al., 1997; Nolo et al., 2000). Similarly in mammals, the presence 

of Math1 is necessary to maintain Gfi1 expression in the inner ear. In the absence of 

Gfi1, HCs can also be specified but fail to differentiate properly, and later go into 

apoptosis, in a basal to apical order along the cochlea (Wallis et al., 2002). While 

ectopic expression of senseless induces ectopic proneural gene expression and ectopic 

sensory organs (Nolo et al., 2000), it is not known whether Gfi1 can also regulate 

Math1. We can nonetheless conclude that the functional relationship between Gfi1 

and Math1 in the inner ear is quite reminiscent of the senseless/proneural relationship 

in fly sensory organs. Therefore, it would be interesting to understand whether 

combined activity of just Math1 and Gfi1 would be sufficient to convert mouse ES-

derived progenitors into HCs.  
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The Drosophila homologue of Brn3 (ACj6) is not present in the CHOs but it is expressed 

in fly olfactory organs (Clyne et al., 1999). Acj6 is required for specifying the identity of 

primary olfactory receptor neurons, at the level of olfactory receptor gene choice and 

at the level of axon targeting to the appropriate glomerulus (Komiyama et al., 2004; 

Bai et al., 2009). Interestingly, Unc86 gene which is known to be the Brn3 homologue 

in C. elegans, is important to specify characteristics of the mechanosensory neurons 

(Sze et al., 1997). Unc86 is required both for the production and differentiation of 

primary touch sensitive neurons and the correct functioning of the chemosensory AIZ 

interneurons (Duggan et al., 1998; Sze and Ruvkun, 2003). The C. elegans homolog of 

Senseless and Gfi1 (Pag-3) is also expressed in touch neurons, and is involved in touch 

neuron gene expression and coordinated movement (Jia et al., 1996; Jia et al., 1997). 

Taken all into account, the mammalian orthologues Gfi1, Brn3c and Math1 exhibit a 

remarkable functional conservation in the differentiation and specification of the 

mechanosensory cell. In mouse, these 3 TFs are expressed in several sensory systems 

(Table 3) and my work indicates that they are also at the core of the transcriptional 

factor network regulating HC differentiation.  

5.2. HCs and Merkel cells: similarities and differences 

Hearing/balance is one of the five sensory systems (hearing/balance, olfaction, 

somatosensation, taste and vision) that provide organisms with environmental 

information critical for their survival. Besides hearing/balance, Gfi1, Brn3c and Math1 

are also active during formation of other sensory systems. Math1 is important for the 

specification of some somatosensory components, including proprioceptor neurons 

and Merkel cells (Table 3). Gfi1 and Brn3c are expressed in the visual and 

somatosensory system, with Brn3c being almost exclusively found in sensory systems 

(Table 3). However, the striking feature emerging from this expression data is the 

presence of Gfi1, Brn3c and Math1 in two different types of cells: the inner ear HC and 

Merkel cells. The expression of Brn3c in Merkel cells was reported in mouse (Badea et 

al., 2012) and in humans (Leonard et al., 2002) but a specific transcriptome profile 

identified Brn3b and not Brn3c in these cells (Haeberle et al., 2004). Thus, additional 

work is needed to confirm the presence of Brn3c in Merkel cells. Nevertheless, other 

parallels can be identified between HCs and Merkel cells.  

-Merkel cells contain elongated microvilli, reminiscent of the HCs stereocilia. In 

fact, Merkel cells express an Espin isoform that is found only in the microvilli of 

sensory cells, such as HCs, taste receptor cells and vomeronasal neurons 

(Sekerková et al., 2004). 

-Both cell types seem to make synaptic contacts with sensory terminals. Merkel 

cells contain electron-dense secretory granules that localize with synaptic vesicle 

proteins consistent with a glutamatergic synapse (Hartschuh et al., 1990; Fagan 
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and Cahusac, 2001). The molecular profiling suggests that Merkel cells express the 

machinery capable of sending both excitatory and modulatory signals to sensory 

neurons (Haeberle et al., 2004).  

Although the similarities between Merkel cells and HCs suggest that Merkel cells are 

sensory cells that transduce mechanical signals, experimental evidence does not seem 

to support this hypothesis. Merkel cells are found in complexes associated nerve 

fibers. It is these Merkel cell-neurite complexes located in the basal epidermal layer of 

the skin, the mediators for touch discrimination, which allows us to distinguish shape, 

form and texture (reviewed in Lumpkin and Caterina, 2007). Mechanical stimulation of 

isolated Merkel cells does not generate mechanically gated currents (Yamashita et al., 

1992). Therefore, it has been proposed that Merkel cells are active players in the 

modulation of somatosensory neuronal activity, however the topic is still of 

considerable debate (Diamond et al., 1986; reviewed in Halata et al., 2003; reviewed in 

Abraira and Ginty, 2013).  

Given the striking parallels between HCs and Merkel cells, I have compared the gene 

expression profile of Merkel cells (362 genes) (Haeberle et al., 2004) with the iHC 

transcriptome dataset. Among the 362 genes identified in Merkel cells, 171 genes are 

also differentially expressed in iHCs, and 101 of these genes are significantly up-

regulated. However, the detection of such an elevated number of common genes 

between these two cell types is not a surprising result: these genes are mainly involved 

in synaptic transmission that takes place both in HCs and Merkel cells. To confirm that 

the combined activity of Gfi1, Brn3c and Math1 is not promoting differentiation 

towards Merkel cell fate, I have examined the expression of genes known to be 

present in Merkel cells but not in HCs. The epithelial cytokeratins 8, 18, 19 and 20 have 

become well-established immunohistochemical markers in developing and adult 

Merkel cells, but have not been reported in HCs (Moll et al., 1982; Moll et al., 1995; 

Szeder et al., 2003). Analysing the transcriptome data of iHCs, I have observed that 

cytokeratin 8, 18 and 19 were down-regulated in iHCs and only cytokeratin 20 was 

found significantly up-regulated. Moreover, HCs markers like Myo7a and Myo6 were 

never identified in Merkel cells (Haeberle et al., 2004) and are strongly expressed in 

iHCs. Additional studies are fundamental to establish a better transcriptomic and 

proteomic signature of these enigmatic Merkel cells, which could provide vital clues to 

unravel their biological function.   
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Table 3: Summary of the known protein structure, mouse expression data, loss of function 

phenotype and human diseases associated with mutations in Gfi1, Brn3c and Math1 genes. 

Gfi1 

Protein: contains an N-terminal “SNAG” domain that is required for transcriptional repression 

and nuclear localization and six zinc fingers of which, three, four and five are required for 

specific DNA-binding. 

Expression during embryonic development*: 

-  Cochlear and vestibular HCs 

-  Neutrophils 

-  Early B and T-lymphocytes 

-  Hematopoietic stem cells 

-  Neuroendocrine cells of the lung 

-  Intestinal enteroendocrine cells 

-  Purkinje cells of the cerebellum 

-  Retinal ganglion cells and Amacrine cells 

-  Merkel cells 

-  Expression can be induced in mature T cells 

by CD3 antibodies or IL-4, and in splenic B 

cells and mature macrophages by 

lipopolysaccharide stimulation 
*relative to protein and not to mRNA expression 

Mouse knock-out phenotype: 

-  Cochlear and vestibular HCs degeneration 
-  Lack of neutrophils (neutropenia) 
-  Severe reduction of the earliest lymphoid 

progenitors causing an early and incomplete 

developmental block within the T cell lineage, 

as well as, deficits in B cell numbers 
-  Defective hematopoietic stem cell 

maintenance 
-  Abnormal development of pulmonary 

neuroendocrine cells 
-  Lack of paneth cells, reduced goblet cell 

numbers and supernumerary 

enteroendocrine cells 
-  Purkinje cells degeneration 

Human mutation phenotype: 

-  Severe congenital neutropenia 

-  Non-immune chronic idiopathic 

neutropenia of adult 

References: (Grimes et al., 1996; Zweidler-Mckay et al., 

1996; Karsunky et al., 2002; Wallis et al., 2002; Zhu et al., 

2002; Hock et al., 2003; Person et al., 2003; Yang et al., 

2003; Yücel et al., 2003; Hock et al., 2004; Kazanjian et al., 

2004; Yücel et al., 2004; Zeng et al., 2004; Shroyer et al., 

2005; Tsuda et al., 2005; Zarebski et al., 2008)  

Brn3c 

Protein: contains a POU domain (DNA-binding region composed of a POU-specific (POUS) 

domain and the POU-homeodomain (POUHD) joined by a variable linker). The High-affinity 

DNA binding of POU TFs requires both domains. 

Expression during embryonic development*:  

-  Cochlear and vestibular HCs 

-  Dorsal root ganglia (somatosensory 

neurons) 

-  Trigeminal ganglia 

-  Dorsal spinal cord 

-  Mid-brain (small number of cells) 

-  Retinal ganglion cells (50%) 

-  Merkel cells?  

Mouse knock-out phenotype: 

-   Cochlear and vestibular HCs degeneration 

Human mutation phenotype: 

-  Non-syndromic hearing loss 

(DFNA15) 

References: (Aurora and Herr, 1992; Ninkina et al., 1993; 

Xiang et al., 1995; Erkman et al., 1996; Xiang et al., 1997; 

Vahava et al., 1998; Xiang et al., 1998; Leonard et al., 2002; 
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Weiss et al., 2003; Collin et al., 2008; Pauw et al., 2008; 

Masuda et al., 2011; Badea et al., 2012)  

Math1 

Protein: contains a bHLH domain that is involved with DNA-binding and protein-protein 

interactions. Math1 belongs to the Class II bHLH proteins which preferentially form 

heterodimers with the broadly expressed Class I bHLH factors called E-proteins (E2a, HEB and 

E2-2). These heterodimers characteristically bind E-box DNA consensus sites (5’ CANNTG 3’) 

to activate gene target transcription. 

Expression during embryonic development 

-  Cochlear and vestibular HCs 

-  Intestinal secretory cells (enteroendocrine 

cells, paneth cells and goblet cell) 

- D1 interneuron precursors (dorsal spinal 

cord) 

- Rhombic lip and external germinal layer 

precursors of the developing cerebellum 

- Parafacial respiratory group/retrotrapezoid 

nucleus (pFRG/RTN) and paratrigeminal 

neurons 

-  Pontine nucleus in the brainstem 

-  Merkel cells 

-  Chondrocytes 

Mouse knock-out phenotype: 

-   Lack of cochlear and vestibular HCs 

-   Lack of paneth, goblet and enteroendocrine 

cells in the small intestinal epithelium 

-   Lack of D1 interneurons in the dorsal spinal 

cord 

-   Lack of cerebellar granule cell layer 

-   Lack of pontine nucleus 

-   Lack of Merkel cells 

-   Deficits in the migration and differentiation 

of pFRG/RTN and paratrigeminal neurons 

Human mutation phenotype: 

not described  

References: (Murre et al., 1989; Ben-Arie et al., 1997; 

Bermingham et al., 1999; Ben-Arie et al., 2000; Massari 

and Murre, 2000; Bermingham et al., 2001; Yang et al., 

2001; Maricich et al., 2009; Rose et al., 2009) 

 

5.3. HC programming 

The discovery that an adult cell, like fibroblasts, can be directly converted into a 

different cell lineage by overexpressing specific TFs was made decades ago (Davis et 

al., 1987). However, the reprogramming field only emerged with the discovery of 

induced pluripotent stem cells (iPS) in 2006 (Takahashi and Yamanaka, 2006). Since 

then, various studies have reported direct conversion of adult cells into other cell 

lineages taking a TF-overexpression approach. The conversion of fibroblasts and 

hepatocytes into functional neuronal cells was observed by the combined activity of 

three neuronal TFs: Ascl1 (proneural gene of the Class I BHLH TFs family, like Math1), 

Brn2 (belongs to the Pou- Homeodomain family of TFs, like Brn3c) and Myt1l (contains 

multiple zinc finger domains, like Gfi1) (Table 3) (Vierbuchen et al., 2010; Marro et al., 

2011). The proneural Ascl1 was suggested to be the central driver of direct neuronal 

conversion because it was the only TF able to convert fibroblasts into neuronal cells 

when overexpressed alone. In contrast, forced expression of Brn2 or Myt1L alone was 
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not sufficient to convert mouse fibroblasts, although combination with Ascl1 greatly 

improved the neuronal conversion efficiency (Vierbuchen et al., 2010). Recently, a 

study reported the main mechanisms by which Ascl1, Brn2 and Myt1l confer neural 

identity to mouse fibroblasts (Wapinski et al., 2013). This study has shown that Ascl1 is 

a pioneer TF that access to closed chromatin regions and subsequently recruits the 

other factors to activate neural pathways. It seems that Ascl1 binds its physiologic 

neural targets in fibroblasts, as similar binding targets were detected in fibroblast and 

in neural progenitors. Strikingly, Brn2 is misdirected to its binding targets in the 

absence of Ascl1, but properly recruited in its presence, providing further support to 

the primary role of Ascl1 for most of the global transcriptional activation.  

Despite of the remarkable parallels between the protein domains of the neuronal TFs 

(Ascl1, Brn2 and Myt1l) and the HC TFs (Math1, Brn3c and Gfi1), it is likely that HC 

programming is occurring by different mechanisms. I observed that forced expression 

of Math1 alone in ES-derived progenitors induced neuronal commitment but not HC 

fate. In agreement with this result, a recent study has shown that induction of Math1 

in murine ES-derived EBs promoted commitment towards cerebellar granule neurons 

(Srivastava et al., 2013). Thus, it seems that the presence of Brn3c and/or Gfi1 is 

necessary to inhibit transcription of the Math1 neuronal-specific binding targets. 

Interestingly, the outer HCs located in the organ of Corti of Gfi1-null mice exhibit an 

abnormal Tuj1 expression (Wallis et al., 2002). The presence of ectopic Tuj1 suggests a 

partial transformation of these HCs into neurons in the absence of Gfi1. However, the 

molecular basis by which Gfi1, Brn3c and Math1 are regulating the HC differentiation is 

unknown.  

Zoghbi and colleagues have recently identified Math1 binding targets in cerebellar 

granule neurons by combining data from Math1 ChIP-seq, RNA-seq and histone 

methylation-seq (Klisch et al., 2011). From this approach, 601 Math1 target genes 

were identified. Another study has also addressed the Math1 targets in the dorsal 

interneuron 1 population (D1) of the developing spinal cord (Kallio et al., 2011). This 

work supports the idea that Math1 has very distinct lineage-specific targets. By 

crossing the ChiP-seq data from the cerebellum with gene expression datasets from 

dorsal D1 interneurons, inner ear HC (unpublished microarrays results of Math1-GFP 

sorted populations from the inner ear) and Merkel cells (Haeberle et al., 2004), they 

identified only 3 genes (Rab15, Selm and Math1 itself) that are common Math1 binding 

targets candidates for all four cell types. These 3 genes are significantly up-regulated in 

all iHC populations in our microarray datasets. I have also compared the 601 Math1 

cerebellar granule neurons-specific binding targets with the iHC microarray datasets. 

Only 118 of Math1 targets are up-regulated in all HC transcriptomes (using a higher 

cut-off P<0,05 value). These results suggest that Math1 binding targets in induced HCs 

are distinct from the Math1 neuronal-specific targets. I can only speculate that a 

higher correlation would be observed between the 601 Math1 cerebellar targets and 
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the up-regulated genes in the Math1 induced-neuronal cells. Unfortunately, no global 

transcriptional study was performed with the iMath1 ES cell line, neither a proper 

identification of the neuronal lineage induced by Math1 overexpression.  

The results presented in this thesis also show that Math1 plays a crucial role in the HC 

programming event, as combined overexpression of Gfi1 and Brn3c can’t fully trigger 

the HC differentiation program. In the embryo, Math1 is expressed prior to all other 

known HC genes in the incipient HC precursor (reviewed in Mulvaney and Dabdoub, 

2012). Thus, it is likely that Math1 acts at the top of the transcriptional hierarchy 

activating HC-specific genes that can’t be regulated by downstream TFs, such as Gfi1 

and Brn3c. It would be interesting to determine whether Math1 acts as a pioneer TF 

similarly to Ascl1 during iHC cell fate conversion. However, unlike Brn2 which is 

recruited by Ascl1 to the neuronal-specify targets (Wapinski et al., 2013), Gfi1 and/or 

Brn3c are likely to be acting throughout different mechanisms promoting a specify 

activation of the HC but not neuronal genes.  

5.4. Dox inducible system: why activation of the 3 TFs doesn’t occur in 

all cells? 

To control the expression of the 3 TFs during ES differentiation, I have generated a Dox 

inducible system that contains all the transgene components in defined locus regions 

of the ES genome. Although the system is robust and reproducible, the ectopic 

expression of the TFs was not observed in all cells of the EB (61,31 ± 1,31% TF+ cells of 

the total EB population). The existence of these “escaper cells” could result from 

differences in cell membrane permeability to Dox, and the inability to increase 

intracellular concentration above a critical threshold for rtTA binding into the TRE 

element. The compact organization of the EB aggregates and its elevated cell density 

can impose major constrains in the accessibility of Dox to all cells within the EB. 

Moreover, it has been shown that plasmid bacterial DNA contributes to transgene 

silencing (Townes et al., 1985; Chen et al., 2004; Suzuki et al., 2006; Chen et al., 2008). 

In the Ainv15 line system, the re-targeting of the Hprt locus is accomplished by a Lox-in 

strategy, which involves the insertion of the whole Lox targeting plasmid (including 

bacterial DNA) into this locus. It remains to be determined whether any of these 

hypotheses are in fact contributing to the lack of TF activation in some cells. The 

Ainv15 system has been also reported not to be 100% efficient in the expression of 

inducible TFs (Antonica et al., 2012). Nonetheless, the expression of the TFs is 

observed in the majority of EB cells and this system has proven to be powerful for the 

tight control of transgene expression.  
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5.5. The efficiency of HC programming 

Induced HCs were analyzed at two different time points, at day 8 (after 4 days of Dox 

treatment) and at day 12 (after 8 days of Dox treatment). It was possible to conclude 

that programmed HCs at day 8 correspond to a HC progenitor stage, while at day 12 

induced HC cells are more differentiated and present hair bundle-like structures. The 

HC programming efficiency was measured by the number of Myo7a+ cells among the 

TF expressing population. Myo7a+ cells could be observed in the majority of TF induced 

cells (up to 80%) at day 8. However, the percentage of Myo7a+/TF+ cells significantly 

decreased at day 12 (30% - 40%). I also have shown that a downregulation of Myo7a 

expression is the main reason for the loss of Myo7a+ cells because TF+ cells were 

neither proliferating nor dying. So, why is Myo7a expression downregulated in a subset 

of induced cells from day 8 to day 12? Analyzing cell fate changes just by expression of 

few lineages-specify markers can be misleading. It is possible to find an E-box CAGGTG 

sequence in the regulatory regions of the first intron of the Myo7a gene. Interestingly, 

this E-box is located in a conserved small region of the intron between mouse and 

human species (Boëda et al., 2001). Moreover, Math1 has been shown to bind to the 

E-box CAGGTG sequence with high affinity (Akazawa et al., 1995). These observations 

strongly suggest that Myo7a is a direct binding target of Math1 during HC 

differentiation. Therefore, up-regulation of Myo7a at day 8 can be a consequence of 

the direct transcriptional activation by Math1. The HC differentiation program is most 

likely not being fully activated in some Myo7a+ cells at day 8 and therefore, these cells 

gradually lose Myo7a expression over time. The observation of Sox2, Lhx3 and Myo6 

expression in all Myo7a+ cells at day 8 can also be the result of a direct regulation by 

the 3 TFs. Ectopic Math1 expression in the inner ear has been shown to activate Sox2 

(Kelly et al., 2012) and Sox2 can directly regulate Lhx3 expression (Rajab et al., 2008). 

Only the Myo7a+ cells that can be successfully programmed into HCs maintain the 

expression of the HCs markers throughout time and are able to develop hair bundle-

like structures by day 12. This hypothesis can also explain the results observed when 

Dox treatment is only performed for 2 days. In this situation, all TF+ cells at day 12 are 

Myo7a+ and have Espin+ protrusions. Since EBs were grown in the absence of Dox for 6 

days before the analysis at day 12, I can speculate that endogenous activation of the 3 

TFs (Math1, Brn3c and Gfi1) is occurring due to the successful HC programming. The 

progenitors resistant to the HC programming event are able to downregulate the 3 TFs 

and HC genes, because Dox is not present in the media. In contrasts, continuous Dox 

treatment leads to constant expression of the 3 TFs in the resistant progenitors that 

can eventually downregulate Myo7a expression by day 12. The short Dox exposure 

experiment needs to be repeated to allow proper quantification analysis. 

Nevertheless, 48h of Dox treatment leads to successful HC programming and this 

protocol is likely to be less detrimental for HC differentiation. A previous study has 

shown that permanent ectopic expression of Math1 in cochlear HCs causes HC loss (Liu 
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et al., 2012). Although this effect is only observed in the mature and not the immature 

HCs, it suggests that continuous activation of TFs can have major impacts in normal HC 

differentiation.  

5.6. The efficiency of HC programming: the role of Notch and RA 

In this chapter I have shown that manipulating different signaling pathways by adding 

exogenous factors into the media resulted in significant changes in the efficiency of HC 

programming.  

Table 4: Expression of the Notch pathway genes in the 4 induced HCs populations at day 8 and 

at day 12. Values correspond to fold changes between Dox treated and untreated conditions. 

Only fold changes with a P<0,01 value are represented in this table. Fold change values are 

depict in a log2 scale  

 Dox Day 8 Dox+RA Day 8 Dox Day 12 Dox+RA Day 12 

 Ligands 

Dll1 1,18 2,29 1,37 1,97 

Dll3 4,85 4,81 4,57 4,62 

Jag2 3,42 3,83 4,08 4,25 

Jag1 -- -2,36 -1,45 -2,33 

 Downstream targets 

Hes1 -- -1,76 -- -1,37 

Hes5 1,78 1,74 0,8 1,07 

Hey1 1,13 -- -- -- 

Hey2 -1,56 -2,35 -1,5 -1,72 

HeyL 1,23 -- -- -- 

Hes6 2,09 2 1,74 1,92 

17.1.1.  
Receptors 

Notch1 -- -- -0,85 -0,91 

Notch2 -1,23 -2,5 -2,77 -2,92 

 

The Notch pathway has multiple roles during inner ear development, including the 

regulation of HC vs. supporting cell fate by a lateral inhibition mechanism. Cells that 

become committed to HC fate inhibit their neighbours from doing likewise by 

expressing Dll1 and Jag2, which activate Notch in neighbouring cells and prevent their 

commitment to HCs (Adam et al., 1998). Since induced HCs are clustered together 

within EBs at day 8, I can speculate that up-regulation of the Notch ligands is occurring 

and this leads to Notch activation among the induced HC population. Indeed, Notch 

ligands Dll1, Jag2 and Dll3 that are expressed in differentiating HCs are also up-

regulated in induced HCs, but not Jag1 which is only detected in supporting cells of the 
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inner ear (Table 4) (Lanford et al., 1999; Morrison et al., 1999; Hartman et al., 2007). 

Notch activation only occurs in supporting cells, consequently, Hes1, Hes5, Hey1, Hey2 

and HeyL are expressed in these cells but not in HCs (Hayashi et al., 2008a; Li et al., 

2008a; Doetzlhofer et al., 2009). However, I found a significant expression of Hes5 in 

induced HCs (Table 4). This suggests that Notch is being activated in programmed HCs 

and this is likely to cause a detrimental effect on HC differentiation. Therefore, 

blocking Notch activation with LY41157 promoted an increase of HC programming 

efficiency by releasing cells from the negative effects of Notch activity. 

In the embryo, RA signaling is known to exert pleiotropic actions controlling cell 

growth, differentiation and survival in many organs (reviewed in Rhinn and Dollé, 

2012). It has been shown to be important for the regulation of 3 different stages of the 

inner ear development: otic vesicle formation, inner ear patterning and cell fate 

specification (Romand, 2003). However, the role of RA in HC specification and/or 

differentiation is debatable and not understood. Adding exogenous RA to the media of 

chick otic vesicles or mouse organ of Corti explants results in an early onset of HC 

differentiation and supernumerary HCs (Represa et al., 1990; Kelley et al., 1993). 

Conversely, adding an inhibitor of RA synthesis or an RA receptor-specific antagonist to 

embryonic cochlea explants promotes a significant decrease in the number of HCs (Raz 

and Kelley, 1999). The results point for an essential role of RA signaling during HC 

differentiation. However, these observations can be interpreted as an indirect 

consequence due to the disruption of the normal sensory epithelia structure, which is 

also observed in these experiments. The knockout mice for any RA receptors (RARs) 

did not impair HC differentiation, only the combined RARα/RARγ null mouse resulted 

in the hypoplasia of the inner ear with very few differentiated HCs (Romand et al., 

2002). The lack of HCs in this mouse was attributed to impairments in the 

differentiation of periodic mesenchyme, which has been shown to be important for HC 

development (Montcouquiol and Kelley, 2003). Therefore, only by deleting RA 

pathway components specifically in HCs we can understand whether RA is in fact 

essential for HC differentiation.  

The effects of RA during in vitro HC programming are striking and similar to those 

observed in ex-vivo explants cultures: increase in HC programming efficiency and an 

early onset of HC commitment. The mechanisms by which RA could be causing these 

effects are enigmatic. During embryonic development, RA signaling is known to affect 

directly and/or indirectly several signaling pathways (Frenz et al., 2010; reviewed in 

Rhinn and Dollé, 2012). Similarly, HC programming could be enhanced indirectly by RA 

throughout its actions in different pathways. Besides Notch and RA, I did not perform 

studies to address the effects of other signaling pathways in the induced HC 

differentiation.  

By analyzing the iHC transcritome datasets, I found that RA signaling has a strong and 

specific effect in induced HCs: it promotes the up-regulation of several genes involved 
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in ion transport. This ion transport gene list is composed of several voltage-gated Ca2+ 

channel (e.g. N and R type), voltage-gated k+ channels, glutamate receptors (e.g. 

NMDA class, delta1), nicotinic receptors subunits (e.g. Chrna10) and others k+, Ca2+ and 

H+ transporters and channels. Interestingly, these voltage-gated ion channels and 

receptors have been described to be expressed in HCs and to be the main players of 

auditory and vestibular afferent and efferent synaptic transmission (reviewed in 

Eybalin, 1993; Safieddine and Wenthold, 1997; Ishiyama et al., 2002; Simmons and 

Morley, 2011; reviewed in Safieddine et al., 2012). Could this mean that induced HCs 

treated with RA are more capable of generating specific currents typically observed in 

HCs upon mechanical stimulation? Electrophysiology experiments have to be 

performed to understand properly the functional properties of programmed HCs. 

5.7. The morphological features of induced HCs: how can we improve 

the maturation and polarization of these cells? 

