The function of 7bx2 and Thx3 in regulation

of morphogenesis and sensory cell differentiation

in the murine inner ear

Von der Naturwissenschaftlichen Fakultét

der Gottfried Wilhelm Leibniz Universitiat Hannover

zur Erlangung des Grades

Doktorin der Naturwissenschaften (Dr. rer. nat.)
genehmigte Dissertation

von

Marina Kaiser, M.Sc.

2022



Referent: Prof. Dr. rer. nat. Andreas Kispert
Korreferentin: Prof. Dr. rer. nat. Doris Steinemann
Korreferent: Prof. Dr. rer. nat. Hans Gerd Nothwang

Tag der Promotion: 25.11.2021



Angefertigt am

Institut fiir Molekularbiologie
der Medizinischen Hochschule Hannover
unter der Betreuung von

Prof. Dr. rer. nat. Andreas Kispert



Meiner Mama

II



The following publication and manuscript contributed to this thesis:

1. Kaiser, M., Wojahn, 1., Rudat, C., Liidtke, T. H., Christoffels, V. M., Moon, A.,
Kispert, A. and Trowe, M.-O. (2021). Regulation of otocyst patterning by 7bx2 and
Tbx3 is required for inner ear morphogenesis in the mouse. Development 148.
https://doi.org/10.1242/dev.195651

2.  Kaiser, M., Liidtke, T. H., Christoffels, V. M., Kispert, A. and Trowe, M.-O. TBX2
specifies and maintains inner hair and supporting cell fate in the Organ of Corti.

Under review in Nature

III



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 7bx2 and 7hx3 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 7bx2 and 7hx3 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 7bx/ expression in the posterior-ventral otocyst.

Conditional inactivation of 7hx2 in prosensory cells prior to the onset of differentiation,
caused a complete conversion of IHCs to OHCs, whereas 7hx2 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
Thx2 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: Thx2, Thx3, inner ear, morphogenesis, neurogenesis, hair cell diversification
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Zusammenfassung

Das Innenohr der Sdugetiere besteht aus dem dorsalen Vestibularorgan (Gleichgewichtssinn)
und der ventralen Cochlea (Horsinn). Gruppen von mechanosensitiven Haarzellen wandeln in
beiden Teilorganen mechanische Reize in elektrische Impulse um und leiten diese iiber die
Neurone des cochledren und vestibuldren Ganglions an das Gehirn weiter. Das sensorische
Epithel der Cochlea, das Corti-Organ, enthdlt Ton-empfangende innere Haarzellen und Ton-
verstiarkende dullere Haarzellen.

Alle epithelialen und neuronalen Komponenten des Innenohrs stammen von einer otischen
Plakode ab, aus der sich durch Einstiilpung eine einfache Sphire (Otozyste) bildet. Die
Umwandlung der Otozyste in ein komplexes 3-dimensionalse Labyrinth und die prézise
rdumliche und zeitliche Differenzierung der neurosensorischen Zellen wird durch ein
Zusammenspiel aus dynamischen und regional-beschriankten Aktivititen von Signal- und
Transkriptionsfaktoren kontrolliert.

Das Ziel dieser Arbeit war die Charakterisierung der zelluldren und molekularen Funktionen der
T-Box Transkriptionsfaktorgene 7hx2 und 7hx3 in der frithen Morphogenese der Otozyste und
in der Entwicklung des Corti-Organs.

Die Analyse konditioneller Verlustmutanten zeigte, dass 7hx2 und 7hx3, sowohl einzeln als auch
zusammen, fiir die Morphogenese der vestibuldren und cochledren Anteile des Innenohrs
bendtigt werden, indem sie die Musterung der frithen Otozyste beeinflussen. TBX2 beschréinkt
die neurogene Doméne auf die anterior-ventrale Otozyste, indem es die posterior-ventrale
Expression von Fgf8 hemmt und die von 7bx/ aufrechterhilt.

Die konditionelle Inaktivierung von 7hx2 in prosensorischen Zellen, vor dem Beginn der
Differenzierung, fiihrt zu einer kompletten Umwandlung von inneren in duflere Haarzellen,
wihrend die Misexpression von 7hx2 in einer zunechmenden Anzahl von inneren beim
gleichzeitigen Verlust von duBeren Haarzellen resultierte. Ahnliche Verinderungen konnten in
den darunterliegenden Stiitzzellen beobachtet werde. Expressionsanalysen deuten darauf hin,
dass TBX2 die Spezifizierung der inneren Haar- und Stiitzzellen reguliert, indem es die Fgfr3-
vermittelte Signalaktivitdt hemmt. Die Haarzell-spezifische Inaktivierung oder Misexpression
von Thx2, kurz nach der Geburt, filhrt zu einer zellautonomen Transdifferenzierung von
Haarzellen.

Die Ergebnisse dieser Arbeit geben neue Einblicke in die zelluldre und molekulare Kontrolle der
otischen Neurogenese und der Diversifizierung sensorischer Zellen, indem es TBX2 als einen
zentralen Regulator dieser Prozesse identifiziert. Diese Einblicke konnten fiir zukiinftige
regenerative Therapien bei Haarzellverlust in Patienten relevant sein.

Schlagworter: Thx2, Thx3, Innenohr, Morphogenese, Neurogenese, Diversifizierung der

Haarzellen
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Introduction

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 context!.

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 2050%. 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 traumas®®. Since mature mammalian hair cells
and neurons cannot be regenerated their progressive loss leads to deafness’?.

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 hearing®!°.
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

car.
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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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)'".

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 endolymph!!.

[ ]lymph ] outer sulcus B capillary pillar cells

I spiral ganglion [ ]tectorial membrane Il basilar membrane []inner hair cells (IHC)
[ ]spiral ligament inner sulcus ] outer hair cells (OHC) [ ]inner phalangeal cells
D stria vascularis Il Reissner's membrane [ ] outer supporting cells (Deiters') [ ]inner border cells

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



Introduction

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 cells!? (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 electromotility!®. 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
OHC s, 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 frequencies'®.
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 remodelling'®-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
notochord?®~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 ALDH1A22%34, Tt
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 7hx/
expression in the posterior half of the invaginating placode which mainly gives rise to the
non-sensory components of the inner ear?>3>-*%, The anterior aspect (Lfig, Fgf10, Neurogl,
Neurodl) contains neuronal and sensory precursors demonstrating that the A/P polarization

of the developing otocyst is strongly associated with the neurosensory development®6—3.,

A Otic placode (E8.5) B Otic vesicle (E9.5) Fig. 3. Anterior-posterior and dorso-
a r»L WNT. BMP ventral patterning of the otic
L 9
P . . . . .
Fgfio &/_» o epithelium in chicken and mice. A,
5 b%ﬁfm@i/ ggé% Specification of the anterior-posterior
g
o Pax2 axis through retinoic acid (RA)
Lmx7b Gata3 . . .
0 e o:x:/z signalling. =~ Mesoderm-derived =~ RA
’ DSHH . signalling is restricted to the posterior
) RA half of the otic placode by an opposing
[ ]rhombomere/neural tube [ ] primordium of the vestibular organ . .
radient of Cyp26cl expressed in the
[ ] proneurosensory domain B primordium of the cochlear duct g P P
[ mesodermal Aldh1a2 gradient [ statoacoustic ganglion anterior ectoderm. RA induces Tbx!/

[ ectedermal Cyp26¢1 gradient 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 Dix5, Gbx2, Hmx2/3 and Wnt2b expression, while the ventral
otocyst displays the expression of Pax2, Otx1/2, Gata3 and Glil (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 polarity?®-33,

The ventral half of the otocyst responds to sonic hedgehog (SHH) secreted by the floor plate
of the neural tube and the underlying notochord**#’. Expression of ventral genes such as
Pax2, Otx2, Gata3 is lost, while the dorsal Dix5 expression is ventrally expanded in Shh-
deficient otocysts*>#’. 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 DIx5 expression®'-*2. 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
tube’!. Double-inactivation of Wntl and Wnt3a in the dorsal neural tube or mechanical
removal of this tissue compartment leads to a complete loss of dorsal DIx5 and dorso-medial
Gbx2 expression while ventrally expressed G/il and Pax2 are expanded into the dorsal
otocyst. In contrast, forced activation of WNT signalling by LiCl leads to ventral expansion
of DIx5 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
otocyst’!. Bone morphogenic proteins (BMPs) are secreted by the dorsal neural tube while
Bmp4 is expressed in the dorsal surface ectoderm and in the dorsal otocyst®”*$4° Inactivation
of BMP4 signalling results in disturbed formation of vestibular structures in mice and

chicken’%-!

. 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
DIx5 and Hmx3 expression in the dorso-lateral but not in the dorso-medial otic epithelium
whereas ventro-lateral Otx2 expression is expanded dorsally®*>2. In contrast, Dix5 and Hmx3
are expended ventrally, while O#x2 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) signalling®*. The most promising candidates Fgf3 and Fgf10 are expressed in
the neural tube and the ventral otocyst while their receptor Fgfi-2 is expressed in the dorsal
otic epithelium>3-¢, Inner ears of Fgf3- and Fgfi-2-null mutants consist only of cystic cavities
and chambers while loss of Fgf10 leads to malformation of semicircular canals®3->%->7-38,
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 otocyst?-°.
McKay et al. proposed that Figf3 deficiency is the main cause of inner ear defects in kreisler
mutants?®. 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 Ghx2 and Wnt2b expression is lost, the ventro-lateral expression
of Owx2 is expanded medially while Dix5 expression is unchanged?®%’. 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 morphogenesis®®. 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

E9.5 E10.5 E11.5 E12.5 E15.5
D anterior semicircular posterior semicircular

endolymphatic vertical canal
}»P duct canal plate
L

lateral

endo-
canal lymphatic
sac

canal
common ductus
- crus )
horizontal utricle reuniens
canal plate saccule utriculosaccular
cochlear duct duct

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 E13.5%. 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)’”®!. Removal of fusion plate cells occurs through apoptosis in chicken and

through recruitment into the forming tubular canals in mice?!-%2

. 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 canal®”.

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 extension®%. Around E17.5, the
cochlear duct reaches its final 1.75 turns in mice?’.

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 expression®®. Therefore, the inactivation of just one of the patterning genes might result
in severe inner ear malformations.

For example, inactivation of dorsally expressed D/x5 results in disturbed semicircular canal
formation while the growth of the endolymphatic and cochlear ducts is mainly
unaffected®”-%®. Similar defects can be observed in Hmx2 and Hmx3 mutants®-"". 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 missing’!. Inactivation of
Fgf10 and Bmp4 leads to defects in the formation of cristae and their associated semicircular
canals’®3%72, Orx1 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 shortened”®. Pax2 is expressed mainly in the ventro-medial otic epithelium and its
inactivation results in severe hypoplasia of the cochlear duct’*”>. Systemic or conditional
inactivation of posteriorly expressed 7hx/ results in cystic inner ears without recognizable
vestibular and cochlear structures*!-’¢-". Similar to Thx1, LmxIa is mainly expressed in the

posterior otocyst>>*%80, Inner ears of Lmx/a loss-of-function mutants fail to develop the
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semicircular canals and the endolymphatic duct, while the cochlear duct is severely

shortened®’8!.

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 ear®?.

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 E10.5%¢7°, 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. SA). 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.

/A Specification of the neurogenic domain B Figure 5. Progression and regulation of

i

Commitment to the proneural fate

!!!!!!!!!!!!!!! NEUROG TBYq Scheme ShOWing the main Steps of otic
\

neurogenesis. B, Depiction of the regulatory

otic neurogenesis in mice and chicken. A,

Delamination and lateral inhibition . . . .
network involved in the progression of otic

oo/l BB BB ~NEuROD1I  DLL+—e—NOTCH
* neurogenesis. SOX2 promotes neuronal fate
Proliferation of neuroblasts 4 in the otic epithelium (light green) and

NHLH1/2 . . . |
ISL1 induces Neurogl expression in neurona

Terminal differentiation POU4F1/2 precursors (green) within the neurogenic

domain. NEUROGTI induces the expression of Neurod! to promotes neuroblast differentiation and
delamination as well as of DI//] 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)#-86_ Inactivation of Sox2 leads to a complete loss of NEUROGI-positive

9
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neuroblasts while ectopic expression of Neurogl is observed upon misexpression of
Sox2%387 NEUROGTI 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
Neurod %38, Misexpression of Sox2 in the chicken otic placode demonstrated that SOX2
has to be downregulated to enable Neurodl expression®’. This downregulation is mediated
by NEUROGT and later by NEUROD1%. Neurod| is required for delamination and survival
of otic neuroblasts®®. Shortly before Neurodl expression, NEUROG] activates delta-like 1
(DIII) in neuronal precursors®®. 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 D/// or pharmacological inhibition of Notch
signalling results in increased volume of the SAG**!. In contrast, inactivation of either
Neurogl or Neurodl results in a severe hypoplasia or agenesis of the SAG¥-*. Upon
delamination, neuroblasts activate the expression of further transcription factor genes such
as Nhlh1/2, Isl1 and Pou4f1, and terminally differentiate®®%3,

Restriction of the neurogenic domain to the anterior-ventral aspect of the otocyst is regulated
by the T-Box transcription factor TBX1. Inactivation of 7bx/ results in posterior expansion
of the Neurogl-DIl1-Neurodl domain and a severely increased size of the SAG3%7678, In
contrast, the expression domain of Neurogl as well as Neurodl is strongly reduced upon
(anterior) misexpression of TBX13S.

In addition to neuroblasts, the neurogenic domain gives rise to prosensory cells of the macula
utriculi and the macula sacculi®*. The sensory domains of the three cristae and the organ of

Corti derive from the Thx/-expressing region’®%.

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 duct®®®7. SOX2-positive prosensory progenitors then

10
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express the cell cycle inhibitor Cdkn1b (p27%7") in a temporal gradient from the apex towards
the base of the cochlear duct from E12.5 until E14.5%%. 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 wave!%*-

105 The hair cell fate is determined by the bHLH transcription factor ATOHI that regulates

hair cell differentiation and survival and represses Sox2 expression”®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 NOTCHI receptor on neighbouring cells?®101:108-110 = Activation of Notch
signalling stimulates the expression of transcriptional repressors such as HES1, HESS and
HEY2, which subsequently inhibit Atohl expression, thereby promoting supporting cell
fate!01-111-114 This leads to maintenance of Sox2 expression in supporting cells as opposed

to hair cells (Fig. 6B).

/A Specification of the prosensory domain B Figure 6. Progression and regulation of hair
!!!!!!!!!!!!!!! SOx2 and supporting cell differentiation in the

_— . organ of Corti in mice. A, Scheme showing the
Determination of hair cell fate

!!!!!!J(IJ(IJJJJ!!!!! ATOH1—» JAG2/DLLA main steps of hair and supporting cell

J differentiation. B, Depiction of the regulatory

NOTCH-mediated lateral inhibition network involved in the prosensory cell
(supporting cell fate)

!!!!!L (L (L é, J!!!!! HES1IS<—NO'JCH1 differentiation. SOX2 specifies prosensory cells

(light green) and induces hair cell differentiation
(dark green) through activation of Atohl expression. ATOH1-positive hair cells express the ligands DLL1 and
JAGGED?2 (JAG2) which bind to NOTCHI1 on adjacent cells. Activation of Notch signalling (red) induces the

expression of HES1/5 and subsequent repression of Atohl 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

15-17 'Tn the course of

prosensory cells that give rise to OHCs, Deiters’ cells and pillar cells
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 cells'!>!!6, In contrast, the more laterally localized supporting cells are

11
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exposed to the FGF antagonist sprouty2 (SPRY2)!'%. Inactivation of Spry2 or constitutive

activation of Fgfi-3 leads to transformation of Deiters’ cells into pillar cells!!8-12!

Fgfi3 or Fgf8 deficiency disrupts pillar cell development!!®122123, Hence, FGFR3-positive

. Contrary,

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 Hey?2 in pillar cells!!2.
HEY?2 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. Insml is transiently expressed in OHCs from E15.5 to P2'?*. Constitutive
inactivation of this zinc-finger transcription factor gene leads to transdifferentiation of a
subset of OHCs into ITHC-like cells'?>. OHC-specific expression of Helios (IKZF2) is
initiated at P4!2%, 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 /kzf2 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 7bx2 and 7hx3 in embryonic development and disease

The T-box (7hx) 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, TbxI, Thx2, Thx6 and Thrl. Mutations of human orthologues
underlie congenital diseases but also cause acquired syndromes such as cancer!?-12°,

Two members of the 7hx/-subfamily, 7hx/ and Thx18, have previously been implicated in
inner ear development. 7hx /8 is required for otic fibrocyte differentiation and formation of
the stria vascularis'3®. Thx/ 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 vascularis®®’®13! In the otic mesenchyme, TBX1 promotes morphogenesis of the

semicircular canals and the cochlear duct’3:132,

12
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Two other members of the T-box gene family, 7bx2 and Thx3, were shown to be expressed
in the otic placode and/or otocyst indicating that they might present additional regulators of
inner ear development!'**-13¢, Thx2 and Thx3 belong to the Thx2-subfamily and share more
than 90% of their amino acid residues within the T-box domain'*’. Both proteins act as
potent transcriptional repressors that negatively regulate the expression of common and
individual target genes such as Cdknla, Cdknlb and Cdkn2a (cell cycle inhibitors), Cdhl
and FlIrt3 (cell adhesion)!381%, Homozygous deletion of Thx2 or Thx3 results in embryonic
lethality in mice likely due to defects in yolk sac and heart development!'#+!4°, In humans,
haploinsufficiency of TBX3 causes the ulnar-mammary syndrome that is characterized by
abnormalities of mammary glands, upper limbs and genitals!®. Loss-of-function variants of
TBX2 are associated with cardiovascular defects, cleft palate, hypoplasia of the thymus and

147

skeletal anomalies'*’. Microdeletions of chromosome 17 that encompass several genes

including 7BX2 has been associated with sensorineural hearing loss, arguing for a possible

role of this T-box gene in inner ear function!#%14,
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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 eye!3%-144159-133 Tnitial analyses performed in our lab prior to
this work revealed that these two T-box genes are also critical for murine inner ear
development!>#136, Expression of Thx2 and Thx3 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, 7hx2 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 arrangement!'>*!13¢, 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 7hx2 and/or 7hx3 in the early
morphogenesis of the otocyst,
2. Analysis of the cellular and molecular function of 7hx2 in the development of the
sensory epithelium in the cochlea.
In the first subproject, the individual and combined function of 7bx2 and 7hx3 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 sifu 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 7hx2/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 7hx2 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:

Sox2eERT2 (prosensory domain), Atohl-CreER™ (hair cells)!>7!58, Moreover, the

14
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sufficiency of 7hx2 to confer cell-type specific changes in the developing and mature organ
of Corti was to be investigated by conditional misexpression experiments using an Hprt8%2-
line and the mentioned tamoxifen-inducible CreERT2-driver lines (Sox2<¢ER™? and Atohl-
CreER™). Tmportantly, 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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RESEARCH ARTICLE

Regulation of otocyst patterning by Thbx2 and Thx3 is required
for inner ear morphogenesis in the mouse

Marina Kaiser', Irina Wojahn', Carsten Rudat’, Timo H. Liidtke', Vincent M. Christoffels?, Anne Moon®*,

Andreas Kispert' and Mark-Oliver Trowe’*

ABSTRACT

Al epithelial components of the inner ear, including sensory hair cells
and innervating afferent neurons, arise by patterning and differentiation
of epithelial progenitors residing in a simple sphere, the otocyst. Here,
we identify the transcriptional repressors TBX2 and TBX3 as novel
regulators of these processes in the mouse. Ablation of Thx2 from
the otocyst led to cochlear hypoplasia, whereas loss of Tbx3
was associated with vestibular malformations. The loss of function
of both genes (Tbx2/3cDKO) prevented inner ear morphogenesis at
midgestation, resulting in indiscemible cochlear and vestibular
structures at birth. Morphogenetic impairment occurred concomitantly
with increased apoptosis in ventral and lateral regions of Thx2/3cDKO
otocysts around E10.5. Expression analyses revealed partly disturbed
regionalisation, and a posterior-ventral expansion of the neurogenic
domain in Thx2/3cDKO otocysts at this stage. We provide evidence
that repression of FGF signalling by TBX2 is important to restrict
neurogenesis to the anterior-ventral otocyst and implicate another
T-box factor, TBX1, as a crucial mediator in this regulatory network.

