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Abstract 

The mammalian inner ear is an asymmetric sensory organ that consists of the dorsal 

vestibular organ (sense of balance) and the ventral cochlea (acoustic sense). Clusters of 

mechanosensitive hair cells convert mechanical stimuli into electrical impulses and transmit 

them to the brain by sensory neurons of the vestibular and cochlear ganglia. The sensory 

epithelium of the cochlea, the organ of Corti, contains sound-receiving inner hair cells 

(IHCs) and sound-amplifying outer hair cells (OHCs).  

All epithelial and neuronal components of the inner ear derive from the otic placode which 

forms a simple sphere (otocyst) upon invagination. Morphogenesis of the otocyts into a 

complex 3-dimensional labyrinth, and the precise spatial and temporal differentiation of 

neurosensory cells is controlled by a complex interplay of dynamic signalling and 

regionalized transcription factor activities. 

The aim of this thesis was the characterization of the cellular and molecular functions of the 

two T-box transcription factor genes Tbx2 and Tbx3 in the early morphogenesis of the 

otocyst and in the development of the organ of Corti. 

Analysis of conditional loss-of-function mutants demonstrated that Tbx2 and Tbx3 are 

individually and combinatorially required for the morphogenesis of the vestibular and 

cochlear components of the inner ear by patterning the early otocyst. TBX2 restricts the 

neurogenic domain to the anterior-ventral aspect of the otic epithelium by repressing Fgf8 

and maintaining Tbx1 expression in the posterior-ventral otocyst. 

Conditional inactivation of Tbx2 in prosensory cells prior to the onset of differentiation, 

caused a complete conversion of IHCs to OHCs, whereas Tbx2 misexpression led to an 

increased number of IHCs at the expense of OHCs. Similar changes were observed in the 

underlying supporting cells. Transcriptional profiling and RNA in situ hybridization 

analyses suggest that TBX2 regulates the specification of inner hair and supporting cells by 

repressing Fgfr3-mediated signalling. Hair cell-specific inactivation or misexpression of 

Tbx2 shortly after birth caused a cell-autonomous transdifferentiation of hair cells. 

The results of this thesis provide new insights into the cellular and molecular control of otic 

neurogenesis and sensory cell diversification identifying TBX2 as a crucial regulator of these 

processes. This insight might be useful for future regenerative efforts concerning hair cell 

loss in human patients. 

Keyword: Tbx2, Tbx3, inner ear, morphogenesis, neurogenesis, hair cell diversification  
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Zusammenfassung 

Das Innenohr der Säugetiere besteht aus dem dorsalen Vestibularorgan (Gleichgewichtssinn) 
und der ventralen Cochlea (Hörsinn). Gruppen von mechanosensitiven Haarzellen wandeln in 
beiden Teilorganen mechanische Reize in elektrische Impulse um und leiten diese über die 
Neurone des cochleären und vestibulären Ganglions an das Gehirn weiter. Das sensorische 
Epithel der Cochlea, das Corti-Organ, enthält Ton-empfangende innere Haarzellen und Ton-

verstärkende äußere Haarzellen. 
Alle epithelialen und neuronalen Komponenten des Innenohrs stammen von einer otischen 
Plakode ab, aus der sich durch Einstülpung eine einfache Sphäre (Otozyste) bildet. Die 
Umwandlung der Otozyste in ein komplexes 3-dimensionalse Labyrinth und die präzise 
räumliche und zeitliche Differenzierung der neurosensorischen Zellen wird durch ein 
Zusammenspiel aus dynamischen und regional-beschränkten Aktivitäten von Signal- und 

Transkriptionsfaktoren kontrolliert. 
Das Ziel dieser Arbeit war die Charakterisierung der zellulären und molekularen Funktionen der 
T-Box Transkriptionsfaktorgene Tbx2 und Tbx3 in der frühen Morphogenese der Otozyste und 
in der Entwicklung des Corti-Organs. 
Die Analyse konditioneller Verlustmutanten zeigte, dass Tbx2 und Tbx3, sowohl einzeln als auch 
zusammen, für die Morphogenese der vestibulären und cochleären Anteile des Innenohrs 

benötigt werden, indem sie die Musterung der frühen Otozyste beeinflussen. TBX2 beschränkt 
die neurogene Domäne auf die anterior-ventrale Otozyste, indem es die posterior-ventrale 
Expression von Fgf8 hemmt und die von Tbx1 aufrechterhält. 
Die konditionelle Inaktivierung von Tbx2 in prosensorischen Zellen, vor dem Beginn der 
Differenzierung, führt zu einer kompletten Umwandlung von inneren in äußere Haarzellen, 
während die Misexpression von Tbx2 in einer zunehmenden Anzahl von inneren beim 

gleichzeitigen Verlust von äußeren Haarzellen resultierte. Ähnliche Veränderungen konnten in 
den darunterliegenden Stützzellen beobachtet werde. Expressionsanalysen deuten darauf hin, 
dass TBX2 die Spezifizierung der inneren Haar- und Stützzellen reguliert, indem es die Fgfr3-
vermittelte Signalaktivität hemmt. Die Haarzell-spezifische Inaktivierung oder Misexpression 
von Tbx2, kurz nach der Geburt, führt zu einer zellautonomen Transdifferenzierung von 
Haarzellen. 

Die Ergebnisse dieser Arbeit geben neue Einblicke in die zelluläre und molekulare Kontrolle der 
otischen Neurogenese und der Diversifizierung sensorischer Zellen, indem es TBX2 als einen 
zentralen Regulator dieser Prozesse identifiziert. Diese Einblicke könnten für zukünftige 
regenerative Therapien bei Haarzellverlust in Patienten relevant sein. 
Schlagwörter: Tbx2, Tbx3, Innenohr, Morphogenese, Neurogenese, Diversifizierung der 
Haarzellen 
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Introduction 

Hearing plays an essential role in linguistic and cognitive development, verbal 

communication, education and social integration. Therefore, hearing impairment often leads 

to social isolation. Moreover, hearing loss is associated with increased risk of dementia, thus 

affecting human health in an even broader context1. 

According to the World Health Organization (WHO), hearing impairment affects over 5% 

of the worlds’ population and this number is estimated to almost double by 20502. This 

deficit is mainly caused by the degeneration of sensory hair cells and/or their innervating 

neurons due to hereditary defects, aging or environmental factors such as exposure to loud 

noises, viral infections, ototoxic drugs and traumas3–6. Since mature mammalian hair cells 

and neurons cannot be regenerated their progressive loss leads to deafness7,8.  

So far, the options for treatment of acoustic deficits are limited to electronic devices, such 

as hearing aids and cochlear implants. Although these devices are beneficial, they are not 

suitable for each and every patient and are less efficient under noisy conditions. Moreover, 

they do not address the origin of the sensory deficit and cannot restore normal hearing9,10. 

Therefore, alternative treatment strategies are required such as cell-based therapies, or gene- 

or drug-induced tissue regeneration. However, these therapeutic approaches demand 

detailed knowledge about the regulators of cell fate decisions in the development of the inner 

ear. 

Anatomy and function of the inner ear 

The inner ear is a sensory organ that consists of interconnected fluid-filled ducts and 

chambers that together form a membranous labyrinth (Fig. 1A). It is enclosed by the hardest 

bone in the human body, the temporal bone, emphasizing the importance of this sensory 

organ. The inner ear is a mediator of two distinct sensory perceptions and therefore can be 

subdivided into two functionally different subunits: the ventral cochlea and the dorsal 

vestibular organ. Herein, specialized epithelial domains (neuroepithelia or sensory end 

organs) comprised of mechano-sensitive hair cells and underlying supporting cells mediate 

the two senses. The apical surface of hair cells harbours “hair-like” stereocilia embedded 

into gelatinous membranes. Specific stimuli induce the deflection of stereocilia and the 

subsequent release of excitatory neurotransmitters at the basal side of the sensory cells. This 

in turn leads to excitation of afferent bipolar neurons of the VIIIth cranial nerve and 

subsequent processing of these neuronal signals by the brain.  
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Fig. 1. Scheme of the 
membranous inner 
ear labyrinth and the 
sensory epithelia of 
the vestibular organ 
in mice. A, The murine 
inner ear consists of 
the dorsal vestibular 
organ (yellow) and the 
ventral cochlear duct 
(red). B, Crista 
ampullaris is the 

sensory end organ of a semicircular canal. It consists of hair cells and intercalated supporting cells. Hair cell 
stereocilia and kinocilia are embedded into the gelatinous capula which spans the lumen of the ampulla. C, 
Macula sacculi is the sensory end organ of the saccule. Stereocilia and kinocilia of macular hair cells are 
embedded into a gelatinous membrane covered with otoliths (calcium carbonate crystals). 