Induced HCs exhibit polarized hair bundle-like projections, in which stereocilia proteins 

Espin and Cdh23 are present. Just like hair bundles, these projections are composed of 

actin filaments and have several microvilli-like stereocilia. However, the morphology of 

the hair bundles-like projection is highly heterogeneous between induced HCs and its 

structural organization is poorly defined. The establishment of apico-basal polarity 

seems to occur randomly when induced HCs are grown within EBs. Although 

polarization can be slightly improved by culturing these cells on top of a mesenchymal 

cell layer, it is still possible to observe many induced HCs showing different 

orientations of the hair bundle-like projection. These observations strongly indicate 

that induced HCs are not assembled into epithelia-like structures, and consequently 

apico-basal and planar polarity is not properly established, thereby explaining the 

heterogeneous morphology of hair bundles-like projections. For this reason, I have 

developed various approaches to implement a 3D culture system that could favor 

epithelial organization among induced HCs. Despite several attempts using different 

types of scaffolding matrix, I was incapable to achieve this goal. I believe that the main 

reason behind these unsuccessful results lies in the absence of supporting cells in the 

induced EBs. The development and structure of the sensory epithelia are heavily 

dependent upon the supporting cells. Unlike HCs that contact only the lumenal surface 

of the epithelium, SCs span the entire depth of the epithelium, from the basal lamina 

to the lumen. Specific cell-cell adhesions are mediated via the adherent and tight 

junctions between HCs and supporting cells. Consequently, it seems unlikely that other 

types of epithelial cells would have the potential to establish proper cell-cell contacts 

with HCs, and therefore could not substitute the specialized supporting cells in the 

formation of epithelial structures with HCs. Thus, I speculate that without supporting 

cells, a proper assembly of induced HCs into epithelial structures could never be 

possible, even when grown in 3D environments.  
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Are supporting cells present in the induced EBs? I haven’t found any indication 

suggesting that supporting cell fate could be induced be the combined activity of Gfi1, 

Brn3c and Math1. In the embryo, Sox2 expression is downregulated from HCs as they 

progress in differentiation but it persists in supporting cells (Hume et al., 2007). If 

supporting cells were in fact present in the EBs, I would expect to see strong labeling of 

Sox2 adjacent to the Myo7a+/Espin+ cells at day 12. However, I found a general 

decrease of Sox2 levels among induced cells. Immunodetection of Prox1 and E-

cadherin, which are known to be expressed in vestibular and auditory supporting cells 

(Whitlon et al., 1999; Hackett et al., 2002; Bermingham-McDonogh et al., 2006; 

Collado et al., 2011), didn’t reveal significant up-regulation of these proteins in induced 

EBs at day 8 or at day 12 (data not shown). Furthermore, other supporting cell markers 

like GFAP (Rio et al., 2002), neurotrophin receptor P75 (Sato et al., 2006), GLAST (Jin et 

al., 2003; Schraven et al., 2012) and Jag1 (Murata et al., 2006) were not up-regulated 

in any of the induced HC transcriptome datasets. Similarly to Sox2, Islet-1 is expressed 

in the nascent HC and supporting cells but eventually disappears only from 

differentiating HCs, maintaining its expression in supporting cells (Huang et al., 2008). 

Likewise, Islet-1 in induced HCs at day 8 is significantly up-regulated, but it is strongly 

downregulated later at day 12, recapitulating the normal expression pattern observed 

during HC development. Together, these observations strongly indicate that 

supporting cells are not induced by the activity of the 3 TFs, which is logical given the 

fact that Gfi1, Brn3c and Math1 were only shown to be directly important for HC and 

not supporting cell differentiation (Table 3). Without supporting cells and epithelial 

structure, impairments in the establishment of apico-basal polarity and development 

of proper stereocilliary bundles is likely to occur in induced HCs. In fact, a recent study 

has discovered a novel mechanism by which supporting cells can transmit polarity 

information to HCs. Supporting cells express Ptk7, a novel regulator of the PCP (planar 

cell polarity), which regulates a apical and contractile myosin II network. This apical 

myosin II network exerts polarized contractile tension on neighboring HCs to align their 

PCP (Lee et al., 2012). Another recent study also has shown abnormal hair bundle 

morphology and orientation when the normal checkerboard-like cell pattern is 

disrupted and HCs are contacting each other inappropriately instead of supporting 

cells (Fukuda et al., 2014). This study clearly demonstrates the importance of proper 

HC and supporting cell-cell contacts in the correct formation of the hair bundle 

structure.  

The differentiation of induced HC is likely to occur in the absence of important cell 

types and proper in vitro culture conditions. This can justify why morphological 

features are highly heterogeneous among induced HCs and mature HC morphology 

was never observed. Then, if differentiation of induced HCs occurs within an organized 

sensory epithelium, can these cells develop proper stereocilliary bundles with mature 

morphological features? In the next chapter, three different cell transplantation 

approaches that were used to answer this question are described and discussed.  
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I cannot rule out the possibility of an intrinsic inability in the induced HCs to develop 

normal and mature hair bundles regardless of the environmental culture conditions. 

Previous work has shown that Math1 overexpression in the sensory epithelium can 

lead to the generation of new immature HCs that failed to become fully differentiated 

(Liu et al., 2012; Liu et al., 2014). Further optimization and characterization in the HC 

programming approach are required to understand the true potential of this system 

for high throughput drug screenings, disease modeling and cell therapy. 
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6. Supplementary results 

6.1. Nestin enhancer expression system 

Well characterized promoters and enhancers are commonly used to drive transgene 

expression in specific cell types, with good temporal control. In order to establish an ES 

line capable of inducing Math1 expression upon in vitro neural differentiation of ES 

cells, I have generated an expression vector in which a neural-specific enhancer 

(1852bp) from the second intron of the human Nestin gene (Lothian and Lendahl, 

1997) is used to drive Math1 transgene expression (Fig. 1 A). A positive control vector 

for this experiment containing a fluorescent reporter instead of Math1 was also 

generated (Fig.1B). I used this control vector to test whether the Nestin promoter is 

indeed able to drive transgene expression in neuroepithelial progenitors generated 

during neural differentiation in vivo (chick neural tube) and in vitro (ES cell 

differentiation). 

 

 

 

 

 

 

 

Supplementary Figure 1: Schematic representation of the Nestin expression vectors. Both 

vectors contain the human Nestin enhancer (Lothian and Lendahl, 1997), the thymidine kinase 

minimal promoter (TK) (Lothian and Lendahl, 1997), the coding region of the gene of interest 

(Math1 for the Nes-Math1 vector (A) and mCherry for the Nes-Cherry-GFP vector (B)), coupled 

to a fluorescent reporter (GFP) and a selection cassette  (PGK-Neo) flanked by two loxP sites. 

NLS, nuclear localization signal; IRES, internal ribosome entry site; pA, polyadenylation site; 

PGK, phosphoglycerate kinase I promoter; Neo, neomycin phosphotransferase gene. 

Several studies have shown that transcription factor Math1 induces neural 

differentiation in the developing neural tube (Gowan et al., 2001; Ebert et al., 2003; 

Nakada et al., 2004). In this tissue, proliferating precursor cells reside in the ventricular 

zone. As these cells differentiate they move laterally out of the ventricular zone, exit 

the cell cycle, and begin to neuronal differentiation, as revelaed by the expression of 

neuronal-specific markers (HuC, Tuj1).  

To validate the two expression vectors in vivo, I have performed electroporations in 

the chick embryonic neural tube. Electroporation of a control expression vector (Nes-

Cherry-GFP) at stage HH12, followed by harvest 12 or 48 hours later, revealed 

electroporated cells throughout the ventricular zone, as well as lateral to this zone on 
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the electroporated side of the neural tube (Fig. 2 A). In contrast, electroporation of 

expression vector encoding the Math1 factor resulted in electroporated cells being 

preferentially located lateral to the ventricular zone, in the mantle layer where 

differentiating neurons reside (Fig. 2 B). Based on these results, I can conclude that the 

Nestin promoter can drive the expression of a transgene in neural progenitors, and 

that Math1 is able to induce differentiation in neural progenitors. 
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Supplementary Figure 2: Nes-Math1 and Nes-Cherry-GFP electroporation in chick 

neuroepithelial cells. Chick neural tube collected 12h (A) and 48h (B) after electroporation 

with the Nes-Math1 and Nes-Cherry-GFP vectors. The Nes-Math1 vector was co-

electroporated with a mCherry@PCAGS plasmid which drives the cherry expression. 

Next, I electroporated the two Nestin-driven constructs into ES cells, to generate 

stable ES lines that would express the transgenes upon neural differentiation. Twenty 

four transgenic Nes-Math1 and fourteen Nes-Cherry-GFP ES cells clones were isolated 

and induced to differentiate towards neural lineages in adherent monolayer culture 

(Ying et al., 2003; Abranches et al., 2009). Fluorescence imaging was used to monitor 

the profile of transgene expression. To select for the clones that have transgene 

expression in Nestin-positive neural progenitors, I quantified the GFP positive 

population over time by flow citometry. 

Nestin expression should first arise around 3 days after initiating differentiation of ES 

cells, and by day 8 it should be highly expressed in neural progenitors. At day 0, which 

corresponds to the ES cell stage, no GFP expression could be detected in the majority 

of Nes-Math1 and Nes-Cherry-GFP clones, as expected (Fig 3 A). Surprisingly, at day 4, 

GFP expression was detected in only a small number of clones, and only in a small 

number of cells (Fig 3 B). By day 8, when Nestin is highly expressed in these cultures, I 

couldn’t find any ES clone with GFP-positive cells (Fig 3 C). By immunostaining, I could 

observe that the transgene Math1 was not expressed in the several clones analysed at 

day 8. 
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Supplementary Figure 3: Time course of the expression in the Nes-Cherry-GFP and Nes-

Math1 clones in the in vitro cultures. The % of GFP positive cells was quantified by flow 

citometry in the several clones, at different time points, starting at day 0 (A), which 

corresponds to the ES cells stage. Four days after initiating ES cell differentiation (B) Nestin is 

already expressed by the early neural progenitors, and at day 8 (C) it is highly up-regulated. At 

the late neural progenitor stage day 8 (C) the quantification of the GFP was only performed in 

the Nes-Math1 clones. 

The control Nes-Cherry-GFP clones gave similar results, as I could not detect GFP at 

day 4 and 8 of differentiation (Fig 3 B). The results obtained with the control Nes-

Cherry-GFP clones suggest that lack of GFP and transgenic Math1 in the Nes-Math1 

clones is most likely due to a poor efficiency of the Nestin enhancer in driving 

transgene expression in neural progenitors generated in vitro from ES cells. I could 

thus conclude that this approach using the human Nestin enhancer to drive expression 

of Math1 during neural differentiation in ES cells was unsuccessful. For this reason, I 

had to establish a new strategy, which was based on a doxycycline-inducible transgene 

expression system.  

 

6.2. Characterization of iMath1 and iGBM ES lines 

 

 

 

 

 

 

 

 

Supplementary Figure 4: Expression of the selected TFs can be tightly controlled by adding 

Dox to the media in the iGBM and iMath1 ES cell lines. RT-PCR analysis of the ES cells mRNA 

reveals strong expression of Gfi1, Brn3c and Math1 after 48h of 2µg/ml Dox treatment in the 

iGBM line but not in the parental Ainv15 line. Similarly, the iMath1 line also shows increased 

levels of Math1 upon Dox treatment.  

 

  



Chapter 3- Sensory hair cells: a programming approach 

 135 

6.3. The morphology of induced hair bundle-like structures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5: iHCs contain polarized Espin-positive projections with a 

disorganized morphology. The length and morphology of hair bundle-like projections is highly 

variable between different iHCs. These structures are polarized within each cell, but their 

position and orientation is arbitrary. Some iHCs show multiple and non-organized Espin 

protrusions when grown from day 8 to day 12 in coverslips coated with laminin (A) or in 

coverslips coated with puramatrix (B).  
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6.4. Induced HCs transcriptome: sample validation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6: Validation of the several independent RNA samples collected for 

microarray analysis. RT-PCR for Venus, Myo7a and GAPDH expression in the sorted Venus 

positive (V(+)) and Venus negative (V(-)) populations, treated with Dox for 4 days (EBs 

collected at day 8) or 8 days (EBs collected at day 12) in the presence or absence of RA. The 

untreated conditions were not subjected to cell sorting (No Dox). Sorted Venus positive (V(+)) 

samples exhibited increased levels of Venus and Myo7a compared with the Venus negative 

(V(-)) and untreated samples (No Dox). 
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6.5. Effects of RA treatment: enhanced efficiency and differentiation 

rate of induced HCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7: RA promotes an early onset of HC differentiation. Presence of RA 

promotes the up-regulation of Myo7a after only 2 days of Dox treatment. Schematic diagram 

of the ES cell differentiation protocol through EB formation and subjected to a period of just 2 

days of Dox treatment (A). Immunostaining analysis of Myo7a (red) and Gfi1 (green) 

expression performed in EBs harvested at day 6, showing strong up-regulation of Myo7a only 

in the Dox + RA condition (B) and not with Dox stimulation (C). Nuclei were identified with Dapi 

(blue).  
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6.6. Transcriptional profiling of the induced HCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 8: Analyses of the significant downregulated genes in the induced HC 

transcriptomes. Gene ontology (GO) analysis performed by the DAVID functional annotation 

tool for the significant downregulated genes detected in the four different induced HC groups 

(expression fold changes > 2 P-value < 0,01) when compared to the untreated cells at day 8 (A 

and B) and at day 12 (C and D). P-value represents the threshold of EASE Score, a modified 

Fisher Exact P-value for gene-enrichment analysis. 
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1. Summary 

Loss of HCs in the inner ear is the prevalent cause of human deafness and it is usually 

irreversible because HCs are unable to spontaneously regenerate. Since the current 

treatments are restricted to hearing aids and cochlear implants which provide limited 

hearing recovery, several therapeutic approaches have been extensively explored over 

the past decade. It has been proposed that implantation of stem cell-derived 

precursors into damaged sensory epithelia could be a possible solution to restore lost 

HCs (reviewed in Martinez-Monedero and Edge, 2007; reviewed in Beisel et al., 2008). 

However, several attempts reported limited survival, integration and differentiation of 

the implanted cells in the host tissue. Unlike these studies that used mainly different 

types of neural stem cells, I describe in this chapter a series of cell transplantation 

experiments using induced HC precursors. The HC programming approach has proven 

to be a powerful system to generate high amounts of HCs in vitro. In addition, the 

iGBM-Myo7a fluorescence reporter line enables an easier identification of 

transplanted iHCs.  

I describe 3 different experimental approaches I) ex vivo culture with explants of 

utricle sensory epithelium, II) in vitro co-culture with chick supporting cells of the 

utricle sensory epithelium, and III) in vivo transplantation into the chick embryonic 

inner ear epithelium. The aim of these experiments was to test the potential of iHCs to 

complete their differentiation in vivo and acquire an adult phenotype. The success of 

cell replacement therapies is dependent on the ability of transplanted cells to integrate 

and acquire a functional morphology. Overall, the results presented in this chapter 

indicate that iHCs do not have the potential to integrate, nor the potential to establish 

proper cell-cell contacts within the sensory epithelium. I shall discuss the main causes 

that might underlie this unsuccessful iHC integration, and suggest additional 

experiments to determine the feasibility of cell-replacement therapies to repair inner 

ear’s damaged sensory epithelium. 
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2. Cell replacement therapies in the inner ear: Facts and challenges 

The combinatorial activity of 3 TFs (Gfi1, Brn3c and Math1) is able to convert an ES-

derived progenitor into a HC. However, the programmed HC exhibit immature 

stereocilia-like bundles with a disorganized morphological pattern (see results 4.7 

Fig.11 C chapter 3). I hypothesized that this inability to develop mature HC features is 

mainly due to the lack of an appropriate in vitro environment that supports the last 

steps in HC differentiation. However, I cannot discard the possibility that the 

differentiation program elicited by the 3 TFs is not enough to drive full differentiation 

into functional HCs. To address these hypotheses, I performed a series of experiments 

aimed at placing iHCs into an organized sensory epithelium to evaluate their potential 

to integrate and further differentiate into a mature HC.  

Cell transplantation experiments into the inner ear using HC precursors derived from 

sensory epithelium have been almost impossible to perform due to the scarcity of HCs 

in the inner ear. Consequently, previous cell replacement studies used various stem 

cell types, like different neural stem cells (Tamura et al., 2004; Sekiya et al., 2006; 

Parker et al., 2007; Sekiya et al., 2007), pluripotent stem cells (Sakamoto et al., 2004; 

Zhao et al., 2013), bone marrow-derived stem cells (Matsuoka et al., 2006; Matsuoka 

et al., 2007) and mesenchymal stem cells (Kamiya et al., 2007). However, the reported 

results revealed several limitations that prevent the use of these cells as a viable cell 

source to establish cell therapies for the damaged inner ear. First, the survival of 

transplanted cells was very low, and after 4 weeks almost no transplanted cells can be 

detected (Ito et al., 2001; Hildebrand et al., 2005; Hu et al., 2005; Coleman et al., 

2006). Second, proper integration of transplanted cells into the sensory epithelium 

was not achieved in the majority of these studies (Kojima et al., 2004; Hakuba et al., 

2005; Fu et al., 2009). Some studies have identified few cells integrated in the sensory 

epithelium, but these cells were scarce and found mainly in vestibular epithelia and 

never in the organ of Corti (Tateya et al., 2003; Fujino et al., 2004). Finally, evidence for 

HC differentiation by the transplanted cells were equivocal at best. Thus, the inner ear 

sensory epithelium is not a structure that normally favors successful integration, 

differentiation and survival of transplanted cells. The lack of cell-cell rearrangements 

and the extreme morphological specialization of this epithelium are the likely obstacles 

limiting the success of cell-replacement therapies in the recovery of lost HCs.  

Stem cell transplantation studies in tissues where cell-cell interactions are more 

dynamic, such as the nervous system, revealed more promising results compared to 

sensory regions of the inner ear. In fact, the injection of neural stem cells into animal 

models of primary neuronal degeneration of the inner ear neurons, was shown to be 

effective in replacing the lost spiral ganglion neurons (Corrales et al., 2006; Sekiya et 

al., 2006; Parker et al., 2007; Shi et al., 2007; Reyes et al., 2008). These transplanted 

neurons are capable of growing towards and innervate the organ of Corti, where they 
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appeared to contact with HCs, both in in vitro explants and in animal models of spiral 

ganglion cell loss (Kim et al., 2005; Regala et al., 2005; Corrales et al., 2006; Lang et al., 

2008; Matsumoto et al., 2008). More recently, Rivolta and colleagues have shown that 

transplantation of human ES-derived neural progenitors into chemically induced 

deafness gerbils could partially restored hearing (Chen et al., 2012). The gerbils’ initial 

deafness was caused by treating their ears with Ouabain, which kills spiral ganglion 

neurons but preserves HCs. This represents the first report where transplanted neural 

progenitors could integrate, differentiate and establish proper cell-cell contacts that 

ultimately lead to improvements in auditory responses of treated animals (Chen et al., 

2012). Therefore, cell-based treatments for auditory neuropathies in humans are more 

likely to be a future therapeutic solution. On the other hand, it is still questionable if 

the same solution could be ever implemented for HC recovery. Actually, successful 

attempts to transplant HCs into sensory epithelia were never reported. Thus, the 

results described in this chapter represent the first study in which HC progenitors were 

transplanted into the inner ear. Unlike the several cell-replacement studies mentioned 

in this brief introduction, these experiments were performed using the embryonic 

chicken inner ear, as it provides a faster and more flexible approach for cellular 

manipulations, in respect to its mammalian counterpart.  

 

3. Results 

3.1. Integration of programmed HCs into explants of chicken utricle 

sensory epithelium 

The structural organization of the avian utricle is similar to that of mammals and 

consists of three cell layers: the deepest layer (mesenchyme) is a loose connective 

tissue that is penetrated by nerves, while the intermediate layer is a thin basement 

membrane, the basal lamina, and finally the superficial layer is the sensory epithelium 

that consists of HCs and supporting cells. This organized epithelial structure is 

maintained when the avian utricle is dissected and cultured in vitro for several days 

(Bird et al., 2010). These explant cultures offer a good approach to perform cellular 

manipulations in the inner ear, and have contributed to enhance our understanding of 

the inner ear development. I have taken advantage of explanted utricle cultures to test 

the potential of programmed HCs to integrate into an organized sensory epithelium. In 

addition, if integration is successful, these experiments would allow to determine if 

programmed HCs are able to mature and exhibit a differentiated morphology.  

 

Utricle sensory epithelia were dissected from E16 – E19 chicken inner ears and 

subjected to a treatment with 1 mM streptomycin sulfate for 48 hours (Fig. 1). This 
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aminoglycoside antibiotic is known to promote selective HC apoptosis and trigger 

regeneration of the sensory epithelium (Matsui et al., 2003). By destroying the 

majority of the HCs, my goal was that this might facilitate the integration of 

transplanted iHCs into the regenerating epithelium.In these experiments, the iGBM-

Myo7a:mVenus reporter line was an essential tool to identify the transplanted iHCs 

within the host sensory epithelium (described in section 4.9 of chapter 3). I used 

dissociated cells obtained from EBs treated for 4 days with Dox, as iHCs are more 

immature at this stage (section 1.8 and 1.13 of chapter 1), and have therefore more 

chances of integrating into the epithelium. The induced cells were placed into a glass 

needle to precisely control the injection site and maximize the number of programmed 

HCs plated on top of the utricle explants (Fig. 1). Initial attempts to plate the cells using 

a normal p200 pipette lead to small number of Venus+ cells localized within the surface 

of the explants (around 4 to 6 cells per explant) and the majority was found in the 

periphery attached to the Petri dish (data not shown). 

 

 

  

 

 

 

 

 

Figure 1: Diagram of experimental procedures for ex-vivo grafting of programmed HCs into 

chicken utricle explants. Chicken utricles were dissected from E16 to E19 of embryonic chicken 

inner ear and allowed to attach to the petri dish overnight. Next, 1mM of streptomycin was 

added to the explants, which were cultured for 48h. After the antibiotic exposure, single cells 

obtained from dissociated EBs treated with Dox for 4 days were placed inside a glass needle 

for precise injection into the utricle explants. The accurate number of injected cells was 

difficult to control, but it was roughly estimated to be around 1x106 cells per 3 utricle explants. 

After culture for 6 days, the utricle explants were fixed in PFA and immunolabelled for Venus, 

Espin and Myo7a. (PFA, Paraformaldehyde).  

Six days after cell injection, the explanted utricles were fixed and immuno labelled with 

antibodies for Myo7a, Espin and Venus. Cell counts were performed in several confocal 

z-series taken from random fields in the utricle explants. Spatial localization along the 

z-axis was conducted for every Venus+ cell to evaluate integration into the epithelium. 

This confocal microscopy analyses revealed that 68.3% ± 3.2% (Fig. 3) of Venus+ cells 
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were not integrated within the utricle sensory epithelia (Fig. 2 a’ arrows and b’’). They 

were rather found on top of the epithelia, displaying Espin positive protrusions with 

different orientations (Fig. 2 b’’ arrow in the orthogonal view, c’’ arrows). Espin 

protrusions were found in 34.5%± 3.4% of Venus+ cells not incorporated in the 

epithelium (Fig. 3) and exhibited in average a reduced size and thickness compared 

with the wild-type chick HC (Fig. 2 b’ arrows). Careful analysis of the orthogonal views 

of confocal image stacks reveals that 31.7% ± 3.3% Venus+ cells integrated in the 

sensory epithelium (Fig. 2 a’’ arrowheads and C’). Around half of these cells exhibited a 

weak Venus expression, fibroblast-like morphology, with no Myo7a nor Espin 

expression (Fig. 2 a’’ and C’ arrowheads and Fig.4). The morphological differences and 

the lack of expression of specific HC markers strongly indicate that integrated Venus+ 

cells were unable to complete the full programming into a HC fate. In which concerns 

the other Venus/Myo7a/Espin-positive cells that integrated in the epithelium (Fig.3), 

these are very rare (Fig. 2 c’ arrows), but contrary to endogenous chicken HCs, these 

cells contained a clear Espin positive protrusion oriented towards the basal side of the 

utricle explants (Fig. 2 c’ arrow in the orthogonal view). The observation of a proper 

Espin positive protrusion directed to the apical surface of the epithelium was only 

detected in one cell in the several confocal stacks analysed (Fig. 2 D and d’ arrowheads 

in the orthogonal view).  
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Figure 2: Induced HCs do not integrate into damaged chicken sensory epithelium. Espin (red) 

and Myo7a (purple) co-labelling identifies iHCs transplanted into the utricle explants, as well as 

endogenous chick HCs. The iHCs can be distinguished by their Venus expression (green). 

Confocal projections revealed many Venus+ cells, clustered together (A and C) or isolated (B) 

within the sensory epithelium. Careful analysis of the three dimensional distribution of Venus+ 

cells show that most of them do not integrate into the epithelium (a’ arrows show 5 Venus 

cells not integrated, b’’ single Venus+ cell on top of the epithelium). Several non-integrated 

Venus+ cells show different orientations in their Espin-like stereocilia protrusions (b’’ arrow in 

the orthogonal view, c’’ arrows). The Espin positive projections in the Venus+ cells were 

generally less thick and smaller, when compared to the endogenous chicken HC population (b’ 

arrow identify the Venus+ cells).  

It is possible to observe some cells with weak Venus expression, fibroblast-like morphology, 

and no Myo7a and Espin expression integrated into the epithelium (a’’ and c’ arrowheads). In 

some cases, Myo7a, Espin and Venus co-expression could be detected in cells that were 

completely incorporated in the sensory epithelium (c’ arrows and D, d’ arrowheads). In these 

cells, the Espin+ protrusion was directed towards the basal surface of the epithelium instead of 

its normal position at the apical side (c’ arrow in the orthogonal view). Only one integrated 

Venus+ cell possess an Espin stereocilia-like protrusion facing the apical surface of the utricle 

explants, similar to chicken HCs (D and d’ arrowheads in the orthogonal view). Nuclei were 

identified with Dapi (blue). 

 

 

 
 

Figure 3: Quantification analysis of the Venus+ population found in the streptomycin 

damaged utricle explants. From the total Venus+ population, 31.7% ± 3.3% were found 

incorporated within the utricle sensory epithelia and the majority 68.3% ± 3.2% of Venus+ cells 

were not integrated. 49,5%± 7,8% of Venus+ cells able to integrate into the epithelia were not 

expressing the HC markers Myo7a and Espin. These cells were only detected in 12,6% ± 4,9% 

of not integrated Venus+ cells. Venus+ cells co-expressing Myo7a and exhibiting Espin+ 

protrusions were a rare population specially among the integrated cells 16,6%± 7.8 %. 
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3.2. Culture of programmed HCs with supporting cells isolated from 

chicken utricle sensory epithelium 

Given the inneficient integration of iHCs into utricle explants, I decided to take a 

different approach, involving co-culture of iHCs with dissociated cells from chicken 

sensory epithelium. The rationale of these experiments was that iHCs might 

incorporate easier when aggregated with dissociated sensory epithelial cells, which are 

expected to re-epithelialize to reform a proper epithelium in vitro. Actually, previous 

studies have shown that supporting cells in culture have some capacity to proliferate 

and form epithelial islands where few cells are able to transdifferentiate into HC fate 

and incorporate into the newly formed epithelium. However, in 2D cultures, the 

epithelial structure might be only partially developed and consequently proper 

polarization and differentiation of HCs can be impaired. Since the final aim of the 

experiment is to promote further maturation of the induced HCs, I decided in addition 

to grow the mixed cell populations in 3D cultures using Puramatrix as a scaffold to 

enhance epithelial organization.  

