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Abstract

Abstract

Delta-like homologue 1 (DIk1) has been established as molecular determinant of motor neuron
(MN) functional diversification. Previous studies in mouse and chicken embryo revealed
Dlk1-dependent gene expression during MN development, which promotes fast alpha MN
subtype properties. However, previous experiments to identify DIk1 interaction partners and

components of the DIk1 pathway were not sufficient to fully resolve the pathway.

This thesis addresses the mechanism through which DIk1 promotes the fast alpha MN
properties. Based on previous observations, the major focus of the thesis was
hypoxia-dependent DIk1 regulation and its contribution to MN diversification during
embryogenesis. Prior, E12.5 embryos were analysed with regards to DIk1 protein expression
and the evidence of lower oxygen conditions, as different oxygen levels could have an
influence during neurogenesis. DIk1 is influenced by lower oxygen levels in cancer-dependent
gene regulations. Therefore, DIk1 might also be influenced by low oxygen levels during
neurogenesis. However, since no meaningful differences in hypoxia could be observed in the
spinal cord of the embryo, the focus was shifted to MN development in vitro. Therefore, mouse
embryonic stem cells were differentiated into MNs and analysed. With this approach, a
decrease in the amount of full-length DIk1 protein could be observed, triggered by hypoxic
stimulation. Next, DIk1 regulation was also investigated in situ in murine brain slices. Here, it
was possible to verify the effects obtained in embryonic stem cell-derived MNs. It has been
shown, that full-length DIk1 protein levels decrease after a hypoxic stimulus, regardless of the
age and gender of the mice. To further investigate the decrease of DIk1 protein after hypoxia,
a genetically modified embryonic stem cell line was used to investigate DIk1 processing. It was
found that DIk1 undergoes cleavage after hypoxic stimulation. Furthermore, it could be shown
that the cleavage is likely dependent on the TACE/Adam17 protease. Evidence was found for
the nuclear translocation of the cleaved DIk1 intracellular fragment upon hypoxia-mediated
cleavage. Taken together, DIk1 is cleaved by Adam17 in an extracellular and intracellular
fragment, triggered by an external hypoxic stimulation. The DIk1 intracellular fragment in part
translocated to the nucleus, where it could function as a transcriptional co-factor and mediate
the gene expression signature implemented by DIk1. Further, the thesis analyses if Mmp9
gene regulation is might be associated with the hypoxic-stimulated DIk1-dependent process.
DIk1 processing in cancer-dependent cell regulation could indicate an influence on the
extracellular matrix reorganisation. Hereafter, DIk1 might be involved in the Mmp9 secretion

mediated by hypoxic induction.
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Zusammenfassung

Zusammenfassung
Delta-like homologue 1 (DIk1) wurde als molekularer Determinant in der Funktionsvielfalt der

Motoneuronen etabliert. Vorrangegangene elektrophysiologische Studien an Maus- und
Hihnerembryonen zeigten eine Dlk1-abhangige Genexpression wahrend der
Motoneuronenentwicklung fir einen funktionellen Motorneuron Subtypen. Diese
Dlk1-abhangige Genexpression fiihrt zu einem zellularen Phanotyp, der die Eigenschaften von
schnellen Alpha Motoneuronen aufweist. Vorangegangene Experimente zu Dlk1-
Interaktionspartnern und zur Stimulation des DIk1-Signalwegs reichten nicht aus, um den

Signalweg aufzuklaren.