KEY WORDS: Otic vesicle, Cochlea, Tbx1, Otic neurogenesis,
Morphogenesis, FGF

INTRODUCTION
The mammalian inner ear is a highly asymmetric sensory organ that
is characterised by an elaborated system of fluid-filled epithelial
ducts and chambers. Ventro-medially in this membraneous
labyrinth lies the spirally coiled cochlear duct, which is essential
for the perception of sound. Dorso-laterally resides the vestibular
organ, in which anterior, posterior and lateral semicircular canals
and two membraneous sacs, the saccule and the utricle, mediate the
perception of angular and linear acceleration, as well as of gravity. In
both the cochlea and the vestibular organ, sensory stimuli are
converted into electrical impulses by clusters of mechanosensitive
hair cells and are transmitted to the brain by sensory neurons of the
cochlear and the vestibular ganglia.

Hair cells, their supporting cells, non-sensory epithelial cells as
well as sensory neurons of the inner ear all derive from a common
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precursor tissue, the otic placode, which in mice is established in the
ectoderm lateral to the hindbrain around embryonic day (E) 8.5
(reviewed by Wu and Sandell, 2016). This epithelial patch
invaginates and pinches off the surrounding ectoderm to form at
E9.5 an epithelial sphere, the otocyst. Within the next 8 days,
localised changes of cell shapes, cell migration, proliferation and
apoptosis drive morphogenesis of the semicircular canals and the
endolymphatic duct from the dorsal and dorso-medial aspect of the
otocyst, respectively; of utricle and saccule from the intermediate
part; and of the cochlear duct from the posterior-ventral region
(Alsina and Whitfield, 2017; Martin and Swanson, 1993; Morsli
et al., 1998; Nishikori et al., 1999).

Around E9.0, epithelial cells in the ventral otocyst initiate a
neurosensory differentiation programme. From this neurogenic
domain, which is rapidly restricted to the anterior subregion of the
otocyst until E10.5, neuroblasts delaminate and coalesce to form the
statoacoustic ganglion (SAG), which later subdivides and
innervates the auditory and vestibular inner ear components
(Carney and Silver, 1983; Ma et al., 1998; Raft et al., 2004).
Remaining cells of the proneurosensory domain, as well as cells of
the neighbouring prosensory domain, segregate to different regions
of the inner ear where they eventually differentiate into
mechanosensitive hair cells and supporting cells of the vestibular
and cochlear sensory patches (reviewed by Raft and Groves, 2015;
Wu and Sandell, 2016).

Spatially confined morphogenetic and neurosensory differentiation
programmes rely on prior patterning of the otocyst along three
perpendicular axes. WNTs and BMPs from the dorsal hindbrain, and
SHH from the basal plate of the hindbrain and the underlying
notochord provide asymmetric cues to generate opposing signalling
gradients along the dorso-ventral and medio-lateral axes of the otocyst
(Hatch etal., 2007; Ohta et al., 2016; Pirvola et al., 2000; Riccomagno
et al., 2002, 2005). Combinatorial signalling activities confer
regionalised expression of transcription factors that regulate distinct
morphogenetic programmes in subregions of the otocyst (reviewed by
Ohta and Schoenwolf, 2018). Polarisation along the anterior-posterior
axis is triggered by retinoic acid (RA) from paraxial mesoderm at
the posterior edge of the forming otocyst (Bok et al., 2011). In the
posterior otocyst, high levels of RA induce the expression of the T-box
transcription factor TBX1, which suppresses neurogenesis (Bok et al.,
2011; Raft et al., 2004). Commitment to the neuronal lineage within
the anterior-ventral otocyst is regulated by the basic helix-loop-helix
(bHLH) transcription factor NEUROG]I, which acts upstream of
NEURODI and DLL1 (Ma et al., 2000, 1998). DLLI limits the
number of neuronal precursors by NOTCH-dependent lateral
inhibition (Brooker et al., 2006; Daudet et al, 2007), and
NEURODI controls the subsequent delamination and differentiation
of neuroblasts (Kim, 2013; Kim et al., 2001; Liu et al., 2000).

TBX2 and TBX3 are two closely related members of a T-box
transcription factor subfamily that is distinct from that of TBX1

1

19

DEVELOPMENT



Part 1

Development (2021) 148, dev195651. doi:10.1242/dev.195651

(Agulnik et al., 1996). Both proteins are expressed at many sites of
the developing vertebrate embryo, where they regulate diverse
cellular processes in early organogenesis as transcriptional
repressors (reviewed by Papaioannou, 2014). Based on previous
reports that these genes are also expressed in the early mouse otocyst
(Bollag et al., 1994; Mesbah et al., 2012), we used a conditional
gene-targeting approach to analyse their function in murine inner
ear development. Here, we show that 7hx2 and T7hx3 are
individually and combinatorially required for inner ear
morphogenesis. We trace the developmental onset of these
changes to the early otocyst, and characterise the cellular and
molecular alterations at this stage. We provide evidence for a role of
TBX2 in the anterior-ventral restriction of otic neurogenesis by
repressing FGF signalling and maintaining 7hx/ expression in the
posterior-ventral otocyst.

RESULTS

Thx2 and Thx3 show spatially restricted but partially
overlapping patterns of expression in early murine inner ear
development

Previous work reported expression of 7bx2 in the E8.5 otic placode
(Barrionuevo et al., 2008), and of 7hx2 and 7bx3 in the E9.5 otocyst
(Bollag et al., 1994; Mesbah et al., 2012). However, a spatially and
temporally resolved profile of (co-)expression of the two genes in
the early development of the murine inner ear was not reported.
RNA in situ hybridisation analysis confirmed that 7hx2 expression
commences in the otic placode at E8.5 (Fig. 1A). At E9.5, Thx2 was
expressed in the epithelium of the entire otocyst with exception of
the dorsolateral quadrant (Fig. 1B). From E10.5 to EI12.0,
expression of 7bx2 was found ventrally in the developing
cochlear duct, dorso-medially in the endolymphatic duct and in
the central region, the vestibule, but not in the dorso-lateral region,
which gives rise to the vertical canal plate, the primordium of the
posterior and anterior semicircular canals (Morsli et al., 1998). Otic
expression of 7hx3 started at E9.5 in the lateral otocyst (Fig. 1A,B).
From E10.5 onwards, expression was confined to the lateral aspects
of the developing vestibular system and ventro-medially to the
epithelium of the cochlear duct. Three-dimensional (3D)
reconstructions from serial sections confirmed unique expression
of Thx2 in the developing endolymphatic duct and in the posterior
aspect of the cochlear duct, and of 7bx3 in the dorsal vestibular
system whereas expression of the two genes largely overlapped in
the central-lateral part of the developing vestibular system and in the
anterior cochlear duct (Fig. 1C). Expression of TBX2 and TBX3
protein mirrored the patterns of the mRNA (Fig. 1D). Together, this
analysis argues for both unique and combined functions of 7bx2 and
Thx3 in the development of specific subregions of the otocyst.

Individual and combined inactivation of Tbx2 and Thx3in the
otic epithelium disrupts inner ear morphogenesis
To test the individual and combined function of 7hx2 and 7hx3 in
inner ear development, we used a tissue-specific gene inactivation
approach with a Pax2-cre transgenic line that mediates
recombination in the otic epithelium from E8.5 onwards (Trowe
et al., 2011) (Fig. S1A), and floxed alleles of Thx2 (Thx2/¥)
(Wakker et al., 2010) and Thx3 (7hx3"**) (Frank et al., 2013).
Complete loss of TBX2 and TBX3 protein in the otic epithelium of
Pax2-cre/+; Thx2/x/1ox; Tpx 30¥Mex (Thx 2/3¢DKO) embryos at E9.5
and E10.5 confirmed the validity of this approach (Fig. S1B).
Mice with individual and combined inactivation of 7hx2 and 7hx3
presented in the expected Mendelian ratio at E18.5 (Table S1)
allowing for the inspection of inner ear morphology by serial
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Fig. 1. Tbx2 and Thx3 show spatially restricted but partially overlapping
patterns of expression in early inner ear development. (A,B) RNA in situ
hybridisation analysis of Thx2 and Thx3 expression on whole wild-type
embryos at E8.5 (A) and on mid-transverse otocyst sections of E9.5 to E12.0
embryos (B). (C) 3D reconstructions of unique domains of Tbx2 (red) and
Tbx3 (green) as well as overlapping expression (yellow) in the developing
inner ear from E9.5 to E12.0. For this analysis, serial otocyst sections were
alternately stained for Tbx2 and Thx3 mRNA. Shown are anterior views (top)
and lateral views (bottom) of the developing otocyst. (D) Immunofluorescence
staining of TBX2 and TBX3 expression on mid-transverse sections of E9.5 to
E12.0 otocysts. a, anterior; cd, cochlear duct; d, dorsal; ed, endolymphatic
duct; hpl, horizontal canal plate; m, medial; nt, neural tube; op, otic placode; ot,
otocyst; p, posterior; v, ventral; vpl, vertical canal plate.

histological sections and subsequent 3D reconstructions of the
cavities of all mutant combinations at this stage (Fig. 2A, Fig. S2A).
Embryos with an individual deletion of 7hx2 (Pax2-cre/+; Thx2*/ex,
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Fig. 2. Individual and combined loss of Tbx2 and/or Thx3 in the otic
epithelium severely affects inner ear morphology from E10.5 onwards.
(A,B) 3D reconstructions derived from serial histologically stained sections of
the cavities of the cochlear duct (red), the vestibular system (yellow) as

well as the endolymphatic duct (grey). (A) Morphology of E18.5 inner ears in a
lateral view. For each of the indicated genotypes, two specimens are

shown to reflect the phenotypic range. (B) Inner ear morphogenesis between
E10.5 and E15.5 in control and mutant embryos in a lateral view. a, anterior;
asc, anterior semicircular canal; cc, crus commune; cd, cochlear duct; ed,
endolymphatic duct; Isc, lateral semicircular canal; ot, otocyst; psc, posterior
semicircular canal; sa, saccule; ut, utricle; v, ventral; vb, vestibule; vpl, vertical
canal plate.

Thx2cKO) exhibited a severely shortened cochlear duct, a
rudimentary endolymphatic duct, malformation of the vestibular
system with dilation of the vestibule and crus commune, loss of
the saccular cavity and variably truncated semicircular canals. In
Pax2-cre/+; Thx3"</°x (Thx3¢KO) embryos, the cochlear and
endolymphatic ducts were established normally, but the vestibular
system was variably hypo- or dysplastic. In 7hx2/3¢DKO embryos,
hypodysplasia of the cochlear and endolymphatic duct and of the
vestibular system was strongly enhanced compared with single

mutants. The membranous labyrinth was severely reduced in size
and collapsed. This shows that 7hx2 is uniquely required for
morphogenesis of the cochlea and the endolymphatic duct, whereas
Thx2 and Thx3 redundantly regulate the formation of the vestibular
system.

Morphological changes of the inner ear in Thx2- and/or Thx3-
deficient embryos occur shortly after otocyst formation

To define both the onset and progression of these morphological
defects, we analysed inner ear development from E9.5, when the
otocyst is formed, to E15.5, when all epithelial ducts of the cochlea
and vestibular system are established (Fig. 2B, Fig. S2B). In
Thx2cKO embryos, the first phenotypic changes were detected at
E10.5 as a thickening of the otic epithelium in the ventro-lateral
region of the otocyst (Fig. S2B, brackets). In 3D reconstructions, the
protrusion of the endolymphatic duct at the dorso-medial side was
much shorter than in controls. At subsequent stages, the
endolymphatic duct remained short and did not separate from the
vestibule. The cochlear duct underwent minimal elongation and no
coiling. Formation of the posterior semicircular canal was delayed
and separation of the vestibule and saccular cavity failed. Inner ears
of Thx3cKO embryos appeared normal until E11.5, but exhibited
delayed semicircular canal morphogenesis at E12.5, and lacked the
posterior semicircular canal at E15.5. In 7hx2/3c¢DKO inner ears,
phenotypic changes started at E10.5, mirroring the findings in
Thx2cKO embryos. Unlike in 7hx2cKO embryos, the
endolymphatic and the cochlear duct were absent at E11.5 and
subsequent stages. The size and shape of the otocyst remained
largely unchanged at E12.5. At E15.5, the cavity was collapsed.
These findings point to onset of morphological changes in 7bx2cKO
and 7hx2/3¢DKO inner ears at E10.5, defining a requirement of
Thx2 and Thx3 shortly after the otocyst has formed.

Thx2/3cDKO embryos exhibit ectopic apoptosis in the
dorso-lateral and ventral regions of the otocyst

We next investigated whether these morphological changes are
preceded and/or accompanied by alterations in cell survival and/or
proliferation in the otic epithelium. A bromodeoxyuridine (BrdU)
incorporation assay revealed normal cell proliferation in four
quadrants of 7hx2/3¢DKO otocysts at E10.5 (Fig. 3A,B, Table S2).
In contrast, terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) and anti-CASPASE-3 staining detected altered
patterns of apoptosis (Fig. 3C, Fig. S3). A small cluster of apoptotic
cells at the ventral-most tip of the otocyst was present in control and
Thx3cKO embryos at E10.5 but not in 7hx2¢KO and Thx2/3¢DKO
embryos (arrowheads in Fig. 3C). In the latter genotypes, ectopic
programmed cell death occurred in the ventro-lateral and dorso-
lateral region at this stage (arrows in Fig. 3C). At E11.5, 7hx2cKO
and 7hx2/3¢DKO embryos exhibited markedly increased apoptosis
in the ventral-most area of the otocyst, and in cells and ganglion-like
structures located in the adjacent periotic mesenchyme (arrows in
Fig. 3C, Fig. S3).

Dorso-ventral and medio-lateral regionalisation of
Thx2|3cDKO otocysts is partly disturbed

To identify in an unbiased fashion molecular changes that correlate
or even account for the observed cellular and morphological defects
in 7bx2/3¢cDKO inner ears, we performed microarray-based
transcriptional profiling using RNA from four independent pools
of dissected otocysts of E10.5 7hx2/3¢cDKO embryos and their
Cre-negative littermates as controls. Using Qlucore Omics Explorer
software, we found a total of 2860 differentially expressed genes
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Fig. 3. Increased apoptosis in the otic epithelium upon individual and
combined inactivation of Thx2 and Tbx3 in this tissue. (A) Analysis of
cell proliferation by the BrdU incorporation assay on transverse sections in the
four indicated quadrants of E10.5 otocysts. (B) No significant differences

in the proliferation rate are detected in Thx2/3cDKO otic epithelium compared
with control (n=6). Error bars represent s.d. For numbers, see Table S2.

(C) Analysis of cell death by the TUNEL assay on transverse otocyst sections
at E10.5 and E11.5. Arrowheads point to apoptotic cells at the ventral-most tip
of the otocyst in control and Thx3cKO embryos at E10.5. Arrows mark ectopic
dorso-lateral and ventro-lateral clusters of apoptotic cells in Thx2cKO and
Tbx2/3cDKO otocysts at E10.5; and an ectopic apoptotic cell cluster in the
ventral tip, the surrounding mesenchyme and ganglion-like structures in
Tbx2cKO and Tbx2/3cDKO otocysts at E11.5. Nuclei are counterstained with
DAPI. Stages and genotypes are as indicated. cd, cochlear duct; ed,
endolymphatic duct; m, medial; nt, neural tube; ot, otocyst; v, ventral; vpl,
vertical canal plate.

with q<0.05 (Table S3); additional thresholds for signal intensity
(INT>100) and fold change (FC>2) resulted in 234 robustly
upregulated and 169 robustly downregulated genes in 7bx2/3¢DKO
otocysts (Fig. 4A, Tables S4 and S5).