The vestibular organ is responsible for the sense of balance 

The utricle (utriculus), one of the two vestibular sacs, is the central part of the vestibular 

labyrinth from which the three semicircular canals and the endolymphatic duct arise. The 

semicircular canals are arranged perpendicularly to each other and are dilated at one end 

forming the ampulla. The fusion area of the two vertical semicircular canals (anterior and 

posterior) forms the common crus (crus commune) while the lateral canal remains separated. 

The saccule (sacculus), the second vestibular sac, is joint to the utricle by 

the utriculosaccular duct (ductus utriculosaccularis) and to the base of the cochlear duct 

by the ductus reuniens (Fig. 1A)11. 

The sensory end organs of the semicircular canals, the cristae ampullaris, reside within the 

ampullae and consist of vestibular hair and intercalated supporting cells (Fig. 1B). Hair cell 

stereocilia and one long kinocilium are embedded into the gelatinous capula which spans the 

lumen of the ampulla. Angular rotation of the head sets the fluid contained within the canals 

in motion, resulting in the deflection of the capula and the subsequent bending of hair cell 

stereocilia. 

Mechano-sensitive hair cells of the utricle and the saccule reside within the maculae (macula 

utriculi and macula sacculi) which are also oriented perpendicularly to each other (Fig. 1C). 

Here, hair cell stereocilia and kinocilia are embedded into a gelatinous membrane covered 

with otoliths (calcium carbonate crystals). Horizontal and vertical changes of the body 

position exert shear forces onto the otolith-membrane leading to the bending of hair cell 

stereocilia. Therefore, macular hair cells exert the detection of linear acceleration and 

gravity.  
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The cochlear duct and detection of sound 

The auditory part of the inner ear is a coiled structure, named the cochlea (Fig. 2A). It 

consists of three distinct compartments: scala vestibuli, scala tympani and scala media (Fig. 

2B, C). The first two compartments are filled with the perilymph (similar to extracellular 

fluid). They merge at the blind ending apex of the cochlea and connect with the middle ear 

through the oval and the round window, respectively.  

The blind-ending, triangular scala media (cochlear duct) is located in between these two 

other scalae and is filled with the endolymph (similar to intracellular fluid) (Fig. 2C). The 

roof of the cochlear duct is formed by the vestibular membrane (Reissner’s membrane) that 

is adjoined to the scala vestibuli. The floor contains the basilar membrane and forms a 

separation to the scala tympani. The lateral wall of the cochlear duct contains the stria 

vascularis, a special epithelium essential for production of the endolymph11. 

 

Fig. 2. Graphical depiction of the anatomy of the mature murine cochlea. A, The basal part of the cochlea 
is oriented towards the vestibular organ (base), while the apical part is a blind ending (apex). B, Cross-section 
through the cochlea as indicated in (A). The cochlea coils around the bony modiolus. C, The cochlea consists 
of three different compartments: scala vestibuli, scala media and scala tympani. The Scala media (cochlear 
duct) is a triangular duct which adjoins to the scala vestibuli by the Reissner’s membrane and to the scala 
tympani by the basilar membrane. The third wall contains the stria vascularis which produces the endolymph. 
D, The sensory epithelium of the cochlear duct, the organ of Corti, is laterally flanked by cells of the outer 
sulcus and medially by cells of the inner sulcus. The organ of Corti consists of two functionally different 
compartments: 1) outer hair and supporting cells (green), 2) inner hair and supporting cells (orange). In 
between, mechanically stiff pillar cells form the tunnel of Corti.  

The cochlear duct harbours the acoustic neurosensory epithelium, the organ of Corti, which 

resides on the elastic basilar membrane and is covered by the gelatinous tectorial membrane 

(Fig. 2C, D). Medially, it is flanked by cells of the inner sulcus, and laterally, by cells of the 

outer sulcus. The organ of Corti consists of precisely arranged sensory hair cells and various 

types of underlying sensory cells which are organized in rows, spanning the whole length of 
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the cochlear duct. Radially, the organ of Corti can be subdivided into two functionally 

distinct compartments which are separated by the tunnel of Corti that is formed by 

mechanically stiff pillar cells12 (Fig. 2D). The inner (medial) sound-receiving compartment 

contains inner hair cells (IHCs) and inner supporting cells (ISCs) (inner phalangeal cells and 

inner border cells). The outer (lateral) sound-amplifying compartment consists of outer hair 

cells (OHCs) and outer supporting cells (OSCs) (Deiters’ cells).  

Around 95% of afferent neurons are associated with the bigger, flask-shaped IHCs, the 

primary transducers of the acoustic information. Sound-induced vibrations of the basilar 

membrane lead to the deflection of IHC stereocilia and subsequent excitement of auditory 

neurons that transmit sound information to the brain. The cylindrically shaped OHCs are 

signal amplifiers. In response to the bending of their stereocilia through shearing forces a 

motor protein (prestin) is activated in the lateral membrane of OHCs leading to changes of 

the cell length, a process known as somatic electromotility13. OHC motility is required for 

modulation of sound-induced vibration of the basilar membrane and improvement of 

acoustic sensibility. 

In addition to radial patterning, hair cell morphology and physiology, especially that of 

OHCs, is adapted to the perception of different frequencies and therefore varies along the 

tonotopic (base-to-apex) axis of the cochlear duct. Shorter hair cells at the base are 

specialized in the detection of high frequencies, whereas longer and more flexible hair cells 

at the apex perceive lower frequencies14. 

Patterning and morphogenesis of the inner ear 

The inner ear derives from the otic placode, a thickening of the surface ectoderm adjacent to 

the hindbrain at the level of rhombomeres 5 and 6. In mice, it emerges at embryonic day (E) 

8.5, invaginates into the underlying mesenchyme and forms a fluid-filled sphere (otocyst) 

by E9.515–17. The subsequent transformation of a simple sphere into a complex asymmetric 

labyrinth depends on a series of spatially and temporarily restricted morphogenetic events 

such as proliferation, apoptosis and epithelial remodelling18–24. Thereby, the establishment 

of regional identity in the developing otocyst is controlled by a refined network of signalling 

molecules produced by surrounding tissues, such as ectoderm, mesoderm, neural tube and 

notochord25–33. This extrinsic information is translated into asymmetric gene expression 

within the otic epithelium that progressively establishes axial polarisation and determination 

of lineage-restricted compartments in the developing otocyst.  
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Extrinsic signals establish the axial patterning of the developing otocyst 

From the timepoint of otic placode induction, the otic epithelium receives patterning 

information from surrounding tissues resulting in axial polarization of the otocyst. Retinoic 

acid (RA) signalling plays a major role in the establishment of the anterior-posterior (A/P) 

polarity (Fig. 3A). At E8.5, the paraxial mesoderm provides the source of RA at the level of 

rhombomeres 5 and 6 through expression of the RA synthesizing enzyme ALDH1A225,34. It 

is counteracted by the RA degrading enzyme CYP26C1 which is expressed in the ectoderm 

anterior to the invaginating otic placode, thereby restricting RA signalling to the posterior 

otic epithelium. Transient activity of RA signalling is required and sufficient to induce Tbx1 

expression in the posterior half of the invaginating placode which mainly gives rise to the 

non-sensory components of the inner ear25,35,36. The anterior aspect (Lfng, Fgf10, Neurog1, 

Neurod1) contains neuronal and sensory precursors demonstrating that the A/P polarization 

of the developing otocyst is strongly associated with the neurosensory development36–43. 

Fig. 3. Anterior-posterior and dorso-

ventral patterning of the otic 

epithelium in chicken and mice. A, 

Specification of the anterior-posterior 

axis through retinoic acid (RA) 

signalling. Mesoderm-derived RA 

signalling is restricted to the posterior 

half of the otic placode by an opposing 

gradient of Cyp26c1 expressed in the 

anterior ectoderm. RA induces Tbx1 

expression in the posterior otic placode, 

while the anterior domain is marked by expression of proneurosensory genes. B, Signals from the neural tube 

and the notochord regulate the dorso-ventral polarization of the otocyst. WNTs and BMPs from the dorsal 

neural tube induce the expression of genes in the dorsal otocyst which gives rise to the vestibular structures. 

SHH secreted by the floor plate of the neural tube and the underlying notochord promotes the expression of 

genes in the ventral otocyst mediating cochlear morphogenesis. L, lateral; P, posterior; r, rhombomere; V, 

ventral. 