Diese Arbeit untersucht den Dlk1-abhangigen Mechanismus, der dazu fihrt, dass
Motorneuronen die Eigenschaften der schnellen Alpha Motoneuron aufweisen. Daher wurde
die Hypoxie-abhangige DIk1-Regulation in Bezug auf die Diversifizierung von Motoneuronen
wahrend der Embryogenese untersucht. Zunachst wurden 12.5 Tage alte Embryonen (E12.5)
im Hinblick auf die Expression von DIk1 im Zusammenhang mit geringeren
Sauerstoffbedingungen analysiert. Unterschiedliche Sauerstoffkonzentrationen kénnen einen
grofien Einfluss auf die Embryogenese haben. Daher lag die Vermutung nahe, dass die
Wechselwirkungen zu Interaktionspartnern durch eine niedrige Sauerstoffkonzentration
beeinflusst werden kann. Da jedoch keine aussagekraftigen Unterschiede in der
Hypoxie-abhangigen Proteinantwort im Ruckenmark des Embryos festgestellt werden
konnten, wurde der Fokus auf die Entwicklung der Motoneuronen in vitro beschrankt. Um die
Entwicklung von Motorneuronen zu analysieren wurden embryonale Stammzellen bis zu
einem Zustand von ausgewachsenen Motoneuronen differenziert und anschlieRend
analysiert. Bei diesem Ansatz konnte, durch einen hypoxischen Stimulus, die Abnahme der
Proteinmenge von Dlk1 beobachtet werden. Um jedoch auszuschliel3en, dass es sich bei
diesem Effekt um ein Artefakt der Zellkultur handelt, wurde die Prozessierung des DIk1
Proteins ebenfalls in murinen Hirnschnitten untersucht. Mit diesem zusatzlichen Ansatz war es
moglich, die Hypoxie-abhangigen Proteinanderungen im Vergleich zu vorangegangenen
Experimenten in Motoneuronen zu verifizieren. Zusatzlich konnte gezeigt werden, dass die
Abnahme der Proteinmenge von Dlk1 nach einem hypoxischen Stimulus unabhangig vom
Alter und Geschlecht der Mause ist. Um die Abnahme der Proteinmenge von DIk1 nach
Hypoxie zu klaren, wurde eine modifizierte embryonale Stammzelllinie genutzt. Diese hat den
Vorteil, einen zusatzlichen HA-Tag am C-terminalen Ende zu haben. DIk1 wird nach
hypoxischer Stimulation in eine extrazelluldare Domaine und ein intrazellulares Fragment
gespalten. Basierend auf dieser Tatsache, konnte gezeigt werde, dass eine der Spaltungen
durch die TACE/Adam17-Protease vermittelt wird. Ausgehend von der Spaltung konnte auch

das intrazellulare Fragment und seine Translokation in den Zellkern beobachtet werden.
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Zusammenfassung

Insgesamt konnte gezeigt werden, dass ein externe hypoxische Stimulation zu einer Spaltung
von DIk1 in ein extrazellulares und intrazellulares Fragment flhrt. Das intrazellulare Fragment
wurde weiter in den Zellkern transloziert, wo es mdglicherweise transkriptionelle Co-Faktor-
ahnliche Aktivitaten hat. Ausgehend von diesen Daten wird weiter untersucht, ob die Mmp9
Gene Regulierung mit dem DIk1-abhangigen Prozess der Krebszellregulierung, wie z. B. der
Reorganisation der extrazellularen Matrix, in Zusammenhang stehen kénnte. Demnach koénnte

DIk1 an der durch hypoxische Stimulus vermittelten Mmp9-Sekretion beteiligt sein.
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1 Introduction

1. Introduction

1.1. Murine embryogenesis

Mammalian embryonic development starts with the fertilisation of a mature oocyte by a sperm
in the oviduct, the prerequisite for embryogenesis in mammalians. The process of
embryogenesis entails the development from a single-cell zygote to a multicellular embryo
(Hogan et al., 1986; Kaufmann, 2005; Wolpert et al., 2007). Embryogenesis is divided into four
distinct stages, depicted as cleavage, blastula stage, gastrulation and organogenesis (Wolpert
et al., 2007). During the cleavage stage, the developing single-cell zygote is progressing into
small blastomeres by cleavage divisions. Those cells are forming a hollow sphere, also called
the blastocyst, within the first three and a half days (embryonic day 3.5 (E3.5)) of murine
development (Watson et al., 2004). During this blastocyst formation, cells undergo two defined
cell fate decisions (Hiiragi and Solter, 2004; Yamanaka et al., 2006). The first cell fate decision
leads to the development of the embryo, whereas the second cell fate decision leads to the
future foetus (Hiiragi and Solter, 2004; Wolpert et al., 2007; Wennekamp et al., 2013).