Functional annotation using the DAVID software tool
(david.nciferf.gov) revealed strongest enrichment of the gene
ontology (GO) term ‘inner ear morphogenesis’ in the group of
169 genes with reduced expression (Fig. 4B, Table S6). Among the
top 20 downregulated transcripts was the transcription factor gene
Otxl (=5.4), which is required for lateral semicircular canal
formation and cochlear morphogenesis (Morsli et al., 1999), and
Smpx (—11.4), loss of which leads to hearing impairment in humans
(Huebner et al., 2011) (Fig. 4C). Manual inspection of the list of
downregulated genes uncovered additional regulators of inner ear
morphogenesis, including Ox2 (—4.9) (Miyazaki et al., 2006;
Morsli etal., 1999), Hmx2/3 (—4.1/-3.1) (Wang et al., 2001, 2004),
Gata2/3 (-3.0/-2.2) (Haugas et al., 2010; Lillevili et al., 2006),
Gbx2 (-2.9) (Lin et al., 2005; Miyazaki et al., 2006), 7bx! (—2.7)
(Raft et al., 2004; Vitelli et al., 2003), DIx5 (—=2.3) (Robledo and
Lufkin, 2006), Fgf10 (—1.7) (Lillevili et al., 2006; Pauley et al.,
2003) and Lmo4 (—1.6) (Deng et al., 2010) (Fig. 4D).

RNA in situ hybridisation analysis uncovered that regionalised
expression of genes from the top 20 list as well as of further selected
candidates was differentially affected in E10.5 7bx2/3¢DKO
otocysts (Fig. 4E). Expression of Smpx and Sstr/ in the dorso-

medial region was lost, and that of Gbx2, Pax8 and Wnt2b was
strongly reduced. Aldhla2 and Hmx3 were no longer expressed in
the dorso-lateral region, and Gata3 and Lmo4 were downregulated
and their expression domain was smaller. The ventral expression
limit of the lateral DIx5 domain was shifted dorsally. Omx2
expression was completely abolished from the ventro-lateral
region, and the expression domain of Otx/ in the lateral otic
epithelium was reduced. Cldn22 was no longer transcribed in the
ventral otocyst. Gata3 expression in the ventral tip of the otocyst
was reduced, and expression of Gdf6, Fgfl10 and Thnil was not
detected in this region. Other transcription factor genes implicated
in dorso-ventral patterning of the otocyst (Dachl, Eyal, Pax2, SixI)
(Ozaki et al., 2004; Torres et al., 1996; Xu et al., 1999; Zheng et al.,
2003), were unchanged in the microarray and exhibited minor (Pax2
was ventrally expanded) or no changes (Dachl, Eyal, SixI) in their
expression pattern at E10.5 (Fig. 4F). Together, these findings
indicate that the dorso-ventral and medio-lateral axes are established
but that regionalised morphogenetic programmes along these axes
are partly compromised upon combined loss of 7hx2 and 7hx3 in
the otic epithelium.

Genes associated with neuronal differentiation are
upregulated in Thx2/3cDKO otocysts

As Thx2 and Thx3 encode transcriptional repressors (Brummelkamp
etal., 2002; Carreira et al., 1998; Jacobs et al., 2000; Lingbeek et al.,
2002), it is likely that the set of genes with increased expression in
Thx2/3¢cDKO otocysts (Table S5) better reflects their primary
regulatory function. Functional annotation analysis of upregulated
transcripts showed an enrichment of genes associated with the terms
‘neurogenesis’ and ‘regionalisation’ (Fig. SA, Table S7). Many of
these ‘neuronal’ genes are among the top 40 upregulated genes,
including En2 (+17.1), Sox3 (+5.2), Fgf8 (+4.6) and Nefin (+4.3)
(Fig. 5B). Other highly upregulated neuronal genes were Poudf!
(+3.1), Insm1 (+2.3), Nhlh2 (+2.2) (Fig. 5C). Additional genes with
known function or expression in otic neurogenesis were found
among significantly upregulated genes that had a FC<2, including
the neurogenic marker genes DI/ (+1.5) and Neurodl (+1.7), Heyl
(+1.8), Nhihl (+1.6) and Tubb3 (+1.7) (Jalali et al., 2011; Ma et al.,
1998) (Fig. 5C, Table S3).

Using RNA in situ hybridisation analysis, we validated
expression of the top 40 upregulated genes as well as of selected
candidates for which we were able to obtain probes (Fig. 5D). Ten of
the genes showed ectopic expression in 7bhx2/3cDKO otocysts:
CdS83, En2, Lamc2, Papss2 and Sox3 in the ventral region; Ctxn3
and Kcns3 in the ventro-lateral region; and Insml, Prkaa2 and
Sowaha in single cells in the ventral region as well as in the adjacent
mesenchyme. Expression of NAlh2 in neuroblasts was unaffected.
Dorso-lateral expression of Ntn/ and medial expression of Heyl was
expanded ventrally and ventro-laterally, respectively, in mutant
otocysts. Celf3, DII3, Kenmb2, Poudfl and Tmeff2 were expressed
in the SAG in both control and 7hx2/3¢DKO embryos. Many of
these genes (Celf3, DII3, Heyl, Insm1, Nhih2, PoudfI, Sox3) were
also transcribed in the neural tube, confirming their possible
involvement in neurogenesis. Collectively, these results indicate
that neurogenesis occurs ectopically in the ventral region of 7hx2/
3¢DKO otocysts.

The neurogenic domain is posteriorly expanded in
Thx2-deficient otocysts

In wild-type embryos, neurogenesis commences in the entire ventral
aspect of the otocyst around E9.5 but becomes rapidly restricted to
an anterior subregion at E10.5 (Raft et al., 2004). To judge whether
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Fig. 4. Tbx2/3cDKO otocysts show defects in dorso-ventral and medio-lateral regionalisation at E10.5. (A) Pie-charts summarising the results from the
microarray analysis of four independent otocyst pools from E10.5 Thx2/3¢cDKO and control embryos. (B) Gene ontology (GO) enrichment analysis for
downregulated genes. The top 4 scoring clusters are shown annotated with representative GO terms and cluster enrichment scores. (C,D) Tables of the

top 20 (C) and selected (D) downregulated transcripts. Shown are average fold changes (FC) of RNA intensities between the pools. (E,F) Validation of the
downregulated microarray candidates (E) and of selected dorsal and ventral markers (F) by RNA in situ hybridisation analysis on mid-transverse otocyst sections
of control and Thx2/3cDKO embryos. Arrowheads indicate the dorsal shift in DIx5 and Lmo4 expression borders. Numbers in the mutant panels indicate the
degree of downregulation. ed, endolymphatic duct; m, medial; nt, neural tube; ot, otocyst; v, ventral.

this regionalisation process is compromised in 7bx2/3¢DKO
embryos, we analysed the expression of genes involved in this
programme on transverse sections along the anterior-posterior axis
of the otocyst at E9.5 and E10.5. At E9.5, expression of the
proneurosensory markers Sox2 and Lnfg, and of the neurogenic

marker Neurogl in the ventral region along the anterior-posterior
axis was unaffected as was the restriction of 7hx/ to the posterior-
lateral otocyst (Fig. S4).

At E10.5, Neurogl and its targets, DI/] and Neurodl (Ma et al.,
1998) were found in the anterior ventro-lateral otocyst as well as in
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the periphery of the adjacent SAG in control embryos; Nefin, a gene
transcribed in maturing neurons (Romand et al., 1990), was
expressed in the centre of the SAG (Fig. 6A). In Thx2/3¢DKO
otocysts, expression of Neurogl, DIl and Neurodl was expanded
posterior-ventrally into the non-neurogenic region of the otocyst,
and was also observed in cells underneath the epithelium. Ectopic
ganglion-like structures were found in the adjacent periotic
mesenchyme (Fig. 6A, arrows), of which some were Nefin
positive. 3D reconstructions  confirmed  posterior-ventral
expansion of resident and delaminating neuroblasts (Neurodl)
(Fig. 6B). However, only a subset of these ectopic neuroblasts
managed to differentiate further (Nefin) as the slightly lateralised
SAG was not expanded posteriorly (Fig. 6C). Importantly, posterior
expansion of the neurogenic domain occurred in 7bx2¢KO but not in
the 7bhx3cKO otocysts (Fig. S5), indicating that TBX2 accounts for
the anterior restriction of the otic neurogenic programme after E9.5.

Thx1, the major inhibitor of otic neurogenesis (Raft et al., 2004),
was expressed in the entire otocyst except for the anterior-ventral
neurogenic domain of control and 7hx3cKO embryos at E10.5. In

gulated in Thx2/3cDKO otocysts. (A) Gene ontology (GO) enrichment analysis for
upregulated genes. The top 5 scoring clusters are annotated with representative GO terms and cluster enrichment scores. (B,C) Tables of the top 40 (B) and
selected (C) upregulated transcripts. Shown are average fold changes (FC) of RNA intensities between the pools. (D) Validation of upregulated microarray
candidates by RNA in situ hybridisation analysis on mid-transverse otocyst sections shows ectopic expression of genes in the ventral region of Thx2/3cDKO
otocysts. Numbers in the mutant panels indicate the degree of upregulation. ed, endolymphatic duct; m, medial; nt, neural tube; ot, otocyst; sag, statoacoustic
ganglion; v, ventral.

Tbx2/3cDKO
| *44

5,»;‘,;'.f&u4f1 | A

452

Thx2cKO embryos, Thxl expression was absent from the ventral
aspect of the otocyst along the complete anterior-posterior axis. In
Thx2/3¢cDKO mutants, expression of 7hx/ was additionally
abolished from the anterior-dorsal otocyst (Fig. S6A, Fig. 6D). In
Thx1-deficient otocysts, expression of 7bx2 expanded into a small
anterior-dorsal region but was otherwise unaffected; 7bx3 was lost
in the posterior-medial region (Fig. S6B). Hence, ventral expression
of Thxl depends on Thx2 whereas Thx2/Thx3 expression gets
(minor) input from 7hx/ function.

Ectopic FGF signalling contributes to the posterior
expansion of the neurogenic domain in Thx2/3cDKO otocysts
at E10.5

Our transcriptional profiling revealed increased expression of Fgf8
(+4.6) and of members of its synexpression group: FGF8 effectors
Ewvl (+1.5), Etv4 (+1.6), Etv5 (+1.5), and counter-regulators Dusp6
(+1.8) and 1117rd (+1.4) in Thx2/3¢DKO otocysts (Fig. 5B,
Table S3). Because FGF8 promotes commitment of otic epithelial
cells to the neuronal lineage by inducing Sox3 (increased 5-fold
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Neurod1

posterior expanded in Tbx2/3cDKO otocysts at E10.5.
L5 g (A) RNA in situ hybridisation analysis of E10.5

o control and Thx2/3cDKO otocysts using three
different section planes: anterior, mid-transverse,
posterior. Expression of pro-neuronal genes
(Neurog1, DII1, Neurod1) is posterior-ventrally
expanded in mutant otocysts; expression of Nefm,
a marker of terminally differentiated neuronal cells,
is unaltered. Ectopic ganglion-like structures are
present adjacent to the posterior-ventral otocyst of
mutant embryos (arrows). (B,C) Different views of
3D reconstructions of Neurod1* cells in the otic
epithelium (red) and in delaminated neuroblasts
(green) in relation to the otocyst (translucent) (B),
and of Nefm expression (green) in comparison with
the otocyst (orange) (C). Arrows indicate ectopic
ganglion-like structures adjacent to the posterior-
ventral otocyst. (D) RNA in situ hybridisation
analysis of Thx1 expression, which is downregulated
in the posterior-ventral otocyst of Thx2/3cDKO
embryos. d, dorsal; ed, endolymphatic duct; fg, facial
ganglion; m, medial; nt, neural tube; ot, otocyst; p,
posterior; sag, statoacoustic ganglion; v, ventral.
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here) and downstream Newurod! expression in the chick (Abello
etal., 2010), we wished to explore changes of the spatial pattern of
Fgf8 and Sox3 (Fig. 7A). In control embryos, Ffg8 was restricted to
the periphery of the SAG in the anterior region; Sox3 was not
expressed. In 7bx2/3¢cDKO embryos, we detected ectopic
expression of both genes in the ventral otocyst along the anterior-
posterior axis. Importantly, this ectopic expression correlated with
strongly enhanced FGF signalling, as indicated by ectopic posterior
expression of Etv4 and Etv5, bona fide target genes of this pathway
(Raible and Brand, 2001). Notably, expression of another FGF
ligand gene, Fgf3, which is confined to the anterior-lateral (neural)
region of the otocyst (McKay et al., 1996), occurred ectopically in a
dorso-medial position at the posterior region of the 7hx2/3¢DKO

otocyst at this stage (Fig. 7A). Ectopic expression of Fgf8, Etv4 and
Sox3 was also found in 7hx2cKO but not in 7hx3¢KO otocysts at
E10.5, implicating specifically TBX2 in the repression of Fgf8 and
FGF signalling (Fig. S7).

In ThxIKO otocysts, Fgf8 and Sox3 were not ectopically
expressed; the anterior-ventro-lateral expression of Fgf3 was
expanded posteriorly; and Efv4 and Etv5 expression occurred
ectopically in the posterior-medial region (Fig. S8). These results
suggest that loss of 7hx/ in Thx2cKO and Thx2/3¢cDKO otocysts
does not account for ectopic posterior-ventral activation of Fgf8/
Sox3 expression and FGF signalling.

Because signalling pathways are frequently interconnected in
tissue patterning, we also analysed changes of the spatial activity of

7

25

DEVELOPMENT



RESEARCH ARTICLE

Part 1

Development (2021) 148, dev195651. doi:10.1242/dev.195651

A control

Tbx2/3cDKO

Fig. 7. Ectopic FGF signalling contributes to

anterior ——————— posterior
ont ‘

Fgf3 Etvs Etv4 Sox3

Etv4
control

Tbx2/3cDKO
Tbx2/3cDKO

other pathways important for otocyst patterning by RNA in situ
hybridisation of known targets in E10.5 7hx2/3cDKO otocysts
(Fig. S9). 1d3, target of BMP signalling (Hollnagel et al., 1999), was
lost from the posterior-ventral and downregulated in the dorsal
region. Bmp4, a ligand of this pathway, was ectopically expressed in
the dorsolateral otocyst, but its expression was lost at ventro-medial
sides in the posterior region. Axin2, a target of WNT signalling (Jho
et al., 2002), was weakly expanded from the dorso-medial into the
ventro-medial region whereas ventral expression of Prchl, a target
of SHH signalling (Ingham and McMahon, 2001), was slightly
reduced in this region in 7bx2/3¢DKO otocysts. Rarb, a target of RA
signalling (Mendelsohn et al., 1991), was found neither in control
nor in 7hx2/3¢DKO otocysts.

At E9.5, expression of Etv4 and Etv5 indicated FGF signalling in
the entire medial region of control otocysts. In 7bx2/3¢cDKO

anterior —————————— posterior
. —

posterior-ventral expansion of Neurog1
expression in Thx2/3cDKO otocysts. (A,B) RNA
in situ hybridisation analysis of expression of FGF
ligand genes (Fgf8, Fgf3), target genes of FGF
signalling (Etv4, Etv5) and of the proneural gene
Sox3 on transverse sections of E10.5 control and
Thbx2/3cDKO otocysts at the anterior, mid-transverse
and posterior region. (B,C) Right and left halves of
embryonic heads were explanted from E9.5 control
and Thx2/3¢cDKO embryos and cultured for 24 h in
the presence of 1 yM AZD4547, an FGF receptor
inhibitor, or DMSO, the solvent. The explants were
then analysed by whole-mount RNA in situ
hybridisation using probes against Etv4 (B) and
Neurog1 (C). For better visualisation, otocysts were
dissected before documentation. Numbers in C
indicate the fraction of analysed specimens showing
the representative staining. m, medial; nt, neural
tube; o, otocyst; p, posterior; sag, statoacoustic
ganglion; v, ventral.

S e

otocysts, expression of both genes was enhanced and laterally
expanded, correlating with ectopic Fgf3 expression in this region.
Fgf8 expression was not detected at this stage (Fig. SI0A). BMP,
WNT, SHH and RA signalling were marginally affected (Fig. S10B).
We conclude that ectopic neurogenesis in the posterior-ventral
region of E10.5 Thx2-deficient otocysts coincides with ectopic Fgf8
expression and FGF signalling at this stage.

We used pharmacological inhibition to determine whether
increased FGF signalling contributes to ectopic neurogenesis in
Thx2/3¢DKO mutants (Fig. 7B,C). Halves of E9.5 embryo heads
were cultured in the presence of the highly selective FGFR inhibitor
AZDA4547 (1 uM in DMSO) (Gavine et al., 2012; Gudernova et al.,
2016), or with DMSO vehicle as a control. After 24 h of treatment,
expression of Etv4 was abolished in wild-type and 7hx2/3¢DKO
otocysts, validating the assay in this tissue (Fig. 7B). Upon
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AZD4547 treatment, expression of Neurogl was restricted to the
anterior-ventral domain in both control and 7hx2/3¢DKO otocysts,
suggesting that TBX2 restricts neurogenesis to the anterior-ventral
otocyst after E9.5 by suppression of posterior-ventral FGF
signalling (Fig. 7C).

DISCUSSION

Thx2 and Thx3 exert unique and redundant functions in early
inner ear development

The T-box transcription factors TBX2 and TBX3 regulate a diverse
set of developmental programmes. Here, we have extended their
functional analysis in mouse development and found that they are
individually and combinatorially required for the formation of the
cochlea and the vestibular organ. Our morphological analysis
revealed strong hypoplasia of the cochlea and the endolymphatic
duct combined with moderate vestibular defects in 7hx2cKO
embryos, hypodysplasia of the semicircular canals in 7hx3cKO
embryos and indiscernible cochlear and vestibular structures in
Thx2/3¢DKO embryos shortly before birth. These morphological
defects were preceded by markedly increased apoptosis in the
ventral otocyst of 7hx2cKO and Thx2/Thx3¢DKO, and in the
dorsolateral domain of 7bx2/3cDKO, as well as by ectopic
posterior-ventral neurogenesis in 7bx2-deficient otocysts. These
individual and combined defects reflect the unique and overlapping
sites of expression of the two genes in the early otocyst, i.e. of 7hx2
in the dorsal-medial and ventral region, of 7bx3 in the dorsal region,
and of 7hx2 and 7hx3 in the central and ventro-medial region, from
which the epithelial ducts and chambers of the membraneous
labyrinth arise in a region-specific manner. Similar to other
developmental contexts (Aydogdu et al., 2018; Lidtke et al.,
2016; Mesbah et al., 2012; Singh et al., 2012; Zirzow et al., 2009),
Tbx2 and Thx3 therefore have individual as well as redundant
functions in early inner ear development depending on their co-
expression patterns.