Sensory epithelial sheets were obtained from chicken utricle explants by removing the 

surrounding mesenchymal cells. The epithelia was then dissociated and cultured for 4 

to 5 days to allow the proliferation of supporting cells. Chick HCs don’t proliferate, thus 

few HCs are present in these cultures. Similarly to previous experiments, the iGBM-

Myo7a:mVenus reporter line was an essential tool to distinguish endogenous chick HCs 

from programmed HCs. The chick supporting cells were mixed in a 1:1 ratio with 

induced HCs obtained from dissociated EBs that were exposed to Dox (Fig. 4 A). After 6 

days, the mixed cultures were fixed and expression of Venus, Espin and Myo7a was 

analyzed by immunostaining. Cultures grown in fibronectin coated dishes exhibited 

several epithelial islands where chick HCs were normally found (Fig. 4 B, dashed line 

encircle the epithelia structure). However, Venus+ cells are preferentially localized to 

the periphery of these structures. The iHCs found within these islands didn’t show 

improved morphology and polarization of Espin+ protrusions (Fig. 4 B). The inability of 

iHCs to integrate into epithelial structures formed by chick supporting cells was more 

striking in the 3D cultures (Fig. 4 C). Dishes coated with 0,25% of puramatrix provide a 

synthetic scaffold allowing supporting cells to acquire proper 3D morphology that 

resemble the in vivo counterparts more closely. Highly organized 3D clusters of 

supporting cells were found in these cultures containing chick HCs with a defined hair 

bundle orientation towards the outside surface of the 3D cluster (Fig. 4 C). However, 

Venus+ iHCs were only detected in the periphery of the 3D clusters, and were grouped 

together with no clear organized structure (Fig. 4 C). 
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Figure 4: Induced HCs didn’t incorporate into the epithelial islands formed by chicken 

supporting cells in in vitro cultures. The experimental procedures used to perform the mixed 

culture are summarized in (A). Utricle explants were dissected from E16 to E17 chicken 

embryos and subjected to a Thermolysin treatment to isolate the epithelial sheet from the 

underlying mesenchymal tissue. Supporting cells and HCs from the sensory epithelium were 

dissociated into single cells and mixed in a 1:1 ratio with iHCs obtained from dissociated EBs 

treated with Dox for 4 days. The mixed cell population was plated into fibronectin or 

puramatrix coated dishes, and cultured for 6 days (A). Cultures were fixed with PFA and 

immunolabelled for Venus (green), Myo7a (purple) and Espin (red). Formation of organized 

epithelial islands was observed in the two different types of cultures (2D in B and 3D in C, 

dashes lines surrounds the epithelial structures). Venus+ cells were found preferentially 

located in the surroundings of the epithelial clusters (B and C). In the 3D cultures (C), the 

complete segregation between Venus+ cells and these clusters was more evident. The chick 

HCs (cells expressing Espin but not Venus) exhibited a clear and polarized Espin protrusion in 

the 3D cultures (C). Nuclei were identified with Dapi (blue). 

 

3.3. Transplantation of programmed HC cells into otic vesicles of the 

chicken embryo 

The last set of transplantation experiments involved the grafting in ovo of induced HCs 

into the otic vesicle of chicken embryos. Similar to the previous experiments described 

in this chapter, the aim is to test whether iHCs can integrate into the sensory 

epithelium and establish proper cell contacts, inside the embryonic otic vesicle in vivo. 

This experiment will complement the results obtained from the previous sections, and 

allow us to compare the success rate of iHC integration in vitro versus in vivo. The 

ultimate aim of this experiment is to evaluate the potential of programmed HCs to fully 

maturate in an in vivo environment.  

Otic vesicles from HH17-HH19 chicken embryos were injected with dissociated Venus+ 

iHCs obtained from EBs treated for 4 days with Dox. At this stage, the programmed 

HCs are still immature but already committed towards HC fate with strong expression 

of Myo7a and Venus. In these experiments, it was possible to detect Venus+ cells inside 

the embryonic otic vesicle after cell injection (Fig.5), and this allowed us to screen for 

embryos in which Venus+ iHCs are present in the otic vesicle, which were selected for 

further in ovo incubation. The collection of chimeric embryonic inner ears was 

performed at different time points (24h, 48h and 72h) after cell injection, to monitor 

the integration of Venus+ iHCs. Cryosectioning of the entire chimeric otic vesicle, 

followed by immunolabelling (with Myo7a and Venus) was conducted in 2 to 5 

embryos for each time point (Fig.5).  
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24h after injection, Venus+ iHCs were found clustered together in the lumen of the otic 

vesicle (Fig.6 A). I could never detect Venus+ cells expressing Myo7a that were 

integrated into the sensory epithelium. However, in few embryos, it was possible to 

observe very weak Venus signal in cells of the inner ear epithelium (Fig. 6 B). 

Frequently in these embryos, the iHCs (Venus and Myo7a positive) were localized in 

the mesenchymal tissue surrounding the inner ear (Fig. 6 B arrows). This indicates that 

cell injections occur most likely outside of the otic vesicle and possibly within the 

epithelium. Analyses of embryos incubated for 48h or 72h after cell transplantation 

confirmed the lack of iHC integration into the inner ear epithelium. The injected cells 

remained clustered in the lumen of the vesicle (Fig. 6 C). Surprisingly, many clusters 

analysed at 48h and 72h postinjection were devoid of Venus+ cells and Myo7a 

expression (Fig. 6 C). In contrast with the 24h embryos, no weak Venus+ cell was 

detected within the otic vesicle epithelium at this late time points.  

 

  

 

 

 

 

 

 

Figure 5: Schematic representation of the procedures used to graft induced HCs into 

the embryonic chicken inner ear. A summary of the experimental protocol used to transplant 

the programmed HCs in the chicken otic vesicles. Inducible Venus+ cells of the iGBM-

Myo7a:mVenus reporter line were obtained from EBs treated with Dox for 4 days, dissociated 

into single cells and placed in a glass needle for injection. These cells were transplanted into 

one of the embryo’s otic vesicle at stage HH17 to 19, while the opposite vesicle served as a 

control. Only embryos with Venus+ cells within the otic vesicle were selected for further 

incubation and analyses. The embryos were fixed in PFA 24h, 48h and 72h after cell injection 

and subjected to cryosectioning, and immunolabelled for Myo7a (red) and Venus (green). 
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Figure 6: Induced HCs grafted into the embryonic chicken inner ear. Cross section of the 

developing chicken inner ear at embryonic day 4 (E4), 24h postinjection, revealed induced 

Venus+ cells localized in the lumen of the otic vesicle (A). A few embryos at this stage contain 

weak Venus+ cells in the inner ear epithelium that didn’t express Myo7a (B). In these embryos, 

Venus and Myo7a positive cells are found in the mesenchymal tissue surrounding the inner ear 

(C arrows). Developing inner ears analysed 72h postinjection, embryonic day 6, showed lack of 

Venus+ cell integration in the otic epithelium. Injected cells were found in compact clusters in 

the lumen of the vesicle deprived of Venus+ cells (C); PFA, Paraformaldehyde. Nuclei were 

identified with Dapi (blue)  
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4. Discussion 

4.1. Challenge: integration of induced HC into the inner ear sensory 

epithelium 

I was able to develop a novel system that allows an efficient in vitro generation of HCs. 

However, the induced HCs display a lack of proper morphological organization and 

show an immature differentiation status. I have hypothesized that lack of extrinsic 

cues provided by the sensory epithelium where HCs are born was the major cause for 

these results. Therefore, the primary objective of the transplantation experiments into 

utricle explants was to test whether in HCs are able to acquire a mature and proper 

morphological HC phenotype when final differentiation occurs within a sensory 

epithelium. To accomplish this task, various critical steps have to be accomplished. 

First, iHCs have to “break-in”, bypassing the tight junctions between the lumenal 

surfaces of supporting cells that form the reticular lamina at the apical surface of the 

epithelium. The reticular lamina normally acts as the boundary between these spaces 

and thus creates a tight sealing between epithelial cells. The integration of induced 

HCs into the tightly sealed and highly organized reticular lamina of supporting cells is 

therefore likely to be highly inefficient. In an attempt to bypass the epithelial barrier, I 

exposed the utricle explants, before cell transplantation, to an aminoglycoside 

antibiotic that promotes HC apoptosis. When HC are lost, the reticular lamina is 

disrupted, leading to a potential breach. However, supporting cells surrounding a lost 

HC rapidly expand their lumenal processes to form a phalangeal scar that is thought to 

re-seal the opening. A previous study has shown that supporting cells of the chicken 

utricle explants were able to reform the epithelial junctions within minutes after HC 

lost caused by antibiotic treatment (Bird et al., 2010). Such rapid reestablishment of 

epithelial integrity might prevent an efficient integration of transplanted iHCs after 

epithelial damage. Nevertheless, in these experiments, 31.7% of the Venus+ population 

integrated into the sensory epithelium. Although this percentage is highly encouraging, 

half of the integrated Venus+ cells presented clear features of commitment towards 

non-sensory fates (fibroblast-like morphology and lack of expression of HC markers). 

These Venus+ fibroblast-like cells were frequently found integrated into the epithelium 

and rarely detected among the Venus+ non-integrated population (12,6% ± 4,9% ), 

suggesting that these cells can more easily invade the reticular lamina of the sensory 

epithelium compared to Venus+ iHCs. From the total Venus+ population, only 5,4%± 

2,5% of cells expressed Myo7a, exhibited a clear Espin positive protrusion, and were 

found integrated into the sensory epithelium. Interestingly, these cells presented the 

Espin stereocilia-like structure misplaced to the basal side of the epithelium which 

suggests that iHCs were unable to respond to the environmental signals and establish a 

correct apical-basal polarity.  
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From these experiments, I can highlight some of the critical issues that have to be 

addressed in future work to improve the success of cell transplantation into the 

sensory epithelium. These include the choice of “in vitro differentiation” stage of iHCs, 

the type of utricle explant and its developmental stage, the timing of cell injection 

relative to the antibiotic treatment, and the method to induce epithelial damage. The 

observation of one integrated Venus+ cell that exhibits an Espin stereocilia-like 

protrusion directed towards the apical surface of the epithelia suggests that cell 

transplantation could be feasible if the right experimental parameters are employed. 

The differentiation stage and timing of transplantation can be the major constraint in 

the ability of iHCs to integrate and interact with the proper cells to establish the 

correct cell–cell contacts. In the retina, for instance, precursors have the capacity to 

replace photoreceptors only if the optimal developmental stage was employed for 

transplantation (MacLaren et al., 2006). 

 In summary, the chicken utricle explants can be an easier approach to dissect and 

identify the best conditions for cell transplantation before moving into the highly 

complex in vivo environment. Ultimately, these studies could be essential to 

understand whether and how cell replacement therapies can lead to HC recovery and 

hearing improvements. 

4.2. Challenge: establishment of proper cell-cell contacts between 

induced HCs and chick supporting cells 

In the co-culture experiments with supporting cells and iHCs, the chicken sensory 

epithelia was totally dissociated into single cells, as the reticular lamina of sensory cells 

was completely destroyed in the process. Therefore, I hypothesized that incorporation 

of iHCs would be enhanced during the reestablishment of cell contacts and epithelial 

organization. Surprisingly, I observed a striking segregation between the chick sensory 

cells and the programmed HCs. This result suggests that iHCs may not be expressing 

the right cell adhesion molecules that allow the establishment of proper cell-cell 

contacts with supporting cells. Several reasons could explain this result:  

-First, the programming process towards a HC fate can fail to drive the expression 

of the necessary adhesion proteins. A previous study identified a family of 

adhesion molecules (Nectins) that are crucial for the establishment of a mosaic 

pattern of supporting and HCs (Togashi et al., 2011). Nectin-1, specifically 

expressed on HCs, and Nectin-3 on supporting cells, form strong heterophilic 

interactions capable of generating an alternating pattern of the two cell types 

(Togashi et al., 2011). From the microarray data analyses performed with iHCs 

(described in section 4.11 of chapter 3), I could detect a significant up-regulation 

of Nectin-1 but not for Nectin-3. This indicates that programmed HCs are 

expressing some of the crucial adhesion molecules. However, the role of many 



Chapter 4- Induced hair cells: In vivo cell transplantations  

154 
 

other adhesion proteins in the inner ear sensory epithelia is still unknown. 

Consequently, it is impossible to understand if all the necessary proteins are 

present in programmed cells.  

-Second, the expression pattern of some adhesion molecules differs between 

mouse and chick sensory epithelium. The E-cadherin is strongly expressed in 

mouse supporting cells and weakly detected in HCs, while in chick it is not 

detected in HCs, and supporting cells have weak levels (Hackett et al., 2002; 

reviewed in Warchol, 2007; Collado et al., 2011). Therefore, it is likely that 

interactions between HCs and supporting cells occurs throughout different 

cadherins in the mouse and chick sensory epithelium. The cadherin interactions do 

not have a purely structural role, but are also involved in the proliferative and 

migratory behavior of cells (Hermiston et al., 1996; Croix et al., 1998). Thus, to 

determine whether these differences underlie the lack of integration of the 

induced HCs, I will need to perform the same experiment with mouse supporting 

cells. 

-Finally, during the development of the sensory epithelium, the expression of 

several adhesion proteins, like integrins and cadherins, is highly dynamic (Whitlon 

et al., 1999; Davies and Holley, 2002). Therefore, differences in the developmental 

timing between iHCs and chick supporting cells can lead to striking differences in 

the expression of adhesion molecules crucial for the establishment of proper cell-

cell contacts.  

Overall, these experiments revealed two major obstacles that are limiting the success 

of cell transplantation into the sensory epithelium. First, cells need to invade the highly 

sealed reticular lamina in the apical surface of the epithelium, and second, they have 

to establish the proper cell-cell contacts with the surrounding cells. Additional 

experiments are required to understand the main reasons behind the inability of the 

iHCs to intermingle with the supporting cells.  

In these experiments, I described a 2D and 3D culture system for isolated chick 

supporting cells. Previous studies have addressed the potential of chick and 

mammalian supporting cell to proliferate and differentiate into HCs in in vitro cultures 

(Li et al., 2003a; Zhai et al., 2005; Hu and Corwin, 2007; Savary et al., 2007; Zhang et 

al., 2007). However, supporting cells were never grown in vitro using a 3D culture, and 

the experiments described here are innovative in this aspect. My results show that 

dissociated supporting cells in a 3D environment are able to reestablish remarkable 3D 

epithelial structures, in which several HCs are present and exhibit a defined apical and 

basal polarity. Careful characterization of this 3D culture was not performed, but the 

preliminary results suggest that this 3D structure resembles more closely the highly 

organized sensory epithelia. Mammalian supporting cells in vivo lack the capacity to 

differentiate into HCs upon injury (reviewed in Kwan et al., 2009; reviewed in Rubel et 

al., 2013) , but in vitro these cells are able to commit towards HC fate, when grown on 
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top of a inner ear mesenchyme layer (Doetzlhofer et al., 2004; Doetzlhofer et al., 2005; 

White et al., 2006). Therefore, it would be interesting to understand whether 

mammalian supporting cells grown in Puramatrix 3D cultures would have the potential 

to develop 3D epithelial structures, and if so, whether this organized structure 

potentiates HC differentiation in the absence of the mesenchyme layer. 

4.3. Challenge: integration and survival of induced HCs into 

embryonic chick otic vesicles in ovo 

Similar to the results obtain in the previous experiments described in this chapter, iHCs 

(Venus and Myo7a positive) did not integrate into the embryonic sensory epithelium, 

when grafted in ovo into the otic vesicle. In previous studies, successful integration of 

mouse inner ear and ES-derived progenitors in the developing chick otic vesicle was 

reported (Li et al., 2003a; Li et al., 2003b). In these reports, the authors stated that 

invasion and integration by murine progenitors occurred preferentially when the 

epithelium was slightly injured and partially disrupted. Judging by the presence of 

Venus and Myo7a-positive cells located in the surroundings of the otic vesicle, I can 

speculate that such an injury had also occured upon cell injection. In fact, it was in 

these embryos that weak Venus+ cells were found incorporated in the epithelium, 

suggesting successful integration. However, at later time points (48h and 72h 

postinjection), I could not detect any Venus+ cells integrated into inner ear epithelium. 

The loss of Venus+ cells can either be a consequence of cell death or extinction of 

Venus expression. Both hypotheses are difficult to explain because during in vitro EB 

differentiation, no significant cell death or downregulation of Venus expression was 

observed among the induced cell population (see results from section 4.6 and 4.9 of 

chapter 3). However, the in vivo environment can potentiate additional challenges, like 

the highly potassium-rich fluid known as endolymph that could be toxic to the 

transplanted cells in the lumen of the inner ear. The best way to distinguish between 

these two hypotheses is to label all transplanted cells with a stable reporter, in order 

to discriminate between mouse and chick cells. A simple and faster solution is to use a 

fluorescent dye that can easily label all transplanted cells and be inherited by daughter 

cells after cell division, like for example the CFSE dye. The advantage of CFSE over the 

known fluorescent lipophilic dyes (DiI) is the absence of dye transference to adjacent 

cells in mixed populations. Thus, in ovo injections of induced HCs labeled with CFSE 

into embryonic chick otic vesicles shall be performed in the future. 

In summary, the results from the programmed HC transplantation into the chick otic 

vesicle are still inconclusive regarding the cells’ ability to integrate in vivo, and reveal a 

need to perform additional controls.  
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4.4. Cell replacement therapy for inner ear HCs: can we overcome the 

several challenges? 

The prospects of cell transplantation being able to regenerate HCs, especially in the 

auditory region (organ of Corti), remain improbable unless several technical problems 

are extensively investigated. In this chapter, I have analyzed several critical issues, like 

cell integration and establishment of proper cell-cell contacts in chimeric 

transplantations experiments. However, cell transplantation into the complex auditory 

region, such as the mammalian cochlea, offers additional challenges. The extensive 

length of the normal organ of Corti can impose difficulties for grafted cells to reach the 

whole extent of the cochlear scale. Therefore, several injections from multiple sites 

would have to be performed to allow accessibility of transplanted cells to all regions of 

the damaged organ of Corti. Another critical issue is the generation of correct numbers 

of HCs in the correct locations, as inappropriate number of cells would likely cause 

changes in the mechanical properties of the basilar membrane that could compromise 

the mechanical stimulation of HCs. This is observed in mutant mouse, in which 

supernumerary or misplacement of HCs and supporting cells are the cause of the 

significant reduction of hearing (Chen and Segil, 1999; Löwenheim et al., 1999; Kanzaki 

et al., 2006). After these additional challenges, researchers would face the already 

discussed problems of cell integration, survival and establishment of proper cell-cell 

contacts that could lead to correct hair bundle orientation. It is important that a 

damaged organ of Corti could still re-establish the connection between the stereocilia 

of the transplanted cells and the tectorial membrane, which is essential for HC 

function. Finally, the grafted HCs would have to be properly innervated by the spiral 

ganglion neurons. I can speculate, by the successful re-formation of HC and neuron 

contacts in neural transplantations studies, that critical factors for sensory innervations 

are still present in damaged inner ears. However, no experiment was performed to 

determine the capacity of iHCs to establish neuronal connections in vitro.  

The inconclusive nature of the experiments reported in this chapter do not allow us to 

reach a solid conclusion relative to the potential of iHCs to fully mature in vivo and 

restore functional properties in a damaged sensory epithelium. So far, the several 

challenges identified in this chapter suggest that cell-replacement therapies to restore 

lost HCs may never be a feasible approach.  
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1. Conclusions 

In this Chapter, I will address the conclusions that can be reached from the 

experiments described in this thesis, and will then present my views on the future 

work that can lead to the development of new model systems and therapeutic 

approaches for the inner ear. 

The conclusions are as follows: 

1. Mouse ES cell-derived progenitors can be directly converted into HCs with high 

efficiency by the combined activity of three TFs, previously known to play a crucial role 

in in vivo HC production: the zinc finger Gfi1, the POU domain Brn3c and the basic 

helix-loop-helix Math1. 

2. The HC programming here described recapitulates the normal in vivo HC 

differentiation process: initially induced HC progenitors express the incipient HC 

markers, and few days later develop polarized projections highly reminiscent of hair 

bundles that contain several microvilli-like stereocilia. Transcriptional profiling also 

shows up-regulation of functionally important genes involved in the mechanical 

reception of sound, especially at the hair bundle stage. 

3. Global transcriptional analysis of iHCs revealed a specific HC signature that strongly 

supports the identity of the programmed cells. The permeation of FM1-43 in induced 

HCs also suggests that functional mechanotransduction channels are present in these 

cells. 

4. The signaling pathways that regulate normal HC differentiation during embryonic 

development are also playing a similar role during HC programming: adding RA or 

blocking Notch activity results in supernumerary HCs in vivo and an increase of HC 

programming efficiency in vitro. 

5. The fluorescent Myo7a-reporter system is a powerful tool to monitor iHCs in in vitro 

heterogeneous cultures. The availability of this Myo7a reporter allowed the 

purification of iHCs by cell sorting, which were then used for transcriptome analysis, 

functional studies using the FM1-43 permeation assay, and for cell transplantation 

experiments. 

6. Despite the crucial role of Math1 for inner ear HC specification and differentiation, 

its ectopic expression in ES-derived progenitors resulted in neuronal differentiation 

and not HC commitment. 
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7. Math1 activity is not sufficient but it is necessary for successful HC programming. 

Combined overexpression of Gfi1 and Brn3c in EBs progenitors cannot fully activate 

the HC differentiation program. 

8.  Transplantation of iHCs into the in vivo sensory epithelium revealed a general lack 

of cell integration and establishment of proper cell-cell contacts between supporting 

cells and iHCs. More experiments are needed to fully understand the mechanisms that 

could explain these results, and to evaluate the potential of cell replacement therapies 

to restore the lost HCs in a damaged sensory epithelium. 

 

Recently, different protocols to promote differentiation of pluripotent stem cells into 

inner ear cell fates were reported (Oshima et al., 2010; Koehler et al., 2013). So far, all 

studies rely on the same step-wise differentiation method that tries to recapitulate in 

vitro the embryonic inner ear differentiation pathway, by adding instructive exogenous 

factors. Conversely, in this thesis I describe for the first time an alternative approach 

using a TF-overexpression strategy to efficiently generate sensory HCs in vitro. The 

programming strategy offers significant advantages over the traditional step-wise 

differentiation methods: 

- Superior efficiency in the generation of HCs in vitro. 

- Upon the establishment of the genetically modified ES lines, the differentiation 

protocol is straightforward, faster and less expensive (no need to use several 

recombinant proteins). 

- Highly reproducible method (common problem in the step-wise differentiation 

protocols, especially when HC generation is so inefficient). 

Despite these advantages, I could also identify some limitations in this approach:  

- Immature phenotype and morphological disorganization of the hair bundle-like 

structures in all iHCs.  

- The establishment of apical and basal polarity in iHCs occurs randomly. 

- Only a HC fate can be effectively induced by this specific 3 TF combination. 

The work presented in this thesis provides a proof-of-concept for successful HC 

programming, showing that such an approach can be efficient and reliable. It clearly 

demonstrates that it is worth exploring the TF-mediated lineage conversion in 

different cells and contexts. In the next section (Future Directions), I will summarize 

the most promising systems to test the programming approach for HC generation, 

both in in vitro and in vivo. 

 

.  
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2. Future directions 

2.1. Efficient in vitro generation of human sensory HCs: A human 

model system 

Research performed with human sensory inner ear is scarce, mainly because it is 

particularly difficult to obtain tissue samples. The human inner ear is complex, small 

and surgically inaccessible to allow biopsies without causing extensive damage. 

Consequently, studies of human inner ear pathologies are hampered by the inability to 

evaluate and monitor clinical relevant biological processes. Without tissue biopsies, 

our knowledge of inner ear disorders is obtained through animal models. However, 

genetically modified animals recapitulate some, but not all phenotypes of human 

genetic disorders. Thus, establishment of a human inner ear model system in vitro 

would constitute a significant breakthrough in the inner ear research field. Such a 

system could provide new and critical insights of the onset and mechanisms of various 

human inner ear diseases, and contribute to the development of new therapeutics. 

Taking advantage of the HC programming approach, I can envisage two different ways 

to achieve this ambitious goal: 

2.1.1. Programming human pluripotent stem cells into HCs: 

The obvious approach would involve the implementation of an inducible expression 

system of the three TFs here described in human embryonic stem (ES) cells and/or 

induced pluripotent stem (iPS) cells. By performing differentiation of ES/iPS cells 

throughout EB formation, one could determine whether combined activity of Gfi1, 

Brn3c and Math1 could successfully program human EBs-derived progenitors into HCs. 

Based on the results presented in this thesis, and previous work conducted with 

human stem cells, the major advantages and disadvantage of this approach shall be:  

Advantages: 

- Currently, there is no established method able to promote efficient HC 

differentiation from human pluripotent stem cells. Although there are reports of 

studies using human ES cells and human adult stem cells (like, mesenchymal 

stem cells) to generate HC-like cells in vitro (Alonso et al., 2012; Boddy et al., 

2012; Chen et al., 2012), the true identity of these “HC-like cells” still needs to be 

proven. Furthermore, the numbers of “HC-like cells” generated in these studies 

are extremely low and far from being usable in cell-based therapies. In fact, this 

is a common problem present in all step-wise differentiation methods described 

for mouse and human ES cells. Only the mouse 3D differentiation protocol 

recently published by Koehler and co-workers offers significant advantages 

regarding efficiency and epithelial organization of the in vitro generated HC-like 

cells (Koehler et al., 2013). Unfortunately, considerable efforts are still necessary 
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to unravel a similar 3D methodology for human PS cells, and the efficiency of HC 

generation could still constitute a problem. Therefore, HC programming could be 

a better alternative for high-throughput drug screenings or cell transplantation 

experiments, assuming that in vitro HC production from human PS cells would be 

as efficient as mouse PS cells. 

- Patient-specific pluripotent cell lines can be used to establish a unique and 

powerful human inner ear model system. However, the development of a robust 

step-wise differentiation protocol can be hampered by the functional variability 

of human PS / iPS cells. Not all cell lines are equal in their capacity to 

differentiate into desired cell types in vitro. Genetic and epigenetic variations 

contribute to functional variability between cell lines and heterogeneity within 

clones (reviewed in Vierbuchen and Wernig, 2011; reviewed in Cahan and Daley, 

2013; Koyanagi-Aoi et al., 2013). For neural differentiation, it has been shown 

that iPS cell lines have significantly reduced efficiency and increased variability in 

the ability to commit towards neuroepithelial fate, when compared with human 

PS cell lines (Hu et al., 2010). Thus, HC programming in human PS / iPS cells could 

lead to better reproducibility between cell lines and may offer the possibility to 

produce more homogenous HC populations. 

- Historically, gene targeting in human PS cells has been extremely difficult (Zwaka 

and Thomson, 2003). However, to generate an inducible expression system, 

researchers don’t necessarily need to target specific locus of the genome. 

Lentivirus carrying the inducible elements (rtTA, TRE and the transgenes) can be 

used to establish the inducible human PS / iPS cell lines. Indeed, such an 

approach has been successfully implemented for programming human PS / iPS- 

derived EBs into white or brown adipocytes (Ahfeldt et al., 2012). Alternatively, 

the recent development of new and efficient genome editing tools created the 

possibility to easily introduce specific genetic alterations into the genomes of 

human PS cells at will. Zinc-finger nucleases (ZFNs) and transcription activator-

like effector nucleases (TALENs) have been successfully applied for gene 

manipulation of human PS/ iPS cells (Hockemeyer et al., 2009; Zou et al., 2009; 

Hockemeyer et al., 2011; Ding et al., 2013a). Even more recently, the clustered 

regularly interspaced short palindromic repeats (CRISPR) system, a genome 

engineering method using the RNA-guided DNase Cas9, has been used 

successfully in human iPS cells (Ding et al., 2013b; Horii et al., 2013; Hou et al., 

2013). In contrast to ZFNs and TALENs, which require the design of DNA-binding 

proteins and construction of plasmids for the expression of these proteins, the 

CRISPR system is easier and faster to implement. All these genome editing 

technology approaches (ZFNs, TALENs and CRISPR) are still very much in 

development. However, in the near future these tools will allow efficient and fast 
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gene targeting in human PS cells. Consequently the generation of Dox inducible 

human PS / iPS cell lines will be a simple and straightforward process.  

Disadvantages: 

- Assuming that HC programming in human EB-derived progenitors can lead to 

efficient HC production, it is likely that the limitations here identified in mouse 

iHCs will also be present in human iHCs. Thus, one expects to observe only 

immature hair bundle-like structures that would be highly heterogeneous among 

human iHCs. We would also face problems with the establishment of proper 

apico-basal polarity of iHCs. These limitations can constitute a major drawback 

for the use of human iHCs in several studies, especially for the ones that require 

fully functional and mature human HCs in vitro. A possible solution for these 

limitations will be discussed in the next section 2.2.  