E25 E2 75 E3.25 E3.5

Zona
pellucida

Trophoblast Hypoblast

Figure 1-1: Generation of the blastocyst during murine embryogenesis. At E2.5 cells are surrounded by
the zona pellucida. The cell cleavage divisions give rise up to 32-to 64-cell transitions. Followed by the
generation of the blastocyst, with the cell discrimination into the ICM and the surrounding trophoblast.
The ICM will be then separated into the hypoblast and ICM by E3.5. Image modified after (Kafer and
Cesare, 2020). E, embryonic day; ICM, inner cell mass.

The trophoblast is formed by cells outside the blastocyst (figure 1-1) (Gao et al., 2011; Morris
et al. 2012; Kafer and Cesare, 2020). The cells of the trophoblast have different cell fates,
cellular properties, and positions within the embryo (Gao et al., 2011; Krupa et al., 2014). The
trophoblast will generate the extra-embryonic ectoderm and the ectoplacental cone, from
which the placenta later develops. The inner cell mass divides into the epiblast and hypoblast.
Later the epiblast will generate the primitive ectoderm, whereas the hypoblast will give rise to
the primitive endoderm (Evans and Kaufman, 1981; Kaufmann, 2005; Wolpert et al., 2007).
The ectoderm in turn then forms the embryo (Tam and Loebel, 2007; Bedzhov et al., 2014).
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1 Introduction

After four and a half days, the blastocyst is released from the zona pellucida, penetrates into

the maternal tissue and proliferates (Yamanaka et al., 2006; Wolpert et al., 2007).

From E5.5 onwards, the pro-amniotic cavity is formed and is creating a cup-shaped cylindric
structure (Wolpert et al., 2007; Kafer and Cesare, 2020). The next step of the embryogenesis
is the gastrulation, the process of the formation of the three germ layers and the subsequent
diversification into organ identities during organogenesis (Kondoh and Takemoto, 2012;
Williams et al., 2012; Attardi et al., 2018). The whole process of gastrulation takes three days
(until E7.5) and includes three different events. The first one is the anterior posterior (AP) axis
patterning, the second event is the transition from the pluripotency stage to the specification
of three germ layers and the third is the diversification of the germ layers into the organ
identities (Perea-Gomez et al., 2004; Wolpert et al., 2007; Bardot and Hadjantonakis, 2020).

The detailed process is described in the following paragraph.

At E5.5, the epiblast has a radial symmetrical and a maternally oriented proximal-distal axis,
which allow spatial information. At this stage, the AP axis is generated (Smith et al., 1994;
Robertson et al., 2003; Perea-Gomez et al., 2004). At the anterior side of the embryo, an
accumulation of cells secretes signals to induce the second event, which is termed the
transition (Rodriguez et al., 2005). For the induction of the transition of the epiblast, the
expression of a combination of distinct signal molecules, like Wingless and Int-1 (Wnt), bone
morphogenic proteins (BMP), Nodal, and Fibroblast growth factors (Fgf) are acquire (Acloque
et al., 2009; Kalluri, 2009; Williams et al., 2012; Lamouille, Xu and Derynck, 2014).

At E8.5, organogenesis starts with the transformation of the yolk sack (Rodriguez et al., 2005;
Kafer and Cesare, 2020). With the turnover of the embryo, the envelopment completes at the
8 to 13 somite stage of development (Kaufmann, 2005). In the following days, the embryo
starts to develop all organs. With the developing organs the whole embryo is growing in size
beyond the birth (Kaufmann, 2005; Wolpert et al., 2007).