In humans, heterozygous mutations of 7BX2 have been associated
with vertebral anomalies, and variable endocrine and T-cell
dysfunctions (Liu et al., 2018), and heterozygous mutations of
TBX3 have been linked to ulnar-mammary syndrome (Bamshad et al.,
1997). In neither case were deficits in hearing and balance reported.
Our findings, together with recent reports that the heterozygous loss
of several genes, including 7BX2, in a microdeletion at 17q23.1g23.2
is associated with sensorineural hearing loss in humans (Ballif et al.,
2010; Nimmakayalu et al., 2011) suggest that it might be beneficial to
screen individuals with known mutations in 7BX2 or TBX3 for subtle
defects of inner ear functions.

Thx2 and Thx3 exert crucial patterning functions in early
inner ear development

Our morphological analysis of midgestation stages revealed that
inner ear defects in 7hx2 and Thx3 single and double mutant
embryos manifested around E10.5, indicating that 7bx2/Tbx3 are
not involved in formation of the otic placode and the otocyst but
are required for the subsequent regionalised outgrowth of the otic
epithelium. Although 7hx2 and 7hx3 have been implicated in the
maintenance of cell proliferation by direct repression of cell cycle
inhibitors in vitro and in vivo (Brummelkamp et al., 2002; Jacobs
et al., 2000; Lingbeek et al., 2002; Liidtke et al., 2013), neither our
BrdU assay nor our transcriptional profiling provided support for
reduced proliferation as a cause of morphogenetic impairment in
Thx2/3¢DKO otocysts. However, we detected a massive increase in
apoptotic cells in the dorso-lateral and ventro-lateral aspects of the
Thx2/3¢DKO otocyst at E10.5, and in the ventral otocyst at E11.5,

arguing that increased apoptosis depletes the epithelial progenitor
pool required for localised outgrowth of the epithelial ducts and
chambers similar to other mouse mutants with morphogenetic
defects in the inner ear (Merlo et al., 2002; Vitelli et al., 2003;
Xu et al., 1999; Zheng et al., 2003).

Involvement of 7hx2 and 7bx3 in the negative regulation of
apoptosis has been demonstrated in several contexts (Du et al.,
2017; Singhvi et al., 2008). However, we think that apoptosis, and
hence morphogenetic impairment in the mutant otocyst, is
secondary to a disturbed establishment of regional identities.
Apoptosis at E10.5 was found in regions that exhibited specific loss
or reduction of regional markers, including Aldhla2, Gata3, Hmx3
and Lmo4 in the dorso-lateral, and Otx/ and Otx2 in the ventro-
lateral otocyst, that have been implicated in vestibular
morphogenesis (Deng et al., 2010; Karis et al., 2001; Morsli
et al., 1999; Wang et al., 1998). Apoptosis in the ventral region of
Thx2cKO and Thx2/3¢DKO otocysts at E11.5 was preceded by gain
of a neurogenic programme and by loss or reduction of genes that
are essential for cochlear outgrowth (Gata3, Gdf6, Fgf10) (Bademci
etal., 2020; Karis et al., 2001; Urness et al., 2015), and possibly for
survival of delaminating neuroblasts (Fgf10) (Pirvola et al., 2000;
Vazquez-Echeverria et al., 2008).

Previous work implicated WNT signals from the dorsal hindbrain
and SHH signals from the ventral hindbrain and notochord in the
establishment of dorsal or ventral fates, respectively, in the otocyst.
These signals induce regionalised expression of transcription factor
genes such as DIx5/6, Hmx2/3 and Gbx2 (dorsal) and Pax2 and
Onx2 (ventral) that regulate distinct morphogenetic subprogrammes
along the dorso-ventral axis of the otocyst (Hatch et al., 2007; Ohta
et al., 2016; Pirvola et al., 2000; Riccomagno et al., 2002, 2005).
Our expression analysis characterised weak yet discernible
expansion of WNT signalling into ventro-medial regions, a
downregulation of ventral SHH signalling, and a loss of Ox1/
Omx2 expression in the ventro-lateral otocyst of 7hx2/Thx3cDKO
embryos at E10.5, suggesting a (partial) reduction of ventral and a
possible expansion of dorsal fates. However, many ventral genes,
including Six/, Eyal, Pax2, Gata3, were still expressed and dorsal
genes, including DIx5, Gbx2, Aldhla2, Smpx, were not ventrally
expanded, but reduced in their dorsal expression indicating that
dorso-ventral polarity was normally established and that changes in
the activity of WNT and SHH signalling contribute only in a minor
fashion to the morphogenetic defects of 7hx2/3c¢DKO otocysts.

In contrast, we think that altered BMP and FGF signalling may
impact on axial patterning and regionalisation in 7bx2/3¢DKO
otocysts. Loss- and gain-of-function experiments in chicken and
mouse demonstrated that dorsal BMP signalling is both required and
sufficient to mediate a dorsal vestibular fate, possibly via induction
of DIx5 and Hmx3, and by repression of SHH-dependent ventral
genes (Chang et al., 2008; Gerlach et al., 2000; Ohta and
Schoenwolf, 2018; Ohta et al., 2016). Given the dorsal
downregulation of /d3 expression in 7hx2/3¢cDKO otocysts, and
hence of BMP signalling, it is likely that reduced expression of
some dorsal genes, including Hmx3, can be attributed to changes in
this pathway. Loss of Fgf3 from the hindbrain leads to a failure of
endolymphatic duct and common crus formation, accompanied by
epithelial dilatation and reduced cochlear coiling (Hatch et al.,
2007). FGF10 derived from the developing cristae affects vestibular
morphogenesis (Pauley et al., 2003). Conceivably, ectopic
expression of Fgf8 in the ventral and of Fgf3 in the posterior-
dorso-medial region of 7bx2/3¢DKO otocysts may constitute novel
signalling centres that directly interfere with regionalisation along
the otocyst axes, and/or affect the activity of other signalling
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pathways, particularly BMP signalling, required for otocyst
patterning as shown in many other developmental contexts
(reviewed by Schliermann and Nickel, 2018; Teven et al., 2014).
We conclude that TBX2 and TBX3 are essential regulators of
signalling activities that confer regional identities important for
localised outgrowth in the otocyst.

TBX2 restricts otic neurog is via repr
FGF signalling and maintenance of Thx1
Neurogenesis is initiated in the entire ventral half of the otocyst and
becomes restricted to a small anterior-ventral region until E10.5
(Raft et al., 2004). Our analysis showed that neurogenesis was
correctly initiated in the entire ventral region of 7hx2/3¢DKO
otocysts at E9.5 but failed to restrict to the anterior subregion at
E10.5. Such a phenotype can be conceptualised by maintenance or
establishment of a neural inducer in the posterior subregion and/or
lack of a posterior repressor of this programme.

Previous studies in the mouse but also in other vertebrates
provided ample evidence that FGF signals provide an initial cue for
neural specification both in the otic but also in other sensory
placodes (reviewed by Lassiter et al., 2014; Maier et al., 2014).
Pharmacological inhibition of FGF signalling in cultured mouse
otocysts abolished formation of Neurog!™* neuroblasts (Brown and
Epstein, 2011), and loss of Fgf3, which is expressed in the
neurosensory domain, disturbed otic ganglion formation (Mansour
et al.,, 1993). In chicken, Fgf70, which is also expressed in the
neurosensory domain, specifies neuronal fate (Alsina et al., 2004),
and treatment with FGF2 enhances neuronal differentiation via an
unknown mechanism (Adamska et al., 2001). In zebrafish, fg/3 and
f2f8 are implicated in the specification of otic neuroblasts (Vemaraju
etal., 2012).

In Thx2-deficient otocysts, we detected ectopic FGF signalling in
the posterior-ventral region at E9.5 and E10.5. At E9.5, ectopic FGF
signalling correlated with posteriorly expanded Fgf3 expression,
whereas at E10.5 we detected ectopic Fgf8 expression, which
coincided with the posterior expansion of the neurogenic domain
and ectopic induction of the neurosensory competence factor Sox3.
Additionally, pharmacological inhibition of FGF signalling after
E9.5 abrogated ectopic expression of Neurogl in the posterior-
ventral otocyst, suggesting that 7hx2 is required to repress
FGF-induced neuronal competence in the posterior-ventral
otocyst. Lack of reduction of Neurogl expression at the anterior
otocyst may reflect that neurogenesis on this side depends on a
different regulatory programme, or that the neurogenic lineage has
already been determined and no longer needs FGF signalling at this
stage. The discrepancy compared with an earlier report (Brown and
Epstein, 2011) may be due to usage of a different inhibitor under
different experimental conditions.

In contrast to chicken, in which FGF8-mediated signalling induces
otic neurogenic fate via induction of the proneural gene Sox3 (Abello
et al., 2010) or zebrafish, in which sox3 promotes neural competence
in the otic epithelium (Gou et al., 2018), neither gf8 nor Sox3 have
been associated with otic neurogenesis in the mouse. Fgf8 is
expressed in maturing neuroblasts after delamination but is absent
from the otic epithelium, as is Sox3 (Vitelli et al., 2003; this study).
Hence, ectopic neural competence in 7bx2/3cDKO otocysts may be
due to de-repression of an Fgf8-Sox3/Sox2-Neurogl regulatory
module that has been lost in mammalian evolution.

Concomitant with the upregulation of FGF signalling, we
detected reduced BMP signalling in the posterior-ventral region of
Thx2/3¢DKO otocysts, indicating a signalling antagonism similar to
other biological settings (reviewed by Schliermann and Nickel,

of posterior

2018). BMP signalling has been implicated in the inhibition of
neurogenesis in many developmental contexts (Bond et al., 2012;
Imayoshi and Kageyama, 2014; Shou et al., 1999). However,
pharmacological inhibition of BMP signalling and activation of the
pathway by overexpression of a constitutively active ALK3 at the
otic placode stage in chick embryos caused a downregulation and
anterior expansion of the posterior marker Lmx1b, respectively, but
had no effect on the establishment of the neurogenic fate (Abelld
etal., 2010). We, therefore, posit that loss of ventral BMP signalling
in Thx2/3¢DKO otocysts does not directly account for the expansion
of neurogenesis.

Previous work demonstrated that 7hx/ is both essential and
sufficient to restrict neural fate to the anterior-ventral otocyst (Raft
et al., 2004; Xu et al., 2007). Loss of 7hxI expression in the
posterior-ventral region of 7hx2-deficient otocysts at E10.5, is
therefore likely to contribute in a major fashion to the observed
phenotypic changes. Our analyses revealed ventral apoptosis
(Fig. S11) and expanded posterior FGF signalling in 7bx/KO
otocysts, similar to 7hx2/3¢DKO mutants. However, ectopic posterior
expression of Fgf8 and Sox3 and strong ventral induction of FGF
signalling did not occur in 7hx/KO otocysts, indicating a functional
diversity between TBX1 and TBX2.

In different contexts, FGF and RA have been shown to act
antagonistically (Diez del Corral and Storey, 2004; Marklund et al.,
2004), suggesting that FGF inhibits RA-mediated 7hx/ induction.
However, normal expression of 7hx/ at E9.5 argues against such a
scenario. Given the similar expression patterns of 7hx/ and /d3 in
controls as well as loss of 7hx/ expression and BMP signalling in
the posterior-ventral otocyst of E10.5 Thx2/3¢DKO embryos, it is
tempting to speculate that induction of Fgf8 expression leads to
reduced BMP signalling which, in turn, causes loss of Thx/.
Irrespective of the precise mechanism, our findings add to the
overarching theme that TBX1, TBX2, TBX3 and most other T-box
transcription factors act in cross-regulatory networks in a variety of
developmental settings (Goering et al., 2003; Greulich et al., 2011;
Mesbah et al., 2012; Sheeba and Logan, 2017).

In summary, we suggest that in 7hx2-deficient otocysts ectopic
FGF signalling accounts for posterior expansion of the neurogenic
region in a dual manner. First, FGF signalling activates the
neurogenic regulatory network via Sox3 and Neurogl. Second, FGF
signalling leads to repression of the neural repressor 7bx/, possibly
via reduced BMP signalling (Fig. 8).

TBX2 may directly repress Fgf8 and other neuronal genes
Given the upregulation of Fgf8 and Fgf3, and a possible role of FGF
signalling in inducing the loss of 7hx/ and the gain of neurogenesis
in Thx2/3¢DKO otocysts, it is tempting to speculate that TBX2
directly represses Fgf8 and/or other FGF ligand genes. In order to
identify TBX2 target genes, we performed a ChIP-seq experiment
from more than 1000 E10.5 otocysts. Possibly owing to the paucity
of tissue or antibody limitations, we failed to enrich for TBX2-
bound fragments. However, interrogation of the web-platform
ChlIP-Atlas (chip-atlas.org; Oki et al., 2018) in which ChIP-Seq data
sets for mouse and human tissues are deposited, identified TBX2/
TBX3 bound genomic regions associated with Fgf8 (Tables S8-
S10). Moreover, the web-tool oPOSSUM (opossum.cisreg.ca;
Kwon et al., 2012) revealed evolutionarily conserved binding
sites for TBX proteins in Fgf8 (Tables S8 and S11). These in silico
data, together with the finding that TBX1 binds to and transactivates
an ultraconserved cis-regulatory element downstream of Fgf8
(Castellanos et al., 2014), supports the notion that Fgf8 might
present a direct target of TBX2 repressive activity in the otocyst.
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Interestingly, additional neuronal genes with increased
expression in 7hx2/3¢DKO otocysts are associated with TBX2/
TBX3 ChIP peaks in other tissues (Pou4f1, Nefin, Nefl, Foxn4, DIl
Insml, Nhih2, Neurogl, Neurodl), and harbour TBX-binding sites
(Poudfl1, DIl1, Neurodl) (Tables S8-S11), suggesting that TBX2
suppresses the neurogenic gene regulatory network at multiple
levels beyond the repression of Fgf8 and the (indirect) maintenance
of ThxI. Supporting that notion, recent work showed that TBX3
represses NEURODI target genes via DNA binding in the absence
of NEURODI, thereby suppressing the neuronal lineage, but is
displaced from cis-regulatory regions once NEURODI binds
(Pataskar et al., 2016).

We conclude that TBX2 and TBX3 are novel regulators of otocyst
patterning and that TBX2 exerts its function in the posterior-ventral region
at least partly by repression of a neurogenic gene regulatory network.

MATERIALS AND METHODS

Mice and genotyping

Mice carrying a null allele of 7hx/ (Thx1™'"?) (Jerome and Papaioannou,
2001), mice with a conditional floxed allele of 7hx2 (Thx2""%!V", synonym
Thx2"%) (Wakker et al., 2010) or Thx3 (Thx3""  synonym Thx3"¥)
(Frank et al, 2013), the double fluorescent Cre reporter line
Gt (RO SA ) 26Sorm#(ACTB-tdTomato,-EGFP)Luo/J (Synonym R26™ TmG)
(Muzumdar et al., 2007) and the transgenic cre driver line 7g(Pax2-
cre)14Kis (synonym Pax2-cre) (Trowe et al., 2011) were maintained on an
NMRI outbred background. Embryos for 7hx2 and 7hx3 gene expression
analyses were derived from matings of NMRI wild-type mice. Pax2-cre/+;
Thx21ox1ox . Ty 3Moxflex . R 26 TmG/ (Thyx2/3¢DKO) mice were obtained from
matings of Pax2-cre/+;Thx2"V*;Thx3** males and Thx2¥/f1ox;
Thx3oxox, R2gmTmG/mImG  females. For generation of Pax2-cre/+;
Thx2Mf1ox (Thx2cKO) embryos, Pax2-cre/+; Thx2"*"* males were mated
to Thx2'/ox females. Pax2-cre/+;Thx3"*% (Thx3cKO) mice were
obtained from matings of Pax2-cre/+;Thx3"*’* males and Thx3/ /¥
females. For conditional mutant mice, cre-negative littermates served as
controls. 7hx/-deficient embryos were generated from matings of 7Thx1/+
animals. The presence of a vaginal plug on the morning after mating defined
midnight as time of fertilisation; noon was correspondingly defined as E0.5.
Pregnant females were sacrificed by cervical dislocation. Embryos were
dissected in PBS, fixed in 4% paraformaldehyde (PFA)/PBS overnight and
stored in 100% methanol at —20°C until use. Somite numbers were used for
embryo staging. Genotyping was carried out by PCR on genomic DNA
prepared from embryonic tissues or ear clips.

All animal work conducted for this study was performed according to
European and German legislation. The breeding and handling of mice lines
was approved by the Niedersichsisches Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit (permit number AZ33.12-42502-04-13/1356).

neurogenic domain
(anterior-ventral)

NEUROG1 <---- SOX3 <----- FGIFS

Fig. 8. Model of the role of TBX2 and
TBX3 in early inner ear development.
(A) Combined loss of Thx2 and Thx3 leads
to a failure in the anterior-ventral restriction
of the neurogenic domain between E9.5
and E10.5, increased apoptosis and
impairment of inner ear morphogenesis
thereafter. (B) Possible interaction of TBX2
and the neurogenic gene regulatory
network. Dashed lines indicate as-yet
hypothetical relationships. p, posterior;

v, ventral.
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Histological and immunofluorescence analyses

For histological analysis, 5-um-thick paraffin sections were stained with
Haematoxylin and Eosin or with Alcian Blue and Eosin. 3D reconstruction
of stained serial sections was performed with the Amira software (version
5.3.3, ThermoFisher Scientific).

For detection of antigens on 5-um-thick paraffin sections, labelling with
primary antibodies was performed at 4°C overnight after antigen retrieval
(15 min at 100°C; H-3300, Vector Laboratories), blocking of endogenous
peroxidases with 3% H,0,/PBS for 15 min and incubation in blocking
buffer (TNB) provided by the Tyramide Signal Amplification (TSA) kit
(NEL702001KT, Perkin Elmer) for 45min. The following primary
antibodies were used: rabbit-anti-TBX2 (1:4000, 07-318, Merck
Millipore), polyclonal goat-anti-TBX3 (1:500, sc-31656, Santa Cruz
Biotechnology), polyclonal rabbit-anti-cleaved CASPASE-3 (1:400, 9661,
Cell Signaling Technology), monoclonal mouse-anti-GFP  (1:250,
11814460001, Roche). Primary antibodies were visualised with either
biotinylated Fab fragment goat-anti-rabbit IgG (1:200, 111-067-003,
Dianova), biotinylated donkey-anti-goat IgG (1:200, 705-065-147,
Dianova) and the TSA system (NEL702001KT, Perkin Elmer) or Alexa
488-conjugated donkey-anti-mouse IgG (1:200, A21202, Invitrogen).
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI,
6335.1, Carl Roth) according to the manufacturer’s instruction. At least three
specimens of each genotype were used for each experiment.