2.1.2. Direct conversion of human fibroblast into HCs: 

A different approach that could lead to production of human HCs in a culture dish 

involves the use of human fibroblasts instead of human PS / iPS cells. In this approach, 

the aim is to convert a differentiated somatic cell (fibroblast) directly into another 

differentiated cell of a different lineage (HC). Thus, a direct lineage conversion differs 

from the programming strategy presented in this thesis, which involves the conversion 

of an ES-derived progenitor directly into a differentiated somatic cell (HC). 

Consequently, it is more questionable whether combined activity of Gfi1, Brn3c and 

Math1 would be sufficient to convert human (or mouse) fibroblast into HCs. 

Nevertheless, we can envisage that such an approach would be feasible since various 

cell types have been generated directly from human fibroblasts by a TF-overexpression 

approach (reviewed in Vierbuchen and Wernig, 2012). Therefore, to efficiently convert 

fibroblasts into HCs, researchers may need to perform a large screen to unravel the 

best TF combination to generate HCs. And it would not be surprising to discover 

different combinations of TFs and/or miRNAs that could lead to a direct HC conversion 

with superior efficiencies. Assuming that HC generation from human fibroblast could 

be efficiently accomplished, the ensuing question is what would be the advantages of 

this approach over the HC programming using human PS / iPS cells? 

The development of iPS cell lines has provided the first method to generate patient-

derived cells. These iPS cells have the advantage of unlimited growth, being therefore 

amenable for use in high-throughput assays. However, to obtain HCs from numerous 

individuals, researchers would face more technical challenges: first, one needs to 

produce various iPS cells lines from various patients, and these would have to be 

retargeted for the HC programming approach. Thus, this system would be time 

consuming, labor intensive and very difficult to implement. As a result, the most 

exciting future application of the direct HC conversion strategy from human fibroblast 
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would be the possibility of increased experimental accessibility to numerous patient-

derived HCs in in vitro cultures.  

2.2. Programming towards an inner ear prosensory progenitor 

The HC programming strategy here described have some limitations that could 

compromise its applicability in several studies. As previously discussed (see section 5.7 

of chapter 3), iHCs do not assemble into epithelia-like structures, and consequently 

vital cues for polarization and organization of hair bundle-like structure are lacking in 

these cultures. Several evidence indicate that supporting cells are essential to establish 

an organized epithelium with iHCs, and I believe that the availability of supporting cells 

could be the solution to all the problems identified in the HC programming approach. 

However, supporting cells are not generated by the combined activity of Gfi1, Brn3c 

and Math1 (these TFs are only important for HC differentiation). This observation is 

compatible with the notion that TF-mediated programming is a direct phenotypic 

conversion between two distinct cell types and not a dedifferentiation process 

followed by differentiation to an alternative fate. This suggests that combination of the 

3 TFs is not promoting the conversion of an otic progenitor that could then 

differentiate into a HC or supporting cell. Instead, this specific cocktail of 3 TFs only 

promotes the direct conversion of cells into HC fate. Taken all into account, the most 

elegant solution would be to search for a combination of TFs and/or miRNAs that could 

lead to the direct conversion of somatic cells into an otic prosensory bipotential 

progenitor, starting from fibroblast or PS cells. The induced prosensory progenitor 

would be then cultured in an in vitro 3D environment favoring the formation of an 

organized epithelium (comprised of HCs and supporting cells) that would resemble 

more closely the in vivo inner ear sensory epithelium. So, the important question is: 

which TFs could promote efficient programming towards an inner ear prosensory 

progenitor? 

To address this question, we could first generate a small list of the best candidate TFs, 

based on available information regarding their expression in the embryonic prosensory 

domain (prior to HC and supporting cells’ differentiation), and their role in the 

development of the prosensory domains in the vestibular and cochlear regions. If we 

follow this approach, we can identify several TFs candidates: Sox2 is expressed in all 

prosensory domains of the developing inner ear and plays a crucial role in the 

specification of the prosensory progenitor (Kiernan et al., 2005b; Neves et al., 2007; 

Dabdoub et al., 2008). In addition TFs, like Eya1 (Zou et al., 2008), Six1 (Ahmed et al., 

2012a), Gata3 (Lawoko-Kerali et al., 2002; Duncan and Fritzsch, 2013a), Pax2 (Burton 

et al., 2004; Bouchard et al., 2010), Tbx1 (Vitelli et al., 2003; Raft et al., 2004) Emx2 

(Holley et al., 2010), Lmo4 (Deng et al., 2010) and Otx1 (Morsli et al., 1999) are also 

expressed in the prosensory region and may be important for its development. We 

also have to take into account the existence of other unknown TFs, which could have 
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crucial roles in the specification of the prosensory domain, but that still remain to be 

identified.  

The caveat of this strategy relies on the fact that direct cell fate conversion does not 

generally generate progenitor cells. Lineage conversion normally occur in the absence 

of cell divisions, generating differentiated post-mitotic cell populations (reviewed in 

Sancho-Martinez et al., 2012). However, conversion of mouse and human fibroblasts 

into self-renewing neural progenitor cells by forced expression of single or 

combinations of TFs (i.e. Sox2, FoxG1 and Brn2) has been recently reported (Lujan et 

al., 2012; Ring et al., 2012). These neural progenitors were able to differentiate into 

several types of mature neurons, as well as into astrocytes and oligodendrocytes, 

indicating multipotency. Thus, conversion of somatic cells into a prosensory bipotential 

progenitor could be also feasible, and it would offer significant advantages over the HC 

programming strategy described in this thesis.  

2.3. In vivo cell fate conversions of the adult mammalian inner ear 

The adult mammalian inner ear has a very diminished capacity to spontaneously 

regenerate lost HCs. Only a small number of morphologically immature HCs and a 

small amount of proliferation can be detected in the mature vestibular after damage 

(Forge et al., 1993; Kawamoto et al., 2009). Furthermore, there is almost no evidence 

of proliferation or HC recovery following damage to the adult organ of Corti (Roberson 

and Rubel, 1994a; Yamasoba and Kondo, 2006). To establish a therapy that could 

replace the lost HCs in the adult inner ear, three different approaches have been 

explored over the last years: I- cell transplantations using stem cell technologies 

(already discussed in this thesis, chapter 4). II- pharmacological manipulation of the 

Notch-Delta lateral inhibition system that is involved in HC versus supporting cell fate 

decisions during development (Yamamoto et al., 2006; Hori et al., 2007; reviewed in 

Collado et al., 2009; Mizutari et al., 2013). III- forced expression of Math1 to directly 

convert the mature supporting cells into HCs (Zheng and Gao, 2000; Izumikawa et al., 

2005). All these approaches have so far revealed very limited success. Concerning the 

ectopic expression of Math1, Raphael and colleagues have shown that HC recovery 

and hearing improvements were possible to be achieved by Math1 overexpression in 

adult guinea pigs previously damaged by ototoxic drugs (Izumikawa et al., 2005). 

However, this result was not reproducible in mouse. Recently, two independent 

studies have clearly shown that adult supporting cells could not be converted into new 

HCs by Math1 activity (Kelly et al., 2012; Liu et al., 2012). This failure was also seen 

when investigators activated Math1 in supporting cells of adult mice in which HCs had 

been ablated with ototoxic drugs (Liu et al., 2012). It seems that mammalian inner ear 

with age becomes refractory to the HC-promoting activity of Math1. However, could 

we promote the in vivo conversion of adult supporting cells into HCs by forced 

expression of Math1 in combination with Gfi1 and Brn3c?  
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In vivo direct cell fate conversion was demonstrated in adult mice by TFs-mediated cell 

fate conversion of pancreatic exocrine cells to β-cells, cardiac fibroblasts to 

cardiomyocytes, and astrocytes to neurons (Zhou et al., 2008; Qian et al., 2012; Song 

et al., 2012; Torper et al., 2013). Moreover, it was recently shown that adult astrocytes 

can be converted to proliferative precursors (neuroblasts), which further develop into 

functionally mature neurons in vivo (Niu et al., 2013). These recent findings strongly 

suggest that TFs-mediated conversions could also be implemented successfully in the 

adult mammalian inner ear. Whether this would be achieved by combined activity of 

Gfi1, Brn3c and Math1, or by other set of TF is hard to predict. Not only age-dependent 

changes impose limitations in the regenerative capacity of the mammalian inner ear, 

there are also significant changes that occur after HC loss. Depending on the initial 

severity of the damage, the entire organ of Corti can be replaced by a simple flat 

(cuboidal) epithelium devoid of the morphological recognizable supporting cells 

(reviewed in Raphael et al., 2007). Sections of organ of Corti from severely to 

profoundly deaf people often (but not always) reveal the presence of such an 

unspecialized flat epithelium (Schuknecht, 1975). Current knowledge of the flat 

epithelium is scarce, only few studies aiming to characterize its formation and 

properties were performed until now (Kim and Raphael, 2007; Taylor et al., 2012). 

However, I can envisage that a successful therapeutic strategy for profoundly deaf 

patients would involve the restoration of not only HCs but also supporting cells. 

Therefore, the direct conversion of flat epithelial cells into a prosensory bipotential 

progenitor that could then differentiate into HCs and supporting cells in vivo is the 

most promising therapeutic approach.  

 

 

 

 



 

166 
 

Acknowledgments: 

Esta longa maratona teve o apoio e ajuda de diversas pessoas que a vários níveis 

permitiram que a meta proposta fosse alcançada. Para todos, o meu sincero obrigado: 

Gostaria de agradecer ao Professor Domingos Henrique por me ter aceite como 

estudante de doutoramento no seu lab no Instituto de Medicina Molecular (IMM) em 

Lisboa. Obrigado por me ter dado a oportunidade de estudar e expandir o meu 

conhecimento na área do desenvolvimento das células ciliadas do ouvido interno, para 

o qual sempre tive um grande fascínio e interesse. Obrigado por tudo o que me 

ensinou na biologia do desenvolvimento, biologia molecular e nas diversas técnicas 

laboratoriais que possibilitou o meu crescimento a nível científico.  

Quero agradecer também a todos os membros e ex-membros da unidade de biologia 

do desenvolvimento com quem partilhei o lab durante este percurso. Um 

agradecimento especial ao Filipe Vilas-Boas pelo entusiasmo, interesse e forte apoio 

nos diversos desafios deste PhD. Obrigado pela construção do plasmídeo 

PloxGfi12APBrn3cpolyA@PKS que permitiu a realização de experiencias descritas nesta 

tese. Outro agradecimento especial à Sara Ferreira por todo o apoio técnico prestado. 

I would like to thank Dr. Nicolas Daudet and Dr. Jonathan Gale for accepting me in 

their labs in the UCL Ear institute and for all the interest and encouragement. I also 

want to thank the people from Jonathan’ lab and UCL Ear institute who turned my stay 

in London in a joyful experience. Thanks to Andy Forge for his assistance with the 

scanning electron microscopy. A special thanks to Stephanie Juniat for being not only a 

great co-worker but also a friend. 

Agradeço às várias pessoas do IMM que de diversas formas tornaram este longo e 

sinuoso percurso mais alegre e linear. Especial agradecimento ao grande apoio técnico 

oferecido por vários investigadores de laboratórios vizinhos: Thanks to Peter Liehl for 

great lessons in real time PCR (accuracy and efficiency). Agradeço ao António Temudo 

e José Rino a ajuda na microscopia, à unidade de citometria de fluxo e a todas as 

outras plataformas de suporte à investigação. Fora do IMM, agradeço o apoio do 

Telmo Nunes pela microscopia eletrónica de varrimento na Faculdade de Ciências da 

Universidade de Lisboa. Agradeço também o apoio do Jörg Becker na análise dos 

microarrays que foi efetuada no IGC na unidade de gene expression.  

Não podia deixar de agradecer aos amigos em Portugal e no resto da Europa que 

contribuíram com boa disposição, alegria e diversão. Especial agradecimento para a 

Bruna Moreira pelos longos e bons anos de amizade e convívio. Obridado pelo ânimo e 

coragem. The last two years of my PhD were marked be the most unlikely and 

unexpected friendship (built by deeply hilarious moments). I couldn’t be more grateful 



 

167 
 

for all the support and help that Karine Serre always volunteered to give me. Above all, 

I am grateful for such a meaningful friendship.  

Por último, gostaria de agradecer o apoio incondicional, incentivo e compreensão da 

minha família. Aos meus pais e irmãos dedico esta tese.  

 

Thanks reader for your time and interest, especially to whoever made it to page 167. 

  



 

168 
 

References: 

Abelló, G., Khatri, S., Radosevic, M., Scotting, P. J., Giráldez, F. and Alsina, B. (2009) 

'Independent regulation of Sox3 and Lmx1b by FGF and BMP signaling influences the 

neurogenic and non-neurogenic domains in the chick otic placode', Developmental Biology 

139: 166-178. 

Abraira, V. E. and Ginty, D. D. (2013) 'The Sensory Neurons of Touch', Neuron 79: 618-639. 

Abranches, E., Silva, M., Pradier, L., Schulz, H., Hummel, O., Henrique, D. and Bekman, E. 

(2009) 'Neural Differentiation of Embryonic Stem Cells In Vitro: A Road Map to Neurogenesis in 

the Embryo', PLoS ONE 4: e6286. 

Adam, J., Myat, A., Roux, I. L., Eddison, M., Henrique, D., Ish-Horowicz, D. and Lewis¶, J. (1998) 

'Cell fate choices and the expression of Notch, Delta and Serrate homologues in the chick inner 

ear: parallels with Drosophila sense-organ development', Development 125: 4645-4654. 

Agrawal, Y., Carey, J. P., Santina, C. C. D., Schubert, M. C. and Minor, L. B. (2009) 'Disorders of 

balance and vestibular function in US adults: data from the National Health and Nutrition 

Examination Survey, 2001-2004', Archives of Internal Medicine 169: 938-944. 

Ahfeldt, T., Schinzel, R. T., Lee, Y.-K., Hendrickson, D., Kaplan, A., Lum, D. H., Camahort, R., Xia, 

F., Shay, J., Rhee, E. P. et al. (2012) 'Programming human pluripotent stem cells into white and 

brown adipocytes', Nature Cell Biology 14: 209–219. 

Ahmed, M., Wong, E. Y.-M., Sun, J., Xu, J., Wang, F. and Xu, P.-X. (2012a) 'Eya1-Six1 interaction 

is sufficient to induce hair cell fate in the cochlea by activating Atoh1 expression in cooperation 

with Sox2', Developmental Cell 22: 377–390. 

Ahmed, M., Xu, J. and Xu, P.-X. (2012b) 'EYA1 and SIX1 drive the neuronal developmental 

program in cooperation with the SWI/SNF chromatin-remodeling complex and SOX2 in the 

mammalian inner ear', Development 139: 1965-1977. 

Akazawa, C., Ishibashi, M., Shimizu, C., Nakanishi, S. and Kageyama, R. (1995) 'A Mammalian 

Helix-Loop-Helix Factor Structurally Related to the Product of Drosophila Proneural Gene 

atonal Is a Positive Transcriptional Regulator Expressed in the Developing Nervous System', 

The Journal of Biological Chemistry 270: 8730-8738. 

Alonso, M. B. D., Feijoo-Redondo, A., Felipe, M. C. d., Carnicero, E., García, A. S., García-

Sancho, J., Rivolta, M., Giráldez, F. and Schimmang, T. (2012) 'Generation of inner ear sensory 

cells from bone marrow-derived human mesenchymal stem cells', Regenerative Medicine 7: 

769-783. 

Andersson, E., Tryggvason, U., Deng, Q., Friling, S., Alekseenko, Z., Robert, B., Perlmann, T. and 

Ericson, J. (2006) 'Identification of Intrinsic Determinants of Midbrain Dopamine Neurons', Cell 

124: 393-405. 

Antonica, F., Kasprzyk, D. F., Opitz, R., Iacovino, M., Liao, X.-H., Dumitrescu, A. M., Refetoff, S., 

Peremans, K., Manto, M., Kyba, M. et al. (2012) 'Generation of functional thyroid from 

embryonic stem cells', Nature 491: 66-71. 

Assad, J. A., Shepherd, G. M. G. and Corey, D. P. (1991) 'Tip-link integrity and mechanical 

transduction in vertebrate hair cells', Neuron 7: 985-994. 

Aurora, R. and Herr, W. (1992) 'Segments of the POU domain influence one another's DNA-

binding specificity', Molecular and Cellular Biology 12: 455–467. 



 

169 
 

Avraham, K. B., Hasson, T., Steel, K. P., Kingsley, D. M., Russell, L. B., Mooseker, M. S., 

Copeland, N. G. and Jenkins, N. A. (1995) 'The mouse Snell's waltzer deafness gene encodes an 

unconventional myosin required for structural integrity of inner ear hair cells', Nature Genetics 

11: 369-375. 

Badea, T. C., Williams, J., Smallwood, P., Shi, M., Motajo, O. and Nathans, J. (2012) 

'Combinatorial Expression of Brn3 Transcription Factors in Somatosensory Neurons: Genetic 

and Morphologic Analysis', The Journal of Neuroscience 32: 995-1007. 

Bai, L., Goldman, A. L. and Carlson, J. R. (2009) 'Positive and Negative Regulation of Odor 

Receptor Gene Choice in Drosophila by Acj6', The Journal of Neuroscience 29: 12940-12947. 

Bain, G., Kitchens, D., Yao, M., Huettner, J. E. and Gottlieb, D. I. (1995) 'Embryonic Stem Cells 

Express Neuronal Properties in Vitro', Developmental Biology 168: 342-357. 

Barth, K. A., Kishimoto, Y., Rohr, K. B., Seydler, C., Schulte-Merker, S. and Wilson, S. W. (1999) 

'Bmp activity establishes a gradient of positional information throughout the entire neural 

plate', Development 126: 4977-4987. 

Basch, M. L., Ohyama, T., Segil, N. and Groves, A. K. (2011) 'Canonical Notch signaling is not 

necessary for prosensory induction in the mouse cochlea: Insights from a conditional mutant 

of RBPjκ', The Journal of Neuroscience 31: 8046-8058. 

Beard, C., Hochedlinger, K., Plath, K., Wutz, A. and Jaenisch, R. (2006) 'Efficient Method to 

Generate Single-Copy Transgenic Mice by Site-Specific Integration in Embryonic Stem Cells', 

Genesis 44: 23-28. 

Beisel, K., Hansen, L., Soukup, G. and Fritzsch, B. (2008) 'Regenerating cochlear hair cells: quo 

vadis stem cell', Cell and Tissue Research 333: 373-379. 

Ben-Arie, N., Bellen, H. J., Armstrong, D. L., McCall, A. E., Gordadze, P. R., Guo, Q., Matzuk, M. 

M. and Zoghbi, H. Y. (1997) 'Math1 is essential for genesis of cerebellar granule neurons', 

Nature 390: 169-172. 

Ben-Arie, N., Hassan, B. A., Bermingham, N. A., Malicki, D. M., Armstrong, D., Matzuk, M., 

Bellen, H. J. and Zoghbi, H. Y. (2000) 'Functional conservation of atonal and Math1 in the CNS 

and PNS', Development 127: 1039-1048. 

Bermingham, N. A., Hassan, B. A., Price, S. D., Vollrath, M. A., Ben-Arie, N., Eatock, R. A., Bellen, 

H. J., Lysakowski, A. and Zoghbi, H. Y. (1999) 'Math1: An Essential Gene for the Generation of 

Inner Ear Hair Cells', Science 284: 1837-1841. 

Bermingham, N. A., Hassan, B. A., Wang, V. Y., Fernandez, M., Banfi, S., Bellen, H. J., Fritzsch, B. 

and Zoghbi, H. Y. (2001) 'Proprioceptor Pathway Development Is Dependent on Math1', 

Neuron 30: 411-422. 

Bermingham-McDonogh, O., Oesterle, E. C., Stone, J. S., Hume, C. R., Huynh, H. M. and 

Hayashi, T. (2006) 'Expression of Prox1 during mouse cochlear development', THE JOURNAL OF 

COMPARATIVE NEUROLOGY 496: 172–186. 

Bermingham-McDonogh, O. and Reh, T. A. (2011) 'Regulated Reprogramming in the 

Regeneration of Sensory Receptor Cells', Neuron 71: 389-405. 

Bertrand, N., Castro, D. S. and Guillemot, F. (2002) 'Proneural genes and the specification of 

neural cell types', Nature Reviews Neuroscience 3: 517-530. 



 

170 
 

Beurg, M., Evans, M. G., Hackney, C. M. and Fettiplace, R. (2006) 'A Large-Conductance 

Calcium-Selective Mechanotransducer Channel in Mammalian Cochlear Hair Cells', The Journal 

of Neuroscience 26: 10992-11000. 

Bird, J. E., Gale, J. E., Daudet, N. and Warchol, M. E. (2010) 'Supporting cells eliminate dying 

sensory hair cells to maintain epithelial integrity in the avian inner ear', Journal of 

Neuroscience 30: 12545–12556. 

Björnsson, J. M., Andersson, E., Lundström, P., Larsson, N., Xu, X., Repetowska, E., Humphries, 

R. K. and Karlsson, S. (2001) 'Proliferation of primitive myeloid progenitors can be reversibly 

induced by HOXA10', Blood 98: 3301-3308. 

Boddy, S., Chen, W., Romero-Guevara, R., Kottam, L., Bellantuono, I. and Rivolta, M. (2012) 

'Inner ear progenitor cells can be generated in vitro from human bone marrow mesenchymal 

stem cells', Regenerative Medicine 6: 757-767. 

Boëda, B., Weil, D. and Petit, C. (2001) 'A specific promoter of the sensory cells of the inner ear 

defined by transgenesis', Human Molecular Genetics 10: 1581-1589. 

Bok, J., Raft, S., Kong, K.-A., Koo, S. K., Dräger, U. C. and Wu, D. K. (2011) 'Transient retinoic 

acid signaling confers anterior-posterior polarity to the inner ear', PNAS 108: 161-166. 

Bok, J., Zenczak, C., Hwang, C. H. and Wub, D. K. (2013) 'Auditory ganglion source of Sonic 

hedgehog regulates timing of cell cycle exit and differentiation of mammalian cochlear hair 

cells', PNAS 110: 13869-13874. 

Boland, M. J., Hazen, J. L., Nazor, K. L., Rodriguez, A. R., Gifford, W., Martin, G., Kupriyanov, S. 

and Baldwin, K. K. (2009) 'Adult mice generated from induced pluripotent stem cells', Nature 

461: 91-94. 

Borgne, R. L., Bardin, A. and Schweisguth, F. (2005) 'The roles of receptor and ligand 

endocytosis in regulating Notch signaling', Development 132: 1751-1762. 

Bouchard, M., Caprona, D. d., Busslinger, M., Xu, P. and Fritzsch, B. (2010) 'Pax2 and Pax8 

cooperate in mouse inner ear morphogenesis and innervation', BMC Developmental Biology 

10: 89. 

Brigande, J. V. and Heller, S. (2009) 'Quo vadis, hair cell regeneration?', Nature Neuroscience 

12: 679-685. 

Brignull, H. R., Raible, D. W. and Stone, J. S. (2009) 'Feathers and Fins: Non-mammalian models 

for hair cell regeneration', Brain Research 1277: 12–23. 

Brooker, R., Hozumi, K. and Lewis, J. (2006) 'Notch ligands with contrasting functions: Jagged1 

and Delta1 in the mouse inner ear', Development 133: 1277-1286. 

Brückner, K., Perez, L., Clausen, H. and Cohen, S. (2000) 'Glycosyltransferase activity of Fringe 

modulates Notch–Delta interactions', Nature 406: 411-415. 

Bulfone, A., Menguzzato, E., Broccoli, V., Marchitiello, A., Gattuso, C., Mariani, M., Consalez, G. 

G., Martinez, S., Ballabio, A. and Banfi, S. (2000) 'Barhl1, a gene belonging to a new subfamily 

of mammalian homeobox genes, is expressed in migrating neurons of the CNS', Human 

Molecular Genetics 9: 1443-1452. 

Burns, J. C. and Corwin, J. T. (2013) 'A historical to present-day account of efforts to answer the 

question: “What puts the brakes on mammalian hair cell regeneration?”', Hearing Research 

297: 52-67. 



 

171 
 

Burton, Q., Cole, L. K., Mulheisen, M., Chang, W. and Wu, D. K. (2004) 'The role of Pax2 in 

mouse inner ear development', Developmental Biology 272: 161– 175. 

Cafaro, J., Lee, G. S. and Stone, J. S. (2006) 'Atoh1 expression defines activated progenitors and 

differentiating hair cells during avian hair cell regeneration', Developmental Dynamics 236: 

156-170. 

Cahan, P. and Daley, G. Q. (2013) 'Origins and implications of pluripotent stem cell variability 

and heterogeneity', Nature Reviews Molecular Cell Biology 14: 357-368. 

Cai, T., Seymour, M. L., Zhang, H., Pereira, F. A. and Groves, A. K. (2013) 'Conditional Deletion 

of Atoh1 Reveals Distinct Critical Periods for Survival and Function of Hair Cells in the Organ of 

Corti', Journal of Neuroscience 33: 10110-10122. 

Campos-Ortega, J. and Jan, Y. (1991) 'Genetic and Molecular Bases of Neurogenesis in 

Drosophila Melanogaster', Annual Review of Neuroscience 14: 399-420. 

Chai, R., Kuo, B., Wang, T., Liaw, E. J., Xia, A., Jan, T. A., Liu, Z., Taketo, M. M., Oghalai, J. S., 

Nusse, R. et al. (2012) 'Wnt signaling induces proliferation of sensory precursors in the 

postnatal mouse cochlea', PNAS 109: 8167-8172. 

Chang, W., Lin, Z., Kulessa, H., Hebert, J., Hogan, B. L. M. and Wu, D. K. (2008) 'Bmp4 Is 

Essential for the Formation of the Vestibular Apparatus that Detects Angular Head 

Movements', PLoS Genetics 4: e1000050. 

Chellappa, R., Li, S., Pauley, S., Jahan, I., Jin, K. and Xiang, M. (2008) 'Barhl1 regulatory 

sequences required for cell-specific gene expression and autoregulation in the inner ear and 

central nervous system', Molecular and Cellular Biology 28: 1905-1914. 

Chen, J. and Streit, A. (2013) 'Induction of the inner ear: Stepwise specification of otic fate 

from multipotent progenitors', Hearing Research 297: 3-12. 

Chen, P., Johnson, J. E., Zoghbi, H. Y. and Segil, N. (2002) 'The role of Math1 in inner ear 

development: Uncoupling the establishment of the sensory primordium from hair cell fate 

determination', Development 129: 2495-2505. 

Chen, P. and Segil, N. (1999) 'p27Kip1 links cell proliferation to morphogenesis in the 

developing organ of Corti', Development 126: 1581-1590. 

Chen, P., Zindy, F., Abdala, C., Liu, F., Li, X., Roussel, M. F. and Segil, N. (2003) 'Progressive 

hearing loss in mice lacking the cyclin-dependent kinase inhibitor Ink4d', Nature Cell Biology 5: 

422-426. 

Chen, W., Jongkamonwiwat, N., Abbas, L., Eshtan, S. J., Johnson, S. L., Kuhn, S., Milo, M., 

Thurlow, J. K., Andrews, P. W., Marcotti, W. et al. (2012) 'Restoration of auditory evoked 

responses by human ES-cell-derived otic progenitors', Nature 490: 278–282. 

Chen, Z.-Y., Riu, E., He, C.-Y., Xu, H. and Kay, M. A. (2008) 'Silencing of Episomal Transgene 

Expression in Liver by Plasmid Bacterial Backbone DNA Is Independent of CpG Methylation', 

Molecular Therapy 16: 548–556. 

Chen, Z. Y., He, C. Y., Meuse, L. and Kay, M. A. (2004) 'Silencing of episomal transgene 

expression by plasmid bacterial DNA elements in vivo', Gene Therapy 11: 856–864. 