1.2. Development of the nervous system

The process of nervous system generation includes the formation of the spinal cord during
embryogenesis, which can be divided in several steps (Jessell, 2000; Bianchi, 2018). The first
step is the neurulation, which starts by formation of the neural ectoderm at embryonic day E7.5
until formation of the neural tube at E10.5 (Karfunkel, 1974; Briscoe and Ericson, 2001;
Rogers, Moody and Casey, 2009). After this, axon patterning and neural cell fate decisions are
induced to promote the formation of the central nervous system (Dasen, Liu and Jessell, 2003;

Jessell, Surmeli and Kelly, 2011).
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1.2.1. Neurulation and spinal cord formation

Prior to neurogenesis, the precursor of the spinal cord is formed. This process starts with the
formation of the neural plate shortly after induction of the neural ectoderm (Hines and Marx,
1996; Chang and Hemmati-Brivanlou, 1998; Copp, Greene and Murdoch, 2003). The neural
plate is a flattened structure, which starts to curl up during development to create the neural
folds. On the opposing side of the neural folds, the neural groove is formed. Following this, the
neural folds continue to curve upwards until the lateral edges of the neuronal plate are folded
around to finally connect to each other (Copp, Greene and Murdoch, 2003; Greene and Copp,
2009; Pyrgaki et al., 2010). Initiation of neural tube closure is different in various vertebrates.
In mammalian species, the closure occurs in the mid-anterior region and progressively extends
more anterior (rostral) and posterior (caudal) starting around E8.0 (Copp, Greene and
Murdoch, 2003; Greene and Copp, 2009; Harrington, Chalasani and Brewster, 2010). The
dorsal region, where the neural folds are connected, has an accumulation of specialised glial
and neuroepithelial cells and is termed roof plate. Among other functions, the roof plate is
necessary to secrete morphogenic signals to induce neuronal progenitor domains (Kondrychyn
et al., 2013; Shinozuka et al., 2019). On the opposite side, the former median region of the
neural plate is the ventral surface of the neural tube, which has an accumulation of glial cells,
the floor plate (Jessell, 2000; Chesnutt et al., 2004). Upon closure of the neural tube, the neural
crest cells arise and the remaining ectoderm is forming the epidermis overlaying the neural
tube (Mauch and Schoenwolf, 2001). The cells, which are located along the lumen of the spinal
cord give rise to new spinal neuronal progenitor domains (Hines and Marx, 1996; Wolpert et
al., 2007).

1.2.2. Rostrocaudal axis formation and ventral patterning for neuron formation
Gastrulation is starting at E5.5 and includes the generation of the rostrocaudal (RC) axis of the
whole embryo including the spinal cord (Morris et al., 2012), mainly influenced by different
morphogens, especially the Fibroblasts growth factor (Fgf), Wingless and Int-1 (Wnt), and
retinoic acid (RA) signalling (Chesnutt et al., 2004; Ishihara and Fukuda, 2016). Those signals
facilitate the establishment of the different central nervous system structures (brain vesicles of
the forebrain, midbrain, and hindbrain) and the spinal cord (Ishihara and Fukuda, 2016). Fgf
signalling is increasing progressively towards the posterior end as a concentration gradient.
RA counteracts Fdf, the levels of which are higher anteriorly and progressively lower posteriorly
(figure 1-2, A).
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Figure 1-2: Rostrocaudal and ventral patterning of the spinal cord. A: Formation of the rostrocaudal
axis is dependent on the signalling of Fgf (blue) and RA (red), creating gradients to determine the
forebrain, midbrain, hindbrain vesicles and the spinal cord. Fgf is progressively reduced from the caudal
end towards the rostral end. B: Dorsoventral patterning is dependent on BMP and TGF-f3 secreted from
the roof plate form a dorsoventral gradient (yellow) counteracting the ventrodorsal gradient (green) of
Sonic hedgehog secreted by the floor plate and notochord to determine the interneuron progenitor (pVO0,
pV1, pV2, and pV3) domains and the motor neuron progenitor (pMN) domain in the ventral half of the
spinal cord. BMP and TGF-f signalling inducing the formation of the dorsal interneuron progenitor (pDV).
Shh, sonic hedgehog; NC, notochord; FP, floor plate; RF, roof plate; BMP, bone morphogenetic proteins;
TGF-B, transforming growth factor beta. Figure modified after (Morris et al., 2012).