Polarisation of the developing otocyst along the dorso-ventral (D/V) axis is the driving force 

for the development of dorsal vestibular and ventral cochlear structures. The dorsal half of 

the otocyst is marked by Dlx5, Gbx2, Hmx2/3 and Wnt2b expression, while the ventral 

otocyst displays the expression of Pax2, Otx1/2, Gata3 and Gli1 (Fig. 3B). Rotation and 

tissue ablation experiments in chicken embryos and analysis of several mouse mutants 
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demonstrated that signals from the neural tube and the notochord are the major inducers of 

D/V polarity26–33. 

The ventral half of the otocyst responds to sonic hedgehog (SHH) secreted by the floor plate 

of the neural tube and the underlying notochord44–47. Expression of ventral genes such as 

Pax2, Otx2, Gata3 is lost, while the dorsal Dlx5 expression is ventrally expanded in Shh-

deficient otocysts32,47. In contrast, ectopic expression of Shh (ShhP1) in the dorsal otocyst 

leads to complete absence of vestibular structures, dorsal expansion of Pax2 and 

downregulation of Dlx5 expression31,32. Hence, SHH signalling is required and sufficient to 

induce ventral identity in the developing otocyst. 

The effect of SHH signalling is opposed by WNT ligands secreted by the dorsal neural 

tube31. Double-inactivation of Wnt1 and Wnt3a in the dorsal neural tube or mechanical 

removal of this tissue compartment leads to a complete loss of dorsal Dlx5 and dorso-medial 

Gbx2 expression while ventrally expressed Gli1 and Pax2 are expanded into the dorsal 

otocyst. In contrast, forced activation of WNT signalling by LiCl leads to ventral expansion 

of Dlx5 and Gbx2 expression demonstrating that WNT signalling induces dorsal otic fate.  

Since dorso-lateral Hmx3 expression was unchanged upon manipulation of WNT signalling 

an additional factor must be involved in regulation of dorsal identity in the developing 

otocyst31. Bone morphogenic proteins (BMPs) are secreted by the dorsal neural tube while 

Bmp4 is expressed in the dorsal surface ectoderm and in the dorsal otocyst37,48,49. Inactivation 

of BMP4 signalling results in disturbed formation of vestibular structures in mice and 

chicken50,51. Overexpression of Noggin, a BMP antagonist, in the head mesenchyme adjacent 

to the chick otocyst or conditional deletion of Bmp4 in murine otocysts results in loss of 

Dlx5 and Hmx3 expression in the dorso-lateral but not in the dorso-medial otic epithelium 

whereas ventro-lateral Otx2 expression is expanded dorsally50,52. In contrast, Dlx5 and Hmx3 

are expended ventrally, while Otx2 expression is lost upon overexpression of Bmp4. 

Therefore, WNT and BMP signalling promote dorso-medial and dorso-lateral identity in the 

developing otocyst, respectively. 

Another signalling pathway implicated in D/V pattering of the otocyst is fibroblast growth 

factor (FGF) signalling53. The most promising candidates Fgf3 and Fgf10 are expressed in 

the neural tube and the ventral otocyst while their receptor Fgfr2 is expressed in the dorsal 

otic epithelium53–56. Inner ears of Fgf3- and Fgfr2-null mutants consist only of cystic cavities 

and chambers while loss of Fgf10 leads to malformation of semicircular canals53,55,57,58. 

Extrinsic and intrinsic expression of FGF ligands makes it difficult to discriminate between 

the different functions of FGF signalling in inner ear development. However, analysis of 
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kreisler mutants, which are characterized by molecular defects in the rhombomeres 3-7, 

displayed a specific loss of Fgf3 expression in the neural tube but not in the otocyst28,59. 

McKay et al. proposed that Fgf3 deficiency is the main cause of inner ear defects in kreisler 

mutants28. Expression analysis revealed a patterning defect in in the otic epithelium of these 

mutants: Fgf3 expression is shifted from the ventro-lateral to the ventro-medial domain of 

the otocyst, dorso-medial Gbx2 and Wnt2b expression is lost, the ventro-lateral expression 

of Otx2 is expanded medially while Dlx5 expression is unchanged28,60. Recently, it was 

shown that double-inactivation of Fgf3 and Fgf10 in the otic epithelium has no effect on 

Gbx2 expression but disturbs inner ear morphogenesis56. Together these results argue for a 

function of extrinsic FGFs in medial-lateral (M/L) patterning of the otocyst and of intrinsic 

FGFs in regulation of morphogenesis. 

As a result of axial polarization spatially restricted gene expression promotes the 

morphogenetic development at confined sites of the otocyst. 

Progression of inner ear morphogenesis 

 

Figure 4. Graphical depiction of inner ear morphogenesis from a simple otocyst to an asymmetrical 
labyrinth in mice. Shown are the morphological changes between embryonic day (E) 9.5 and E15.5. In the 
course of morphogenesis, the dorsal aspect of the otocyst (orange) transforms into the vestibular organ (yellow) 
while its ventral part gives rise to the cochlear duct (red). For better visualisation the respective schemes are 
not depicted at the right scale. D, dorsal; L, lateral; P, posterior. 

The main morphological structures of the murine inner ear are formed within a short period 

of time, between E10.5 and E13.537. The following morphogenetic changes mainly include 

further growth and refinement of the membranous labyrinth (Fig. 4). 

The first morphological event is represented by the evagination of the endolymphatic duct 

from the dorso-medial aspect of the otocyst starting at E10.5. Thereafter, the endolymphatic 

duct elongates dorsally and forms the endolymphatic sac at its distal end. 

Morphogenetic development of the semicircular canals begins around E11.5 with the 

evagination of two epithelial outpocketings: the vertical and horizontal canal plates. The 

opposing epithelial layers in central regions of these plates converge, intercalate and form 
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transient structures also known as fusion plates (two in the vertical and one in the horizontal 

canal plate)37,61. Removal of fusion plate cells occurs through apoptosis in chicken and 

through recruitment into the forming tubular canals in mice21,62. Through these remodelling 

processes, the vertical canal plate gives rise to the anterior and posterior semicircular canals 

as well as the connecting common crus, while the horizontal canal plate develops into the 

lateral semicircular canal37.   

At E11.5, the posterior-ventro-medial aspect of the otocyst evaginates, elongates and curves 

anterior-medially forming a hook-like structure. Further elongation and posterior-lateral 

coiling gives rise to the cochlear duct. Elongation of the cochlear duct is mainly mediated 

by epithelial remodelling also known as convergent extension63–65. Around E17.5, the 

cochlear duct reaches its final 1.75 turns in mice37. 

Utricle and saccule appear ventrally from the developing semicircular canals around E12.5. 

The saccule presents as an expansion of the cochlear duct at this stage. At E15.5, utricle and 

saccule become clearly separated by the utriculosaccular duct, and saccule and the cochlear 

duct by the ductus reuniens. 

Genetic regulation of inner ear morphogenesis 

The proper progression of inner ear morphogenesis critically depends on precisely confined 

gene expression66. Therefore, the inactivation of just one of the patterning genes might result 

in severe inner ear malformations.  

For example, inactivation of dorsally expressed Dlx5 results in disturbed semicircular canal 

formation while the growth of the endolymphatic and cochlear ducts is mainly 

unaffected67,68. Similar defects can be observed in Hmx2 and Hmx3 mutants69,70. These 

transcription factors are expressed in the dorso-lateral aspect of the otocyst. Gbx2 is 

expressed in the dorso-medial otocyst and the membranous labyrinth of mice deficient for 

this gene is dilated while the endolymphatic duct is completely missing71. Inactivation of 

Fgf10 and Bmp4 leads to defects in the formation of cristae and their associated semicircular 

canals50,58,72. Otx1 and Otx2 are both expressed in the ventro-lateral aspect of the otocyst. In 

Otx1/2-deficient inner ears the lateral semicircular canal is absent and the cochlear duct is 

severely shortened73. Pax2 is expressed mainly in the ventro-medial otic epithelium and its 

inactivation results in severe hypoplasia of the cochlear duct74,75. Systemic or conditional 

inactivation of posteriorly expressed Tbx1 results in cystic inner ears without recognizable 

vestibular and cochlear structures41,76–79. Similar to Tbx1, Lmx1a is mainly expressed in the 

posterior otocyst35,40,80. Inner ears of Lmx1a loss-of-function mutants fail to develop the 
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semicircular canals and the endolymphatic duct, while the cochlear duct is severely 

shortened80,81. 