Clyne, P. J., Certel, S. J., Bruyne, M., Zaslavsky, L., Johnson, W. A. and Carlson, J. R. (1999) 'The 

Odor Specificities of a Subset of Olfactory Receptor Neurons Are Governed by Acj6, a POU-

Domain Transcription Factor', Neuron 22: 339–347. 



 

172 
 

Cole, L. K., Roux, I. L., Nunes, F., Laufer, E., Lewis, J. and Wu, D. K. (2000) 'Sensory organ 

generation in the chicken inner ear: Contributions of Bone morphogenetic protein 4, Serrate1, 

and Lunatic fringe', Journal of Comparative Neurology 424: 509-520. 

Coleman, B., Hardman, J., Coco, A., Epp, S., Silva, M. d., Crook, J. and Shepherd, R. (2006) 'Fate 

of embryonic stem cells transplanted into the deafened mammalian cochlea', Cell Transplant 

15: 369–380. 

Collado, M. S., Burns, J. C., Hu, Z. and Corwin, J. T. (2009) 'Recent advances in hair cell 

regeneration research', Current Opinion in Otolaryngology & Head and Neck Surgery 16: 465–

471. 

Collado, M. S., Thiede, B. R., Baker, W., Askew, C., Igbani, L. M. and Corwin, J. T. (2011) 'The 

Postnatal Accumulation of Junctional E-Cadherin Is Inversely Correlated with the Capacity for 

Supporting Cells to Convert Directly into Sensory Hair Cells in Mammalian Balance Organs', The 

Journal of Neuroscience 31: 11855–11866. 

Collin, R. W. J., Chellappa, R., Pauw, R.-J., Vriend, G., Oostrik, J., Drunen, W. v., Huygen, P. L., 

Admiraal, R., Hoefsloot, L. H., Cremers, F. P. M. et al. (2008) 'Missense Mutations in POU4F3 

Cause Autosomal Dominant Hearing Impairment DFNA15 and Affect Subcellular Localization 

and DNA Binding', Human Mutation 29: 545–554. 

Copeland, N. G., Jenkins, N. A. and Court, D. L. (2001) 'Recombineering: a powerful new tool 

for mouse functional genomics', Nature Reviews Genetics 2: 769-779. 

Corrales, C. E., Pan, L., Li, H., Liberman, M. C., Heller, S. and Edge, A. S. B. (2006) 'Engraftment 

and differentiation of embryonic stem cell-derived neural progenitor cells in the cochlear 

nerve trunk: growth of processes into the organ of Corti', Journal of Neurobiology 66: 1489-

1500. 

Cotanche, D. A. and Kaiser, C. L. (2010) 'Hair cell fate decisions in cochlear development and 

regeneration', Hearing Research 266: 18-25. 

Croix, B. S., Sheehan, C., Rak, J. W., Flørenes, V. A., Slingerland, J. M. and Kerbel, R. S. (1998) 'E-

Cadherin–dependent Growth Suppression is Mediated by the Cyclin-dependent Kinase 

Inhibitor p27KIP1', The Journal of Cell Biology 142: 557–571. 

Dabdoub, A., Puligilla, C., Jones, J. M., Fritzsch, B., Cheah, K. S. E., Pevny, L. H. and Kelley, M. W. 

(2008) 'Sox2 signaling in prosensory domain specification and subsequent hair cell 

differentiation in the developing cochlea', PNAS 105: 18396 –18401. 

Dahl, L., Richter, K., Hägglund, A.-C. and Carlsson, L. (2008) 'Lhx2 Expression Promotes Self-

Renewal of a Distinct Multipotential Hematopoietic Progenitor Cell in Embryonic Stem Cell-

Derived Embryoid Bodies', PLoS ONE 3: e2025. 

Danjo, T., Eiraku, M., Muguruma, K., Watanabe, K., Kawada, M., Yanagawa, Y., Rubenstein, J. L. 

R. and Sasai, Y. (2011) 'Subregional Specification of Embryonic Stem Cell-Derived Ventral 

Telencephalic Tissues by Timed and Combinatory Treatment with Extrinsic Signals', The Journal 

of Neuroscience 31: 1919-1933. 

Daudet, N., Gibson, R., Shang, J., Bernard, A., Lewis, J. and Stone, J. (2009) 'Notch regulation of 

progenitor cell behavior in quiescent and regenerating auditory epithelium of mature birds', 

Developmental Biology 326: 86-100. 



 

173 
 

Daudet, N. and Lewis, J. (2005) 'Two contrasting roles for Notch activity in chick inner ear 

development: specification of prosensory patches and lateral inhibition of hair-cell 

differentiation', Development 132: 541-551. 

Davies, D. and Holley, M. C. (2002) 'Differential expression of α3 and α6 integrins in the 

developing mouse inner ear', Journal of Comparative Neurology 445: 122–132. 

Davis, R. L., Weintraub, H. and Lassar, A. B. (1987) 'Expression of a single transfected cDNA 

converts fibroblasts to myoblasts', Cell 51: 987–1000. 

Deng, M., Pan, L., Xie, X. and Gan, L. (2010) 'Requirement for Lmo4 in the vestibular 

morphogenesis of mouse inner ear', Developmental Biology 338: 38-49. 

Desbaillets, I., Ziegler, U., Groscurth, P. and Gassmann, M. (2000) 'Embryoid bodies: an in vitro 

model of mouse embryogenesis', Experimental Physiology 85: 645-651. 

Diamond, J., Holmes, M. and Nurse, C. A. (1986) 'Are Merkel cell-neurite reciprocal synapses 

involved in the initiation of tactile responses in salamander skin?', The Journal of Physiology 

376: 101–120. 

Ding, Q., Lee, Y.-K., Schaefer, E. A. K., Peters, D. T., Veres, A., Kim, K., Kuperwasser, N., Motola, 

D. L., Meissner, T. B., Hendriks, W. T. et al. (2013a) 'A TALEN Genome-Editing System for 

Generating Human Stem Cell-Based Disease Models', Cell Stem Cell 12: 238–251. 

Ding, Q., Regan, S. N., Xia, Y., Oostrom, L. A., Cowan, C. A. and Musunuru, K. (2013b) 'Enhanced 

Efficiency of Human Pluripotent Stem Cell Genome Editing through Replacing TALENs with 

CRISPRs', Cell Stem Cell 12: 393–394. 

Dirks, W., Wirth, M. and Hauser, H. (1993) 'Dicistronic transcription units for gene expression 

in mammalian cells', Gene 128: 247-249. 

Doetzlhofer, A., Basch, M. L., Ohyama, T., Gessler, M., Groves, A. K. and Segil, N. (2009) 'Hey2 

Regulation by FGF Provides a Notch-Independent Mechanism for Maintaining Pillar Cell Fate in 

the Organ of Corti', Developmental Cell 16: 58–69. 

Doetzlhofer, A., White, P., Lee, Y.-S., Groves, A. and Segil, N. (2005) 'Prospective identification 

and purification of hair cell and supporting cell progenitors from the embryonic cochlea', Brain 

Research 1091: 282–288. 

Doetzlhofer, A., White, P. M., Johnson, J. E., Segil, N. and Groves, A. K. (2004) 'In vitro growth 

and differentiation of mammalian sensory hair cell progenitors: a requirement for EGF and 

periotic mesenchyme', Developmental Biology 272: 432-447. 

Donnelly, M. L. L., Ryan, M. D., Luke, G., Mehrotra, A., Li, X., Hughes, L. E. and Gani, D. (2001) 

'Analysis of the aphthovirus 2A/2B polyprotein ‘cleavage’ mechanism indicates not a 

proteolytic reaction, but a novel translational effect: a putative ribosomal ‘skip’', Journal of 

General Virology 82: 1013-1025. 

Driver, E. C., Pryor, S. P., Hill, P., Turner, J., Rüther, U., Biesecker, L. G., Griffith, A. J. and Kelley, 

M. W. (2008) 'Hedgehog Signaling Regulates Sensory Cell Formation and Auditory Function in 

Mice and Humans', The Journal of Neuroscience 28: 7350-7358. 

Du, X., Jensen, P., Goldowitz, D. and Hamre, K. M. (2007) 'Wild-type cells rescue genotypically 

Math1-null hair cells in the inner ears of chimeric mice', Developmental Biology 305: 430–438. 

Duggan, A., Ma, C. and Chalfie, M. (1998) 'Regulation of touch receptor differentiation by the 

Caenorhabditis elegans mec-3 and unc-86 genes', Development 125: 4107-4119. 



 

174 
 

Duncan, J. S. and Fritzsch, B. (2013a) 'Continued Expression of GATA3 Is Necessary for Cochlear 

Neurosensory Development', PLoS ONE 8: e62046. 

Duncan, J. S. and Fritzsch, B. (2013b) 'Continued Expression of GATA3 Is Necessary for Cochlear 

Neurosensory Development', PLoS ONE 8: e62046. 

Eberl, D. F. (1999) 'Feeling the vibes: chordotonal mechanisms in insect hearing', Current 

Opinion in Neurobiology 9: 389–393. 

Ebert, P. J., Timmer, J. R., Nakada, Y., Helms, A. W., Parab, P. B., Liu, Y., Hunsaker, T. L. and 

Johnson, J. E. (2003) 'Zic1 represses Math1 expression via interactions with the Math1 

enhancer and modulation of Math1 autoregulation', Development 130: 1949-1959. 

Eddison, M., Roux, I. L. and Lewis, J. (2000) 'Notch signaling in the development of the inner 

ear: Lessons from Drosophila', PNAS 97: 11692-11699. 

Egli, D., Birkhoff, G. and Eggan, K. (2008) 'Mediators of reprogramming: transcription factors 

and transitions through mitosis', Nature Reviews Molecular Cell Biology 9: 505-516. 

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., Sekiguchi, K., Adachi, 

T. and Sasai, Y. (2011) 'Self-organizing optic-cup morphogenesis in three-dimensional culture', 

Nature 472: 51-56. 

Eiraku, M., Watanabe, K., Matsuo-Takasaki, M., Kawada, M., Yonemura, S., Matsumura, M., 

Wataya, T., Nishiyama, A., Muguruma, K. and Sasai, Y. (2008) 'Self-Organized Formation of 

Polarized Cortical Tissues from ESCs and Its Active Manipulation by Extrinsic Signals', Cell Stem 

Cell 3: 519-532. 

El-Amraoui, A., Sahly, I., Picaud, S., Sahel, J., Abitbol, M. and Petit, C. (1996) 'Human Usher 

1B/Mouse shaker-1: The Retinal Phenotype Discrepancy Explained By The Presence/Absence 

of Myosin VIIA in The Photoreceptor Cells', Human Molecular Genetics 5: 1171-1178. 

Erkman, L., McEvilly, R. J., Luo, L., Ryan, A. K., Hooshmand, F., O’Connell, S. M., Keithley, E. M., 

Rapaport, D. H., Ryan, A. F. and Rosenfeld, M. G. (1996) 'Role of transcription factors Brn-3.1 

and Brn-3.2 in auditory and visual system development', Nature 381: 603-606. 

Evans, M. J. and Kaufman, M. H. (1981) 'Establishment in culture of pluripotential cells from 

mouse embryos', Nature 292: 154-156. 

Eybalin, M. (1993) 'Neurotransmitters and neuromodulators of the mammalian cochlea', 

Physiological Reviews 73: 309–373. 

Ezana, J. and Montcouquiol, M. (2013) 'Revisiting planar cell polarity in the inner ear', Seminars 

in Cell & Development Biology 24: 499-506. 

Fagan, B. M. and Cahusac, P. M. (2001) 'Evidence for glutamate receptor mediated 

transmission at mechanoreceptors in the skin', NeuroReport 12: 341–347. 

Fang, J., Qian, J.-J., Yi, S., Harding, T. C., Tu, G. H., VanRoey, M. and Jooss, K. (2005) 'Stable 

antibody expression at therapeutic levels using the 2A peptide', Nature Biotechnology 23: 584-

590. 

Fay, R. (1988) 'Comparative psychoacoustics', Hearing Research 34: 295-305. 

Felipe, P., Martín, V., Cortés, M. L., Ryan, M. and Izquierdo, M. (1998) 'Use of the 2A sequence 

from foot-and-mouth disease virus in the generation of retroviral vectors for gene therapy', 

Gene Therapy 6: 198-208. 



 

175 
 

Felipe, P. d., Luke, G. A., Hughes, L. E., Gani, D., Halpin, C. and Ryana, M. D. (2006) 'E unum 

pluribus: multiple proteins from a self-processing polyprotein', Trends in Biotechnology 24: 68-

75. 

Fischer, A. and Gessler, M. (2007) 'Delta–Notch—and then? Protein interactions and proposed 

modes of repression by Hes and Hey bHLH factors', Nucleic Acids Research 35: 4583-4596. 

Forge, A. (1985) 'Outer hair cell loss and supporting cell expansion following chronic 

gentamicin treatment', Hearing Research 19: 171–182. 

Forge, A., Li, L., Corwin, J. T. and Nevill, G. (1993) 'Ultrastructural evidence for hair cell 

regeneration in the mammalian inner ear', Science 259: 1616-9. 

Frenz, D. A., Liu, W., Cvekl, A., Xie, Q., Wassef, L., Quadro, L., Niederreither, K., Maconochie, M. 

and Shanske, A. (2010) 'Retinoid Signaling in Inner Ear Development: a “Goldilocks” 

Phenomenon', American Journal of Medical Genetics Part A 152: 2947–2961. 

Friling, S., Andersson, E., Thompson, L. H., Jönsson, M. E., Hebsgaard, J. B., Nanou, E., 

Alekseenko, Z., Marklund, U., Kjellander, S., Volakakis, N. et al. (2009) 'Efficient production of 

mesencephalic dopamine neurons by Lmx1a expression in embryonic stem cells', PNAS 106: 

7613-7618. 

Frolenkov, G. I., Belyantseva, I. A., Friedman, T. B. and Griffith, A. J. (2004) 'Genetic insights 

into the morphogenesis of inner ear hair cells', Nature Reviews Genetics 5: 489-498. 

Fu, Y., Wang, S., Liu, Y., Wang, J., Wang, G., Chen, Q. and Gong, S. (2009) 'Study on neural stem 

cell transplantation into natural rat cochlea via round window', American Journal of 

Otolaryngology 30: 8–16. 

Fujino, K., Tae-Soo, K., Nishida, A., Nakagawa, T., Omori, K., Naito, Y. and Ito, J. (2004) 

'Transplantation of Neural Stem Cells into Explants of Rat Inner Ear', Acta Oto-laryngologica 

124: 31-33. 

Fukuda, T., Kominami, K., Wang, S., Togashi, H., Hirata, K.-i., Mizoguchi, A., Rikitake, Y. and 

Takai, Y. (2014) 'Aberrant cochlear hair cell attachments caused by Nectin-3 deficiency result in 

hair bundle abnormalities', Development 141: 399-409. 

Furler, S., Paterna, J.-C., Weibel, M. and Büeler, H. (2001) 'Recombinant AAV vectors 

containing the foot and mouth disease virus 2A sequence confer efficient bicistronic gene 

expression in cultured cells and rat substantia nigra neurons', Gene Therapy 8: 864–873. 

Furness, D. N., Richardson, G. P. and Russell, I. J. (1989) 'Stereociliary bundle morphology in 

organotypic cultures of the mouse cochlea', Hearing Research 39: 95–109. 

Gale, J. E., Richardson, G. P., Marcott, W., Kennedy, H. J. and Kros, C. J. (2001) 'FM1-43 Dye 

Behaves as a Permeant Blocker of the Hair-Cell Mechanotransducer Channel', The Journal of 

Neuroscience 21: 7013–7025. 

Géléoc, G. S. G. and Holt, J. R. (2003) 'Developmental acquisition of sensory transduction in 

hair cells of the mouse inner ear', Nature Neuroscience 6: 1019-1020. 

Gilbert, S. F. (2000) 'Developmental Biology', Sunderland, Massachusetts: Sinauer Associates, 

Inc. 

Gómez-Skarmeta, J. L., Campuzano, S. and Modolell, J. (2003) 'Half a century of neural 

prepatterning: the story of a few bristles and many genes', Nature Reviews Neuroscience 4: 

587-598. 



 

176 
 

Gonzalez, F., Monasterio, M. B., Tiscornia, G., Pulido, N. M., Vassena, R., Morera, L. B., Piza, I. 

R. and Belmonte, J. C. I. (2009) 'Generation of mouse-induced pluripotent stem cells by 

transient expression of a single nonviral polycistronic vector', PNAS 106: 8918–8922. 

Gowan, K., Helms, A. W., Hunsaker, T. L., Collisson, T., Ebert, P. J., Odom, R. and Johnson, J. E. 

(2001) 'Crossinhibitory Activities of Ngn1 and Math1 Allow Specification of Distinct Dorsal 

Interneurons', Neuron 31: 219–232. 

Grimes, H. L., Chan, T. O., Zweidler-McKay, P. A., Tong, B. and Tsichlis, P. N. (1996) 'The Gfi-1 

proto-oncoprotein contains a novel transcriptional repressor domain, SNAG, and inhibits G1 

arrest induced by interleukin-2 withdrawal', Molecular and Cellular Biology 16: 6263–6272. 

Groves, A. K. (2010) 'The Challenge of Hair Cell Regeneration', Exp Biol Med 235: 434-446. 

Groves, A. K. and Fekete, D. M. (2012) 'Shaping sound in space: the regulation of inner ear 

patterning', Development 139: 245-257. 

Gubbels, S. P., Woessner, D. W., Mitchell, J. C., Ricci, A. J. and Brigande, J. V. (2008) 'Functional 

auditory hair cells produced in the mammalian cochlea by in utero gene transfer', Nature 455: 

537-541. 

Hackett, L., Davies, D., Helyer, R., Kennedy, H., Kros, C., Lawlor, P., Rivolta, M. N. and Holley, M. 

(2002) 'E-cadherin and the Differentiation of Mammalian Vestibular Hair Cells', Experimental 

Cell Research 278: 19-30. 

Hackney, C. M. and Furness, D. N. (1995) 'Mechanotransduction in vertebrate hair cells: 

structure and function of the stereociliary bundle.', Am J Physiol Cell Physiol 268: 1-13. 

Haeberle, H., Fujiwara, M., Chuang, J., Medina, M. M., Panditrao, M. V., Bechstedt, S., Howard, 

J. and Lumpkin, E. A. (2004) 'Molecular profiling reveals synaptic release machinery in Merkel 

cells', PNAS 101: 14503–14508. 

Hakuba, N., Hata, R., Morizane, I., Feng, G., Shimizu, Y., Fujita, K., Yoshida, T., Sakanaka, M. and 

Gyo, K. (2005) 'Neural stem cells suppress the hearing threshold shift caused by cochlear 

ischemia', NeuroReport 16: 1545-1549. 

Halata, Z., Grim, M. and Bauman, K. I. (2003) 'Friedrich Sigmund Merkel and his “Merkel cell”, 

morphology, development, and physiology: Review and new results', The Anatomical Record 

Part A: Discoveries in Molecular, Cellular, and Evolutionary Biology 271A: 225–239. 

Hamburger, V. and Hamilton, H. (1951) 'A series of normal stages in the development of the 

chick embryo', Journal of Morphology 88: 49–92. 

Hartman, B. H., Hayashi, T., Nelson, B. R., Bermingham-McDonogh, O. and Reh, T. A. (2007) 

'Dll3 is expressed in developing hair cells in the mammalian cochlea', Developmental Dynamics 

236: 2875–2883. 

Hartman, B. H., Reh, T. A. and Bermingham-McDonogh, O. (2010) 'Notch signaling specifies 

prosensory domains via lateral induction in the developing mammalian inner ear', PNAS 107: 

15792-15797. 

Hartschuh, W., Weihe, E. and Egner, U. (1990) 'Electron microscopic immunogold 

cytochemistry reveals chromogranin A confined to secretory granules of porcine Merkel cells', 

Neuroscience Letters 116: 245–249. 

Hasegawa, K., Cowan, A. B., Nakatsuji, N. and Suemori, H. (2007) 'Efficient Multicistronic 

Expression of a Transgene in Human Embryonic Stem Cells', Stem Cells 25: 1707-1712. 



 

177 
 

Hasson, T., Heintzelman, M. B., Santos-Sacchi, J., Corey, D. P. and Mooseker, M. S. (1995) 

'Expression in cochlea and retina of myosin VIIa, the gene product defective in Usher syndrome 

type 1B', PNAS 92: 9815-9819. 

Hawkins, J. E. (1973) 'Comparative otopathology: aging, noise, and ototoxic drugs', Advances in 

oto-rhino-laryngology 20: 125-141. 

Hayashi, T., Kokubo, H., Hartman, B. H., Ray, C. A., Reh, T. A. and Bermingham-McDonogh, O. 

(2008a) 'Hesr1 and Hesr2 may act as early effectors of Notch signaling in the developing 

cochlea', Developmental Biology 316: 87–99. 

Hayashi, T., Ray, C. A. and Bermingham-McDonogh, O. (2008b) 'Fgf20 is required for sensory 

epithelial specification in the developing cochlea', The Journal of Neuroscience 28: 5991-5999. 

Hayashi, T., Ray, C. A., Younkins, C. and Bermingham-McDonogh, O. (2010) 'Expression 

patterns of FGF receptors in the developing mammalian cochlea', Developmental Dynamics 

239: 1019-1026. 

Hemmati-Brivanlou, A. and Melton, D. (1997) 'Vertebrate Embryonic Cells Will Become Nerve 

Cells Unless Told Otherwise', Cell 88: 13-17. 

Henrique, D., Adam, J., Myat, A., Chitnis, A., Lewis, J. and Ish-Horowicz, D. (1995) 'Expression of 

a Delta homologue in prospective neurons in the chick', Nature 375: 787-790. 

Hermiston, M. L., Wong, M. H. and Gordon, J. I. (1996) 'Forced expression of E-cadherin in the 

mouse intestinal epithelium slows cell migration and provides evidence for nonautonomous 

regulation of cell fate in a self-renewing system.', Genes & Development 10: 985–996. 

Hertzano, R., Avraham, K. B., Montcouquiol, M., Rashi-Elkeles, S., Elkon, R., Yucel, R., Frankel, 

W. N., Rechavi, G., Moroy, T., Friedman, T. B. et al. (2004) 'Transcription profiling of inner ears 

from Pou4f3 ddl/ddl identifies Gfi1 as a target of the Pou4f3 deafness gene', Human Molecular 

Genetics 13: 2143–2153. 

Hertzano, R., Dror, A. A., Montcouquiol, M., Ahmed, Z. M., Ellsworth, B., Camper, S., Friedman, 

T. B., Kelley, M. W. and Avraham, K. B. (2007) 'Lhx3, a LIM domain transcription factor, is 

regulated by Pou4f3 in the auditory but not in the vestibular system', European Journal of 

Neuroscience 25: 999-1005. 

Hildebrand, M. S., Dahl, H.-H. M., Hardman, J., Coleman, B., Shepherd, R. K. and Silva, M. G. d. 

(2005) 'Survival of partially differentiated mouse embryonic stem cells in the scala media of 

the guinea pig cochlea', Journal of the Association for Research in Otolaryngology 6: 341–354. 

Hochedlinger, K., Yamada, Y., Beard, C. and Jaenisch, R. (2005) 'Ectopic Expression of Oct-4 

Blocks Progenitor-Cell Differentiation and Causes Dysplasia in Epithelial Tissues', Cell 121: 465-

477. 

Hock, H., Hamblen, M. J., Rooke, H. M., Schindler, J. W., Saleque, S., Fujiwara, Y. and Orkin, S. 

H. (2004) 'Gfi-1 restricts proliferation and preserves functional integrity of haematopoietic 

stem cells', Nature 431: 1002-1007. 

Hock, H., Hamblen, M. J., Rooke, H. M., Traver, D., Bronson, R. T., Cameron, S. and Orkin, S. H. 

(2003) 'Intrinsic requirement for zinc finger transcription factor Gfi-1 in neutrophil 

differentiation', Immunity 18: 109–120. 

Hockemeyer, D., Soldner, F., Beard, C., Gao, Q., Mitalipova, M., DeKelver, R. C., Katibah, G. E., 

Amora, R., Boydston, E. A., Zeitler, B. et al. (2009) 'Efficient targeting of expressed and silent 



 

178 
 

genes in human ESCs and iPSCs using zinc-finger nucleases', Nature Biotechnology 27: 851–

857. 

Hockemeyer, D., Wang, H., Kiani, S., Lai, C. S., Gao, Q., Cassady, J. P., Cost, G. J., Zhang, L., 

Santiago, Y., Miller, J. C. et al. (2011) 'Genetic engineering of human ES and iPS cells using TALE 

nucleases', Nature Biotechnology 29: 731–734. 

Hogan, B. (1976) 'Changes in the behaviour of teratocarcinoma cells cultivated in vitro', Nature 

263: 136-137. 

Holley, M., Rhodes, C., Kneebone, A., Herde, M. K., Fleming, M. and Steel, K. P. (2010) 'Emx2 

and early hair cell development in the mouse inner ear', Developmental Biology 340: 547–556. 

Hori, R., Nakagawa, T., Sakamoto, T., Matsuoka, Y., Takebayashi, S. and Ito, J. (2007) 

'Pharmacological inhibition of Notch signaling in the mature guinea pig cochlea', NeuroReport 

18: 1911-1914. 

Horii, T., Tamura, D., Morita, S., Kimura, M. and Hatada, I. (2013) 'Generation of an ICF 

Syndrome Model by Efficient Genome Editing of Human Induced Pluripotent Stem Cells Using 

the CRISPR System', International Journal of Molecular Sciences 14: 19774–19781. 

Hou, Z., Zhang, Y., Propson, N. E., Howden, S. E., Chu, L.-F., Sontheimer, E. J. and Thomson, J. A. 

(2013) 'Efficient genome engineering in human pluripotent stem cells using Cas9 from 

Neisseria meningitidis', PNAS 110: 15644–15649. 

Houdebine, L. M. and Attal, J. (1999) 'Internal ribosome entry sites (IRESs): reality and use', 

Transgenic Research 8: 157-177. 

Hsiao, E. C., Yoshinaga, Y., Nguyen, T. D., Musone, S. L., Kim, J. E. and Conklin, B. R. (2008) 

'Marking Embryonic Stem Cells with a 2A Self-Cleaving Peptide: A NKX2-5 Emerald GFP BAC 

Reporter', PLoS ONE 3 e2532. 

Hu, B.-Y., Weick, J. P., Yu, J., Ma, L.-X., Zhang, X.-Q., Thomson, J. A. and Zhang, S.-C. (2010) 

'Neural differentiation of human induced pluripotent stem cells follows developmental 

principles but with variable potency', PNAS 107: 4335–4340. 

Hu, Z. and Corwin, J. T. (2007) 'Inner ear hair cells produced in vitro by a mesenchymal-to-

epithelial transition', PNAS 104: 16675–16680. 

Hu, Z., Wei, D., Johansson, C. B., Holmström, N., Duan, M., Frisén, J. and Ulfendahl, M. (2005) 

'Survival and neural differentiation of adult neural stem cells transplanted into the mature 

inner ear', Experimental Cell Research 302: 40–47. 

Huang, M., Sage, C., Li, H., Xiang, M., Heller, S. and Chen, Z.-Y. (2008) 'Diverse expression 

patterns of LIM-homeodomain transcription factors (LIM-HDs) in mammalian inner ear 

development', Developmental Dynamics 237: 3305–3312. 

Huang, P., He, Z., Ji, S., Sun, H., Xiang, D., Liu, C., Hu, Y., Wang, X. and Hui, L. (2011) 'Induction 

of functional hepatocyte-like cells from mouse fibroblasts by defined factors', Nature 475: 386-

389. 

Hudspeth, A. J. (1997) 'How Hearing Happens', Neuron 19: 947–950. 

Hudspeth, A. J. (2008) 'Making an Effort to Listen: Mechanical Amplification in the Ear', Neuron 

28: 530-545. 