In parallel to the RC axis the dorsoventral (DV) axis is created in the spinal cord by
morphogenic signals from the roof plate, the floor plate and the notochord (Jessell, 2000; llle
et al., 2007; Catela, 2020). The epidermal ectoderm, which is surrounding the roof plate is
providing morphogens of the transforming growth factor-beta (TGF-B) family, while the
morphogens BMP-4, BMP-7, and Wnt, to induce the roof plate formation (llle et al., 2007).
Hereafter, non-neuronal cells of the roof plate produce signals for patterning the dorsal half of
the spinal cord by creating a gradient (BMPs and TGF-f) (Hines and Marx, 1996; Stifani,
2014b). This dorsal to ventral decreasing gradient of morphogens from the TGF-3 family, as
well as the BMPs and Wnt signalling induce sensory interneuron progenitor domain formation
(figure 1-2, B, pDV) (Wilson et al., 2001; llle et al., 2007; Liu, Peng and Jing, 2018; Shinozuka
et al., 2019).

The morphogenic signal in the ventral half of the spinal cord for the formation of neural cell

type fates is the sonic hedgehog (Shh) gradient. Shh is secreted by the notochord to initially
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induce the floor plate formation. Subsequently, Shh is secreted by the notochord and the floor
plate resulting in a concentration gradient with high levels of Shh in the ventral region of the
neural tube and continuously declining levels in more dorsal regions. Together with the
opposing gradient of BMPs and Wnt signalling, both are inducing the progenitor domains in a
concentration dependent manner (Ericson et al., 1996; Jessell, 2000). This emerging gradient
induces the formation of different ventral interneuron progenitor domains (pVo0, pV1, pV2, and
pV3) and the motor neuron progenitor (pPMN) domain. The ventral interneuron progenitor
subtypes are eventually modifying the activity of MNs during movement generation (Briscoe et
al., 2000; Catela, 2020).

1.2.3. Motor neuron formation

MNs innervate the muscle fibres via a specialised kind of synapse, the neuromuscular junction,
in order to control muscle fibre contraction. MN generation during embryogenesis starts around
day E10.5 and proceeds until E12.5 (Wolpert et al., 2007). Nevertheless, half of the MNs are
dying after these days, because MNs whose axon termini failed to generate stable contact with
muscle are eliminated. The elimination was induced by apoptosis due to insufficient supply of
target-derived neurotrophic factors (Oppenheim, 1991; Lotto et al., 2001). Further functional
motor unit formation relies on the reduction of polyinnervations. Polyinnervation persists after
MN death and is eventually resolved by synapse competition in the first two postnatal weeks
(Morgana, Giuseppe and Alberto, 2012; Yamaguchi and Miura, 2015). MNs are the first post-
mitotic cells developing from the pMN domain (Lee and Pfaff, 2001). Sequentially, the pMN
domain switches and produces oligodendrocytes (Soula et al., 2001; Zhou, Choi and
Anderson, 2001). One of the most crucial factors for MN formation is Shh, the counterpart to
BMP signalling (Roelink et al., 1995; Ericson et al., 1996; Briscoe and Thérond, 2013). Shh
activates or represses gene expression via the transmembrane receptor complex of the Shh
signalling pathway (Hines and Marx, 1996; Catela, 2020). Those genes are expressed by the
different pMN and interneuron progenitor cells (pV) in the ventral half of the neural tube
(Dessaud, McMahon and Briscoe, 2008; Catela, 2020). This complex consists of the receptor
protein Patched (Ptc) and the signal-transducing subunit, Smoothened (Smo) (Hynes et al.,
2000; Wijgerde et al., 2002). In this pathway, the extracellular Shh gradient is converted into
either an intracellular glioma-associated oncogene (GLI) activator or repressor signal
(Pachikara et al., 2007). With binding of Shh to Ptc, the inhibition of Smo is abolished and
thereafter Smo can activate downstream factors, like several protein kinases, transport
proteins, and the GLI proteins (Jacob and Briscoe, 2003; Vokes et al., 2007, 2008). The
cleavage of GLI leads to its activation, which results in the expression of Shh downstream
genes, like Olig2, Nkx2.2, and Ptch1 (Cohen et al., 2015). On the opposite, in absence of Shh,