Proliferation and apoptosis assays

Cell proliferation rates were investigated by the detection of incorporated
BrdU on S-um-thick transverse paraffin sections according to published
protocols (Bussen et al., 2004). For each specimen (n=6 per genotype), eight
adjacent sections were assessed. The BrdU labelling index was defined as the
number of BrdU-positive nuclei relative to the total number of nuclei as
detected by DAPI counterstaining in arbitrarily defined regions. Statistical
analysis was performed using the two-tailed Student’s r-test. Data were
expressed as mean#s.d. Differences were considered significant when the
P-value was below 0.05. Apoptosis was assessed by TUNEL assay using the
ApopTag Plus In Situ Apoptosis Fluorescein Detection Kit (S7111, Merck
Millipore) and by anti-cleaved CASPASE-3 staining on at least three
specimens per genotype.

RNA in situ hybridisation analysis

Whole-mount RNA in situ hybridisation was performed following a
standard procedure with digoxigenin-labelled antisense riboprobes
(Wilkinson and Nieto, 1993). Stained specimens were transferred to 80%
glycerol prior to documentation. RNA in situ hybridisation on 10-um-thick
paraffin sections (5-pum-thick paraffin sections for reconstructions) was
performed as previously described (Moorman et al., 2001). For each marker
at least three independent specimens were analysed. Primers for PCR
amplification of new DNA templates for in vitro transcription of RNA
probes are listed in Table S12.
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Organ culture

For explant cultures of otocysts, the part anterior of the 4th branchial arch of
E9.0-E9.5 (23-28 somites) embryos was dissected and cut in half along the
neural tube in L-15 Leibovitz medium (F1315, Biochrom). The tissue pieces
were placed on 0.4 pm polyester membrane Transwell supports (3450,
Corning) with the medial side down, and incubated at 37°C and 5% CO, in
organ culture medium (DMEM/F12) (21331-020, ThermoFisher Scientific)
supplemented with 10% fetal calf serum (SO115, Biochrom), 100 units/ml
penicillin/100 pg/ml streptomycin (15140-122, ThermoFisher Scientific),
I mM sodium pyruvate (11360-039, ThermoFisher Scientific), 1x MEM
NEAA (11140-035, ThermoFisher Scientific) and 1% GlutaMAX (35050-
038, ThermoFisher Scientific) at the air-liquid interface for 24 h. For
inhibition of FGF signalling, AZD4547 (HY-13330, MedChemExpress) was
added to the medium at a final concentration of 1 uM. At the end of the culture
period, the tissue was fixed in 4% PFA overnight at 4°C, and then processed
for whole-mount RNA in situ hybridisation. Otocysts were punctured to avoid
probe trapping.

Microarray experiments and data analysis

Total RNA was extracted from pools of otocysts (n=14-18) mechanically
dissected from E10.5 control and 7bx2/3¢cDKO embryos using the
peqGOLD RNAPure reagent (732-3312, Peqlab) and sent to the Research
Core Unit Transcriptomics of Hannover Medical School where it was
hybridised to Agilent Whole Mouse Genome Oligo v2 (4x44 K)
Microarrays (G4846A, Agilent Technologies) in a dual-colour mode.
Data were averaged from four independent biological samples per
genotype.

Log2-converted expression data were imported into Qlucore Omics
Explorer (version 3.6, Lund, Sweden) and normalised (mean=0, Var=1). For
the identification of deregulated genes, probe sets with the highest values for
a gene were used in a two-group comparison (-test). Genes with a FDR-
adjusted P-value (q-value)<0.05 were considered deregulated, and further
subjected to filtering using a signal intensity threshold (=100 either for
control or mutant pool) and a fold change threshold (FC>2, FC<-2).
Functional enrichment analysis was performed using DAVID 6.8 software
(Huang et al., 2009a,b), and terms were selected based on Gene Functional
Annotation Clustering on GO-BP-FAT annotations, ‘medium’ stringency
and final group membership of >5.

For the prediction of direct target genes of TBX2/TBX3, we used the
‘Target Genes’ tool of the public ChIP-seq database ChIP-Atlas (http:/
Chip-atlas.org) (Oki etal., 2018). MACS2 scores for all genes were retrieved
for TBX2 (in human, hg38) and TBX3 (in mouse, mm10) (setting ‘Distance
from TSS’: 10 kb), and joined to genes upregulated in our microarray
based on the gene symbol. Evolutionarily conserved T-box transcription
factor-binding sites were identified using the o)POSSUM3 software (http:/
opossum.cisreg.ca) (Kwon et al., 2012) using the JASPAR Core profile for
Brachyury (T) and 10 kb up/downstream sequence.

Documentation

Sections were photographed using a Leica DM5000 microscope with a
Leica DFC300FX digital camera. Whole-mount specimens were
photographed on a Leica M420 with Fujix digital camera HC-300Z. All
images were processed in Adobe Photoshop CS4.

Statistical analysis

Results are expressed as mean+s.d. Normal distribution of data was tested by
Shapiro—Wilk test (P>0.05) and Q-Q-plots. For comparison of two groups,
an unpaired two-tailed Student’s t-test was performed. P<0.05 was
considered statistically significant. Statistical analyses were performed
using Microsoft Excel (version 16.16.24) and JASP (version 0.13.1).
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Supplementary Figures
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Fig. S1. The Pax2-cre line mediates recombination in the otic epithelium from E8.5 onwards.
(A) Immunofluorescence analysis of GFP expression (green) on mid-transverse sections of the
hindbrain region of Pax2-cre/+;Rosa26™™%* embryos shows that the Pax2-cre line mediates robust
recombination of the R26™™° reporter allele in the epithelium of the otic placode at E8.5 and of the
otic vesicle at E9.5. (B) Mid-transverse sections of control and Thx2/3cDKO otocysts immuno-
labelled for TBX2 and TBX3 expression. Expression of TBX2 and TBX3 (red) is completely lost in
the otic epithelium at E9.5 and E10.5 showing that the Pax2-cre line efficiently recombined floxed
alleles of Thx2 and Tbx3 to null alleles. TBX2 and TBX3 are also lost in a subset of cells within the
SAG indicating the origin of these cells from the otic epithelium. Stages are as indicated. n=3 per
genotype and stage. ed, endolymphatic duct; m, medial; nt, neural tube; ot, otocyst; op, otic placode;
sag, statoacoustic ganglion; v, ventral.
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Fig. S2. Loss of Tbx2 and/or Thx3 severely affects inner ear histology in embryonic
development. (A,B) Histological analysis of the inner ear by hematoxylin and eosin (E9.5-E12.5,
E18.5) or alcian blue staining (E15.5) on transverse head sections of control and mutant embryos at
E18.5 (A) and E9.5 to E15.5 (B). Otocysts of all mutants appear normal at EQ.5. At E10.5, the ventro-
lateral epithelium (black brackets) is thickened in Tbx2cKO and Tbx2/3cDKO embryos. From E12.5
to E18.5, Thx2cKO inner ears exhibit a severely shortened cochlear duct and the saccular cavity is
not separated from the utricle. No obvious histological alterations are observed in Thbx3cKO mutants.
In Tbx2/3cDKO embryos, the membranous inner ear labyrinth and the otic capsule are severely
hypoplastic. Asterisks in (A) mark the ampulla at the base of the posterior semicircular canal. n=3
per genotype and stage. cd, cochlear duct; d, dorsal; ed, endolymphatic duct; |, lateral; m, medial;
nt, neural tube; oc, otic capsule; ot, otocyst; sa, saccule; sc, semicircular canal; v, ventral; vpl, vertical
canal plate.

34

C
o
)
©
S
o
‘9
£
o)
o
©
-
=
(V]
£
o
(e
(e
=)
wn
L]
-
=
(V]
£
(o),
L)
(]
>
(]
(a)]



Part 1

Development: doi:10.1242/dev.195651: Supplementary information

A E10.5 E11.5
control Tbx2cKO Tbx3cKO Tbx2/3cDKO control Tbx2cKO Tbx3cKO Tbx2/3cDKO

anterior

posterior

vy

anterior

posterior

Fig. S3. Individual and combined loss of Tbx2 and/or Thx3 severely affects cell survival in the
otic epithelium. (A,B) Analysis of cell death by the TUNEL assay (A) and by immunofluorescence
staining against cleaved CASPASE-3 (B) on transverse otocyst sections at anterior, medial and
posterior regions of E10.5 and E11.5 control, Tbx2cKO, Tbx3cKO and Tbx2/3cDKO embryos. White
arrows point to regions of ectopic apoptosis in the dorso-lateral and ventro-lateral otocyst of E10.5
Tbx2/3cDKO embryos, and in the posterior-ventral region, the adjacent otic mesenchyme and

ganglion-like structures in Tbx2cKO and Tbhx2/3cDKO embryos. Nuclei are counterstained with DAPI.

n=3 per genotype and stage. cd, cochlear duct; ed, endolymphatic duct; m, medial; nt, neural tube;
ot, otocyst; sag, statoacoustic ganglion; v, ventral; vpl, vertical canal plate.

35

c
0
B
©
£
=
el
£
e
8
[
(]
£
Q9
Q
Q
=]
(%]
.
-
c
(]
£
Q
o
(]
>
(]
[a]



Part 1

Development: doi:10.1242/dev.195651: Supplementary information

A anterior posterior B

Sox2
control

Tbx2/3cDKO

Neurog1
control

Tbx2/3cDKO

Tbx1
control

Tbx2/3cDKO

Fig. S4. Anterior-posterior patterning and neurogenesis are unaffected in Tbx2/3cDKO
otocysts at E9.5. RNA in situ hybridisation analysis of genes relevant for neurogenesis on
transverse otocyst sections (A) and on embryo halves (B) at E9.5. Probes and genotypes are as
indicated. n=3 per genotype and probe. m, medial; nt, neural tube; ot, otocyst; p, posterior; v, ventral.
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posterior

Dil1 Neurog1

Neurod1
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Dil1 Neurog1

Neurod1

Fig. S5. The neurogenic domain is posteriorly expanded in Tbx2cKO but not in Tbx3cKO
otocysts at E10.5. (A,B) RNA in situ hybridisation analysis of pro-neuronal genes of E10.5 control,
Tbx2cKO (A) and Tbhbx3cKO (B) otocysts using three different section planes: anterior, mid-
transverse, posterior. Expression of Neurog1, DIl1 and Neurod1 is expanded posterior-ventrally in
Tbx2cKO but not in Tbx3cKO otocysts. n24 per genotype and probe. m, medial; nt, neural tube; ot,
otocyst; sag, statoacoustic ganglion; v, ventral.
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Tbx2cKO Tbx2/3cDKO
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Fig. S6. Posterior-ventral expression of Thx7 in E10.5 otocysts depends on Thx2. RNA in situ
hybridisation analysis on anterior, mid-transverse and posterior sections of E10.5 otocysts for (A)
Tbx1 expression in Tbx3cKO, Thx2cKO and Tbx2/3cDKO embryos, and (B) for Thx2 and Tbhx3
expression in Thx1KO embryos. Posterior-ventral expression of Tbx1 is abolished in Thx2cKO and
Tbx2/3¢DKO but not in Tbx3cKO otocysts. n=3 per genotype and probe. m, medial; nt, neural tube;
ot, otocyst; sag, statoacoustic ganglion; v, ventral.
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A control Thx2cKO
anterior » posterior anterior » posterior
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Fig. S7. FGF signalling is changed in Thx2cKO but not in Tbx3cKO otocysts at E10.5. (A,B)
RNA in situ hybridisation analysis of expression of the FGF ligand gene Fgf8, of the target gene of
FGF signalling Etv4, and of the proneural gene Sox3 on sections at the anterior, mid-transverse and
posterior otocyst level in Tbx2cKO (A) and TBX3cKO (B) embryos at E10.5. Etv4, Fgf8 and Sox3
are ectopically expressed in posterior-ventral otocysts of Tbx2cKO mutants, but not in Tbx3cKO
embryos. n24 per genotype and probe. m, medial; nt, neural tube; ot, otocyst; sag, statoacoustic
ganglion; v, ventral.
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control Tbx1KO
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Fig. S8. Expression of Fgf8 and Sox3 is not ectopically activated in Tbx7KO otocysts at E10.5.
RNA in situ hybridisation analysis of expression of FGF ligand genes (Fgf8, Fgf3), target genes of
FGF signalling (Etv4, Etv5) and of the proneural gene Sox3 on transverse sections of E10.5 control
and Tbx1KO otocysts at the anterior, mid-transverse, and posterior region. n=4 per genotype and
probe. m, medial; nt, neural tube; ot, otocyst; sag, statoacoustic ganglion; v, ventral.
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control Tbx2/3cDKO
anterior — ' anterior

1d3

Bmp4

Axin2

Ptch1

Rarb

Fig. S9. Spatial distribution of signalling activities important for axial patterning of the otocyst
is partly affected in Thx2/3cDKO embryos at E10.5. RNA in situ hybridisation analysis of
expression of Bmp4, and of targets of different signalling pathways (/d3: BMP; Axin2: WNT; Ptch1:
SHH; Rarb: RA) on transverse sections of control and Tbx2/3cDKO otocysts at the anterior, mid-
transverse, and posterior level. /[d3 and Bmp4 expression is lost in the posterior-ventral region of
Tbx2/3cDKO otocysts. Axin2 expression is expanded ventrally; Ptch1 is slightly downregulated. n=4

per genotype and probe. m, medial; nt, neural tube; ot, otocyst; sag, statoacoustic ganglion; v, ventral.
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Etv4

g

B n ot

Tbx2/3cDKO

Fig. $10. Spatial distribution of signalling activities important for patterning of the otocyst is
weakly affected in Tbx2/3cDKO embryos at E9.5. (A,B) RNA in situ hybridisation analysis of
expression of targets of FGF signalling (Etv4, Etv5) and of FGF ligand genes (Fgf3, Fgf8) (A), and
of targets of additional signalling pathways (/d3: BMP; Axin2: WNT; Ptch1: SHH; Rarb: RA) (B) on
transverse sections of control and Tbx2/3cDKO otocysts at the anterior, mid-transverse, and
posterior level. n=3 per genotype and probe. m, medial; nt, neural tube; ot, otocyst; v, ventral.
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Fig. S11. Loss of Thx1 affects cell survival in the ventral region of the otic epithelium at E10.5.
(A,B) Analysis of cell death by the TUNEL assay (A) and by immunofluorescence staining against
cleaved CASPASE-3 (B) on transverse sections at the anterior, medial and posterior region of E10.5
control and Tbx7KO otocysts. Apoptosis is increased in the ventral aspect of Tbx7KO otocysts.
Nuclei are counterstained with DAPI. n=4 per genotype and assay. ed, endolymphatic duct; m,
medial; nt, neural tube; ot, otocyst; sag, statoacoustic ganglion; v, ventral.
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Table S1. Genotype frequencies of E18.5 embryos derived from the breeding of
Pax2-cre/+; Tbx2fox/*: Thx3flox* males and Thx2flox/flox-Tpx 3flox/flox - R 26mTmG/mTmG
females followed a Mendelian ratio. A Chi-square test performed by the statistical
analysis software JASP (https://jasp-stats.org) did not detect significant differences
between observed and expected genotype frequencies (p=0.301). The observed
distribution of genotypes follows the expected Mendelian ratio. The R26m™™C allele
was neglected for the test.

Click here to download Table S1

Table S2. Analysis of cell proliferation by the BrdU incorporation assay in
Tbx2/3cDKO otocysts at E10.5. Transverse sections of control and Thx2/3cDKO
otocysts were divided into four quadrants to enable detection of even minor changes
in the proliferation rate. zone 1: dorso-medial, zone 2: ventro-medial, zone 3: ventro-
lateral, zone 4: dorso-lateral.

Click here to download Table S2

Table S3. List of transcripts which were significantly deregulated in E10.5
Tbx2/3cDKO otocysts. Data were averaged from four independent pools per
genotype. Log2-converted expression data were imported into Qlucore Omics
Explorer (version 3.6) and normalised. For identification of deregulated genes, probe
sets with highest values were used in a two-group comparison (t-test). Genes with
FDR-adjusted p-value (g-value) < 0.05 were considered as deregulated.

Click here to download Table S3

Table S4. List of transcripts which were significantly downregulated in E10.5
Tbx2/3cDKO otocysts. Significantly deregulated transcripts (Table S3) were further
subjected to filtering using a signal intensity threshold (= 100 for control pools) and a
Fold change threshold (FC < -2).

Click here to download Table S4
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Table S5. List of transcripts which were significantly upregulated in E10.5
Tbx2/3cDKO otocysts. Significantly deregulated transcripts (Table S3) were further
subjected to filtering using a signal intensity threshold (= 100 for mutant pools) and a
Fold change threshold (FC = 2).

Click here to download Table S5

Table S6. Functional annotation clustering analysis for transcripts
downregulated in E10.5 Thx2/3cDKO otocysts. Functional enrichment analysis for
169 (Table S4) downregulated genes was performed with DAVID 6.8 web software
(https://david.ncifcrf.gov). Clusters were defined using Gene Functional Annotation
Clustering on GO-BP annotations, ‘medium’ stringency and Final Group Membership
of 5. Shown are the TOPS annotation clusters.

Click here to download Table S6

Table S7. Functional annotation clustering analysis for transcripts upregulated
in E10.5 Thx2/3cDKO otocysts. Functional enrichment analysis for 234 (Table S5)
upregulated genes was performed with DAVID 6.8 web software
(https://david.ncifcrf.gov). Clusters were defined using Gene Functional Annotation
Clustering on GO-BP annotations, ‘medium’ stringency and Final Group Membership
of 5. Shown are the TOPS annotation clusters.