 

179 
 

Huh, S.-H., Jones, J., Warchol, M. E. and Ornitz, D. M. (2012) 'Differentiation of the Lateral 

Compartment of the Cochlea Requires a Temporally Restricted FGF20 Signal', Plos Biology 10: 

e1001231. 

Hume, C. R., Bratt, D. L. and Oesterle, E. C. (2007) 'Expression of LHX3 and SOX2 during mouse 

inner ear development', Gene Expression Patterns 7: 798–807. 

Ieda, M., Fu, J.-D., Delgado-Olguin, P., Vedantham, V., Hayashi, Y., Bruneau, B. G. and 

Srivastava, D. (2010) 'Direct Reprogramming of Fibroblasts into Functional Cardiomyocytes by 

Defined Factors', Cell 142: 375-386. 

Ishiyama, G., Lopez, I., Williamson, R., Acuna, D. and Ishiyama, A. (2002) 'Subcellular 

immunolocalization of NMDA receptor subunit NR1, 2A, 2B in the rat vestibular periphery', 

Brain Research 935: 16–23. 

Ito, J., Kojima, K. and Kawaguchi, S. (2001) 'Survival of neural stem cells in the cochlea', Acta 

Oto-laryngologica 121: 140-142. 

Itskovitz-Eldor, J., Schuldiner, M., Karsenti, D., Eden, A., Yanuka, O., Amit, M., Soreq, H. and 

Benvenisty, N. (2000) 'Differentiation of human embryonic stem cells into embryoid bodies 

compromising the three embryonic germ layers', Molecular Medicine 6: 88-95. 

Izumikawa, M., Minoda, R., Kawamoto, K., Abrashkin, K. A., Swiderski, D. L., Dolan, D. F., 

Brough, D. E. and Raphael, Y. (2005) 'Auditory hair cell replacement and hearing improvement 

by Atoh1 gene therapy in deaf mammals', Nature Medicine 11: 271-276. 

Jacques, B. E., Puligilla, C., Weichert, R. M., Ferrer-Vaquer, A., Hadjantonakis, A.-K., Kelley, M. 

W. and Dabdoub, A. (2012) 'A dual function for canonical Wnt/β-catenin signaling in the 

developing mammalian cochlea', Development 139: 4395-4404. 

Jaenisch, R. and Young, R. (2008) 'Stem Cells, the Molecular Circuitry of Pluripotency and 

Nuclear Reprogramming', Cell 132: 567-582. 

Jarman, A. P., Grau, Y., Jan, L. Y. and Jan, Y. N. (1993) 'atonal is a proneural gene that directs 

chordotonal organ formation in the Drosophila peripheral nervous system', Cell 73: 1307–

1321. 

Jia, Y., Xie, G. and Aamodt, E. (1996) 'pag-3, a Caenorhabditis elegans Gene Involved in Touch 

Neuron Gene Expression and Coordinated Movement', Genetics 142: 141-147. 

Jia, Y., Xie, G., McDermott, J. B. and Aamodt, E. (1997) 'The C. elegans gene pag-3 is 

homologous to the zinc finger proto-oncogene gfi-1', Development 124: 2063-2073. 

Jin, Z.-H., Kikuchi, T., Tanaka, K. and Kobayashi, T. (2003) 'Expression of Glutamate Transporter 

GLAST in the Developing Mouse Cochlea', The Tohoku Journal of Experimental Medicine 200: 

137-144. 

Jolly, L. A., Taylor, V. and Wood, S. A. (2009) 'USP9X enhances the polarity and self-renewal of 

embryonic stem cell-derived neural progenitors', Molecular Biology of the Cell 20: 2015-2029. 

Jones, C. and Chen, P. (2008) 'Primary Cilia in Planar Cell Polarity Regulation of the Inner Ear', 

Current Topics in Developmental Biology 85: 197-224. 

Jones, C., Roper, V. C., Foucher, I., Qian, D., Banizs, B., Petit, C., Yoder, B. K. and Chen, P. (2008) 

'Ciliary proteins link basal body polarization to planar cell polarity regulation', Nature Genetics 

40: 69-77. 



 

180 
 

Kageyama, R., Ohtsuka, T. and Kobayashi, T. (2007) 'The Hes gene family: repressors and 

oscillators that orchestrate embryogenesis', Development 134: 1243-1251. 

Kallio, M. A., Tuimala, J. T., Hupponen, T., Klemelä, P., Gentile, M., Scheinin, I., Koski, M., Käki, 

J. and Korpelainen, E. I. (2011) 'Chipster: user-friendly analysis software for microarray and 

other high-throughput data', BMC Genomics 12: 507. 

Kamiya, K., Fujinami, Y., Hoya, N., Okamoto, Y., Kouike, H., Komatsuzaki, R., Kusano, R., 

Nakagawa, S., Satoh, H., Fujii, M. et al. (2007) 'Mesenchymal stem cell transplantation 

accelerates hearing recovery through the repair of injured cochlear fibrocytes', The American 

Journal of Pathology 171: 214-226. 

Kanzaki, S., Beyer, L. A., Swiderski, D. L., Izumikawa, M., Stöver, T., Kawamoto, K. and Raphael, 

Y. (2006) 'p27(Kip1) deficiency causes organ of Corti pathology and hearing loss', Hearing 

Research 214: 28-36. 

Karsunky, H., Zeng, H., Schmidt, T., Zevnik, B., Kluge, R., Schmid, K. W., Dührsen, U. and Möröy, 

T. (2002) 'Inflammatory reactions and severe neutropenia in mice lacking the transcriptional 

repressor Gfi1', Nature Genetics 30: 295-300. 

Kaufman, R. J., Davies, M. V., Wasley, L. C. and Michnick, D. (1991) 'Improved vectors for stable 

expression of foreign genes in mammalian cells by use of the untranslated leader sequence 

from EMC virus', Nucleic Acids Research 19: 4485-4490. 

Kawamoto, K., Ishimoto, S.-I., Minoda, R., Brough, D. E. and Raphael, Y. (2003) 'Math1 Gene 

Transfer Generates New Cochlear Hair Cells in Mature Guinea Pigs In Vivo', Journal of 

Neuroscience 23: 4395-4400. 

Kawamoto, K., Izumikawa, M., Beyer, L. A., Atkin, G. M. and Raphael, Y. (2009) 'Spontaneous 

hair cell regeneration in the mouse utricle following gentamicin ototoxicity', Brain Research 

247: 17–26. 

Kazanjian, A., Wallis, D., Au, N., Nigam, R., Venken, K. J. T., Cagle, P. T., Dickey, B. F., Bellen, H. 

J., Gilks, C. B. and Grimes, H. L. (2004) 'Growth Factor Independence-1 Is Expressed in Primary 

Human Neuroendocrine Lung Carcinomas and Mediates the Differentiation of Murine 

Pulmonary Neuroendocrine Cells', Cancer Research 64: 6874–6882. 

Kazmierczak, P. and Müller, U. (2012) 'Sensing sound: molecules that orchestrate 

mechanotransduction by hair cells', Trends in Neurosciences 35: 220-229. 

Kazmierczak, P., Sakaguchi, H., Tokita, J., Wilson-Kubalek, E. M., Milligan, R. A., Müller, U. and 

Kachar, B. (2007) 'Cadherin 23 and protocadherin 15 interact to form tip-link filaments in 

sensory hair cells', Nature 449: 87-91. 

Keller, G. M. (1995) 'In vitro differentiation of embryonic stem cells', Current Opinion in Cell 

Biology 7: 862-869. 

Kelley, M. (2007) 'Cellular commitment and differentiation in the organ of Corti', The 

International Journal of Developmental Biology 51: 571-583. 

Kelley, M. W. (2006) 'Regulation of cell fate in the sensory epithelia of the inner ear', Nature 

Neuroscience 7: 837-849. 

Kelley, M. W., Talreja, D. R. and Corwin, J. T. (1995) 'Replacement of hair cells after laser 

microbeam irradiation in cultured organs of corti from embryonic and neonatal mice', The 

Journal of Neuroscience 15: 3013-3026. 



 

181 
 

Kelley, M. W., Wu, D. K., Popper, A. N. and Fay, R. R. (2005) 'Development of the Inner Ear', 

Springer Handbook of Auditory Research 26. 

Kelley, M. W., Xu, X.-M., Wagner, M. A., Warchol, M. E. and Corwin, J. T. (1993) 'The 

developing organ of Corti contains retinoic acid and forms supernumerary hair cells in 

response to exogenous retinoic acid in culture', Development 119: 1041-1053. 

Kelly, M. C., Chen, P., Chang, Q., Pan, A. and Lin, X. (2012) 'Atoh1 Directs the Formation of 

Sensory Mosaics and Induces Cell Proliferation in the Postnatal Mammalian Cochlea In Vivo', 

The Journal of Neuroscience 9(19): 6699–6710. 

Kiernan, A. E. (2013a) 'Notch signaling during cell fate determination in the inner ear', 

Seminars in Cell & Developmental Biology 24: 470-479. 

Kiernan, A. E. (2013b) 'Notch signaling during cell fate determination in the inner ear', 

Seminars in Cell & Development Biology 24: 470-479. 

Kiernan, A. E., Cordes, R., Kopan, R., Gossler, A. and Gridley, T. (2005a) 'The Notch ligands DLL1 

and JAG2 act synergistically to regulate hair cell development in the mammalian inner ear', 

Development 132: 4353-4362. 

Kiernan, A. E., Pelling, A. L., Leung, K. K. H., Tang, A. S. P., Bell, D. M., Tease, C., Lovell-Badge, R., 

Steel, K. P. and Cheah, K. S. E. (2005b) 'Sox2 is required for sensory organ development in the 

mammalian inner ear', Nature 434: 1031-1035. 

Kiernan, A. E., Xu, J. and Gridley, T. (2006) 'The Notch Ligand JAG1 Is Required for Sensory 

Progenitor Development in the Mammalian Inner Ear', PLoS Genetics 2: 27-38. 

Kim, J., Sebring, A., Esch, J., Kraus, M., Vorwerk, K., Magee, J. and Carroll, S. (1996) 'Integration 

of positional signals and regulation of wing formation and identity by Drosophila vestigial 

gene', Nature 382: 133-138. 

Kim, T.-S., Nakagawa, T., Kita, T., Higashi, T., Takebayashi, S., Matsumoto, M., Kojima, K., 

Sakamoto, T. and Ito, J. (2005) 'Neural connections between embryonic stem cell-derived 

neurons and vestibular hair cells in vitro', Brain Research 1057: 127–133. 

Kim, W.-Y., Fritzsch, B., Serls, A., Bakel, L. A., Huang, E. J., Reichardt, L. F., Barth, D. S. and Lee, 

J. E. (2001) 'NeuroD-null mice are deaf due to a severe loss of the inner ear sensory neurons 

during development', Development 128: 417-426. 

Kim, Y. H. and Raphael, Y. (2007) 'Cell Division and Maintenance of Epithelial Integrity in the 

Deafened Auditory Epithelium', Cell Cycle 6: 612-619. 

Kishimoto, Y., Lee, K.-H., Zon, L., Hammerschmidt, M. and Schulte-Merker, S. (1997) 'The 

molecular nature of zebrafish swirl: BMP2 function is essential during early dorsoventral 

patterning', Development 124: 4457-4466. 

Kistner, A., Gossen, M., Zimmermann, F., Jerecic, J., Ullmer, C., Lübbert, H. and Bujard, H. 

(1996) 'Doxycycline-mediated quantitative and tissue-specific control of gene expression in 

transgenic mice', PNAS 93: 10933-10938. 

Klisch, T. J., Xi, Y., Flora, A., Wang, L., Li, W. and Zoghbi, H. Y. (2011) 'In vivo Atoh1 targetome 

reveals how a proneural transcription factor regulates cerebellar development', Proc Natl Acad 

Sci U S A 108(8): 3288-93. 

Koehler, K. R., Mikosz, A. M., Molosh, A. I., Patel, D. and Hashino, E. (2013) 'Generation of inner 

ear sensory epithelia from pluripotent stem cells in 3D culture', Nature 500: 217-221. 



 

182 
 

Kojima, K., Murata, M., Nishio, T., Kawaguchi, S. and Ito, J. (2004) 'Survival of fetal rat otocyst 

cells grafted into the damaged inner ear', Acta Oto-laryngologica 124: 53-55. 

Komiyama, T., Carlson, J. R. and Luo, L. (2004) 'Olfactory receptor neuron axon targeting: 

intrinsic transcriptional control and hierarchical interactions', Nature Neuroscience 7: 819-825. 

Koyanagi-Aoi, M., Ohnuki, M., Takahashi, K., Okita, K., Noma, H., Sawamura, Y., Teramoto, I., 

Narita, M., Sato, Y., Ichisaka, T. et al. (2013) 'Differentiation-defective phenotypes revealed by 

large-scale analyses of human pluripotent stem cells', PNAS 110: 20569–20574. 

Kwan, T., White, P. M. and Segil, N. (2009) 'Development and Regeneration of the Inner Ear', 

Annals of the New York Academy of Sciences 1170: 28–33. 

Kwon, H.-J., Bhat, N., Sweet, E. M., Cornell, R. A. and Riley, B. B. (2010) 'Identification of Early 

Requirements for Preplacodal Ectoderm and Sensory Organ Development', PLoS Genetics 6: 

e1001133. 

Kyba, M., Perlingeiro, R. C. R. and Daley, G. Q. (2002) 'HoxB4 confers definitive lymphoid-

myeloid engraftment potential on embryonic stem cell and yolk sac hematopoietic 

progenitors', Cell 109: 29–37. 

Ladewig, J., Koch, P. and Brüstle, O. (2013) 'Leveling Waddington: the emergence of direct 

programming and the loss of cell fate hierarchies', Nature Reviews Molecular Cell Biology 14: 

225-236. 

Ladher, R. K., O'Neill, P. and Begbie, J. (2010) 'From shared lineage to distinct functions: the 

development of the inner ear and epibranchial placodes', Development 137: 1777-1785. 

Lai, E. (2004) 'Notch signaling: control of cell communication and cell fate', Development 131: 

965-973. 

Laine, H., Doetzlhofer, A., Mantela, J., Ylikoski, J., Laiho, M., Roussel, M. F., Segil, N. and Pirvola, 

U. (2007) 'p19Ink4d and p21Cip1 Collaborate to Maintain the Postmitotic State of Auditory 

Hair Cells, Their Codeletion Leading to DNA Damage and p53-Mediated Apoptosis', The Journal 

of Neuroscience 27: 1434-1444. 

Laine, H., Sulg, M., Kirjavainen, A. and Pirvola, U. (2010) 'Cell cycle regulation in the inner ear 

sensory epithelia: Role of cyclin D1 and cyclin-dependent kinase inhibitors', Developmental 

Biology 337: 134–146. 

Lancaster, M. A., Renner, M., Martin, C.-A., Wenzel, D., Bicknell, L. S., Hurles, M. E., Homfray, 

T., Penninger, J. M., Jackson, A. P. and Knoblich, J. A. (2013) 'Cerebral organoids model human 

brain development and microcephaly', Nature 501: 373-379. 

Lanford, P. J., Lan, Y., Jiang, R., Lindsell, C., Weinmaster, G., Gridley, T. and Kelley, M. W. (1999) 

'Notch signalling pathway mediates hair cell development in mammalian cochlea', Nature 

Genetics 21: 289 - 292. 

Lang, H., Schulte, B. A., Goddard, J. C., Hedrick, M., Schulte, J. B., Wei, L. and Schmiedt, R. A. 

(2008) 'Transplantation of Mouse Embryonic Stem Cells into the Cochlea of an Auditory-

Neuropathy Animal Model: Effects of Timing after Injury', Journal of the Association for 

Research in Otolaryngology 9: 225–240. 

Lanz, T. A., Hosley, J. D., Adams, W. J. and Merchant, K. M. (2004) 'Studies of Aβ 

Pharmacodynamics in the Brain, Cerebrospinal Fluid, and Plasma in Young (Plaque-Free) 

Tg2576 Mice Using the γ-Secretase Inhibitor N2-[(2S)-2-(3,5-Difluorophenyl)-2-



 

183 
 

hydroxyethanoyl]-N1-[(7S)-5-methyl-6-oxo-6,7-dihydro-5H-dibenzo[b,d]azepin-7-yl]-L-

alaninamide (LY-411575)', Journal of Pharmacology and Experimental Therapeutics 309: 49-55. 

Lawoko-Kerali, G., Rivolta, M. N. and Holley, M. (2002) 'Expression of the Transcription Factors 

GATA3 and Pax2 during Development of the Mammalian Inner Ear', THE JOURNAL OF 

COMPARATIVE NEUROLOGY 442: 378–391. 

Lee, J., Andreeva, A., Sipe, C. W., Liu, L., Cheng, A. and Lu, X. (2012) 'PTK7 regulates myosin II 

activity to orient planar polarity in the mammalian auditory epithelium', Current Biology 22: 

956-966. 

Lee, M. K., Rebhun, L. I. and Frankfurter, A. (1990) 'Posttranslational modification of class III 

beta-tubulin', PNAS 87: 7195-7199. 

Lee, Y.-S., Liu, F. and Segil, N. (2006) 'A morphogenetic wave of p27Kip1 transcription directs 

cell cycle exit during organ of Corti development', Development 133: 2817-2826. 

Lenka, N., Lu, Z. J., Sasse, P., Hescheler, J. and Fleischmann, B. K. (2002) 'Quantitation and 

functional characterization of neural cells derived from ES cells using nestin enhancer 

mediated targeting in vitro', Journal of Cell Science 115: 1471-1485. 

Leonard, J. H., Cook, A. L., Gele, M. V., Boyle, G. M., Inglis, K. J., Speleman, F. and Sturm, R. A. 

(2002) 'Proneural and proneuroendocrine transcription factor expression in cutaneous 

mechanoreceptor (Merkel) cells and Merkel cell carcinoma', International Journal of Cancer 

101: 103–110. 

Lewis, J. (1998) 'Notch signalling and the control of cell fate choices in vertebrates', Seminars in 

Cell & Developmental Biology 9: 583-589. 

Li, H., Liu, H. and Heller, S. (2003a) 'Pluripotent stem cells from the adult mouse inner ear', 

Nature Medicine 9: 1293 -1299. 

Li, H., Roblin, G., Liu, H. and Heller, S. (2003b) 'Generation of hair cells by stepwise 

differentiation of embryonic stem cells', PNAS 100: 13495–13500. 

Li, M., Pevny, L., Lovell-Badge, R. and Smith, A. (1998) 'Generation of purified neural precursors 

from embryonic stem cells by lineage selection', Current Biology 8: 971-974. 

Li, S., Mark, S., Radde-Gallwitz, K., Schlisner, R., Chin, M. T. and Chen, P. (2008a) 'Hey2 

functions in parallel with Hes1 and Hes5 for mammalian auditory sensory organ development', 

BMC Developmental Biology 26: 8–20. 

Li, S., Price, S. M., Cahill, H., Ryugo, D. K., Shen, M. M. and Xiang, M. (2002) 'Hearing loss 

caused by progressive degeneration of cochlear hair cells in mice deficient for the Barhl1 

homeobox gene', Development 129: 3523-3532. 

Li, Z., Lipton, S. A., McKercher, S. R., Cui, J., Nie, Z., Soussou, W., Roberts, A. J., Sallmen, T., 

Lipton, J. H., Talantova, M. et al. (2008b) 'Myocyte Enhancer Factor 2C as a Neurogenic and 

Antiapoptotic Transcription Factor in Murine Embryonic Stem Cells', The Journal of 

Neuroscience 28: 6557– 6568. 

Lin, S.-C. J., Wani, M. A., Whitsett, J. A. and Wells, J. M. (2010) 'Klf5 regulates lineage formation 

in the pre-implantation mouse embryo', Development 137: 3953-3963. 

Lin, Z., Cantos, R., Patente, M. and Wu, D. K. (2005) 'Gbx2 is required for the morphogenesis of 

the mouse inner ear: a downstream candidate of hindbrain signaling', Development 132: 2309-

2318. 



 

184 
 

Liu, M., Pereira, F. A., Price, S. D., Chu, M.-j., Shope, C., Himes, D., Eatock, R. A., Brownell, W. 

E., Lysakowski, A. and Tsai, M.-J. (2000) 'Essential role of BETA2/NeuroD1 in development of 

the vestibular and auditory systems', Genes & Development 14: 2839-2854. 

Liu, P., Jenkins, N. A. and Copeland, N. G. (2003) 'A Highly Efficient Recombineering-Based 

Method for Generating Conditional Knockout Mutations', Genome Research 13: 476–484. 

Liu, Z., Dearman, J. A., Cox, B. C., Walters, B. J., Zhang, L., Ayrault, O., Zindy, F., Gan, L., Roussel, 

M. F. and Zuo, J. (2012) 'Age-dependent in vivo conversion of mouse cochlear pillar and 

Deiters’ cells to immature hair cells by Atoh1 ectopic expression', Journal of Neuroscience 32: 

6600-6610. 

Liu, Z., Fang, J., Dearman, J., Zhang, L. and Zuo, J. (2014) 'In vivo generation of immature inner 

hair cells in neonatal mouse cochleae by ectopic Atoh1 expression', PLoS ONE 1: 1-10. 

Lothian, C. and Lendahl, U. (1997) 'An Evolutionarily Conserved Region in the Second lntron of 

the Human Nestin Gene Directs Gene Exmession to CNS Progenitor Cells and to Early Neural 

Ciest Cells', European Journal of Neuroscience 9: 452-462. 

Lothian, C., Prakash, N., Lendahl, U. and Wahlström, G. M. (1999) 'Identification of Both 

General and Region-Specific Embryonic CNS Enhancer Elements in the Nestin Promoter', 

Experimental Cell Research 248: 509-519. 

Löwenheim, H., Furness, D. N., Kil, J., Zinn, C., Gültig, K., Fero, M. L., Frost, D., Gummer, A. W., 

Roberts, J. M., Rubel, E. W. et al. (1999) 'Gene disruption of p27Kip1 allows cell proliferation in 

the postnatal and adult organ of Corti', PNAS 96: 4084–4088. 

Lujan, E., Chanda, S., Ahlenius, H., Südhof, T. C. and Wernig, M. (2012) 'Direct conversion of 

mouse fibroblasts to self-renewing, tripotent neural precursor cells', PNAS 109: 2527-2532. 

Lumpkin, E. A. and Caterina, M. J. (2007) 'Mechanisms of sensory transduction in the skin', 

Nature 445: 858-865. 

Luo, X.-j., Deng, M., Xie, X., Huang, L., Wang, H., Jiang, L., Liang, G., Hu, F., Tieu, R., Chen, R. et 

al. (2013) 'GATA3 controls the specification of prosensory domain and neuronal survival in the 

mouse cochlea', Human Molecular Genetics 22: 3609-3623. 

Ma, Q., Chen, Z., Barrantes, I. d. B., Pompa, J. L. d. l. and Anderson, D. J. (1998) 'Neurogenin1 is 

essential for the determination of neuronal precursors for proximal cranial sensory ganglia', 

Neuron 20: 469-482. 

MacLaren, R. E., Pearson, R. A., MacNeil, A., Douglas, R. H., Salt, T. E., Akimoto, M., Swaroop, 

A., Sowden, J. C. and Ali, R. R. (2006) 'Retinal repair by transplantation of photoreceptor 

precursors', Nature 44(203-207). 

Mak, A. C. Y., Szeto, I. Y. Y., Fritzsch, B. and Cheah, K. S. E. (2009) 'Differential and overlapping 

expression pattern of SOX2 and SOX9 in inner ear development', Gene Expression Patterns 9: 

444-453. 

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. 

Maricich, S. M., Wellnitz, S. A., Nelson, A. M., Lesniak, D. R., Gerling, G. J., Lumpkin, E. A. and 

Zoghbi, H. Y. (2009) 'Merkel Cells are Essential for Light Touch Responses', Science 324: 1580–

1582. 



 

185 
 

Marro, S., Pang, Z. P., Yang, N., Tsai, M. C., Qu, K., Chang, H. Y., Südhof, T. C. and Wernig, M. 

(2011) 'Direct lineage conversion of terminally differentiated hepatocytes to functional 

neurons', Cell Stem Cell 9: 374–382. 

Martin, K. and Groves, A. K. (2006) 'Competence of cranial ectoderm to respond to Fgf 

signaling suggests a two-step model of otic placode induction', Development 133: 877-887. 

Martinez-Monedero, R. and Edge, A. S. B. (2007) 'Stem cells for the replacement of inner ear 

neurons and hair cells', The International Journal of Developmental Biology 51: 655-661. 

Massari, M. E. and Murre, C. (2000) 'Helix-Loop-Helix Proteins: Regulators of Transcription in 

Eucaryotic Organisms', Molecular and Cellular Biology 20: 429-440. 

Masuda, M., Dulon, D., Pak, K., Mullen, L. M., Li, Y., Erkman, L. and Ryan, A. F. (2011) 

'Regulation of POU4F3 gene expression in hair cells by 5′ DNA in mice', Neuroscience 197: 48–

64. 

Masui, S., Nakatake, Y., Toyooka, Y., Shimosato, D., Yagi, R., Takahashi, K., Okochi, H., Okuda, 

A., Matoba, R., Sharov, A. A. et al. (2007) 'Pluripotency governed by Sox2 via regulation of 

Oct3/4 expression in mouse embryonic stem cells', Nature Cell Biology 9: 625-635. 

Masui, S., Shimosato, D., Toyooka, Y., Yagi, R., Takahashi, K. and Niwa, H. (2005) 'An efficient 

system to establish multiple embryonic stem cell lines carrying an inducible expression unit', 

Nucleic Acids Research 33: e43. 

Matei, V., Pauley, S., Kaing, S., Rowitch, D., Beisel, K. W., Morris, K., Feng, F., Jones, K., Lee, J. 

and Fritzsch, B. (2005) 'Smaller inner ear sensory epithelia in Neurog1 null mice are related to 

earlier hair cell cycle exit', Developmental Dynamics 234: 633-650. 

Matsui, J. I., Haque, A., Huss, D., Messana, E. P., Alosi, J. A., Roberson, D. W., Cotanche, D. A., 

Dickman, J. D. and Warchol, M. E. (2003) 'Caspase Inhibitors Promote Vestibular Hair Cell 

Survival and Function after Aminoglycoside Treatment In Vivo', The Journal of Neuroscience 23: 

6111-6122. 

Matsumoto, M., Nakagawa, T., Kojima, K., Sakamoto, T., Fujiyama, F. and Ito, J. (2008) 

'Potential of embryonic stem cell-derived neurons for synapse formation with auditory hair 

cells', Journal of Neuroscience Research 86: 3075–3085. 

Matsuoka, A. J., Kondo, T., Miyamoto, R. T. and Hashino, E. (2006) 'In Vivo and In Vitro 

Characterization of Bone Marrow-Derived Stem Cells in the Cochlea', The Laryngoscope 116: 

1363–1367,. 

Matsuoka, A. J., Kondo, T., Miyamoto, R. T. and Hashino, E. (2007) 'Enhanced Survival of Bone–

Marrow-Derived Pluripotent Stem Cells in an Animal Model of Auditory Neuropathy', The 

Laryngoscope 117: 1629–1635. 

May-Simera, H. and Kelley, M. W. (2012) 'Planar Cell Polarity in the Inner Ear', Current Topics in 

Developmental Biology 101: 111–140. 

McIver, S. B. (1985) 'Mechanoreception', In Comprehensive Insect Physiology, Biochemistry, 

and Pharmacology(ed. G. A. Kerkut and L. I. Gilbert): 71-132. 

Megason, S. G. and McMahon, A. P. (2002) 'A mitogen gradient of dorsal midline Wnts 

organizes growth in the CNS', Development 129: 2087-2098. 