the GLI proteins proteolytically proceed into repressors inhibiting Shh target expression
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(Pachikara et al., 2007; Catela, 2020). The combination of the GLI repressor and activator
proteins at different positions along the DV axis determine the activated Shh target genes and
their expression levels (Persson et al., 2002; Meyer and Roelink, 2003). Those genes are
classified into two classes (class | and class Il). The transcription factors of the class | are
expressed in a Shh-dependent manner and including homeodomain proteins of the Dbx, Irx,
and Pax family. Whereas, class Il transcription factors including Nkx proteins and the basic
helix-loop-helix (bHLH) protein Olig2 (figure 1-3) (Marquardt and Pfaff, 2001; Lee et al., 2005;
Sagner et al., 2018).
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Figure 1-3: Induction of ventral progenitor domains. The Shh concentration (green gradient) leads to
the expression of different transcription factors of class I, (Dbx1,2; Irx3; and Pax6; above the bars, violet
bars) and class Il (Nkx6.2,1; Olig2; and Nkx2.6,6; below the bars, blue bars). Class | and Il transcription
factors are inhibiting each other resulting in a cross-repression interplay. Progenitor domains are
expressing the respective code to induce the post-mitotic neuron development. Shh, sonic hedgehog;
pVO0,1, 2, and 3, progenitor interneuron domain pVO0, pV1, pV2, and pV3; pMN, motor neuron progenitor
domain; VO, V1, V2, and V3, interneuron type 0, 1, 2, and 3, MN, motor neuron. Figure modified after
(Marquardt and Pfaff, 2001).

A distinct cross-repressive interplay exists between the two classes of transcription factors
(Ericson et al., 1997; Briscoe et al., 2000). Thus, the possible imbalance in the initiated Shh
gradient results in stably expressed transcription factors and sharped boundaries of progenitor
domains. The boundary between the pV0 and pV1 domain is based on the cross-repression
of the class | transcription factor Dbx1 and the class Il transcription factor Nkx6.2. Whereas

the class Il transcription factor Nkx6.1 is the counterpart of the class | transcription factor Dbx2
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at the boundary of the pV1 and the pV2 domains (Vallstedt et al., 2001). For the ventral
boundary between the pV2 and the pMN domain, the class | transcription factor Irx3 and the
class Il transcription factor Olig2 are inhibiting each other. The most ventral boundary is mainly
dependent on the inhibition between the class | transcription factor Pax6 and the class I
transcription factors Nkx2.2 and Nkx2.6 (Toch et al., 2020). Thus, the Shh gradient is
responsible for the eventual generation of the different ventral neuronal subtypes (V3, MN, V2,
V1, and VO) by setting up distinct ventral progenitor domains, each defined by a unique
combination of class | and Il transcription factors (Jessell, 2000; Lee et al., 2005; Catela, 2020).
Thereafter, these distinct transcription factors are sufficient to induce the formation of the

ventral progenitor subtypes (Hines and Marx, 1996; Catela, 2020).