Click here to download Table S7

Table S8. Potential direct target genes of TBX2/TBX3 in E10.5 otocysts. The list
shows which genes, that are upregulated upon loss of Thx2 and Tbx3 in E10.5
otocysts, are direct targets of TBX2 or TBX3 in other organs as determined by ChIP-
Atlas (Tables S9 and S10) or possess evolutionarily conserved TBX-binding sites as
determined with the oPOSSUM software tool (Table S11).

Click here to download Table S8
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Table S9. List of predicted direct TBX2 target genes in human based on public
ChIP-seq data. Potential direct TBX2 target genes in human (hg38) were determined
using the 'Target-Gene' function of the data-mining platform ChIP-Atlas (https://chip-
atlas.org), that predicts genes directly regulated by given transcription factors based
on binding profiles of all public ChlP-seq data. For the analysis we included all
binding sites within a range of 10.000 bp up/downstream of the transcriptional start
sites.

Click here to download Table S9

Table S10. List of predicted direct TBX3 target genes in mouse based on public
ChIP-seq data. Potential direct TBX3 target genes in mouse (mm10) were
determined using the 'Target-Gene' function of the data-mining platform ChIP-Atlas
(https://chip-atlas.org), that predicts genes directly regulated by given transcription
factors based on binding profiles of all public ChIP-seq data. For the analysis we
included all binding sites within a range of 10.000 bp up/downstream of the
transcriptional start sites.

Click here to download Table S10

Table S11. List of upregulated transcripts with evolutionary conserved
Brachyury (T)-binding sites in mouse. 935 transcripts that were upregulated in
E10.5 Tbx2/3cDKO otocysts (Table S3) with a FC of = 1.5 and the additional
candidate genes DII1 and Neurog1 were analysed for evolutionary conserved
transcription factor binding sites using the webtool oPOSSUM
(http://opossum.cisreg.ca/oPOSSUM3/ , Kwon et al., 2012). For the analysis we used
the 'Mouse Single Site Analysis' with the JASPAR core profile for Brachyury (T) and
default settings, except the amount of upstream and downstream sequence was in
increased to 10000 bp.

Click here to download Table S11

Table S12. Sequences of primers used for the generation of probe templates by
PCR amplification. A T7 RNA polymerase binding site (CGCGCG-
TAATACGACTCACTATAGGG) was added to the 5'-end of the reverse primer to
allow subsequent transcription.

Click here to download Table S12
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TBX2 specifies and maintains inner hair and supporting cell fate in the

Organ of Corti

Marina Kaiser!, Timo Liidtke', Vincent M. Christoffels?, Andreas Kispert"* & Mark-Oliver Trowe"”

Hearing relies on two types of highly specialized
mechanosensory cells in the Organ of Corti, the
sensory epithelium of the mammalian cochlea.
Inner hair cells (IHCs) are the main sensory cells
they sound into auditory
information; outer hair cells (OHCs) act as
mechanical amplifiers that enhance sensitivity to
sound and adjust frequency selectivity. IHCs and
OHCs, as well as a complex array of nonsensory
cells that support them, differentiate from
common  prosensory  progenitors  during
embryonic development. Recent studies identified
the transcription factors INSM1 and IKZF2 as
regulators of OHC fate'?, but transcriptional
regulators of IHC differentiation have remained
enigmatic. Here, we show that the transcriptional
repressor TBX2 specifies and maintains the fate of
IHCs and inner supporting cells (ISCs) by
preventing differentiation into OHCs and outer
supporting cells (OSCs), respectively. TBX2

since convert

expression was restricted to IHCs and ISCs from
the onset of differentiation until adulthood. 7hx2
inactivation in  prosensory cells caused
differentiation of OHC- and OSC-like cells at the
position of IHCs and ISCs. Conversely, Thx2
misexpression led to an increase of IHC- and ISC-
like cells at the position of OHCs and OSCs.
Inactivation of 7hx2 in differentiating IHCs and
ISCs led to a conversion to OHC- and OSC-like
cells, respectively. Finally, hair cell-specific 7hx2
inactivation or misexpression caused cell-
autonomous transdifferentiation of hair cells.
Transcriptional profiling identified Fgfir3 as a
target of TBX2 in patterning of prosensory
progenitors into an inner and outer compartment
in the early development of the organ of Corti. At
later stages, TBX2 represses OHC-fate regulators,
such as IKZF2, to prevent transdifferentiation of
IHCs.

IHCs and OHCs are structurally and functionally
diverse, differ in number, and associate with distinct
nonsensory  supporting cells in  separate
compartments in the organ of Corti. A single row of
large IHCs associates with two types of ISCs (inner
phalangeal and inner border cells) in the inner
compartment; smaller OHCs form three rows which
are each supported by OSCs (Deiters’ cells) in the
outer compartment. OHCs and IHCs are separated by
two pillar cells that flank the fluid-filled tunnel of
Corti (Fig. 1a).

Hair and supporting cells arise from common SOX2*
prosensory progenitors in embryonic development?.
Activation of the transcription factor ATOH1 triggers
hair cell differentiation, while the remaining
prosensory cells differentiate into supporting cells*.
Only at postnatal stages, hair cell differentiation is
completed and THCs and OHCs become functional®.
Since mature cochlear hair cells cannot be
regenerated®, their progressive loss due to age,
excessive sound or ototoxic drugs contributes to (age-
related) deafness. Cell-based strategies may enable
targeted regenerative therapies in the future but
require the knowledge of factors driving hair cell
diversification.

Recent work identified IKZF2 (Helios) and INSM1
as transcriptional regulators of OHC differentiation in

the mouse. IKZF2 is expressed in OHCs starting from
P4. It is required for OHC maturation and is sufficient
to induce an OHC-like fate in IHCs'. INSM1 is
transiently expressed in OHCs at fetal and early
postnatal stages (E15.5-P2)". Loss of this factor leads
to transdifferentiation of a subset of OHCs into IHC-
like cells with concomitant derepression of a set of
IHC-specific genes including the T-box transcription
factor gene Thx2%. Since TBX2 acts as a patterning
and differentiation factor in many developmental
contexts®, including the anterior-ventral restriction of
the neurogenic domain in the early otocyst’, it
presents a strong candidate for an as yet unknown
regulator of IHC differentiation.

Thx2 expression progressively restricts to IHCs
and ISCs during cochlear development

Thx2 mRNA and TBX2 protein expression during
cochlear development was analysed by mRNA in situ
hybridization and (co-)immunofluorescence analyses
from cochlear outgrowth (E12.5) to a stage when hair
cells have reached full maturity (P21) (Fig. 1b-¢). At
E12.5 and E13.5, Thx2 was widely expressed in the
floor of the cochlear duct. Starting at EI14.5,
expression was excluded from the outer (lateral)
region of the developing organ of Corti and was
strongly upregulated in the inner (medial) region until
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E18.5. Weaker Thx2 expression was detected in cells
of the adjacent greater and lesser epithelial ridges
(Fig. 1b). TBX2 protein followed the pattern of the
mRNA. Regionalisation of TBX2 expression in the
developing organ of Corti succeeded the specification
of prosensory cells (marked by SOX2) at E12.5 and
E13.5, coincided spatially and temporarily with the
formation of CDHI® outer and CDH2" inner
compartments at El14.5, and preceded the
differentiation of hair cells (marked by MYO7A) at
E15.5 (Fig. Ic). Co-immunofluorescence analysis
using specific markers for all hair cells (MYO7A),
I[HCs (SLC17A8, CALB2), OHCs (BCLI11B,
SLC26AS5, KCNQ4), Deiters’ and pillar cells
(PROX1) revealed that TBX2 is confined to IHCs and
ISCs at E18.5 and P21 (Fig. 1d,e). This expression
profile suggests a role for TBX2 in establishing
and/or maintaining hair and supporting cells in the
inner compartment of the organ of Corti.

TBX2 specifies the inner compartment of the
organ of Corti

To explore the functional significance of
compartmentalisation of TBX2 expression in the
early development of the organ of Corti, we
inactivated and misexpressed 7bx2 in the entire
prosensory domain at E12.5, using a tamoxifen-
inducible Sox2*“R™2 mouse line'’ in combination
with a Thx2"* loss-of-function'' or an Hprt™®*? gain-
of-function allele'?, (Extended Data Fig. 1), and
analysed hair and supporting cells in mutant cochleae
at E18.5 (Fig. 2a-c).

<IBC a -IBC
\Phc ; IPhC

cross section through the cochlea, and a
magnification of the basal turn with the
cellular organization in and around the
organ of Corti (OoC): with Deiters’ cells
(DCs) and OHCs in the outer
compartment (OC, shades of green), inner
phalangeal cells (IPhCs), inner border
cells (IBCs) and IHCs in the inner
compartment (IC, shades of yellow)
separated by pillar cells (PCs) that form
the tunnel of Corti. Laterally, the OoC is
flanked by cells of the outer and medially,
by cells of the inner sulcus. GER, greater
epithelial ridge (primordium of the inner

e sulcus); L, lateral; LER, lesser epithelial

ridge (primordium of the outer sulcus); M,
(] medial. b, RNA in situ hybridization
analysis of 7bx2 expression in the
prosensory epithelium of the cochlea at
E12.5 and E13.5 as well as in the
developing OoC between El14.5 and
E18.5. c, Co-immunofluorescence
analysis of expression of TBX2 with markers for
differentiation (SOX2: pro-sensory cells/supporting cells;
MYO7A: hair cells) and compartmentalization (CDH2:
inner; CDHI: outer). Two different antibodies were used
for detection of TBX2 (m, mouse; rb, rabbit). d, Co-
immunofluorescence analysis of expression of TBX2 with
markers for specific cell types at E18.5 and P21: all hair
cells (MYO7A), IHCs (SLC17A8, CALB2), OHCs
(BCLI11B, SLC26AS, KCNQ4), DCs and PCs (PROX1). e,
Scheme of TBX2 expression (red nuclei) in the OoC at
E18.5. The color code is the same as in (a). n=3
embryos/mice per stage and analysis. Scale bars: 30 um.

W strong TBX2
expression

weak TBX2
expression

In both Sox2eERT/* - Tpx 2" (Sox2-Thx2LOF) and
Sox2¢eERT2 - FippfTBY2Y (Sox2-TBX2GOF) cochleae
the number of hair cells was preserved (Extended
Data Fig. 2a) but they were misaligned in rows of four
to five cells of width without a clear separation into
one inner and three outer rows. In Sox2-Thx2LOF
embryos, expression of the IHC marker SLC17A8
was absent, and of the OHC marker BCL11B and the
OHC regulator Insm1* expanded to the innermost row
of hair cells (Fig. 2a,b, Extended Data Fig. 2b). In
contrast, in cochleae of Sox2-TBX2GOF embryos the
number of BCL11B" OHCs was reduced while
SLC17A8" cells were increased paralleling the
pattern of forced TBX2 expression (Fig. 2a,b,
Extended Data Fig. le,f). In both transgenic
conditions, a small number of hair cells lacked both
SLC17A8 and BCL11B (Fig. 2a,b).

The pattern of supporting cells followed the hair cell
changes. In Sox2-Thx2LOF cochleae, pillar cells
(marked by NGFR) were shifted to border the
innermost hair cell row. Moreover, all supporting
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Fig. 2: Thx2 specifies the inner compartment of th

Organ of Corti. a, Co-immunofluorescence analysis of
E18.5 cochlear whole-mounts of Sox2-Tbx2LOF (n=10
cochleae) and Sox2-TBX2GOF embryos (n=10 cochleae)
after a single pulse of tamoxifen at E12.5. Expression of
SLC17A8 (marks IHCs), BCL11B (marks OHCs) and
MYOG6 (marks all hair cells) is shown. Blue arrows point to
double-negative hair cells (SLC17A8/BCLI11B"). b,
Quantification of BCLI11B*, SLC17A8" and double-
negative (only MYOG6") hair cells per 100 um of E18.5
Sox2-Tbx2LOF, Sox2-TBX2GOF and control organs of
Corti (n=10 cochleae) after a single pulse of tamoxifen at
E12.5. Meantstandard deviation, unpaired t-test with
Welch’s correction or Mann-Whitney test. **, p<0,01; ***,
p<0,001; **** p<0.0001. ¢, Immunofluorescence analysis
of markers at E18.5: MYO7A/MYO6 in all hair cells,
NGFR in pillar cells (PCs, n=6 cochleae), SI00Al in
Deiters’ cells (DCs) and IHCs, PROX1 in DCs and PCs,

cells underneath the hair cells strongly expressed
S100A1 (marks Deiters’ cells) and PROX1 (marks
Deiters’ and pillar cells), indicating a gain of OSCs at
the expense of ISCs. In Sox2-TBX2GOF mutants,
NGFR" pillar cells intermingled with OHC rows.
Expression of PROX1 and S100A1 was strongly
reduced indicating a gain of ISCs at the expense of
OSCs. Hair and supporting cell changes in Sox2-
Thx2LOF and Sox2-TBX2GOF embryos
accompanied by a medial expansion and reduction,
respectively, of the outer compartment marker CDH 1

were

SOX2 in all supporting cells, CDHI in the outer
compartment (OC), CDH2 the inner compartment (IC).
Nuclei were counterstained with DAPI. d, Histological and
immunofluorescence analyses of hair cell markers at P21:
MYO7A (all hair cells), KCNQ4 and IKZF2 (OHCs),
CALB2 and TBX2 (IHCs). e, List of genes with increased
expression in E14.5 Sox2-Thbx2LOF cochlear ducts as
detected by microarray analysis (n=4). f,g, Spatial
distribution of upregulated genes by RNA in situ
hybridization on E14.5 (f) and E18.5 (g) cochlear sections.
Arrows point to Ruf182-expressing hair cells. h,i, Spatial
distribution of Fgfir3 and of downstream targets of FGF
signaling, Etv4/5, in E14.5 Sox2-Thx2LOF (h) and E16.5
Sox2-TBX2GOF embryos (i). Dashed lines in f,h show the
position of the developing organ of Corti. n=3-4 embryos
per analysis. Scale bars: 30 um. GER, greater epithelial
ridge.

(Fig. 2c), pointing to disturbed compartmentalization
of the organ of Corti at this stage.

Histological and molecular analysis of mice at P21
and P17, respectively, revealed that the altered
patterns of hair cell types observed at E18.5, were
preserved in mature Sox2-Thx2LOF and Sox2-
TBX2GOF cochleae. In Sox2-Thx2LOF mice, all
cochlear hair cells presented features of OHCs
(smaller size, smaller nucleus, expression of KCNQ4
and SLC26AS5). Importantly, these cells also
expressed IKZF2, the key regulator of OHC
maturation. In contrast, Sox2-TBX2GOF cochleae
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and 90 downregulated genes in the mutant.
Among the list of downregulated transcripts,
some genes have been described to be
expressed in cells of the inner compartment
such as Pvalb" and Fgf8“, Fabp7'" and
Lfng'® (Supplementary table 1). In contrast,
some of the wupregulated genes were
previously identified as markers of the outer
compartment (Crari'"'®, Lgr6'®, Ctgf® and Fgfi-3*")
(Fig. 2e, Supplementary table 2) indicating an
expansion of the outer at the expense of the inner
compartment at onset of organ of Corti development.
This notion was corroborated by in situ hybridization

S100A1 NGFR
MYOE MYO7A

PROX1
SOX2

CDH2
CDH1

analysis of upregulated genes (potential targets of
TBX2 repressive activity) in E14.5 and E18.5 Sox2-
Tbx2LOF cochleae (Fig. 2f,g). Rnf182, a gene
expressed in OHCs of control animals at E18.5, was
ectopically expressed in the entire developing organ
of Corti at E14.5. Expression of Tectb was strongly
enhanced in the inner compartment of the organ of
Corti and in the adjacent greater epithelial ridge.
Lgr6, Ptpn5 and Fgfr3 were ectopically expressed in
the inner compartment. Since Lgré6 marks pillar cells
starting from E15.5', this points to a premature
specification of this cell type. Together with loss of
CDH2 expression in the inner compartment of the
developing organ of Corti at E14.5 (Extended Data
Fig. 3), these changes indicate that the inner
compartment is not established in the prosensory
region of Sox2-Thx2LOF embryos.

We noted increased and/or ectopic expression of
some candidate genes in the cochlear epithelium
outside the organ of Corti in Sox2-Thx2LOF embryos
(Extended Data Fig. 4) pointing to a functional
implication of TBX2 expression in the lesser and
greater epithelial ridges.

P21 (tamoxifen @ E16.5)
Control Sox2- Tbx2LOF

OHC IHC i!

Fig. 3: Thx2 maintains IHC and ISC fate by preventing
transdifferentiation into OHCs and OSCs, respectively.
a, Co-immunofluorescence analysis of EI8.5 cochlear
whole-mounts of Sox2-Thx2LOF embryos (n=11 cochleae)
after a single pulse of tamoxifen at E16.5. Red arrow points
to a MYO6/SLC17A8" IHC, green arrow to a
MYO6/BCL11B* OHC-like and blue arrow to a double-
negative hair cell (SLC17A8/BCL11B") in the innermost
hair cell row. b, Quantification of BCL11B*, SLC17A8",
double-negative (only MYO6) and double-positive hair
cells per 100 um in the inner compartment (IC) of E18.5
Sox2-Tbx2LOF organs of Corti (n=11 cochleae) after a
single pulse of tamoxifen at E16.5. Meantstandard
deviation, unpaired t-test with Welch’s correction or Mann-
Whitney-U test. **, p<0,01; ***, p<0,001; **** p<0.0001.
¢, Immunofluorescence analysis at E18.5: MYO7A/MYO6
(all hair cells), NGFR (pillar cells, PCs, n=6 cochleae),
S100A1 (Deiters’ cells, DCs and IHCs), PROX1 (DCs and
PCs), SOX2 (all supporting cells), CDHI in the outer
compartment (OC), CDH2 in the inner compartment (IC).
Nuclei were counterstained with DAPI. d, List of genes
with increased expression in E18.5 Sox2-Thx2LOF organs
of Corti as detected by microarray analysis (n=4). e,
Validation of some MA candidates by RNA in situ
hybridization analysis. /nsm2 expression is shown at the
basal and medial (mid) turn of the cochlear duct. f,
Histological and immunofluorescence analyses of hair cell
markers at P21: MYO7A (all hair cells), KCNQ4 and
IKZF2 (OHCs), CALB2 and TBX2 (IHCs). n=3-4 embryos
or n=5 mice per analysis. Scale bars: 30 um.