Merlo, G. R., Paleari, L., Mantero, S., Zerega, B., Adamska, M., Rinkwitz, S., Bober, E. and Levi, 

G. (2002) 'The Dlx5 Homeobox Gene Is Essential for Vestibular Morphogenesis in the Mouse 

Embryo through a BMP4-Mediated Pathway', Developmental Biology 248: 157-169. 



 

186 
 

Meyers, J. R., MacDonald, R. B., Duggan, A., Lenzi, D., Standaert, D. G., Corwin, J. T. and Corey, 

D. P. (2003) 'Lighting up the senses: FM1-43 loading of sensory cells through nonselective ion 

channels', The Journal of Neuroscience 23: 4054-4065. 

Mizutari, K., Fujioka, M., Hosoya, M., Bramhall, N., Okano, H. J., Okano, H. and Edge, A. S. B. 

(2013) 'Notch Inhibition Induces Cochlear Hair Cell Regeneration and Recovery of Hearing after 

Acoustic Trauma', Neuron 77: 58-69. 

Moll, I., Kuhn, C. and Moll, R. (1995) 'Cytokeratin 20 is a general marker of cutaneous Merkel 

cells while certain neuronal proteins are absent', Journal of Investigative Dermatology 104: 

910-915. 

Moll, R., Franke, W. W. and Schiller, D. L. (1982) 'The catalog of human cytokeratins: Patterns 

of expression in normal epithelia, tumors and cultured cells', Cell 31: 11-24. 

Montcouquiol, M. and Kelley, M. W. (2003) 'Planar and Vertical Signals Control Cellular 

Differentiation and Patterning in the Mammalian Cochlea', The Journal of Neuroscience 23: 

9469-9478. 

Morrison, A., Hodgetts, C., Gossler, A., Angelis, M. H. d. and Lewis, J. (1999) 'Expression of 

Delta1 and Serrate1 (Jagged1) in the mouse inner ear', Mechanisms of Development 84: 169–

172. 

Morsli, H., Choo, D., Ryan, A., Johnson, R. and Wu, D. K. (1998) 'Development of the Mouse 

Inner Ear and Origin of Its Sensory Organs', The Journal of Neuroscience 18: 3327-3335. 

Morsli, H., Tuorto, F., Choo, D., Postiglione, M. P., Simeone, A. and Wu, D. K. (1999) 'Otx1 and 

Otx2 activities are required for the normal development of the mouse inner ear', Development 

126: 2335-2343. 

Moulins, M. (1975) 'Ultrastructure of chordotonal organs', In Structure and Function of 

Proprioceptors in the Invertebrates(ed. P. J. Mill): 387-426. 

Müller, M. (1991) 'Frequency representation in the rat cochlea', Hearing Research 51: 247-254. 

Müller, U. and Littlewood-Evans, A. (2001) 'Mechanisms that regulate mechanosensory hair 

cell differentiation', Trends in Cell Biology 11: 334-342. 

Mulvaney, J. and Dabdoub, A. (2012) 'Atoh1, an essential transcription factor in neurogenesis 

and intestinal and inner ear development: function, regulation, and context dependency', J 

Assoc Res Otolaryngol 13(3): 281-93. 

Murata, J., Tokunaga, A., Okano, H. and Kubo, T. (2006) 'Mapping of Notch Activation during 

Cochlear Development in Mice: Implications for Determination of Prosensory Domain and Cell 

Fate Diversification', THE JOURNAL OF COMPARATIVE NEUROLOGY 497: 502–518. 

Murre, C., McCaw, P. S., Vaessin, H., Caudy, M., Jan, L. Y., Jan, Y. N., Cabrera, C. V., Buskin, J. N., 

Hauschka, S. D., Lassar, A. B. et al. (1989) 'Interactions between heterologous helix-loop-helix 

proteins generate complexes that bind specifically to a common DNA sequence', Cell 58: 537–

544. 

Nakada, Y., Hunsaker, T. L., Henke, R. M. and Johnson, J. E. (2004) 'Distinct domains within 

Mash1 and Math1 are required for function in neuronal differentiation versus neuronal cell-

type specification', Development 131: 1319-1330. 

Nakano, T., Ando, S., Takata, N., Kawada, M., Muguruma, K., Sekiguchi, K., Saito, K., Yonemura, 

S., Eiraku, M. and Sasai, Y. (2012) 'Self-Formation of Optic Cups and Storable Stratified Neural 

Retina from Human ESCs', Cell Stem Cell 10: 771-785. 



 

187 
 

Neves, J., Abelló, G., Petrovic, J. and Giraldez, F. (2013a) 'Patterning and cell fate in the inner 

ear: a case for Notch in the chicken embryo', Development, Growth & Differentiation 55: 96-

112. 

Neves, J., Kamaid, A., Alsina, B. and Giraldez, F. (2007) 'Differential Expression of Sox2 and Sox3 

in Neuronal and Sensory Progenitors of the Developing Inner Ear of the Chick', THE JOURNAL 

OF COMPARATIVE NEUROLOGY 503: 487–500. 

Neves, J., Parada, C., Chamizo, M. and Giráldez, F. (2011) 'Jagged 1 regulates the restriction of 

Sox2 expression in the developing chicken inner ear: a mechanism for sensory organ 

specification', Development 138: 735-744. 

Neves, J., Uchikawa, M., Bigas, A. and Giraldez, F. (2012) 'The Prosensory Function of Sox2 in 

the Chicken Inner Ear Relies on the Direct Regulation of Atoh1', PLoS ONE 7: e30871. 

Neves, J., Vachkov, I. and Giraldez, F. (2013b) 'Sox2 regulation of hair cell development: 

incoherence makes sense', Hearing Research 297: 20-29. 

Ninkina, N. N., Stevens, G. E., Wood, J. N. and Richardson, W. D. (1993) 'A novel Brn3-like POU 

transcription factor expressed in subsets of rat sensory and spinal cord neurons', Nucleic Acids 

Research 21: 3175–3182. 

Nishikawa, S. and Sasaki, F. (1996) 'Internalization of styryl dye FM1-43 in the hair cells of 

lateral line organs in Xenopus larvae', Journal of Histochemistry & Cytochemistry 44: 733-741. 

Niu, W., Zang, T., Zou, Y., Fang, S., Smith, D. K., Bachoo, R. and Zhang, C.-L. (2013) 'In vivo 

reprogramming of astrocytes to neuroblasts in the adult brain', Nature Cell Biology 15: 1164–

1175. 

Niwa, H., Miyazaki, J.-i. and Smith, A. G. (2000) 'Quantitative expression of Oct-3/4 defines 

differentiation, dedifferentiation or self-renewal of ES cells', Nature Genetics 24: 372-376. 

Nolo, R., Abbott, L. A. and Bellen, H. J. (2000) 'Senseless, a Zn Finger Transcription Factor, Is 

Necessary and Sufficient for Sensory Organ Development in Drosophila', Cell 102: 349–362. 

Ohtsuka, S. and Dalton, S. (2008) 'Molecular and biological properties of pluripotent embryonic 

stem cells', Gene Therapy 15: 74-81. 

Ohyama, T., Basch, M. L., Mishina, Y., Lyons, K. M., Segil, N. and Groves, A. K. (2010) 'BMP 

signaling is necessary for patterning the sensory and non-sensory regions of the developing 

mammalian cochlea', The Journal of Neuroscience 30: 15044-15051. 

Okita, K., Nakagawa, M., Hyenjong, H., Ichisaka, T. and Yamanaka, S. (2008) 'Generation of 

Mouse Induced Pluripotent Stem Cells Without Viral Vectors', Science 322: 949-953. 

Ono, K., Kita, T., Sato, S., O'Neill, P., Mak, S.-S., Paschaki, M., Ito, M., Gotoh, N., Kawakami, K., 

Sasai, Y. et al. (2014) 'FGFR1-Frs2/3 Signalling Maintains Sensory Progenitors during Inner Ear 

Hair Cell Formation', PLoS Genetics 10: e1004118. 

Osafune, K., Caron, L., Borowiak, M., Martinez, R. J., Fitz-Gerald, C. S., Sato, Y., Cowan, C. A., 

Chien, K. R. and Melton, D. A. (2008) 'Marked differences in differentiation propensity among 

human embryonic stem cell lines', Nature Biotechnology 26: 313-315. 

Oshima, K., Shin, K., Diensthuber, M., Peng, A. W., Ricci, A. J. and Heller, S. (2010) 

'Mechanosensitive Hair Cell-like Cell from Embryonic and Induced Pluripotent Stem Cells', Cell 

141: 704–716. 



 

188 
 

Osterweil, E., Wells, D. G. and Mooseker, M. S. (2005) 'A role for myosin VI in postsynaptic 

structure and glutamate receptor endocytosis', The Journal of General Physiology 168: 329-

338. 

Ouji, Y., Ishizaka, S., Nakamura-Uchiyama, F., Wanaka, A. and Yoshikawa, M. (2013) 'Induction 

of inner ear hair cell-like cells from Math1-transfected mouse ES cells', Cell Death & Disease 4: 

e700. 

Ouji, Y., Ishizaka, S., Nakamura-Uchiyama, F. and Yoshikawa, M. (2012) 'In vitro differentiation 

of mouse embryonic stem cells into inner ear hair cell-like cells using stromal cell conditioned 

medium', Cell Death & Disease 3: e314. 

Ozasa, S., Kimura, S., Ito, K., Ueno, H., Ikezawa, M., Matsukura, M., Yoshioka, K., Araki, K., 

Yamamura, K.-i., Abe, K. et al. (2007) 'Efficient conversion of ES cells into myogenic lineage 

using the gene-inducible system', Biochem Biophys Res Commun. 357: 957-963. 

Pan, N., Jahan, I., Kersigo, J., Duncan, J. S., Kopecky, B. and Fritzsch, B. (2012) 'A Novel Atoh1 

“Self-Terminating” Mouse Model Reveals the Necessity of Proper Atoh1 Level and Duration for 

Hair Cell Differentiation and Viability', PLoS ONE 7: e30358. 

Pan, N., Jahan, I., Kersigo, J., Kopecky, B., Santi, P., Johnson, S., Schmitz, H. and Fritzsch, B. 

(2011) 'Conditional deletion of Atoh1 using Pax2-Cre results in viable mice without 

differentiated cochlear hair cells that have lost most of the organ of Corti', Hearing Research 

275: 66-80. 

Pan, W., Jin, Y., Stanger, B. and Kiernan, A. E. (2010) 'Notch signaling is required for the 

generation of hair cells and supporting cells in the mammalian inner ear', PNAS 107: 15798-

15803. 

Pang, Z. P., Yang, N., Vierbuchen, T., Ostermeier, A., Fuentes, D. R., Yang, T. Q., Citri, A., 

Sebastiano, V., Marro, S., Südhof, T. C. et al. (2012) 'Induction of human neuronal cells by 

defined transcription factors', Nature 476: 220-223. 

Panman, L., Andersson, E., Alekseenko, Z., Hedlund, E., Kee, N., Mong, J., Uhde, C. W., Deng, 

Q., Sandberg, R., Stanton, L. W. et al. (2011) 'Transcription Factor-Induced Lineage Selection of 

Stem-Cell-Derived Neural Progenitor Cells', Cell Stem Cell 8: 663-675. 

Parker, M. A., Corliss, D. A., Gray, B., Anderson, J. K., Bobbin, R. P., Snyder, E. Y. and Cotanche, 

D. A. (2007) 'Neural stem cells injected into the sound-damaged cochlea migrate throughout 

the cochlea and express markers of hair cells, supporting cells, and spiral ganglion cells', 

Hearing Research 232: 29–43. 

Pauley, S., Wright, T. J., Pirvola, U., Ornitz, D., Beisel, K. and Fritzsch, B. (2003) 'Expression and 

function of FGF10 in mammalian inner ear development', Developmental Dynamics 227: 203-

215. 

Pauw, R. J., Drunen, F. J. W. v., Collin, R. W. J., Huygen, P. L. M., Kremer, H. and Cremers, C. W. 

R. J. (2008) 'Audiometric characteristics of a Dutch family linked to DFNA15 with a novel 

mutation (p.L289F) in POU4F3', Archives of Otolaryngology—Head & Neck Surgery 134: 294-

300. 

Peng, A. W., Salles, F. T., Pan, B. and Ricci, A. J. (2011) 'Integrating the biophysical and 

molecular mechanisms of auditory hair cell mechanotransduction', Nature Communications 2: 

523. 



 

189 
 

Person, R. E., Li, F.-Q., Duan, Z., Benson, K. F., Wechsler, J., Papadaki, H. A., Eliopoulos, G., 

Kaufman, C., Bertolone, S. J., Nakamoto, B. et al. (2003) 'Mutations in proto-oncogene GFI1 

cause human neutropenia and target ELA2', Nature Genetics 34: 308–312. 

Petros, T. J., Maurer, C. W. and Anderson, S. A. (2013) 'Enhanced derivation of mouse ESC-

derived cortical interneurons by expression of Nkx2.1', Stem Cell Research 11: 647-656. 

Pickles, J. O., Comis, S. D. and Osborne, M. P. (1984) 'Cross-links between stereocilia in the 

guinea pig organ of Corti, and their possible relation to sensory transduction', Hearing 

Research 15: 103-112. 

Pieper, M., Ahrens, K., Rink, E., Peter, A. and Schlosser, G. (2012) 'Differential distribution of 

competence for panplacodal and neural crest induction to non-neural and neural ectoderm', 

Development 139: 1175-1187. 

Pirvola, U., Ylikoski, J., Trokovic, R., Hébert, J. M., McConnell, S. K. and Partanen, J. (2002) 

'FGFR1 Is Required for the Development of the Auditory Sensory Epithelium', Neuron 35: 671-

680. 

Puligilla, C., Dabdoub, A., Brenowitz, S. D. and Kelley, M. W. (2010) 'Sox2 Induces Neuronal 

Formation in the Developing Mammalian Cochlea', The Journal of Neuroscience 30: 714-722. 

Purves, D., Augustine, G. J., Fitzpatrick, D., Katz, L. C., LaMantia, A.-S., McNamara, J. O. and 

Williams, S. M. (2004) 'Neuroscience Third Edition', Sinauer Associates. 

Qian, D., Radde-Gallwitz, K., Kelly, M., Tyrberg, B., Kim, J., Gao, W.-Q. and Chen, P. (2006) 

'Basic helix–loop–helix gene Hes6 delineates the sensory hair cell lineage in the inner ear', 

Developmental Dynamics 235: 1689-1700. 

Qian, L., Huang, Y., Spencer, C. I., Foley, A., Vedantham, V., Liu, L., Conway, S. J., Fu, J.-d. and 

Srivastava, D. (2012) 'In vivo reprogramming of murine cardiac fibroblasts into induced 

cardiomyocytes', Nature 485: 593–598. 

Radde-Gallwitz, K., Pan, L., Gan, L., Lin, X., Segil, N. and Chen, P. (2004) 'Expression of Islet1 

marks the sensory and neuronal lineages in the mammalian inner ear', Journal of Comparative 

Neurology 477: 412-421. 

Raft, S., Koundakjian, E. J., Quinones, H., Jayasena, C. S., Goodrich, L. V., Johnson, J. E., Segil, N. 

and Groves, A. K. (2007) 'Cross-regulation of Ngn1 and Math1 coordinates the production of 

neurons and sensory hair cells during inner ear development', Development 134: 4405-4415. 

Raft, S., Nowotschin, S., Liao, J. and Morrow, B. E. (2004) 'Suppression of neural fate and 

control of inner ear morphogenesis by Tbx1', Development 131: 1801-1812. 

Rajab, A., Kelberman, D., Castro, S. C. P. d., Biebermann, H., Shaikh, H., Pearce, K., Hall, C. M., 

Shaikh, G., Gerrelli, D., Grueters, A. et al. (2008) 'Novel mutations in LHX3 are associated with 

hypopituitarism and sensorineural hearing loss', Human Molecular Genetics 17: 2150-2159. 

Raphael, Y. and Altschuler, R. A. (1991) 'Scar formation after drug-induced cochlear insult', 

Hearing Research 51: 173–183. 

Raphael, Y. and Altschuler, R. A. (2003) 'Structure and innervation of the cochlea', Brain 

Research Bulletin 60: 397-422. 

Raphael, Y., Kim, Y.-H., Osumi, Y. and Izumikawa, M. (2007) 'Non-sensory cells in the deafened 

organ of Corti: approaches for repair', The International Journal of Developmental Biology 51: 

649 - 654. 



 

190 
 

Raz, Y. and Kelley, M. W. (1999) 'Retinoic Acid Signaling Is Necessary for the Development of 

the Organ of Corti', Developmental Biology 213: 180–193. 

Regala, C., Duan, M., Zou, J., Salminen, M. and Olivius, P. (2005) 'Xenografted fetal dorsal root 

ganglion, embryonic stem cell and adult neural stem cell survival following implantation into 

the adult vestibulocochlear nerve', Experimental Neurology 193: 326–333. 

Represa, J., Sanchez, A., Miner, C., Lewis, J. and Giraldez, F. (1990) 'Retinoic acid modulation of 

the early development of the inner ear is associated with the control of c-fos expression', 

Development 110: 1081-1090. 

Reyes, J. H., O'Shea, K. S., Wys, N. L., Velkey, J. M., Prieskorn, D. M., Wesolowski, K., Miller, J. 

M. and Altschuler, R. A. (2008) 'Glutamatergic Neuronal Differentiation of Mouse Embryonic 

Stem Cells after Transient Expression of Neurogenin 1 and Treatment with BDNF and GDNF: In 

Vitro and In Vivo Studies', The Journal of Neuroscience 28: 12622-12631. 

Rhinn, M. and Dollé, P. (2012) 'Retinoic acid signalling during development', Development 139: 

843-858. 

Richardson, G. P., Monvel, J. B. d. and Petit, C. (2011) 'How the Genetics of Deafness 

Illuminates Auditory Physiology', Annual Review of Physiology 73: 311-334. 

Rida, P. C. G. and Chen, P. (2009) 'Line up and listen: planar cell polarity regulation in the 

mammalian inner ear', Seminars in Cell & Development Biology 20: 978-985. 

Ring, K. L., Tong, L. M., Balestra, M. E., Javier, R., Andrews-Zwilling, Y., Li, G., Walker, D., Zhang, 

W. R., Kreitzer, A. C. and Huang, Y. (2012) 'Direct Reprogramming of Mouse and Human 

Fibroblasts into Multipotent Neural Stem Cells with a Single Factor', Cell Stem Cell 11: 100-109. 

Rio, C., Dikkes, P., Liberman, M. C. and Corfas, G. (2002) 'Glial fibrillary acidic protein 

expression and promoter activity in the inner ear of developing and adult mice', Journal of 

Comparative Neurology 442: 156–162. 

Rivolta, M. N., Li, H. and Heller, S. (2006) 'Generation of Inner Ear Cell Types From Embryonic 

Stem Cells', Methods in Molecular Biology 330: 71-92. 

Rizzoti, K. and Lovell-Badge, R. (2007) 'SOX3 activity during pharyngeal segmentation is 

required for craniofacial morphogenesis', Development 134: 3437-3448. 

Roberson, D. and Rubel, E. (1994a) 'Cell division in the gerbil cochlea after acoustic trauma', 

The American journal of otology 15: 28-34. 

Roberson, D. W. and Rubel, E. W. (1994b) 'Cell division in the gerbil cochlea after acoustic 

trauma', American Journal of Otology 15: 28–34. 

Robledo, R. F. and Lufkin, T. (2006) 'Dlx5 and Dlx6 homeobox genes are required for 

specification of the mammalian vestibular apparatus', Genesis 44: 425-437. 

Rocha-Sanchez, S. M., Scheetz, L. R., Contreras, M., Weston, M. D., Korte, M., McGee, J. and 

Walsh, E. J. (2011) 'Mature mice lacking Rbl2/p130 gene have supernumerary inner ear hair 

cells and supporting cells', The Journal of Neuroscience 31: 8883-8893. 

Romand, R. (2003) 'The Roles of Retinoic Acid during Inner Ear Development', Current Topics in 

Developmental Biology 53: 261-291. 

Romand, R., Hashino, E., Dollé, P., Vonesch, J.-L., Chambon, P. and Ghyselinck, N. B. (2002) 'The 

retinoic acid receptors RARα and RARγ are required for inner ear development', Mechanisms 

of Development 119: 213–223. 



 

191 
 

Rose, M. F., Ren, J., Ahmad, K. A., Chao, H.-T., Klisch, T. J., Flora, A., Greer, J. J. and Zoghbi, H. Y. 

(2009) 'Math1 Is Essential for the Development of Hindbrain Neurons Critical for Perinatal 

Breathing', Neuron 64: 341–354. 

Ross, A. J., May-Simera, H., Eichers, E. R., Kai, M., Hill, J., Jagger, D. J., Leitch, C. C., Chapple, J. 

P., Munro, P. M., Fisher, S. et al. (2005) 'Disruption of Bardet-Biedl syndrome ciliary proteins 

perturbs planar cell polarity in vertebrates', Nature Genetics 37: 1135-1140. 

Rubel, E. W., Furrer, S. A. and Stone, J. S. (2013) 'A brief history of hair cell regeneration 

research and speculations on the future', Hearing Research 297: 42–51. 

Ruben, R. J. (1967) 'Development of the inner ear of the mouse: a radioautographic study of 

terminal mitoses', Acta Oto-laryngologica 220: 1-44. 

Ryan, M. D., King, A. M. Q. and Thomas, G. P. (1991) 'Cleavage of foot-and-mouth disease virus 

polyprotein is mediated by residues located within a 19 amino acid sequence ', Journal of 

General Virology 72: 2727-2732. 

Rzadzinska, A. K., Schneider, M. E., Davies, C., Riordan, G. P. and Kachar, B. (2004) 'An actin 

molecular treadmill and myosins maintain stereocilia functional architecture and self-renewal', 

The Journal of Cell Biology 164: 887-897. 

Safieddine, S., El-Amraoui, A. and Petit, C. (2012) 'The Auditory Hair Cell Ribbon Synapse: From 

Assembly to Function', Annual Review of Neuroscience 35: 509-528. 

Safieddine, S. and Wenthold, R. J. (1997) 'The Glutamate Receptor Subunit δ1 Is Highly 

Expressed in Hair Cells of the Auditory and Vestibular Systems', The Journal of Neuroscience 

17: 7523-7531. 

Sage, C., Huang, M., Karimi, K., Gutierrez, G., Vollrath, M. A., Zhang, D.-S., García-Añoveros, J., 

Hinds, P. W., Corwin, J. T., Corey, D. P. et al. (2005) 'Proliferation of Functional Hair Cells in Vivo 

in the Absence of the Retinoblastoma Protein', Science 307: 1114-1118  

Sage, C., Huang, M., Vollrath, M. A., Brown, M. C., Hinds, P. W., Corey, D. P., Vetter, D. E. and 

Chen, Z.-Y. (2006) 'Essential role of retinoblastoma protein in mammalian hair cell 

development and hearing', PNAS 103: 7345-7350. 

Sahly, I., El-Amraoui, A., Abitbol, M., Petit, C. and Dufier, J.-L. (1997) 'Expression of myosin VIIA 

during mouse embryogenesis', Anat Embryol 196: 159–170. 

Sakamoto, T., Nakagawa, T., Endo, T., Tae-Soo, K., Iguchi, F., Naito, Y., Sasai, Y. and Ito, J. 

(2004) 'Fates of mouse embryonic stem cells transplanted into the inner ears of adult mice and 

embryonic chickens', Acta Oto-laryngologica 124: 48-52. 

Salzberg, A., Prokopenko, S. N., He, Y., Tsai, P., Pál, M., Maróy, P., Glover, D. M., Deák, P. and 

Bellen, H. J. (1997) 'P-Element Insertion Alleles of Essential Genes on the Third Chromosome of 

Drosophila melanogaster: Mutations Affecting Embryonic PNS Development', Genetics 147: 

1723-1741. 

Sancho-Martinez, I., Baek, S. H. and Belmonte, J. C. I. (2012) 'Lineage conversion 

methodologies meet the reprogramming toolbox', Nature Cell Biology 14: 892-899. 

Sasai, Y., Eiraku, M. and Suga, H. (2012) 'In vitro organogenesis in three dimensions: self-

organising stem cells', Development 139: 4111-4121. 

Sato, T., Doi, K., Taniguchi, M., Yamashita, T., Kubo, T. and Tohyama, M. (2006) 'Progressive 

hearing loss in mice carrying a mutation in the p75 gene', Brain Research 1091: 224–234. 



 

192 
 

Satoh, T. and Fekete, D. M. (2005) 'Clonal analysis of the relationships between 

mechanosensory cells and the neurons that innervate them in the chicken ea', Development 

132: 1687-1697. 

Savary, E., Hugnot, J. P., Chassigneux, Y., Travo, C., Duperray, C., Water, T. V. D. and Zine, A. 

(2007) 'Distinct population of hair cell progenitors can be isolated from the postnatal mouse 

cochlea using side population analysis', Stem Cells 25: 332-339. 

Schlosser, G. (2007) 'How old genes make a new head: redeployment of Six and Eya genes 

during the evolution of vertebrate cranial placodes', Integrative and Comparative Biology 47: 

343-359. 

Schraven, S. P., Franz, C., Rüttiger, L., Löwenheim, H., Lysakowski, A., Stoffel, W. and Knipper, 

M. (2012) 'Altered Phenotype of the Vestibular Organ in GLAST-1 Null Mice', Journal of the 

Association for Research in Otolaryngology 13: 323–333. 

Schuknecht, H. (1975) 'Pathology of the Ear', Harvard University Press. 

Schwander, M., Kachar, B. and Müller, U. (2010) 'The cell biology of hearing', The Journal of 

Cell Biology 190: 9-20. 

Sekerková, G., Richter, C.-P. and Bartles, J. R. (2011) 'Roles of the Espin Actin-Bundling Proteins 

in the Morphogenesis and Stabilization of Hair Cell Stereocilia Revealed in CBA/CaJ Congenic 

Jerker Mice', PLoS Genetics 7: e1002032. 

Sekerková, G., Zheng, L., Loomis, P. A., Changyaleket, B., Whitlon, D. S., Mugnaini, E. and 

Bartles, J. R. (2004) 'Espins are multifunctional actin cytoskeletal regulatory proteins in the 

microvilli of chemosensory and mechanosensory cells', The Journal of Neuroscience 24: 5445-

5456. 

Sekiya, S. and Suzuki, A. (2011) 'Direct conversion of mouse fibroblasts to hepatocyte-like cells 

by defined factors', Nature 275: 390-393. 

Sekiya, T., Holley, M. C., Kojima, K., Matsumoto, M., Helyer, R. and Ito, J. (2007) 

'Transplantation of conditionally immortal auditory neuroblasts to the auditory nerve', 

European Journal of Neuroscience 25: 2307–2318. 

Sekiya, T., Kojima, K., Matsumoto, M., Kim, T.-S., Tamura, T. and Ito, J. (2006) 'Cell 

transplantation to the auditory nerve and cochlear duct', Experimental Neurology 198: 12–24. 

Shailam, R., Lanford, P. J., Dolinsky, C. M., Norton, C. R., Gridley, T. and Kelley, M. W. (1997) 

'Expression of proneural and neurogenic genes in the embryonic mammalian vestibular 

system', Journal of Neurocytology 28: 809-819. 

Sharma, K., Sheng, H. Z., Lettieri, K., Li, H., Karavanov, A., Potter, S., Westphal, H. and Pfaff, S. L. 

(1998) 'LIM Homeodomain Factors Lhx3 and Lhx4 Assign Subtype Identities for Motor 

Neurons', Cell 95: 817-828. 

Shi, F., Corrales, C. E., Liberman, M. C. and Edge, A. S. B. (2007) 'BMP4 induction of sensory 

neurons from human embryonic stem cells and reinnervation of sensory epithelium', European 

Journal of Neuroscience 26: 3016–3023. 

Shi, F., Hu, L. and Edge, A. S. B. (2013) 'Generation of hair cells in neonatal mice by β-catenin 

overexpression in Lgr5-positive cochlear progenitors', PNAS 110: 13851-13856. 