Regulation of cell fate decisions in inner ear development 

The otic placode gives rise to three different cell lineages in the developing inner ear: 1) 

proneuronal precursors that differentiate into neurons of the statoacoustic ganglion (SAG, 

the primordium of the cochlear and vestibular ganglia), 2) cells of the pro-sensory lineage 

that become hair and supporting cells of the sensory end organs, and 3) non-sensory cells 

which form the ducts and chambers of the inner ear82. 

Progression and regulation of otic neurogenesis 

Early in inner ear development, at around E9.0, the neurogenic domain is established in the 

ventral aspect of the otocyst and is then rapidly restricted to the anterior-ventral otic 

epithelium until E10.536,79. Within this domain a subset of cells commits to the proneural 

lineage. These neuronal progenitors (neuroblasts) subsequently delaminate from the otic 

epithelium, migrate into the adjacent periotic mesenchyme and proliferate to expand the pool 

of neuronal progenitors (Fig. 5A). During the formation of the SAG maturing neuroblasts 

continue to differentiate, exit the cell cycle and form protrusions/axons to provide 

innervation of the sensory areas of the developing inner ear.   

Figure 5. Progression and regulation of 

otic neurogenesis in mice and chicken. A, 

Scheme showing the main steps of otic 

neurogenesis. B, Depiction of the regulatory 

network involved in the progression of otic 

neurogenesis. SOX2 promotes neuronal fate 

in the otic epithelium (light green) and 

induces Neurog1 expression in neuronal 

precursors (green) within the neurogenic 

domain. NEUROG1 induces the expression of Neurod1 to promotes neuroblast differentiation and 

delamination as well as of Dll1 to limit the number of neuronal precursors through Notch-mediated lateral 

inhibition (red). TBX1 restricts the neurogenic domain by repression of proneuronal genes. 

Otic neurogenesis is regulated by a cascade of transcription factors that promote specific 

steps in SAG development. SOX2 is required for specification of the neurogenic domain and 

activates the proneural basic helix-loop-helix (bHLH) transcription factor NEUROGENIN1 

(NEUROG1)83–86. Inactivation of Sox2 leads to a complete loss of NEUROG1-positive 

Commitment to the proneural fate

Delamination and lateral inhibition

Specification of the neurogenic domain

Proliferation of neuroblasts

Terminal differentiation

SOX2

TBX1

NEUROD1 DLL1 NOTCH

NEUROG1

NHLH1/2
ISL1

POU4F1/2

A B
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neuroblasts while ectopic expression of Neurog1 is observed upon misexpression of 

Sox283,87. NEUROG1 is a potent inducer of the otic neurogenic program that is required and 

sufficient for the subsequent activation of another bHLH transcription factor gene, namely 

Neurod183,88. Misexpression of Sox2 in the chicken otic placode demonstrated that SOX2 

has to be downregulated to enable Neurod1 expression83. This downregulation is mediated 

by NEUROG1 and later by NEUROD183. Neurod1 is required for delamination and survival 

of otic neuroblasts89. Shortly before Neurod1 expression, NEUROG1 activates delta-like 1 

(Dll1) in neuronal precursors88. The Notch ligand DLL1 limits the number of neuronal 

precursors through activation of Notch signalling in neighbouring cells and subsequent 

downregulation of proneural bHLH genes. This process is known as Notch-dependent lateral 

inhibition. Accordingly, genetic inactivation of Dll1 or pharmacological inhibition of Notch 

signalling results in increased volume of the SAG90,91. In contrast, inactivation of either 

Neurog1 or Neurod1 results in a severe hypoplasia or agenesis of the SAG87–89. Upon 

delamination, neuroblasts activate the expression of further transcription factor genes such 

as Nhlh1/2, Isl1 and Pou4f1, and terminally differentiate88,92,93. 

Restriction of the neurogenic domain to the anterior-ventral aspect of the otocyst is regulated 

by the T-Box transcription factor TBX1. Inactivation of Tbx1 results in posterior expansion 

of the Neurog1-Dll1-Neurod1 domain and a severely increased size of the SAG36,76,78. In 

contrast, the expression domain of Neurog1 as well as Neurod1 is strongly reduced upon 

(anterior) misexpression of TBX136. 

In addition to neuroblasts, the neurogenic domain gives rise to prosensory cells of the macula 

utriculi and the macula sacculi94. The sensory domains of the three cristae and the organ of 

Corti derive from the Tbx1-expressing region78,95. 

Differentiation of hair and supporting cells in the organ of Corti 

The organ of Corti is a highly organized cell mosaic formed by diverse cell types with 

different anatomical, physiological and molecular features. In general, one can distinguish 

two types of mechanosensitive hair cells (inner hair cells (IHCs) and outer hair cells (OHCs)) 

and at least five types of non-sensory supporting cells (Deiters’ cells, inner and outer pillar 

cells, inner phalangeal cells and inner border cells) (Fig. 2D).  

Development of these cell types can be subdivided into three main phases: 1) prosensory 

specification, 2) cell cycle exit and 3) differentiation (Fig. 6A). 

Prosensory specification is mediated by the transcription factor SOX2 that is expressed in 

the floor of the outgrowing cochlear duct96,97. SOX2-positive prosensory progenitors then 
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express the cell cycle inhibitor Cdkn1b (p27kip1) in a temporal gradient from the apex towards 

the base of the cochlear duct from E12.5 until E14.598,99. Thus, the final number of hair and 

supporting cells is determined early in embryonic development. Differentiation of 

postmitotic progenitors occurs in an opposing base-to-apex and medial-to-lateral wave100–

103. The hair cell fate is determined by the bHLH transcription factor ATOH1 that regulates 

hair cell differentiation and survival and represses Sox2 expression96,100,104–107. 

Differentiation of supporting cells is regulated by Notch-mediated lateral inhibition. 

ATOH1-positve hair cells express the Notch ligands DLL1 and JAGGED2 (JAG2) which 

bind to the NOTCH1 receptor on neighbouring cells90,101,108–110. Activation of Notch 

signalling stimulates the expression of transcriptional repressors such as HES1, HES5 and 

HEY2, which subsequently inhibit Atoh1 expression, thereby promoting supporting cell 

fate101,111–114. This leads to maintenance of Sox2 expression in supporting cells as opposed 

to hair cells (Fig. 6B). 

Figure 6. Progression and regulation of hair 

and supporting cell differentiation in the 

organ of Corti in mice. A, Scheme showing the 

main steps of hair and supporting cell 

differentiation. B, Depiction of the regulatory 

network involved in the prosensory cell 

differentiation. SOX2 specifies prosensory cells 

(light green) and induces hair cell differentiation 

(dark green) through activation of Atoh1 expression. ATOH1-positive hair cells express the ligands DLL1 and 

JAGGED2 (JAG2) which bind to NOTCH1 on adjacent cells. Activation of Notch signalling (red) induces the 

expression of HES1/5 and subsequent repression of Atoh1 promoting supporting cell fate. 

Regulation of hair and supporting cell diversification in the organ of Corti 

While the establishment of hair vs supporting cell fate is well characterized on the molecular 

level, only little is known about the regulatory mechanisms involved in the diversification 

of hair and supporting cells. 

FGF signalling plays a role in differentiation of pillar cells and Deiters’ cells. From the onset 

of differentiation fibroblast growth factor receptor 3 (Fgfr3) is expressed in a subset of 

prosensory cells that give rise to OHCs, Deiters’ cells and pillar cells115–117. In the course of 

differentiation its expression is downregulated in OHCs but maintained in supporting cells. 

The FGFR3 ligand FGF8 is expressed in IHCs, and therefore, in close proximity to 

developing pillar cells115,116. In contrast, the more laterally localized supporting cells are 

Determination of hair cell fate

Specification of the prosensory domain

SOX2

JAG2/DLL1

NOTCH1
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A B

HES1/5
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exposed to the FGF antagonist sprouty2 (SPRY2)118. Inactivation of Spry2 or constitutive 

activation of Fgfr3 leads to transformation of Deiters’ cells into pillar cells118–121. Contrary, 

Fgfr3 or Fgf8 deficiency disrupts pillar cell development116,122,123. Hence, FGFR3-positive 

supporting cells that receive strong FGF signals differentiate into pillar cells while exposure 

to weak FGF signalling promotes Deiters’ cell differentiation. In collaboration with NOTCH 

signalling, FGFR3-mediated signalling induces the expression of Hey2 in pillar cells112. 

HEY2 maintains pillar cell fate and prevents their transdifferentiation into ATOH1-positive 

hair cells. 