Fgfir3 (fibroblast growth factor receptor 3) was the
only deregulated gene, which exhibited a
complementary pattern of expression to 7bx2 in the
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developing organ of Corti. Fgfr3 was expressed in the
outer compartment of control cochleae. Its expression
expanded into the inner compartment in Sox2-
Tbx2LOF embryos, and was medially reduced in
Sox2-Thx2GOF mutants. Concordantly, expression
of Etv4 and Etv5, direct targets of FGF signaling®,
was medially expanded upon 7hx2-deletion and the
Etv4/5-negative outer region was lost upon 7BX2-
misexpression (Fig. 2h,i).

Previous work implicated FGF signalling in multiple
aspects of cell differentiation in the outer
compartment of the organ of Corti*"**?7, Notably,
lineage tracing experiments in mouse demonstrated
that OHCs, OSCs and pillar cells derive from
FGFR3" progenitors®®, and deletion or inactivation of
Fgfir3 resulted in disturbed maturation of pillar cells
and reduced expression of the OHC-marker
SLC26A5'%?°. This strongly suggests that Thx2
establishes the inner compartment of the organ of
Corti by preventing FGFR3-dependent FGF
signalling in this region.

TBX2 maintains the fate of differentiating IHCs
and ISCs

We next explored whether TBX2 is critical for
maintaining the fate of cochlear hair and supporting
cells. At E16.5, when these cell types are established
at the base of the cochlear duct?, they still express
SOX2. We therefore administered a single pulse of
tamoxifen at E16.5 to Sox2-TBX2LOF and Sox2-
TBX2GOF embryos to analyse for phenotypic
changes at E18.5 (Fig. 3a-c). Since we did not obtain
Sox2-TBX2GOF embryos at this stage, we limited our
analysis to the loss-of-function situation.

In Sox2-TBX2LOF cochleae, the total number of hair
cells was unchanged (Extended Data Fig. 5a). Hair
cells in the outer compartment of the organ of Corti
were perfectly aligned and expressed the OHC
marker BCL11B comparable to control. In contrast,
hair cells of the inner compartment were misaligned,
showed partly reduced expression of IHC markers
SLC17A8 and S100A1, and to some extent ectopic
expression of the OHC-marker BCL11B. NGFR*
pillar cells were intermingled with the innermost row
of hair cells. Although the number of S100A1°
Deiters’ cells was unchanged, the PROX1" OSC
population expanded medially in Sox2-Thx2LOF
mutants. Expression of CDH1 was normal but CDH2
was strongly downregulated in the inner compartment
(Fig. 3a-c).

Transcriptional profiling of E18.5 Sox2-Thx2LOF
cochlear ducts by microarray analysis identified 48
down- and 32 upregulated genes. Among the genes
with reduced expression, we found candidates whose
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specific or enhanced expression in cells of the inner
compartment was previously described: Fgf8',
Cabp2®, Sic17a8*" and Gabrg3®? in IHCs, Fgf20%
and OrolI* in ISCs, and Npy*® in inner pillar cells
(Supplementary table 3). In the list of upregulated
genes, some genes have been described to be
expressed in cells of the outer compartment:
Pdzklip1®, Tall'®, Drd5*, Insm2* and Crhri"" (Fig.
3d, Supplementary table 4). Only very few candidates
were detectable by RNA in situ hybridization in
control and mutant embryos at E18.5: Insm2 and
Ccdc88 showed increased expression in OHCs but
were not ectopically expressed in the innermost hair
cell, contrary to Tectb; Pdzklipl, Tall and Slc6al
were expressed in Deiters’ cells in both control and
mutant (Fig. 3e, Extended Data Fig. Sb). Together,
marker analysis and transcriptional profiling suggest
that in E18.5 Sox2-Thx2LOF cochleae, hair and
supporting cells of the inner compartment have
undergone a partial fate shift.

At P21, almost all hair cells expressed OHC-specific
markers (IKZF2, SLC26A5, KCNQ4) whereas
expression of IHC-specific markers (CALB2,
SLC17A8) was not detected (Fig. 3f, Extended Data
Fig. 5¢) indicating a complete conversion of IHCs to
OHCs after an extended time interval. This shows
that 7hx2 is required to maintain the fate of IHCs and
ISCs E16.5 by preventing their
transdifferentiation into OHC and OSC, respectively.
To address whether FGFR3-mediated signalling
contributes to the observed cytodifferentiation
defects in Sox2-Thx2LOF embryos, we analysed the
expression of some FGF signalling components at
E18.5. Hair cells of the inner row lacked expression
of Fgf8 consistent with the loss of an IHC fate.
Expression of Fgfi-3 was medially expanded but did
not translate into expression of the FGF targets Etv4/5
that mark pillar cells at this stage (Extended Data Fig.
5d). This precludes transcription-dependent effects of
FGFR3 signalling as contributors of hair and
supporting cell fate changes in this setting.

after

TBX2 cell-autonomously maintains IHC fate

To manipulate 7hx2 function specifically in hair cells,
we used an Afohl-CreER™-mouse line® that
mediates stochastic recombination in differentiating
hair cells at low frequency (Extended Data Fig. 6).
After administering a single pulse of tamoxifen at
E15.5, the total number of MYO6" hair cells and their
separation in one inner and three outer rows was
preserved in the cochlea of both Arohl-
CreERT’/+;Thx2"" (Atohl-Thx2LOF) and Atohl-
CreER™/+,; Hprt™X”* (4tohl-TBX2GOF) embryos at
E18.5 (Fig. 4a, Extended Data Fig. 7a). However, in
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Fig. 4: TBX2 is required and sufficient to induce and
maintain the IHC fate. a, Co-immunofluorescence
analysis of EI8.5 cochlear whole-mounts of Arohl-
Thx2LOF (n=10 cochleae) and Atohl-TBX2GOF embryos
(n=11 cochleae) after a single pulse of tamoxifen at E15.5.
Red arrow points to MYO67/SLC17A8", green arrow to a
MYO6'/BCL11B" and blue arrow to double-negative hair
cell (SLC17A8/BCL11B’). b,e, Quantification of
BCL11B", SLC17A8", double-negative (only MYO6") and
double-positive hair cells per 100 pum in the inner
compartment of E18.5 Atohl-Tbx2LOF (n=10 cochleae)
(b) and the outer compartment of Atoh1-TBX2GOF (n=11
cochleae) (c¢) organs of Corti after a single pulse of
tamoxifen at E15.5. Meantstandard deviation, unpaired t-
test or Mann-Whitney-U test. ns, not significant; **,
p<0,01; *** p<0,001; **** p<0.0001. d, Histological and
immunofluorescence analysis of hair cell-specific markers
at P21: MYO7A (all hair cells), SLC17A8, CALB2 and
TBX2 (IHCs), KCNQ4, SLC26A5 and IKZF2 (OHCs).
Arrows point to ectopic OHCs and IHCs, respectively.
Arrow head points to an ectopic pillar cell. Nuclei were
counterstained  with  DAPI. n=4-7 mice. e,
Immunofluorescence analyses of Arohl-Thx2LOF and
Atoh1-TBX2GOF organs of Corti at P21. Recombination
was induced through oral tamoxifen application to breast-
feeding dams at PO-1. Green arrows point to ectopic and
small SLC26A5" OHCs in the innermost hair cell row of
Atoh1-Tbx2LOF mice. Red arrows point to ectopic and
large SLC17A8" IHCs in the outermost hair cell rows of
Atoh1-TBX2GOF mice. n=9-10 cochleae. Scale bars: 30
um.
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the innermost hair cell row of Atohl-Tbx2LOF
cochleae the number of hair cells expressing the IHC
marker SLC17A8 was decreased whereas the number
of hair cells expressing the OHC-marker BCL11B, or
none or both of these markers was increased (Fig.
4a,b). In Atohl-TBX2GOF embryos, we detected a
significantly increased number of SLC17A8" and
BCL11B/SLC17A8-double-negative hair cells in the
outer compartment of the organ of Corti (Fig. 4a,c).
Histological analysis at P21 revealed a normal
structural appearance of the organ of Corti in Afohl-
Thx2LOF embryos. However, hair cells located
medially from pillar cells, i.e. in the inner row,
expressed OHC markers (SLC26A5, KCNQ4) and
the regulator of OHC-fate IKZF2 instead of IHC
markers (SLC17A8, CALB2). In contrast, in Atohl-
TBX2GOF embryos, we found ectopic IHC-like cells
and supernumerary pillar cells in the outer
compartment of the organ of Corti (Fig. 4d, Extended
Data Fig. 7b).

Postnatal inactivation or misexpression of 7bhx2 in
cochlear hair cells at PO-1 led to similar changes of
IHC and OHC marker expression at P21 (Fig. 4e).
This shows that TBX2 confers IHC fate cell-
autonomously and independently from positional
information.

Conclusion

Together, our findings show TBX2 acts within the
organ of Corti in two consecutive but likely
independent steps. First, around E14.5, TBX2
patterns the prosensory progenitors and specifies the
inner compartment that subsequently gives rise to
IHCs and ISCs. After this step, TBX2 cell-
autonomously maintains IHCs and ISCs by
preventing transdifferentiation into OHCs and OSCs,
respectively. We suggest that Fgfi3 is a critical target
of the early patterning function, while the latter role
of TBX2 is mediated by repression of regulators of
OHC fate such as IKZF2.

Methods

The sample size was not predetermined by statistical methods. The
experiments were not blinded due to the obvious phenotype. For
all experiments, mutant and control animals were randomly chosen
from the litter.

Ethics and animals. All animal work conducted for this study was
performed in strict accordance to European and German
legislation. The breeding and handling of mouse lines was
performed at the central animal laboratory of the Hannover
Medical School and approved by the Niederséichsisches Landesamt
fir Verbraucherschutz und Lebensmittelsicherheit (Permit
Number: 33.12-42502-04-19/3081).

All mouse alleles employed in this study have previously been
described and were maintained on an NMRI genetic background.

53



A conditional floxed allele of 7hx2 [Thx2™*!"™  synonym:
Thx2"*]"! was provided by Vincent Christoffels; an allele with
insertion of the human 7BX2 gene at the Hprt locus [Hpri™ (1
TBX2-EGFP)AKSs - svnonym: Hprt’®?]'> was generated in house. The
double fluorescent Cre reporter line Gt(ROSA)26Soy™*ACTE-dTomato.-
EGFPLuo) 14007576, synonym: R26™™9)%¢, the tamoxifen-inducible
Cre-ER™ driver lines Sox2ER2 [#017593, Sox2'm!(cre/ERT2)Hoch]10
and Atohl-creER™ [#007684, Tg(Atohl-cre/Esr1*)14Fsh]*> were
obtained from The Jackson Laboratory. The Hprt™®¥
available upon request from Andreas Kispert.

Embryos for 7bx2/TBX2 expression analyses were derived from
matings of NMRI wild-type mice. For generation of loss-of-
function mutants Sox2°"ER72/*; Thx 2o/ males were mated with
Thx el pagrimoidnG females to obtain
Sox26eERT2S Ty 2fovflox: R26mTMG (Sox2-Thx2LOF) mice, and
Atohl-creER™/+;Thx2™*/** males with Thx2/o¥/flox; R mG/mimG
females to obtain Atohl-creER"/+;Tbhx2"*"%:R26" ™5 (Atohl-
Thx2LOF) mice. For generation of gain-of-function or
misexpression mutants Sox2““*f77* males were mated with
Hpri™¥ 82 females to obtain Sox2°*ERT2*: Hpp™¥Y() (Sox2-
TBX2GOF) mice, and Atohl-creER™/+ males with Hprt'®¥?T5Y2
females to obtain Atohl-creER™/+; Hprt"™")  (Atohl-
TBX2GOF) mice. Cre-negative littermates or
Sox 2RI R26™™ G and Atohl-creER™/+;R26"™%"* served as
controls.

For embryonic staging, the discovery day of a vaginal plug was
defined as embryonic day (E) 0.5. To induce recombination, 4 mg
of tamoxifen (#T5648, Sigma-Aldrich) dissolved in corn oil
(#C8267, Sigma-Aldrich) were orally applied to timed pregnant or
breast-feeding dams in a single pulse at E12.5, E15.5, E16.5 or P0O-
1. From E15.5 onwards, 2 mg of progesterone (#P8783, Sigma-
Aldrich) were additionally applied. Pregnant females and juvenile
mice were euthanized by cervical dislocation, neonates were
euthanized by decapitation. Embryos at E14.5, E16.5 and E18.5,
neonates at P4 and juveniles at P17/21 were collected for analyses.

strain is

Tissue collection and preparation. Embryos were dissected in
phosphate-buffered saline (PBS) and decapitated. For organ of
Corti whole-mount preparations, cochleae were isolated in PBS
and non-sensory epithelia (stria vascularis, Reissner’s membrane)
were removed. Embryonic heads and cochlear whole-mounts were
then fixed overnight in 4% paraformaldehyde (PFA)/PBS
(#A3813, AppliChem) at 4°C, dehydrated through an ascending
methanol series (diluted in PBS) and stored in absolute methanol
at -20°C until use.

For collection of older tissue (P21), inner ears were isolated in PBS
after decapitation, fixed in 4% PFA overnight and decalcified for 2
days in 0.5 M EDTA/PBS (#A2937, AppliChem), pH7.4, at 4°C.
Organ of Corti whole-mounts were isolated from inner ears after
decalcification and dissected into three pieces (basal, medial,
apical). Inner ears and cochlear whole-mounts were then
dehydrated and stored in absolute methanol at -20°C until use.
Genotypes were determined by sorting of GFP-expressing tissues
and by PCR on genomic DNA prepared from embryonic tissues or
ear clips.

Histological analysis. Embryonic heads or postnatal inner ears
were embedded in paraffin wax and sectioned to 5-pum. Sections
were stained with Hematoxylin (#GHS332, Sigma-Aldrich) for 45
seconds, blued in 0.5% sodium-acetate for 1 minute and
counterstained with Eosin Y solution (#HT110132, Sigma-
Aldrich) for 60-90 seconds.

Immunohistochemistry on sections. Detailed information on
antibodies, including order number and working concentrations,
can be found in Supplementary table 5.
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Tissue was embedded in paraffin wax and sectioned to 5-pm,
followed by deparaffinization in Roti-Histol (#6640, Roth) and
rehydration in a descending ethanol/H>O series. For embryonic
sections (E14.5, E16.5, E18.5), epitope retrieval was accomplished
with citrate-based antigen unmasking solution (#H-3300, Vector
Laboratories) for 15 minutes at 100°C. Postnatal tissue sections
(P17/21) were subjected to heat-induced antigen retrieval 10 mM
Tris-HCI/2 mM EDTA buffer, pH 9.0, for 90 minutes at 80°C.
Endogenous peroxidase activity was blocked by incubation in 3%
H20./PBS (#AP121076.1211, AppliChem) for 15 minutes at room
temperature (RT). All washing steps were performed using 0.1%
Tween-20 in PBS (PBST). Samples were blocked with TNB
Blocking Buffer (#FP1012, PerkinElmer) for 1 hour. For
antibodies generated in mice an additional IgG blocking step was
performed using the M.O.M. Mouse Ig Blocking Reagent (#MKB-
2213-1, Vector Laboratories). After blocking, sections were
incubated with primary antibodies (diluted in TNB) overnight at
4°C, followed by appropriate secondary and sometimes tertiary
antibodies in TNB for 1 hour at RT. Sections were counterstained
with DAPI (0.1pg/ml in PBST, #6335, Roth) for 10 minutes and
mounted with Immunoselect Antifading Mounting Medium
(#SCR-38447, Dianova).

For weakly expressed proteins, biotin-labelled secondary
antibodies (1 hour at RT) and the Tyramide Signal Amplification
Kit (TSA, #NEL702001KT/NEL701001KT, PerkinElmer) were
used for signal detection. HRP-conjugated streptavidin was diluted
in TNB (1:100) and applied to sections for 30 minutes to 1 hour at
RT, whereas incubation with TSA reagent was performed for 10 to
15 minutes at RT in accordance with the manufacturer’s protocol.
For sequential double amplification, a 30 minutes 6% H>0./PBS
and an Avidin/Biotin block (15 minutes each, #SP-2001, Vector
Laboratories) were performed in between the two amplification
steps.

For sequential double labelling with two primary antibodies
generated in the same host, masking of the first primary antibody
was performed using the following unconjugated FAB fragments:
goat-anti-rabbit FAB fragment (#111-007-003, Dianova), donkey-
anti-mouse FAB fragment (#715-007-003, Dianova).

Immunohistochemistry on cochlear whole-mount
preparations. Cochlear whole-mounts were rehydrated in a
descending methanol/PBS series. For the first permeabilization
step, whole-mounts were treated with proteinase K (10 pg/ml,
#RP102B, 7Bioscience) diluted in buffer for 2 minutes at RT.
Digestion was stopped by washing in 0.2% glycine/PBS (#A1067,
Applichem). For all following permeabilization or washing steps
0.3% Triton X-100 in PBS was used. Endogenous peroxidase
activity was blocked by incubation in 3% H202/PBS for 15 minutes
at RT. Samples were blocked with 20% heat-inactivated FCS in
PBS-Triton for 1 hour at RT, followed by an overnight incubation
with primary antibodies, diluted in blocking solution, at 4°C.
Appropriate secondary and sometimes tertiary antibodies were
applied to cochlear whole-mounts for 2 hours at RT.

For detection of BCL11B, antigen retrieval was required prior to
the blocking step. This was performed using 10 mM sodium citrate,
pH 6 with 0.25% Triton X-100 for 30 min at 90°C, followed by
cooling down at RT for 30 minutes.

For visualization of NGFR (P75N™), a biotin-labelled secondary
antibody (2 hours at RT) and the TSA Kit were used. Cochlear
whole-mounts were incubated with the staining reagent for 30
minutes at RT, followed by washing with PBS-Triton on ice and
inactivation of the horseradish peroxidase by incubation in 6%
H20/PBS for 30 minutes at RT.