Shi, F., Kempfle, J. and Edge, A. S. B. (2012) 'Wnt Responsive Lgr5-Expressing Stem Cells Are 

Hair Cell Progenitors in the Cochlea', The Journal of Neuroscience 32: 9639-9648. 



 

193 
 

Shin, J.-B., Krey, J. F., Hassan, A., Metlagel, Z., Tauscher, A. N., Pagana, J. M., Sherman, N. E., 

Jeffery, E. D., Spinelli, K. J., Zhao, H. et al. (2013) 'Molecular architecture of the chick vestibular 

hair bundle', Nature Neuroscience 16: 365-374. 

Shin, J.-B., Streijger, F., Beynon, A., Peters, T., Gadzalla, L., McMillen, D., Bystrom, C., Zee, C. E. 

E. M. V. d., Wallimann, T. and Gillespie, P. G. (2007) 'Hair Bundles Are Specialized for ATP 

Delivery via Creatine Kinase', Neuron 53: 371-386. 

Shou, J., Zheng, J. L. and Gao, W.-Q. (2003) 'Robust generation of new hair cells in the mature 

mammalian inner ear by adenoviral expression of Hath1', Molecular and Cellular Neuroscience 

23: 169-179. 

Shroyer, N. F., Wallis, D., Venken, K. J. T., Bellen, H. J. and Zoghbi, H. Y. (2005) 'Gfi1 functions 

downstream of Math1 to control intestinal secretory cell subtype allocation and 

differentiation', Genes & Development 19: 2412–2417. 

Siemens, J., Lillo, C., Dumont, R. A., Reynolds, A., Williams, D. S., Gillespie, P. G. and Müller, U. 

(2004) 'Cadherin 23 is a component of the tip link in hair-cell stereocilia', Nature 428: 950-955. 

Silva, M. G. D., Hildebrand, M. S., Christopoulos, H., Newman, M. R., Bell, K., Ritchie, M., 

Smyth, G. K. and Dahl, H.-H. M. (2006) 'Gene expression changes during step-wise 

differentiation of embryonic stem cells along the inner ear hair cell pathway', Acta Oto-

laryngologica 126: 1148-1157. 

Simmons, D. D. and Morley, B. J. (2011) 'Spatial and temporal expression patterns of nicotinic 

acetylcholine alpha 9 and alpha 10 subunits in the embryonic and early postnatal inner ear', 

Neuroscience 194: 326–336. 

Smith, A. G. (2001) 'Embryo-derived stem cells: of mice and men', Annual Review of Cell and 

Developmental Biology 17: 435-462. 

Smith, R. J., Bale, J. F. and White, K. R. (2005) 'Sensorineural hearing loss in children', The 

Lancet 365: 879–890. 

Smyth, G. K. (2004) 'Linear models and empirical bayes methods for assessing differential 

expression in microarray experiments', Statistical Applications in Genetics and Molecular 

Biology 3: 1544-6115. 

Song, K., Nam, Y.-J., Luo, X., Qi, X., Tan, W., Huang, G. N., Acharya, A., Smith, C. L., Michelle D. 

Tallquist, Neilson, E. G. et al. (2012) 'Heart repair by reprogramming non-myocytes with 

cardiac transcription factors', Nature 485: 599–604. 

Spencer, N. J., Cotanche, D. A. and Klapperich, C. M. (2008) 'Peptide- and collagen-based 

hydrogel substrates for in vitro culture of chick cochleae', Biomaterials 29: 1028-1042. 

Sprinzl, G. M. and Riechelmann, H. (2010) 'Current Trends in Treating Hearing Loss in Elderly 

People: A Review of the Technology and Treatment Options – A Mini-Review ', Gerontology 56: 

351–358. 

Srivastava, R., Kumar, M., Peineau, S., Csaba, Z., Mani, S., Gressens, P. and Ghouzzi, V. E. (2013) 

'Conditional Induction of Math1 Specifies Embryonic Stem Cells to Cerebellar Granule Neuron 

Lineage and Promotes Differentiation into Mature Granule Neurons', Stem Cells 31: 652–665. 

Staaden, M. J. v. and Römer, H. (1998) 'Evolutionary transition from stretch to hearing organs 

in ancient grasshoppers', Nature 394: 773-776. 



 

194 
 

Stevens, G., Flaxman, S., Brunskill, E., Mascarenhas, M., Mathers, C. D. and Finucane, M. (2013) 

'Global and regional hearing impairment prevalence: an analysis of 42 studies in 29 countries', 

European Journal of Public Health 23: 146-152. 

Stone, J. S. and Cotanche, D. A. (2007) 'Hair cell regeneration in the avian auditory epithelium', 

The International Journal of Developmental Biology 51: 633-647. 

Suzuki, M., Kasai, K. and Saeki, Y. (2006) 'Plasmid DNA Sequences Present in Conventional 

Herpes Simplex Virus Amplicon Vectors Cause Rapid Transgene Silencing by Forming Inactive 

Chromatin', Journal of Virology 80: 3293–3300. 

Szabo, E., Rampalli, S., Risueño, R. M., Schnerch, A., Mitchell, R., Fiebig-Comyn, A., Levadoux-

Martin, M. and Bhatia, M. (2010) 'Direct conversion of human fibroblasts to multilineage blood 

progenitors', Nature 468: 521-526. 

Sze, J. Y., Liu, Y. and Ruvkun, G. (1997) 'VP16-activation of the C. elegans neural specification 

transcription factor UNC-86 suppresses mutations in downstream genes and causes defects in 

neural migration and axon outgrowth', Development 124: 1159-1168. 

Sze, J. Y. and Ruvkun, G. (2003) 'Activity of the Caenorhabditis elegans UNC-86 POU 

transcription factor modulates olfactory sensitivity', PNAS 100: 9560–9565. 

Szeder, V., Grim, M., Halata, Z. and Sieber-Blum, M. (2003) 'Neural crest origin of mammalian 

Merkel cells', Developmental Biology 253: 258–263. 

Szymczak, A. L., Workman, C. J., Wang, Y., Vignali, K. M., Dilioglou, S., Vanin, E. F. and Vignali, 

D. A. A. (2004) 'Correction of multi-gene deficiency in vivo using a single ‘self-cleaving’ 2A 

peptide–based retroviral vector', Nature Biotechnology 22: 589-594. 

Takahashi, K. and Yamanaka, S. (2006) 'Induction of Pluripotent Stem Cells from Mouse 

Embryonic and Adult Fibroblast Cultures by Defined Factors', Cell 126: 663–676. 

Takebayashi, S., Yamamoto, N., Yabe, D., Fukuda, H., Kojima, K., Ito, J. and Honjo, T. (2007) 

'Multiple roles of Notch signaling in cochlear development', Developmental Biology 307: 165-

178. 

Tamura, T., Nakagawa, T., Iguchi, F., Tateya, I., Endo, T., Tae-Soo, K., Youyi, D., Kita, T., Kojima, 

K., Naito, Y. et al. (2004) 'Transplantation of Neural Stem Cells into the Modiolus of Mouse 

Cochleae Injured by Cisplatin.', Acta Oto-laryngologica 124: 65-68. 

Tang, W., Ehrlich, I., Wolff, S. B. E., Michalski, A.-M., Wölfl, S., Hasan, M. T., Lüthi, A. and 

Sprengel, R. (2009) 'Faithful Expression of Multiple Proteins via 2A-Peptide Self-Processing: A 

Versatile and Reliable Method for Manipulating Brain Circuits', Journal of Neuroscience 29: 

8621-8629. 

Tateya, I., Nakagawa, T., Iguchi, F., Kim, T. S., Endo, T., Yamada, S., Kageyama, R., Naito, Y. and 

Ito, J. (2003) 'Fate of neural stem cells grafted into injured inner ears of mice', NeuroReport 14: 

1677-1681. 

Tateya, T., Imayoshi, I., Tateya, I., Hamaguchi, K., Torii, H., Ito, J. and Kageyama, R. (2013) 

'Hedgehog signaling regulates prosensory cell properties during the basal-to-apical wave of 

hair cell differentiation in the mammalian cochlea', Development 140: 3848-3857. 

Taylor, R. R., Jagger, D. J. and Forge, A. (2012) 'Defining the Cellular Environment in the Organ 

of Corti following Extensive Hair Cell Loss: A Basis for Future Sensory Cell Replacement in the 

Cochlea', PLoS ONE 7: e30577. 



 

195 
 

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., Marshall, V. S. 

and Jones, J. M. (1998) 'Embryonic stem cell lines derived from human blastocysts', Science 

282: 1145-1147. 

Thor, S., Andersson, S. G. E., Tomlinson, A. and Thomas, J. B. (1999) 'A LIM-homeodomain 

combinatorial code for motor-neuron pathway selection', Nature 397: 76-80. 

Tilney, L. G., Tilney, M. S. and DeRosier, D. J. (1992) 'Actin Filaments, Stereocilia, and Hair Cells: 

How Cells Count and Measure', Annual Review of Cell Biology 8: 257-274. 

Ting, D. T., Daley, G. Q. and Kyba, M. (2005) 'Inducible transgene expression in mouse stem 

cells', Methods Mol Med. 105: 23-46. 

Togashi, H., Kominami, K., Waseda, M., Komura, H., Miyoshi, J., Takeichi, M. and Takai, Y. 

(2011) 'Nectins Establish a Checkerboard-Like Cellular Pattern in the Auditory Epithelium', 

Science 333: 1144-1147. 

Torper, O., Pfisterer, U., Wolf, D. A., Pereira, M., Lau, S., Jakobsson, J., Björklund, A., Grealish, 

S. and Parmar, M. (2013) 'Generation of induced neurons via direct conversion in vivo', PNAS 

110: 7038–7043. 

Torres, M. and Giráldez, F. (1998) 'The development of the vertebrate inner ear', Mechanisms 

of Development 71: 5–21. 

Townes, T. M., Lingrel, J. B., Chen, H. Y., Brinster, R. L. and Palmiter, R. D. (1985) 'Erythroid-

specific expression of human beta-globin genes in transgenic mice', The EMBO Journal 4: 

1715–1723. 

Trichas, G., Begbie, J. and Srinivas, S. (2008) 'Use of the viral 2A peptide for bicistronic 

expression in transgenic mice', BMC Biology 6: 40. 

Tsuda, H., Jafar-Nejad, H., Patel, A. J., Sun, Y., Chen, H.-K., Rose, M. F., Venken, K. J. T., Botas, J., 

Orr, H. T., Bellen, H. J. et al. (2005) 'The AXH Domain of Ataxin-1 Mediates Neurodegeneration 

through Its Interaction with Gfi-1/Senseless Proteins', Cell 122: 633–644. 

Unger, C., Kärner, E., Treschow, A., Stellan, B., Felldin, U., Concha, H., Wendel, M., Hovatta, O., 

Aints, A., Ährlund-Richter, L. et al. (2007) 'Lentiviral-Mediated HoxB4 Expression in Human 

Embryonic Stem Cells Initiates Early Hematopoiesis in a Dose-Dependent Manner but Does Not 

Promote Myeloid Differentiation', Stem Cells 26: 2455-2466. 

Vahava, O., Morell, R., Lynch, E. D., Weiss, S., Kagan, M. E., Ahituv, N., Morrow, J. E., Lee, M. K., 

Skvorak, A. B., Morton, C. C. et al. (1998) 'Mutation in transcription factor POU4F3 associated 

with inherited progressive hearing loss in humans', Science 279: 1950-1954. 

Vierbuchen, T., Ostermeier, A., Pang, Z. P., Kokubu, Y., Südhof, T. C. and Wernig, M. (2010) 

'Direct conversion of fibroblasts to functional neurons by defined factors', Nature 463: 1035–

1041. 

Vierbuchen, T. and Wernig, M. (2011) 'Direct Lineage Conversions: Unnatural but useful', 

Nature Biotechnology 29: 892–907. 

Vierbuchen, T. and Wernig, M. (2012) 'Molecular Roadblocks for Cellular Reprogramming', 

Molecular Cell 47(6): 827-838. 

Vilas-Boas, F., Fior, R., Swedlow, J. R., Storey, K. G. and Henrique, D. (2011) 'A novel reporter of 

notch signalling indicates regulated and random notch activation during vertebrate 

neurogenesis', BMC Biology 5: e15459. 



 

196 
 

Vitelli, F., Viola, A., Morishima, M., Pramparo, T., Baldini, A. and Lindsay, E. (2003) 'TBX1 is 

required for inner ear morphogenesis', Human Molecular Genetics 12: 2041-2048. 

Wallis, D., Hamblen, M., Zhou, Y., Venken, K. J. T., Schumacher, A., Grimes, H. L., Zoghbi, H. Y., 

Orkin, S. H. and Bellen, H. J. (2002) 'The zinc finger transcription factor Gfi1, implicated in 

lymphomagenesis, is required for inner ear hair cell differentiation and survival', Development 

130: 221-232. 

Wang, J., Theunissen, T. W. and Orkin, S. H. (2007) 'Site-directed, virus-free, and inducible RNAi 

in embryonic stem cells', PNAS 104: 20850–20855. 

Wang, V. Y., Hassan, B. A., Bellen, H. J. and Zoghbi, H. Y. (2002) 'Drosophila atonal Fully Rescues 

the Phenotype of Math1 Null Mice: New Functions Evolve in New Cellular Contexts', Current 

Biology 12: 1611–1616. 

Wang, W., Chan, E. K., Baron, S., Water, T. V. D. and Lufkin, T. (2001) 'Hmx2 homeobox gene 

control of murine vestibular morphogenesis', Development 128: 5017-5029. 

Wang, W., Water, T. V. D. and Lufkin, T. (1998) 'Inner ear and maternal reproductive defects in 

mice lacking the Hmx3 homeobox gene', Development 125: 621-634. 

Wapinski, O. L., Vierbuchen, T., Qu, K., Lee, Q. Y., Chanda, S., Fuentes, D. R., Giresi, P. G., Ng, Y. 

H., Marro, S., Neff, N. F. et al. (2013) 'Hierarchical Mechanisms for Direct Reprogramming of 

Fibroblasts to Neurons', Cell 155: 621–635. 

Warchol, M. E. (2007) 'Characterization of supporting cell phenotype in the avian inner ear: 

Implications for sensory regeneration', Hearing Research 227: 11-18. 

Warchol, M. E., Lambert, P. R., Goldstein, B. J., Forge, A. and Corwin, J. T. (1993) 'Regenerative 

proliferation in inner ear sensory epithelia from adult guinea pigs and humans', Science 259: 

1619-22. 

Weiss, S., Gottfried, I., Mayrose, I., Khare, S. L., Xiang, M., Dawson, S. J. and Avraham, K. B. 

(2003) 'The DFNA15 Deafness Mutation Affects POU4F3 Protein Stability, Localization, and 

Transcriptional Activity', Molecular and Cellular Biology 23: 7957–7964. 

Wernig, M., Lengner, C. J., Hanna, J., Lodato, M. A., Steine, E., Foreman, R., Staerk, J., 

Markoulaki, S. and Jaenisch, R. (2008) 'A drug-inducible transgenic system for direct 

reprogramming of multiple somatic cell types', Nature Biotechnology 26: 916-924. 

White, P. M., Doetzlhofer, A., Lee, Y. S., Groves, A. K. and Segil, N. (2006) 'Mammalian cochlear 

supporting cells can divide and trans-differentiate into hair cells', Nature 441: 984-987. 

Whitlon, D. S., Zhang, X., Pecelunas, K. and Greiner, M. A. (1999) 'A temporospatial map of 

adhesive molecules in the organ of Corti of the mouse cochlea', Journal of Neurocytology 28: 

955-968. 

Wilson, P. and Hemmati-Brivanlou, A. (1995) 'Induction of epidermis and inhibition of neural 

fate by Bmp-4', Nature 376: 331-333. 

Wong, E. Y. M., Ahmed, M. and Xu, P.-X. (2013) 'EYA1-SIX1 complex in neurosensory cell fate 

induction in the mammalian inner ear', Hearing Research 297: 13-19. 

Woods, C., Montcouquiol, M. and Kelley, M. W. (2004) 'Math1 regulates development of the 

sensory epithelium in the mammalian cochlea', Nature Neuroscience 7: 1310-1318. 

Wu, D. K. and Kelley, M. W. (2012) 'Molecular Mechanisms of Inner Ear Development', Cold 

Spring Harbor Perspectives in Biology 4: a008409. 



 

197 
 

Wu, D. K., Nunes, F. D. and Choo, D. (1998) 'Axial specification for sensory organs versus non-

sensory structures of the chicken inner ear', Development 125: 11-20. 

Wu, D. K. and Oh, S.-H. (1996) 'Sensory organ generation in the chick inner ear', The Journal of 

Neuroscience 16: 6454-6462. 

Wutz, A., Rasmussen, T. P. and Jaenisch, R. (2002) 'Chromosomal silencing and localization are 

mediated by different domains of Xist RNA', Nature Genetics 30: 167-174. 

Xiang, M., Gan, L., Li, D., Chen, Z.-Y., Zhou, L., Bert W. O'Malley, J., Klein, W. and Nathans, J. 

(1997) 'Essential role of POU–domain factor Brn-3c in auditory and vestibular hair cell 

development', PNAS 94: 9445-9450. 

Xiang, M., Gao, W.-Q., Hasson, T. and Shin, J. J. (1998) 'Requirement for Brn-3c in maturation 

and survival, but not in fate determination of inner ear hair cells', Development 125: 3935-

3946. 

Xiang, M., Maklad, A., Pirvola, U. and Fritzsch, B. (2003) 'Brn3c null mutant mice show long-

term, incomplete retention of some afferent inner ear innervation', BMC Neuroscience 4. 

Xiang, M., Zhoui, L., Macke, J. P., Yoshioka, T., Hendry, S. H. C., Eddy, R. L., Shows, T. B. and 

Nathansis, J. (1995) 'The Brn-3 Family of POU-Domain Factors: Primary Structure, Binding 

Specificity, and Expression in Subsets of Retinal Ganglion Cells and Somatosensory Neurons ', 

The Journal of Neuroscience 15: 4762-4785. 

Xu, P.-X. (2012) 'The EYA-SO/SIX complex in development and disease', Journal of the 

International Pediatric Nephrology Association 28: 843-854. 

Xu, P.-X., Adams, J., Peters, H., Brown, M. C., Heaney, S. and Maas, R. (1999) Eya1-deficient 

mice lack ears and kidneys and show abnormal apoptosis of organ primordia Nature Genetics, 

vol. 23. 

Yamamoto, N., Chang, W. and Kelley, M. W. (2011) 'Rbpj regulates development of prosensory 

cells in the mammalian inner ear', Developmental Biology 353: 367-379. 

Yamamoto, N., Tanigaki, K., Tsuji, M., Yabe, D., Ito, J. and Honjo, T. (2006) 'Inhibition of 

Notch/RBP-J signaling induces hair cell formation in neonate mouse cochleas', Journal of 

Molecular Medicine 84: 37-45. 

Yamashita, Y., Akaike, N., Wakamori, M., Ikeda, I. and Ogawa, H. (1992) 'Voltage-dependent 

currents in isolated single Merkel cells of rats', The Journal of Physiology 450: 143–162. 

Yamasoba, T. and Kondo, K. (2006) 'Supporting cell proliferation after hair cell injury in mature 

guinea pig cochlea in vivo', Cell and Tissue Research 325: 23-31. 

Yang, H., Gan, J., Xie, X., Deng, M., Feng, L., Chen, X., Gao, Z. and Gan, L. (2010a) 'Gfi1-Cre 

Knock-In Mouse Line: A Tool for Inner Ear Hair Cell-Specific Gene Deletion', Genesis 48: 400-

406. 

Yang, H., Xie, X., Deng, M., Chen, X. and Gan, L. (2010b) 'Generation and characterization of 

Atoh1-Cre knock-in mouse line', Genesis 48: 407-413. 

Yang, J., Cong, N., Han, Z., Huang, Y. and Chi, F. (2013) 'Ectopic hair cell-like cell induction by 

Math1 mainly involves direct transdifferentiation in neonatal mammalian cochlea', 

Neuroscience Letters 549: 7-11. 

Yang, Q., Bermingham, N. A., Finegold, M. J. and Zoghbi, H. Y. (2001) 'Requirement of Math1 

for Secretory Cell Lineage Commitment in the Mouse Intestine', Science 294: 2155-2158. 



 

198 
 

Yang, Z., Ding, K., Pan, L., Deng, M. and Gan, L. (2003) 'Math5 determines the competence 

state of retinal ganglion cell progenitors', Developmental Biology 264: 240–254. 

Yardley, N. and García-Castro, M. I. (2012) 'FGF Signaling Transforms Non-neural Ectoderm into 

Neural Crest', Developmental Biology 372: 166-177. 

Ying, Q.-l., Stavridis, M., Griffiths, D., Li, M. and Smith, A. (2003) 'Conversion of embryonic stem 

cells into neuroectodermal precursors in adherent monoculture', Nature Biotechnology 21: 

183-186. 

Ying, Q.-L., Wray, J., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett, J., Cohen, P. and Smith, 

A. (2008) 'The ground state of embryonic stem cell self-renewal', Nature 453: 519-523. 

Yücel, R., Karsunky, H., Klein-Hitpass, L. and Möröy, T. (2003) 'The transcriptional repressor 

Gfi1 affects development of early, uncommitted c-Kit+ T cell progenitors and CD4/CD8 lineage 

decision in the thymus', The Journal of Experimental Medicine 197: 831-84. 

Yücel, R., Kosan, C., Heyd, F. and Möröy, T. (2004) 'Gfi1:green fluorescent protein knock-in 

mutant reveals differential expression and autoregulation of the growth factor independence 1 

(Gfi1) gene during lymphocyte development', The Journal of Biological Chemistry 279: 40906-

40917. 

Zarebski, A., Velu, C. S., Baktula, A. M., Bourdeau, T., Horman, S. R., Basu, S., Bertolone, S. J., 

Horwitz, M., Hildeman, D. A., Trent, J. O. et al. (2008) 'Mutations in Growth Factor 

Independent-1 Associated with Human Neutropenia Block Murine Granulopoiesis through 

Colony Stimulating Factor-1', Immunity 28: 370–380. 

Zeng, H., Yücel, R., Kosan, C., Klein-Hitpass, L. and Möröy, T. (2004) 'Transcription factor Gfi1 

regulates self-renewal and engraftment of hematopoietic stem cells', The EMBO Journal 23: 

4116–4125. 

Zhai, S., Shi, L., Wang, B.-e., Zheng, G., Song, W., Hu, Y. and Gao, W.-Q. (2005) 'Isolation and 

culture of hair cell progenitors from postnatal rat cochleae', Journal of Neurobiology 65: 282–

293. 

Zhang, N., Martin, G. V., Kelley, M. W. and Gridley, T. (2000) 'A mutation in the Lunatic fringe 

gene suppresses the effects of a Jagged2 mutation on inner hair cell development in the 

cochlea', Current Biology 10: 659-662. 

Zhang, Y., Zhai, S.-q., Shou, J., Song, W., Sun, J.-h., Guo, W., Zheng, G.-l., Hu, Y.-y. and Gao, W.-

Q. (2007) 'Isolation, growth and differentiation of hair cell progenitors from the newborn rat 

cochlear greater epithelial ridge', Journal of Neuroscience Methods 164: 271-279. 

Zhao, L.-D., Guo, W.-W., Lin, C., Li, L.-X., Sun, J.-H., Wu, N., Ren, L.-L., Li, X.-X., Liu, H.-Z., Wie-

Yen Young et al. (2011) 'Effects of DAPT and Atoh1 Overexpression on Hair Cell Production and 

Hair Bundle Orientation in Cultured Organ of Corti from Neonatal Rats', PLoS ONE 6: e23729. 

Zhao, L.-D., Li, L., Wu, N., Li, D.-K., Ren, L.-L., Guo, W.-W., Sun, J.-H., Liu, H.-Z., Chen, Z.-T., Xing, 

G.-Q. et al. (2013) 'Migration and differentiation of mouse embryonic stem cells transplanted 

into mature cochlea of rats with aminoglycoside-induced hearing loss', Acta Oto-laryngologica 

133: 136-143. 

Zhao, X.-y., Li, W., Lv, Z., Liu, L., Tong, M., Hai, T., Hao, J., Guo, C.-l., Ma, Q.-w., Wang, L. et al. 

(2009) 'iPS cells produce viable mice through tetraploid complementation', Nature 461: 86-90. 

Zhao, Y.-d., Yamoah, E. N. and Gillespie, P. G. (1996) 'Regeneration of broken tip links and 

restoration of mechanical transduction in hair cells', PNAS 93: 15469–15474. 



 

199 
 

Zheng, L., Bartles, J. R., Sekerková, G., Vranich, K., Tilney, L. G. and Mugnaini, E. (2000) 'The 

deaf jerker mouse has a mutation in the gene encoding the espin actin-bundling proteins of 

hair cell stereocilia and lacks espins', Cell 102: 377-385. 

Zheng, L. and Gao, W.-Q. (2000) 'Overexpression of Math1 induces robust production of extra 

hair cells in postnatal rat inner ears', Nature Neuroscience 3: 580 - 586. 

Zheng, W., Huang, L., Wei, Z.-B., Silvius, D., Tang, B. and Xu, P.-X. (2003) 'The role of Six1 in 

mammalian auditory system development', Development 130: 3989-4000. 

Zhou, Q., Brown, J., Kanarek, A., Rajagopal, J. and Melton, D. A. (2008) 'In vivo reprogramming 

of adult pancreatic exocrine cells to β-cells', Nature 455: 627-632. 

Zhou, Y., Aran, J., Gottesman, M. M. and Pastan, I. (1998) 'Co-expression of human adenosine 

deaminase and multidrug resistance using a bicistronic retroviral vector', Human Gene Therapy 

9: 287-293. 

Zhu, J., Guo, L., Min, B., Watson, C. J., Hu-Li, J., Young, H. A., Tsichlis, P. N. and Paul, W. E. 

(2002) 'Growth Factor Independent-1 Induced by IL-4 Regulates Th2 Cell Proliferation', 

Immunity 16: 733–744. 

Zimmerman, L., Lendahl, U., Cunningham, M., McKay, R., Parr, B., Gavin, B., Mann, J., 

Vassileva, G. and McMahon, A. (1994) 'Independent regulatory elements in the nestin gene 

direct transgene expression to neural stem cells or muscle precursors', Neuron 12: 11-24. 

Zou, D., Erickson, C., Kim, E.-H., Jin, D., Fritzsch, B. and Xu, P.-X. (2008) 'Eya1 gene dosage 

critically affects the development of sensory epithelia in the mammalian inner ear', Human 

Molecular Genetics 17: 3340–3356. 

Zou, D., Silvius, D., Rodrigo-Blomqvist, S., Enerbäck, S. and Xu, P.-X. (2006) 'Eya1 regulates the 

growth of otic epithelium and interacts with Pax2 during the development of all sensory areas 

in the inner ear', Developmental Biology 298: 430–441. 

Zou, J., Maeder, M. L., Mali, P., Pruett-Miller, S. M., Thibodeau-Beganny, S., Chou, B.-K., Chen, 

G., Ye, Z., Park, I.-H., Daley, G. Q. et al. (2009) 'Gene targeting of a disease-related gene in 

human induced pluripotent stem and embryonic stem cells', Cell Stem Cell 5: 97–110. 

Zwaka, T. P. and Thomson, J. A. (2003) 'Homologous recombination in human embryonic stem 

cells', Nature Biotechnology 21: 319 - 321. 

Zweidler-Mckay, P. A., Grimes, H. L., Flubacher, M. M. and Tsichlis, P. N. (1996) 'Gfi-1 encodes 

a nuclear zinc finger protein that binds DNA and functions as a transcriptional repressor', 

Molecular and Cellular Biology 16: 4024–4034. 

 

 

 