Recently, two transcription factors were identified that regulate OHC differentiation at 

different developmental stages, demonstrating that hair cell differentiation is a gradual 

process. Insm1 is transiently expressed in OHCs from E15.5 to P2124. Constitutive 

inactivation of this zinc-finger transcription factor gene leads to transdifferentiation of a 

subset of OHCs into IHC-like cells125. OHC-specific expression of Helios (IKZF2) is 

initiated at P4126. Disturbed function of this zinc-finger transcription factor leads to hearing 

impairment through downregulation of specific OHC markers such as prestin. In contrast, 

forced expression of Ikzf2 activates a subset of OHC-specific genes in IHCs. 

To date, the molecular regulators involved in progression of inner hair and supporting cell 

differentiation are unknown. 

The function of Tbx2 and Tbx3 in embryonic development and disease 

The T-box (Tbx) gene family codes for evolutionary conserved transcription factors that 

regulate a variety of developmental processes in all classes of metazoa. T-box proteins share 

a common DNA-binding domain (the name giving T-box) that recognizes a specific DNA 

motif with the core sequence AGGTGTGA. Based on sequence conservation, the 18 

members of the vertebrate T-box gene family have been grouped into five 

subfamilies: Brachyury, Tbx1, Tbx2, Tbx6 and Tbr1. Mutations of human orthologues 

underlie congenital diseases but also cause acquired syndromes such as cancer127–129. 

Two members of the Tbx1-subfamily, Tbx1 and Tbx18, have previously been implicated in 

inner ear development. Tbx18 is required for otic fibrocyte differentiation and formation of 

the stria vascularis130. Tbx1 has tissue-specific functions. In the epithelium, it restricts the 

neurogenic domain to the anterior-ventral otocyst and is required for the development of the 

stria vascularis36,78,131. In the otic mesenchyme, TBX1 promotes morphogenesis of the 

semicircular canals and the cochlear duct78,132. 
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Two other members of the T-box gene family, Tbx2 and Tbx3, were shown to be expressed 

in the otic placode and/or otocyst indicating that they might present additional regulators of 

inner ear development133–136. Tbx2 and Tbx3 belong to the Tbx2-subfamily and share more 

than 90% of their amino acid residues within the T-box domain137. Both proteins act as 

potent transcriptional repressors that negatively regulate the expression of common and 

individual target genes such as Cdkn1a, Cdkn1b and Cdkn2a (cell cycle inhibitors), Cdh1 

and Flrt3 (cell adhesion)138–143. Homozygous deletion of Tbx2 or Tbx3 results in embryonic 

lethality in mice likely due to defects in yolk sac and heart development144,145. In humans, 

haploinsufficiency of TBX3 causes the ulnar-mammary syndrome that is characterized by 

abnormalities of mammary glands, upper limbs and genitals146. Loss-of-function variants of 

TBX2 are associated with cardiovascular defects, cleft palate, hypoplasia of the thymus and 

skeletal anomalies147. Microdeletions of chromosome 17 that encompass several genes 

including TBX2 has been associated with sensorineural hearing loss, arguing for a possible 

role of this T-box gene in inner ear function148,149. 
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Aims of the thesis 

TBX2 and TBX3 regulate the development of various organs during embryogenesis such as 

heart, limb, lung, ureter and eye139,144,150–153. Initial analyses performed in our lab prior to 

this work revealed that these two T-box genes are also critical for murine inner ear 

development154–156. Expression of Tbx2 and Tbx3 was found to be restricted to specific 

domains in the developing otic epithelium in a partially overlapping manner and early 

conditional inactivation of these genes severely impaired inner ear morphogenesis. 

Furthermore, Tbx2 was differentially expressed in the inner compartment of the developing 

organ of Corti and its early inactivation or misexpression in the otic epithelium resulted in 

anomalies of hair and supporting cell arrangement154,156. The precise phenotypic changes 

associated with loss and gain of these two genes and their specific cellular and molecular 

function in the murine inner ear development remained unknown. 

The aim of this thesis was therefore twofold: 

1. Analysis of the cellular and molecular function of Tbx2 and/or Tbx3 in the early 

morphogenesis of the otocyst,  

2. Analysis of the cellular and molecular function of Tbx2 in the development of the 

sensory epithelium in the cochlea. 

In the first subproject, the individual and combined function of Tbx2 and Tbx3 in early inner 

ear development was to be investigated by a conditional gene inactivation approach using 

the Pax2-cre-line which specifically recombines in the otic epithelium at the placode stages. 

The morphological, histological and cellular changes of the mutant inner ears were to be 

examined. To characterize the molecular changes associated with loss of the two genes in 

the otic placode, transcriptional profiling by microarray experiments was to be performed 

and the candidate genes validated by RNA in situ hybridization for changes of their spatial 

expression patterns. A special focus was to be given on the characterization of changes in 

the spatial extent of neurogenesis in the otic vesicle of conditional double mutant embryos. 

In the second subproject, the spatial and temporal expression of Tbx2/TBX2 in the organ of 

Corti was to be analysed in development and homeostasis using RNA in situ hybridization 

and (co)-immunofluorescence analyses in comparison to cell type-specific proteins at 

different developmental stages. The requirement of Tbx2 in specification and/or 

maintenance of sensory cell identity was to be investigated by conditional inactivation of 

this T-box gene at different developmental stages using two tamoxifen-inducible Cre-lines: 

Sox2creERT2 (prosensory domain), Atoh1-CreERT2 (hair cells)157,158. Moreover, the 
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sufficiency of Tbx2 to confer cell-type specific changes in the developing and mature organ 

of Corti was to be investigated by conditional misexpression experiments using an HprtTBX2-

line and the mentioned tamoxifen-inducible CreERT2-driver lines (Sox2creERT2 and Atoh1-

CreERT2). Importantly, transcriptional profiling experiments were to be used to identify 

mediators and/or targets of TBX2 activity in cell-type differentiation in the organ of Corti. 
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Part 1 – Tbx2 and Tbx3 in patterning of the otocyst 
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Part 2 – Tbx2 in hair and supporting cell differentiation 
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Extended Data 

 

 
 
Extended Data Fig. 1: Efficient manipulation of TBX2 expression in the prosensory region of the cochlea 

using the Sox2creERT2 mouse line. Immunofluorescence analyses of cochlear whole-mount preparations (a) 

and cross-sections of the cochlea at the mid-basal level (b-f). a, Analysis of GFP expression in E18.5 

Sox2creERT2/+;R26mTmG/+ embryos (n≥5) after a single pulse of tamoxifen at E12.5 or E16.5 shows that the 

Sox2creERT2 line leads to efficient recombination in IHCs and OHCs (MYO6+) and cells of the adjacent greater 

epithelial ridge (GER). b,c, Analysis of TBX2 expression in Sox2creERT2/+;Tbx2fl/fl and control 

(Sox2creERT2/+;R26mTmG/+) cochleae (n≥3) at E14.5 (b) and E18.5 (c) after a single pulse of tamoxifen at E12.5. 

Expression of TBX2 is completely lost in recombined (GFP+) cells of the developing organ of Corti (OoC) and 

cells of the adjacent GER. d, Analysis of TBX2 expression in Sox2creERT2/+;Tbx2fl/fl and control 

(Sox2+/+;Tbx2fl/fl;R26mTmG/+) cochleae (n=3) at E18.5 after a single pulse of tamoxifen at E16.5. Expression of 

TBX2 is completely lost in recombined (GFP+) hair and supporting cells of the organ of Corti. e,f, Analysis of 

GFP expression at E16.5 and of TBX2 expression at E18.5 in Sox2creERT2/+;HprtTBX2/Y and control 

(Sox2+/+;HprtTBX2/+) cochleae (n=4) after a single pulse of tamoxifen at E12.5. Note that ectopic TBX2 

expression does not occur in all hair cells (MYO7A+, arrow) and underlying supporting cells (arrow head). 