For the generation of post-mitotic MNs, the transcription factors Olig2, Nkx6.1, Nkx6.2, and
Pax6 are required. Olig2 activates the expression of the bHLH transcription factor Neurogenin
2 (Ngn2) (Novitch, Chen and Jessell, 2001; Lee et al., 2005). As soon as the Ngn2 protein
concentration exceeds the protein concentration of Olig2, the cells exit the cell cycle and
differentiate terminally (Scardigli et al., 2001; Lee et al., 2005). The combination of the proteins,
Ngn2, LIM homeobox protein 3 (Lhx3), and LIM homeodomain transcription factor Islet1 (Isl1)
activates the expression of Isl2. Isl1 is forming a complex together with Lhx3 and the LIM only
protein NLI. Together, they are forming a hexamer of 2Isl1:2Lhx3:2NL1 to activate the
expression of Mnx1 (also known as homeobox gene 9; Hb9) (Liang et al., 2011). Mnx1 is
specific for post-mitotic MNs and it is crucial for the consolidation of MN identity through active
suppression of the interneuron programme (Arber et al., 1999; Thaler et al., 2002; Liang et al.,
2011; Catela, 2020). MNs express the two V2 interneuron repressors, the LIM only protein
LMO4 and Mnx1. LMO4 is required to suppress the interneuron generation by blocking the
tetramer assembly of V2 interneurons, while Mnx1 directly binds the tetramer and suppresses
their activation (Liang et al., 2011). Therefore, the expression of Mnx1 is considered as the

determinant of MN identity.

1.3. Motor neuron specification

1.3.1. Upper and lower motor neurons

To precisely control movements and muscle contractions, a variety of MN subtypes with
distinct properties is required. This is essential to control the subtle nuances of movements.
MNs can be classified into two main categories: upper and lower MNs. The two categories can
be grouped according to their cell soma location, neurotransmitter, and targets. Upper MNs
are restricted to the central nervous system, as their cell somata are located in the pre-motor

and primary motor cortex (Genc, Gozutok and Ozdinler, 2019). In mice, they are connected
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indirectly to lower MNs. Glutamatergic upper MNs connecting to interneurons, which further
connecting to lower spinal MNs (Genc, Gozutok and Ozdinler, 2019; Zayia and Tadi, 2022).
The somas of the lower MNs are located in the brainstem, as well as in the ventral horn of the
spinal cord. Further, lower MNs are cholinergic and are receiving inputs from somatosensory
neurons and interneurons (Zayia and Tadi, 2022). Lower motor neurons acquire stereotypic
positions within the spinal cord according to the individual muscles and muscle groups they

are innervating. The three main classes of lower MNs are brachial, visceral and somatic MNs.

1.3.2. Specification of motor column

MNs have a columnar identity, as they can be assigned to specific motor columns based on
their axon trajectories, their pattern of muscle innervation and their stereotypic positions within
the ventral horn of the spinal cord (Jessell, 2000; Landmesser, 2001). The spinal cord can be
subdivided into five different segments along the rostral to caudal axis (Briscoe et al., 2000;
Jessell, 2000; Dasen and Jessell, 2009). From rostral to caudal, the first section is the cervical
part, which marks the transition from the hindbrain to the spinal cord. The cervical part is
followed by the thicker brachial segment. More caudal, the thoracic and lumbar segments
follow. The most caudal segment is named sacral segment (Agalliu et al., 2009; Jung et al.,
2014).

Visceral MNs are regulating the contraction of smooth muscles and are mainly found in the
thoracic segment, organised in the preganglionic column (PGC) (Francius and Clotman, 2014).
The visceral MNs project to the sympathetic ventral chain by forming synapses with the
noradrenergic neurons of the paravertebral ganglia (Francius, 2013; Francius and Clotman,
2014). The visceral MNs, are regulating cardiac and smooth muscle contractions and

exocrine/endocrine gland activity (Francius and Clotman, 2014).