In some cases, cochlear whole-mount preparations were
counterstained with DAPI and mounted with IS mounting medium.
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Generation of antisense RNA in situ probes. In vitro
transcription of digoxigenin-labelled-antisense RNA probes from
DNA templates was performed using digoxigenin-labelling mix
(#11277073910, Sigma) and T7/T3/SP6-RNA-Polymerases
(#M0251/11031163001/M0207, NEB/Sigma-Aldrich).

For transcripts, for which no DNA template was available, primers
pairs were designed using the MacVector software (version
16.0.8), modified with an additional T7-promoter sequence at the
5” end of the reverse primer, and used for PCR based amplification
of DNA templates from genomic DNA or cDNA. Accuracy of all
probe templates was confirmed by sequencing.

Primer sequences used for amplification of DNA templates are
listed in Supplementary table 6.

RNA in situ hybridization. /n situ hybridization analysis was
performed on 10-um paraffin sections following a standard
procedure with digoxigenin-labelled antisense riboprobes®’. In
brief, sections were deparaffinized, rehydrated in a descending
ethanol/water series, and then treated with 10 pg/ml proteinase K
(#RP102B, 7Bioscience) diluted in Tris-HCI buffer solution, pH
7.4, for 7 minutes at 37°C. Followed by a 5-minute incubation in
0.2% glycine/PBS, and re-fixation in 4% PFA/0.2%
glutaraldehyde for 20 minutes at RT. Hybridization with
digoxigenin-labelled riboprobes was performed overnight at 70°C.
After washing steps in
citrate/formamide at 65°C and a blocking step at RT, sections were
incubated with sheep-anti-digoxigenin Fab fragments conjugated
with alkaline phosphatase (1:4000, #11093274910, Roche) for 2
hours at RT. Staining reaction was developed using the BM Purple
AP substrate precipitating solution (#11442074001, Sigma
Aldrich) to localize bound anti-digoxigenin antibody.

two 30-minute saline sodium

Microarray analysis of cochlear ducts. For the E14.5 microarray
analysis, whole cochlear ducts were isolated in Leibovitz’s L15
Medium (#F1315, Biochrom) and the spiral ganglion was
removed. For the E18.5 microarray analysis, cochlear ducts were
isolated in Leibovitz’s L15 Medium and dissected into two halves.
The spiral ligament and the spiral ganglia were removed from the
basal half and the remaining sensory tissue was collected for
analysis. Immediately after dissection/isolation the tissue was
frozen using dry ice and stored at -80°C until use.

For the E14.5 microarray analysis, four independent sex-sorted
pools per genotype, each containing 23-27 cochlear ducts, were
collected from Sox2-Thx2LOF mutants and cre-negative controls
after a single pulse of tamoxifen at E12.5. For the E18.5 microarray
analysis four independent sex-sorted pools per genotype, each
containing 16-20 organs of Corti from the basal half of the cochlear
duct, were collected from Sox2-Thx2LOF mutants and cre-negative
controls after a single pulse of tamoxifen at E16.5. After total RNA
extraction using the peqGOLD RNAPure reagent (#732-3312,
Peqlab) according to the manufacturer’s instructions, samples were
sent to the Research Core Unit Transcriptomics of Hannover
Medical School where they were hybridized to Agilent Whole
Mouse Genome Oligo v2 (4x44K) Microarrays (#G4846A, Agilent
Technologies) in a dual-colour mode.

Deregulated genes were determined with the software Significance
Analysis of Microarrays 5.0 (SAM, Stanford University, CA,
USA)*. For the analysis normalized expression data was assessed
by two class unpaired comparison with #-statistics (n=4). The value
of k for the k-nearest-neighbor algorithm was set to 10 (default),
the number of permutations was 100 (default). For the significance
cut-off we used a minimum fold change of 1.5 and values for delta
(1.39 for E14.5, 1.15 for E18.5) that resulted in an estimated false
discovery rate (FDR) of zero.

Image acquisition and analysis. Sections were photographed
using the Leica DM5000 microscope with a Leica DFC300FX
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digital camera or the Leica DM6000 microscope with a Leica
DFC350FX digital camera.

Images of cochlear whole-mounts were acquired using the confocal
laser scanning microscope Leica TCS SP8. For overviews the 20x
oil magnification was used, whereas the 40x water objective was
used for higher magnifications.

Images were processed using Adobe Photoshop CS4.

Quantifications and statistical analysis. Quantification of
specific cell types on cochlear whole-mounts at E18.5 occurred in
two steps. First, a 500 pum-long region of the organ of Corti at the
mid-basal level of the cochlear duct was defined. Second, MYO6"
cells were counted within this area (approx. 260 cells per sample)
and each and every hair cell was analysed for expression of
BCL11B and/or SLC17A8. Measurements and cell counts were
performed using Image] (NIH) and Adobe Photoshop CS4
software. At the end cell counts were averaged to a 100 pm-
distance.

Statistical analyses were performed using GraphPad Prism7 and
JASP (version 0.13.1). Normal distribution of data was tested using
the D’Agostino & Pearson and Shapiro-Wilk normality test
(normal distribution if p-values > 0.05) and Q-Q-plots. Equality of
variances was assessed by performing the F- and Levene’s test
(equal variances if p-values > 0.05). For comparison of two groups
with normal distribution (parametric) and equal variances we used
the unpaired two-tailed t-test. For comparison of two groups with
normal distribution and unequal variances we used the two-tailed
Welch’s t-test. For comparison of two groups with nonparametric
distribution we used the two-tailed Mann-Whitney U test. Results
were expressed as mean + SD. A p-value < 0.05 was considered
statistically significant. For results see Supplementary tables 7-11.

Data availability
All data are available from the corresponding authors upon
reasonable request. Microarray data have been deposited in Gene
Expression Omnibus under the accession numbers GSE180500
and GSE180501.
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Extended Data Fig. 1: Efficient manipulation of TBX2 expression in the prosensory region of the cochlea
using the Sox2°ERT? 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
Sox2¢reERTY - R26mTmG embryos (n>5) after a single pulse of tamoxifen at E12.5 or E16.5 shows that the
Sox2°"¢ERT? Jine 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 Sox2ERT2*:Tpx2"!' and control
(Sox2¢7eERT2/Y - R 26MTmG/%) cochleae (n>3) at E14.5 (b) and E18.5 (¢) 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 Sox2¢*RT2*:Tpx2"/" and control
(Sox2™"; Thx2"1: R26™™5'*) 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 Sox2¢¢FRT>*:Fppt™¥Y and control
(Sox2**;Hprt™**) 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 um (overview in a), 30 um. mTBX2, mouse-anti-

TBX2 antibody; PC, pillar cell; tbTBX2, rabbit-anti-TBX2 antibody.
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Extended Data Fig. 2: Increased number of OHCs at the expense of IHCs upon inactivation of 7bx2 at

E12.5. a, Quantification of the total number of hair cells (MYO6") per 100 pm 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. Meantstandard deviation, unpaired t-test. ns, not significant. b,

RNA in situ hybridization analysis of Insm expression in E18.5 Sox2-Thx2LOF cochleae compared to controls

(n>3). In the control, /nsmi 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 7bx2 inactivation, the number of Insml-expressing cells

increased (arrows). ¢, 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 pm.
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Extended Data Fig. 3: The inner compartment of the organ of Corti is not established upon inactivation
of Thx2 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 7hx2-

deficient cochleae. Nuclei are counterstained with DAPI. Scale bar: 30 um.
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Extended Data Fig. 4: The patterning of the cochlear epithelium is affected upon early 7hx2 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 Crhrl, Nabpl and Slc36a2 is upregulated in the most apical turn of
Tbx2-deficient cochleae at E14.5, whereas Mettl11b, Nr2el, Jphl, Itgh6 and Crgf are upregulated or ectopically
expressed in the greater epithelial ridge (GER) in the basal turn. At E18.5, Crhrl expression is restricted to the
apical turn and Nabp is expressed in cells of the outer sulcus in control and Sox2-Tbx2LOF embryos. Slc36a2
and Mettl11b are not expressed at E18.5, whereas Nr2el, Jphl, 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 um (for Crarl in
b), 30 um.
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Extended Data Fig. 5: Increased number of OHCs and a complete loss of IHCs upon late inactivation of
Thx2 at E16.5. a, Quantification of the total number of hair cells (MYO6") per 100 pm 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. Meantstandard 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. Pdzklipl, Tall and Sic6al are expressed in a subset of Deiters’
cells (DCs) in control and Sox2-Thx2LOF cochleae. ¢, Immunofluorescence analysis of SLC17A8 (marks
IHCs), SLC26AS5 and IKZF2 (mark OHCs) expression on cochlear cross sections of P21 Sox2-Thx2LOF (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 7hx2-inactivation.
Expression of Fgfi3, which marks DCs and PCs, is expanded medially in Sox2-Tbhx2LOF cochleae. Arrow

marks the innermost hair cell. Scale bars: 30 pm.
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Extended Data Fig. 6: The Atohl-CreER™ mouse line allows hair cell-specific manipulation of TBX2
expression. a, Immunofluorescence analysis of GFP expression in E18.5 Atohl-CreER™*/+ R26"T*
cochlear whole-mount preparations (n=5) after a single pulse of tamoxifen at E15.5 shows that the Afohl-
CreER™ line induces recombination in single hair cells (MYO6"). b, Analysis of native tdGFP and tdTomato
expression in Atohl-CreER™/+;R26"™%* 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 pm (overviews in a and b), 30 pm.
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Extended Data Fig. 7: Manipulation of 7bx2 leads to shifts of hair cell fates at P21. a, Quantification of
the total number of hair cells (MYO6") per 100 um at the mid-basal level of cochlear whole-mount preparations
of E18.5 Atohl-Thx2LOF (n=10) Atohl-TBX2GOF (n=11) and control embryos after a single pulse of
tamoxifen at E15.5. Meantstandard 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-Thbx2LOF (n=4) and Atoh1-TBX2GOF (n=7) mutants compared to controls. Nuclei

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

Organ of Corti

Supplementary Information Guide

Title and Summary

Supplementary table 1. List of genes with significant downregulation in cochlear ducts of E14.5
Sox2¢reERT - Thx 2V embryos after a single pulse of tamoxifen at E12.5. 90 genes are significantly

downregulated in E14.5 Sox2¢¢ERT2/* - Thx 2"/ cochlear ducts compared to cre-negative controls.

Supplementary table 2. List of genes with significant upregualtion in cochlear ducts of E14.5
Sox2¢reERT - Thx 2V mutants after a single pulse of tamoxifen at E12.5. 36 genes are significantly

upregulated in E14.5 Sox2¢ERT?/* - Thx 2" cochlear ducts compared to cre-negative controls.

Supplementary table 3. List of genes with significantly decreased expression in cochlear ducts of E18.5
Sox2¢eERTZ - Thx 2V mutants after a single pulse of tamoxifen at E16.5. 48 genes are significantly

downregulated in E14.5 Sox2¢¢ERT2/* - Thx 2"/ cochlear ducts compared to cre-negative controls.

Supplementary table 4. List of genes with significantly increased expression in cochlear ducts of E18.5
Sox2¢reERTZ - Thx 2V mutants after a single pulse of tamoxifen at E16.5. 32 genes are significantly

upregulated in E14.5 Sox2¢ERT?* - Thx 2" 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 Sox2¢*ERT2/*; Thx 2" loss-of-function
mutants (Sox2-Thx2LOF) 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 Sox2<ERT/* - Ty 2!

cochlear ducts compared to controls.

Supplementary table 8. Quantification of hair cell numbers in E18.5 Sox2<ERT*; [ppTBX2Y gajn-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

Sox2¢¢ERT2/" : Hpp¢TBX2Y cochlear ducts compared to controls.
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Supplementary table 9. Quantification of hair cell numbers in E18.5 Sox2¢*ERT2/*; Thx 2" 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/BCLI11B" hair cells in the inner compartment of E18.5 Sox2<¢ERTZ*:Tpx2"! cochlear ducts

compared to controls.

Supplementary table 10. Quantification of hair cell numbers in E18.5 AtohI-CreER™/+; Tbx2"" loss-of-
function mutants (Atohl-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 AtohI-CreER™/+; Thx2"" cochlear ducts

compared to controls.

Supplementary table 11. Quantification of hair cell numbers in E18.5 Atohl-CreER*/+;Hpr¢™X*(®
gain-of-function mutants (420h1-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 Atohl-CreER™/+,; Thx2"" cochlear ducts compared to controls.

Supplementary Table Legends

Supplementary table 1. List of genes with significant downregulation in cochlear ducts of E14.5
Sox2reERTY* . Thx 2"/l 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
Sox2¢reERTZY - Thx 2V 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
Sox2¢reERTY* . Thx 2"/l 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
Sox2¢eERTZ - Thx 2V mutants after a single pulse of tamoxifen at E16.5. 32 genes are significantly

upregulated in E14.5 Sox2ERT2* - Thx 2" 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 Sox2¢eERT2*; Thx 2" |oss-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 um. Subsequently, cell counts
were averaged to an area of 100 pm. 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 Sox2¢eERT2*, [y TBX2/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 um. Subsequently, cell
counts were averaged to an area of 100 pm. 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 Sox2¢*ERT2/*; Thx 2" loss-of-function
mutants (Sox2-Thx2LOF) 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 um. Subsequently, cell counts
were averaged to an area of 100 pm. 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 Atohl-CreER™/+; Tbx2"" loss-of-
function mutants (470hl-Thx2LOF) 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 pm. Subsequently, cell
counts were averaged to an area of 100 pm. 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 Atohl-CreER*/+;Hpr¢™X+(®
gain-of-function mutants (420h1-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 pm.
Subsequently, cell counts were averaged to an area of 100 um. 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 7bx2 is required for both events. Shortly after
otocyst formation, 7hx2 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,
Thx2/TBX2 is differentially expressed in the developing organ of Corti. Here, 7hx2 specifies
and maintains inner hair and supporting cell identity.

In contrast, 7hx3 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 7bhx2/3cDKO mutants shows that 7hx2 and 7bx3 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 humans'?’. In fact, the functions of 7hx2 in early
patterning of the otocyst and in differentiation of IHCs can explain why some patients with
microdeletions on chromosome 17 which encompass 7BX2, suffer from sensorineural

hearing loss!4%: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 7bx2cKO and Tbx2/3¢cDKO mutants
demonstrated that the posterior expansion of the neurogenic domain (Neurogl, Neurodl,
DIlI) is accompanied by ectopic FGF signalling (Etv4, Etv5, Fgf8) and loss of Thxl
expression. Analyses in chicken showed that FGF signalling, especially FGFS, is a potent
inducer of the neuronal competence factor Sox3, which was ectopically expressed in 7hx2-
deficient otocysts®***15%. Pharmacological inhibition of FGF signalling in organ culture
restricted the Neurogl-positive domain to the anterior-ventral aspect of 7hx2/3cDKO

otocysts. These results suggest that TBX2 represses a Fgf8-Sox3/Sox2-Neurogl regulatory
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module in mammals. Since 7bx2 is expressed in chicken otocysts, it cannot be ruled out that
Thx2 function has diverged in chicken and mice!*¢. 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 7hx2 expression in chicken otocysts
should be performed, followed by a phenotypic and molecular analysis of chicken inner ears
deficient for Thx2. 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, 7hx2-deficient otocysts were characterized by
downregulation of the neuronal suppressor gene 7hx/ in the ventral region. Inactivation of
Tbx1 results in posterior-ventral expansion of the neurogenic domain accompanied by
expanded Fgf3 expression®®. We showed that in contrast to Thx2-deficient embryos the
expression domains of Etv4/5 and Fgf3 did not overlap in 7hx/KO otocysts, and that the
Fgf8-Sox3 regulatory module was not ectopically expressed. These results indicate that
FGF8-mediated signalling acts upstream of 7bx/. 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 7hx2/3cKO otocyst was
accompanied by loss of BMP signalling (Id2, 1d3). Previous studies showed that the
expression of some T-box genes (Thx2, Thx3, Thx5) depends on this signalling pathway!%-
162 Coexpression of Id2/Id3 and ThxI in the posterior otocyst implies that BMP signalling
is required for maintenance of 7hx/ expression in the developing inner ear. In other contexts,

BMP and FGF signalling was shown to act antagonistically!'®?

. Hence, we suggest that de-
repression of FGF signalling in 7hx2-deficient otocysts leads to inhibition of BMP signalling
and its downstream target 7hx/. Analysis of Thx/ expression in BMP-deficient and of

1d2/1d3 expression in Fgf8 mis/overexpression models may further validate this hypothesis.
Thbx2 is a crucial regulator of inner hair and supporting cell identity

The second subproject of this thesis identified 7hx2 as a crucial regulator of inner hair and
supporting cell differentiation. Inactivation and misexpression of 7hx2 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, 7bx2
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 7hx2
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 domain!!’. There are two genetic ways to
test this hypothesis. First, misexpression of a constitutively active variant of Figfr3 under the

control of the Sox2¢r¢ERT2

-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
Thx2 and Fgfr3 in the prosensory domain should rescue the phenotype of 7hx2-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 7hx2 after the onset of differentiation
resulted in conversion of IHCs into OHCs and vice versa demonstrating that TBX2 is also
required for maintenance of [HC fate, at least until shortly after birth. It would be interesting
to inactivate or misexpress 7hx2 at later postnatal stages for example using the vGlut3-P2A4-
iCreER-line (recombination in IHCs) or the prestin-CreER™-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 development!'?°. Initial expression of Thx2
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 7hx2-deficient cochleae and
the ectopic 7hx2-positive IHCs in the outer compartment of the organ of Corti in Insml
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 Insm 1
and Zkzf2 and vice versa in the future.

In 7kzf2/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. Ppplrl7) is not restored'?S. These results indicate that Helios regulates an OHC-
specific gene set but that other factors compensate for the loss of this factor!?. In contrast,
SLC26AS5 is stably expressed in 7hx2-deficient cochleae until P21. These contradicting
observations could be due to the earlier inactivation of 7bx2 (P0-1) compared to 7kzf2 (P4).
Alternatively, TBX2 might induce and suppress the complete IHC and OHC program,
respectively. To address this possibility, 7bx2 should be inactivated or misexpressed at later
time points using the vGlut3-P2A-iCreER-line or the prestin-CreER-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 Atoh1'%*. Transduction of these “induced hair cells”
with 7hx2 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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