Nuclei were counterstained with DAPI. Scale bars: 250 µm (overview in a), 30 µm. mTBX2, mouse-anti-

TBX2 antibody; PC, pillar cell; rbTBX2, rabbit-anti-TBX2 antibody. 
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Extended Data Fig. 2: Increased number of OHCs at the expense of IHCs upon inactivation of Tbx2 at 

E12.5. a, Quantification of the total number of hair cells (MYO6+) per 100 µm at the mid-basal level of 

cochlear whole-mount preparations of E18.5 Sox2-Tbx2LOF, Sox2-TBX2GOF and control embryos (n=10) 

after a single pulse of tamoxifen at E12.5. Mean±standard deviation, unpaired t-test. ns, not significant. b, 

RNA in situ hybridization analysis of Insm1 expression in E18.5 Sox2-Tbx2LOF cochleae compared to controls 

(n≥3). In the control, Insm1 is weakly expressed in the three OHCs but not in IHCs at the basal as well as 

medial (mid) level of the cochlear duct. Upon Tbx2 inactivation, the number of Insm1-expressing cells 

increased (arrows). c, Immunofluorescence analysis of expression of SLC17A8 (marks IHCs), SLC26A5 and 

IKZF2 (mark OHCs) on cochlear cross sections of P21 Sox2-Tbx2LOF (n=4) and Sox2-TBX2GOF (n=1) 

mutants compared to controls. Nuclei are counterstained with DAPI. Scale bars: 30 µm. 
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Extended Data Fig. 3: The inner compartment of the organ of Corti is not established upon inactivation 

of Tbx2 at E12.5. Immunofluorescence analysis of CDH1 and CDH2 expression in the developing organ of 

Corti (OoC) of E14.5 Sox2-Tbx2LOF and control embryos after a single pulse of tamoxifen at E12.5. The 

strong CDH2 expression, which marks the inner compartment of the developing OoC, is absent in Tbx2-

deficient cochleae. Nuclei are counterstained with DAPI. Scale bar: 30 µm. 
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Extended Data Fig. 4: The patterning of the cochlear epithelium is affected upon early Tbx2 inactivation.  

a,b, RNA in situ hybridization analysis of transcripts significantly upregulated in a microarray analysis of 

E14.5 Sox2-Tbx2LOF cochlear ducts after a single pulse of tamoxifen at E12.5. Spatial distribution is shown 

at E14.5 (a) and E18.5 (b). Expression of Crhr1, Nabp1 and Slc36a2 is upregulated in the most apical turn of 

Tbx2-deficient cochleae at E14.5, whereas Mettl11b, Nr2e1, Jph1, Itgb6 and Ctgf are upregulated or ectopically 

expressed in the greater epithelial ridge (GER) in the basal turn. At E18.5, Crhr1 expression is restricted to the 

apical turn and Nabp1 is expressed in cells of the outer sulcus in control and Sox2-Tbx2LOF embryos. Slc36a2 

and Mettl11b are not expressed at E18.5, whereas Nr2e1, Jph1, Itgb6 and Ctgf are still expressed in the GER. 

Dashed lines mark the outer borders of the developing organ of Corti (OoC). Scale bars: 100 µm (for Crhr1 in 

b), 30 µm. 
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Extended Data Fig. 5: Increased number of OHCs and a complete loss of IHCs upon late inactivation of 

Tbx2 at E16.5. a, Quantification of the total number of hair cells (MYO6+) per 100 µm at the mid-basal level 

of cochlear whole-mount preparations of E18.5 Sox2-Tbx2LOF and control embryos (n=11) after a single pulse 

of tamoxifen at E16.5. Mean±standard deviation, unpaired t-test with Welch’s correction. ns, not significant.  

b, RNA in situ hybridization analysis of transcripts significantly upregulated in E18.5 Sox2-Tbx2LOF cochlear 

ducts after a single pulse of tamoxifen at E16.5. Pdzk1ip1, Tal1 and Slc6a1 are expressed in a subset of Deiters’ 

cells (DCs) in control and Sox2-Tbx2LOF cochleae. c, Immunofluorescence analysis of SLC17A8 (marks 

IHCs), SLC26A5 and IKZF2 (mark OHCs) expression on cochlear cross sections of P21 Sox2-Tbx2LOF (n=5) 

mice compared to controls. Nuclei are counterstained with DAPI. d, RNA in situ hybridization analysis of FGF 

signaling components in Sox2-Tbx2LOF cochleae at E18.5. Expression of Fgf8 in the innermost hair cell and 

that of Etv4 and Etv5 in pillar cells (PCs) is lost or strongly downregulated upon late Tbx2-inactivation. 

Expression of Fgfr3, which marks DCs and PCs, is expanded medially in Sox2-Tbx2LOF cochleae.  Arrow 

marks the innermost hair cell. Scale bars: 30 µm. 
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Extended Data Fig. 6: The Atoh1-CreERT2 mouse line allows hair cell-specific manipulation of TBX2 

expression. a, Immunofluorescence analysis of GFP expression in E18.5 Atoh1-CreERT2/+;R26mTmG/+ 

cochlear whole-mount preparations (n=5) after a single pulse of tamoxifen at E15.5 shows that the Atoh1-

CreERT2 line induces recombination in single hair cells (MYO6+). b, Analysis of native tdGFP and tdTomato 

expression in Atoh1-CreERT2/+;R26mTmG/+ cochleae (n=10) at P4. Oral application of tamoxifen to the feeding 

dam one day after birth (P0-1) leads to variable numbers of GFP+ hair cells in an apical-to-basal gradient. Scale 

bar: 250 µm (overviews in a and b), 30 µm. 
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Extended Data Fig. 7: Manipulation of Tbx2 leads to shifts of hair cell fates at P21. a, Quantification of 

the total number of hair cells (MYO6+) per 100 µm at the mid-basal level of cochlear whole-mount preparations 

of E18.5 Atoh1-Tbx2LOF (n=10) Atoh1-TBX2GOF (n=11) and control embryos after a single pulse of 

tamoxifen at E15.5. Mean±standard deviation, Mann-Whitney or unpaired t-test. ns, not significant. b, 

Immunofluorescence analysis of SLC17A8 (marks IHCs) and IKZF2 (mark OHCs) expression on cochlear 

cross sections of P21 Atoh1-Tbx2LOF (n=4) and Atoh1-TBX2GOF (n=7) mutants compared to controls. Nuclei 

are counterstained with DAPI. Scale bar: 30 µm. 
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TBX2 specifies and maintains inner hair and supporting cell fate in the 

Organ of Corti 
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Supplementary table 1. List of genes with significant downregulation in cochlear ducts of E14.5 

Sox2creERT2/+;Tbx2fl/fl embryos after a single pulse of tamoxifen at E12.5. 90 genes are significantly 

downregulated in E14.5 Sox2creERT2/+;Tbx2fl/fl cochlear ducts compared to cre-negative controls. 

 

Supplementary table 2. List of genes with significant upregualtion in cochlear ducts of E14.5 

Sox2creERT2/+;Tbx2fl/fl mutants after a single pulse of tamoxifen at E12.5. 36 genes are significantly 

upregulated in E14.5 Sox2creERT2/+;Tbx2fl/fl cochlear ducts compared to cre-negative controls. 

  

Supplementary table 3. List of genes with significantly decreased expression in cochlear ducts of E18.5 

Sox2creERT2/+;Tbx2fl/fl mutants after a single pulse of tamoxifen at E16.5. 48 genes are significantly 

downregulated in E14.5 Sox2creERT2/+;Tbx2fl/fl cochlear ducts compared to cre-negative controls. 

 

Supplementary table 4. List of genes with significantly increased expression in cochlear ducts of E18.5 

Sox2creERT2/+;Tbx2fl/fl mutants after a single pulse of tamoxifen at E16.5. 32 genes are significantly 

upregulated in E14.5 Sox2creERT2/+;Tbx2fl/fl cochlear ducts compared to cre-negative controls. 

 

Supplementary table 5. List of antibodies used in this study. 

 

Supplementary table 6. List of primers used for amplification of DNA fragments as templates for in vitro 

transcription of antisense RNA probes. 

  

Supplementary table 7. Quantification of hair cell numbers in E18.5 Sox2creERT2/+;Tbx2fl/fl loss-of-function 

mutants (Sox2-Tbx2LOF) compared to controls after a single pulse of tamoxifen at E12.5. Complete loss 

of SLC17A8+ (VGLUT3+) IHCs and increased number of BCL11B+ OHCs in E18.5 Sox2creERT2/+;Tbx2fl/fl 

cochlear ducts compared to controls. 

  

Supplementary table 8. Quantification of hair cell numbers in E18.5 Sox2creERT2/+;HprtTBX2/Y gain-of-

function mutants (Sox2-TBX2GOF) compared to controls after a single pulse of tamoxifen at E12.5. 

Increased number of SLC17A8+ (VGLUT3+) IHCs and reduced number of BCL11B+ OHCs in E18.5 

Sox2creERT2/+;HprtfTBX2/Y cochlear ducts compared to controls. 
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Supplementary table 9. Quantification of hair cell numbers in E18.5 Sox2creERT2/+;Tbx2fl/fl loss-of-function 

mutants (Sox2-Tbx2LOF) compared to controls after a single pulse of tamoxifen at E16.5. Reduced 

number of SLC17A8+ (VGLUT3+) IHCs and increased number of BCL11B+, SLC17A8+/BCL11B+ and 

SLC17A8-/BCL11B- hair cells in the inner compartment of E18.5 Sox2creERT2/+;Tbx2fl/fl cochlear ducts 

compared to controls. 

 

Supplementary table 10. Quantification of hair cell numbers in E18.5 Atoh1-CreERT2/+;Tbx2fl/fl loss-of-

function mutants (Atoh1-Tbx2LOF) compared to controls after a single pulse of tamoxifen at E15.5. 

Reduced number of SLC17A8+ (VGLUT3+) IHCs and increased number of BCL11B+, SLC17A8+/BCL11B+ 

and SLC17A8-/BCL11B- hair cells in the inner compartment of E18.5 Atoh1-CreERT2/+;Tbx2fl/fl cochlear ducts 

compared to controls. 

  

Supplementary table 11. Quantification of hair cell numbers in E18.5 Atoh1-CreERT2/+;HprtTBX2/+(Y) 

gain-of-function mutants (Atoh1-TBX2GOF) compared to controls after a single pulse of tamoxifen at 

E15.5. Increased number of SLC17A8+ (VGLUT3+) and SLC17A8-/BCL11B- hair cells in the outer 

compartment of E18.5 Atoh1-CreERT2/+;Tbx2fl/fl cochlear ducts compared to controls. 

  

 

Supplementary Table Legends 

 

Supplementary table 1. List of genes with significant downregulation in cochlear ducts of E14.5 

Sox2creERT2/+;Tbx2fl/fl embryos after a single pulse of tamoxifen at E12.5. 4 different pools of control and 

mutant material were used for the microarray analysis. Genes are sorted accordingly to their Fold Change (FC). 

For genes marked by an asterisk mRNA or protein expression data are available in the literature (reference). 

E, embryonic day; P, postnatat day. 

 

Supplementary table 2. List of genes with significant upregualtion in cochlear ducts of E14.5 

Sox2creERT2/+;Tbx2fl/fl mutants after a single pulse of tamoxifen at E12.5. 4 different pools of control and 

mutant material were used for the microarray analysis. Genes are sorted accordingly to their Fold Change (FC). 

For genes marked by an asterisk mRNA or protein expression data are available in the literature (reference). 

E, embryonic day; P, postnatat day. 

  

Supplementary table 3. List of genes with significantly decreased expression in cochlear ducts of E18.5 

Sox2creERT2/+;Tbx2fl/fl mutants after a single pulse of tamoxifen at E16.5. 4 different pools of control and 

mutant material were used for the microarray analysis. Genes are sorted accordingly to their Fold Change (FC). 

For genes marked by an asterisk mRNA or protein expression data are available in the literature (reference). 

E, embryonic day; P, postnatat day. 

 

Supplementary table 4. List of genes with significantly increased expression in cochlear ducts of E18.5 

Sox2creERT2/+;Tbx2fl/fl mutants after a single pulse of tamoxifen at E16.5. 32 genes are significantly 

upregulated in E14.5 Sox2creERT2/+;Tbx2fl/fl cochlear ducts compared to Cre-negative controls. 
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Supplementary table 5. List of antibodies used in this study. List of primary and secondary antibodies with 

relevant information like dilution, order and lot number and compony. 

 

Supplementary table 6. List of primers used for amplification of DNA fragments as templates for in vitro 

transcription of antisense RNA probes. List of forward and reverse primers used for amplification of DNA 

template fragments. A T7-promoter sequence (TAATACGACTCACTATAGGG) was added to the 5' end of 

the reverse primer. Additional information like length of the DNA template and source of DNA for PCR are 

listed in the table. 

 

Supplementary table 7. Quantification of hair cell numbers in E18.5 Sox2creERT2/+;Tbx2fl/fl loss-of-function 

mutants (Sox2-Tbx2LOF) compared to controls after a single pulse of tamoxifen at E12.5. Cell numbers 

were counted at the mid-basal level of each organ of Corti in an area of 500 µm. Subsequently, cell counts 

were averaged to an area of 100 µm. Normal distribution of data was analyzed by the D'Agostino & Pearson 

and Shapiro-Wilk normality test (normal distribution if p-values ≧ 0.05). Equality of variances was assessed 

by performing the F- and Levene’s test (equal variances if p-values ≧ 0.05). The appropriate statistical test 

(green boxes) was selected based on calculated parameters. 

  

Supplementary table 8. Quantification of hair cell numbers in E18.5 Sox2creERT2/+;HprtTBX2/Y gain-of-

function mutants (Sox2-TBX2GOF) compared to controls after a single pulse of tamoxifen at E12.5. Cell 

numbers were counted at the mid-basal level of each organ of Corti in an area of 500 µm. Subsequently, cell 

counts were averaged to an area of 100 µm. Normal distribution of data was analyzed by the D'Agostino & 

Pearson and Shapiro-Wilk normality test (normal distribution if p-values ≧ 0.05). Equality of variances was 

assessed by performing the F- and Levene’s test (equal variances if p-values ≧ 0.05). The appropriate statistical 

test (green boxes) was selected based on calculated parameters. 

  

Supplementary table 9. Quantification of hair cell numbers in E18.5 Sox2creERT2/+;Tbx2fl/fl loss-of-function 

mutants (Sox2-Tbx2LOF) compared to controls after a single pulse of tamoxifen at E16.5. Cell numbers 

were counted at the mid-basal level of each organ of Corti in an area of 500 µm. Subsequently, cell counts 

were averaged to an area of 100 µm. Normal distribution of data was analyzed by the D'Agostino & Pearson 

and Shapiro-Wilk normality test (normal distribution if p-values ≧ 0.05). Equality of variances was assessed 

by performing the F- and Levene’s test (equal variances if p-values ≧ 0.05). The appropriate statistical test 

(green boxes) was selected based on calculated parameters. 

 

Supplementary table 10. Quantification of hair cell numbers in E18.5 Atoh1-CreERT2/+;Tbx2fl/fl loss-of-

function mutants (Atoh1-Tbx2LOF) compared to controls after a single pulse of tamoxifen at E15.5. Cell 

numbers were counted at the mid-basal level of each organ of Corti in an area of 500 µm. Subsequently, cell 

counts were averaged to an area of 100 µm. Normal distribution of data was analyzed by the D'Agostino & 

Pearson and Shapiro-Wilk normality test (normal distribution if p-values ≧ 0.05). Equality of variances was 

assessed by performing the F- and Levene’s test (equal variances if p-values ≧ 0.05). The appropriate statistical 

test (green boxes) was selected based on calculated parameters. 
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Supplementary table 11. Quantification of hair cell numbers in E18.5 Atoh1-CreERT2/+;HprtTBX2/+(Y) 

gain-of-function mutants (Atoh1-TBX2GOF) compared to controls after a single pulse of tamoxifen at 

E15.5. Cell numbers were counted at the mid-basal level of each organ of Corti in an area of 500 µm. 

Subsequently, cell counts were averaged to an area of 100 µm. Normal distribution of data was analyzed by 

the D'Agostino & Pearson and Shapiro-Wilk normality test (normal distribution if p-values ≧ 0.05). Equality 

of variances was assessed by performing the F- and Levene’s test (equal variances if p-values ≧ 0.05). The 

appropriate statistical test (green boxes) was selected based on calculated parameters 
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Concluding remarks and future perspectives 

The formation of a functional inner ear depends on two major events. First, the induction of 

spatially restricted gene expression domains in the early otocyst that trigger the formation of 

the vestibular system at the dorsal and of the cochlear duct at the ventral side. Second, the 

precise differentiation and diversification of hair and supporting cells within the sensory end 

organs.  

This thesis demonstrates that the T-box gene Tbx2 is required for both events. Shortly after 

otocyst formation, Tbx2 mediates the restriction of the neurogenic domain to the anterior-

ventral aspect of the otocyst. Subsequently, it promotes cochlear elongation and refines the 

morphogenesis of vestibular structures. From the onset of prosensory cell differentiation, 

Tbx2/TBX2 is differentially expressed in the developing organ of Corti. Here, Tbx2 specifies 

and maintains inner hair and supporting cell identity.  

In contrast, Tbx3 contributes to inner ear morphogenesis only in a minor fashion by 

promoting the formation of the posterior semicircular canal. However, the severe 

morphological phenotype of Tbx2/3cDKO mutants shows that Tbx2 and Tbx3 act 

redundantly in inner ear morphogenesis.  

Since murine and human TBX2 proteins share about 96% of identity, and inner ear anatomy, 

physiology and molecular biology is highly comparable between mice and men, the results 

of this thesis are likely to be transferable to humans137. In fact, the functions of Tbx2 in early 

patterning of the otocyst and in differentiation of IHCs can explain why some patients with 

microdeletions on chromosome 17 which encompass TBX2, suffer from sensorineural 

hearing loss148,149. 

New insights into the regulatory network promoting otic neurogenesis 

The first subproject of this thesis provides novel insights into the regulation of otic 

neurogenesis in mice. Molecular analyses of Tbx2cKO and Tbx2/3cDKO mutants 

demonstrated that the posterior expansion of the neurogenic domain (Neurog1, Neurod1, 

Dll1) is accompanied by ectopic FGF signalling (Etv4, Etv5, Fgf8) and loss of Tbx1 

expression. Analyses in chicken showed that FGF signalling, especially FGF8, is a potent 

inducer of the neuronal competence factor Sox3, which was ectopically expressed in Tbx2-

deficient otocysts39,43,159. Pharmacological inhibition of FGF signalling in organ culture 

restricted the Neurog1-positive domain to the anterior-ventral aspect of Tbx2/3cDKO 

otocysts. These results suggest that TBX2 represses a Fgf8-Sox3/Sox2-Neurog1 regulatory 
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module in mammals. Since Tbx2 is expressed in chicken otocysts, it cannot be ruled out that 

Tbx2 function has diverged in chicken and mice136. Alternatively, TBX2 might repress FGF 

signalling through a yet unknown factor that is only present in mammals. To discriminate 

between these two possibilities, a detailed analysis of Tbx2 expression in chicken otocysts 

should be performed, followed by a phenotypic and molecular analysis of chicken inner ears 

deficient for Tbx2. Mis/overexpression of Fgf8 in murine otocysts using viral vectors and 

organ culture experiments might shed additional light onto the conservation of the regulatory 

axis. 

In addition to ectopic FGF signalling, Tbx2-deficient otocysts were characterized by 

downregulation of the neuronal suppressor gene Tbx1 in the ventral region. Inactivation of 

Tbx1 results in posterior-ventral expansion of the neurogenic domain accompanied by 

expanded Fgf3 expression36. We showed that in contrast to Tbx2-deficient embryos the 

expression domains of Etv4/5 and Fgf3 did not overlap in Tbx1KO otocysts, and that the 

Fgf8-Sox3 regulatory module was not ectopically expressed. These results indicate that 

FGF8-mediated signalling acts upstream of Tbx1. Future work may address this regulatory 

axis in greater detail by Fgf8 mis/overexpression experiments in early otocysts. 

Ectopic upregulation of FGF signalling in the ventral half of Tbx2/3cKO otocyst was 

accompanied by loss of BMP signalling (Id2, Id3). Previous studies showed that the 

expression of some T-box genes (Tbx2, Tbx3, Tbx5) depends on this signalling pathway160–

162. Coexpression of Id2/Id3 and Tbx1 in the posterior otocyst implies that BMP signalling 

is required for maintenance of Tbx1 expression in the developing inner ear. In other contexts, 

BMP and FGF signalling was shown to act antagonistically163. Hence, we suggest that de-

repression of FGF signalling in Tbx2-deficient otocysts leads to inhibition of BMP signalling 

and its downstream target Tbx1. Analysis of Tbx1 expression in BMP-deficient and of 

Id2/Id3 expression in Fgf8 mis/overexpression models may further validate this hypothesis. 

Tbx2 is a crucial regulator of inner hair and supporting cell identity 

The second subproject of this thesis identified Tbx2 as a crucial regulator of inner hair and 

supporting cell differentiation. Inactivation and misexpression of Tbx2 in the prosensory 

domain resulted in a complete loss and increased number of IHCs at the expense of OHCs, 

respectively. A similar phenotype was observed in underlying supporting cells. Thus, Tbx2 

is required for specification of cells in the inner compartment of the organ of Corti, where 

this transcription factor is expressed from the onset of differentiation. Spatial expression 

analysis of upregulated candidates from a microarray analysis of loss-of-function mutants, 
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identified Fgfr3 as the only gene with a pattern of expression complementary to that of Tbx2 

in normal conditions. Since Fgfr3-positive cells were shown to give rise to OHCs, Deiters’ 

cells and pillar cells, expansion of Fgfr3 expression in loss-of-function mutants and 

reduction of the Fgfr3-positive domain in gain-of-function mutants is likely to cause the 

initial mispatterning of the developing prosensory domain117. There are two genetic ways to 

test this hypothesis. First, misexpression of a constitutively active variant of Fgfr3 under the 

control of the Sox2creERT2-driver line should lead to expansion of the outer compartment at 

the expense of the inner compartment of the organ of Corti. Second, inactivation of both 

Tbx2 and Fgfr3 in the prosensory domain should rescue the phenotype of Tbx2-defiecient 

cochleae and re-establish the normal compartmentalization of the organ of Corti. However, 

the second experiment might be difficult to evaluate since the dose of Fgfr3 rather than its 

expression domain is affected. 

Hair cell-specific inactivation or misexpression of Tbx2 after the onset of differentiation 

resulted in conversion of IHCs into OHCs and vice versa demonstrating that TBX2 is also 

required for maintenance of IHC fate, at least until shortly after birth. It would be interesting 

to inactivate or misexpress Tbx2 at later postnatal stages for example using the vGlut3-P2A-

iCreER-line (recombination in IHCs) or the prestin-CreERT2-line (recombination in OHCs) 

and examine if TBX2 is required to maintain and sufficient to induce IHC identity upon full 

maturation. 

Inactivation of Insm1 leads to an increased number of IHCs in the outer compartment of the 

organ of Corti at the expense of OHCs indicating that IHC fate is the default state and that 

it needs to be actively repressed to promote OHCs development125. Initial expression of Tbx2 

throughout the prosensory domain and its progressive exclusion from OHCs supports this 

assumption. However, our data also demonstrate that IHC fate needs to be actively 

maintained by TBX2 possibly by repression of OHC fate. Together, the increased number 

of Insm1- and IKZF2-positive OHCs at the expense of IHCs in Tbx2-deficient cochleae and 

the ectopic Tbx2-positive IHCs in the outer compartment of the organ of Corti in Insm1 

mutants, indicate that the transcription factors involved in diversification of IHCs vs OHCs 

act antagonistically. A chromatin immunoprecipitation (ChIP) assay or Cleavage Under 

Targets and Tagmentation (CUT&Tag) technology followed by a sequencing reaction 

present experimental approaches to test whether TBX2 binds to regulatory regions in Insm1 

and Ikzf2 and vice versa in the future. 

In Ikzf2/Helios-deficient cochleae, some OHC-specific genes (e.g. Slc26a5, Ocm) are 

downregulated at P8 but reach normal levels by P16 while the expression of other genes 
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(e.g. Ppp1r17) is not restored126. These results indicate that Helios regulates an OHC-

specific gene set but that other factors compensate for the loss of this factor126. In contrast, 

SLC26A5 is stably expressed in Tbx2-deficient cochleae until P21. These contradicting 

observations could be due to the earlier inactivation of Tbx2 (P0-1) compared to Ikzf2 (P4). 

Alternatively, TBX2 might induce and suppress the complete IHC and OHC program, 

respectively. To address this possibility, Tbx2 should be inactivated or misexpressed at later 

time points using the vGlut3-P2A-iCreER-line or the prestin-CreERT2-line followed by 

single cell RNA sequencing to determine which genes are regulated by this T-box 

transcription factor. This approach should provide a deeper insight into the molecular 

function of TBX2 and might uncover additional regulators of hair cell diversification. 

The therapeutic potential of TBX2 

Sensorineural hearing loss is an increasing pandemic in our society mainly due to 

overexposure to loud noises, viral infections and ototoxic drugs. 

The results of this thesis open avenues for novel therapeutic approaches with respect to 

congenital and acquired forms of sensorineural hearing loss. Costa et al. successfully 

converted mouse embryonic stem cells (ESCs) into the hair cell lineage using a “cocktail” 

of transcription factor genes including Atoh1164. Transduction of these “induced hair cells” 

with Tbx2 might direct their differentiation into IHCs. These targeted cells could then be 

used to test new pharmacological compounds for IHC-specific ototoxicity (drug screening) 

or for their potential to induce regenerative responses in vitro. Cell culture approaches could 

also be used to analyse IHC-specific tropism of different viruses and therefore their potential 

as viral vectors. 
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