Spinal somatic MNs are innervating skeletal muscle fibres. MNs of the lateral motor columns
(LMC) are innervating limb muscles and few muscles of the back. Therefore, the LMCs are
found in the brachial (forelimb) and lumbar (hindlimb) segment (Kania, Johnson and Jessell,
2000; Dasen, Liu and Jessell, 2003). The LMC is further divided in the lateral and medial motor
column (LMC, and LMC;, respectively). MNs of the LMC, innervate the dorsal portion of the
limb buds, mainly extensor muscles, while the MNs of the LMC, are connecting to muscles of
the ventral portion of the developing limb anlagen (Kania, Johnson and Jessell, 2000; Kania
and Jessell, 2003). The same is known for MNs of the hypaxial motor column (HMC), which
are projecting to hypaxial muscles of the ventral body and therefore also found only in the
thoracic segment (Nagashima et al., 2020). The last group of MNs is the medial motor column
(MMC), innervating trunk musculature and therefore extend along the entirety spinal cord
(Agalliu et al., 2009; Nagashima et al., 2020).
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The outgrow of motor axons out of the spinal cord, towards the muscle fibres lead to the
formation of the nerve-muscle connection (De Marco Garcia and Jessell, 2008). For MNs
located in the LMC, motor axons enter the limb mesenchyme and form several main nerve
trunks (Tosney and Landmesser, 1985; Lieberam et al., 2005). Along those main nerve trunks,
small groups of motor axons split up to form finer nerve branches, directed towards their target
muscles (Swanson and Lewis, 1982; English, Wolf and Segal, 1993). The cell bodies of those
MNs, which are innervating an individual target muscle are found in discrete clusters, termed
motor pools (Romanes, 1951; De Marco Garcia and Jessell, 2008). With the establishment
and specification of motor pool identity MNs acquire the ability to form precise axonal

trajectories and innervate individual muscle targets (Dasen et al., 2005).

Axon targeting specificity by MNs is thought to be mediated by combinations of the Homeobox
(Hox) family of transcription factors and LIM transcription factors, which specify different
columnar and pool identities and activate or repress the expression of receptors for axon
guidance molecules present in the peripheral mesenchyme (Philippidou and Dasen, 2013;
Catela et al., 2016). Initially, the motor column identity is determined by the activity of the Hox
transcription factors, arrayed along the RC axis of the spinal cord (Dasen et al., 2005; Dasen
and Jessell, 2009). In the spinal cord, the expression of Hox genes are spatially and temporally
dynamic (Philippidou and Dasen, 2013). The morphogenic gradient of Fgf originates from the
caudal region, further it has high concentration in the sacral and lumbar regions, while the RA
morphogenic gradient comes from the rostral region and therefore has a higher concentration
in the brachial region. Those gradients induce the expression of the Hox transcription factors.
In the mouse genome, there are in total 39 different Hox genes organised in four genetic
clusters, Hoxa, Hoxb, Hoxc and Hoxd (Goodman and Scambler, 2001). In the hindbrain, the
Hox genes Hox1-Hox4 are expressed, whereas in the spinal cord, the Hox genes Hox5-Hox11
are expressed and encoding their respecify proteins (Philippidou and Dasen, 2013). The
ordering of Hox genes in the genome mirrors their expression along the RC axis, which is
known as spatial collinearity. Next to the spatial collinearity, there is also a temporal and
quantity collinearity (Papageorgiou, 2015). The combinatory co-expression of different Hox
genes and the respective cross-repressive effects of other Hox genes are define the subsets
of motor columns. The Hox6 and Hox9 protein is expressed in the LMC, which results in the
conversion of the brachial MNs into the thoracic MNs (Bel-Vialar, Itasaki and Krumlauf, 2002;
Dasen, Liu and Jessell, 2003). The decreasing Fgf concentration in the thoracic region leads
in turn to the expression of other Hox genes, such as Hoxc9 (Dasen and Rosenfeld, 2001). In
the lumbar region, Hoxc10 is highly expressed and represses Hoxc6 and Hoxc9 to induce LMC
identity (Philippidou and Dasen, 2013).
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Within the LMC, one of the target effectors of Hox proteins is the gene encoding the protein
Forkhead box P1 (FoxP1) (Dasen et al., 2008). Hox proteins (Hox6 paralogues and Hox10
paralogues) at the limb level are inducing high levels of FoxP1 to determine the LMC identity,
whereas at thoracic levels, Hoxc9 leads to the expression of lower level of FoxP1, determining
the PGC identity (Dasen et al., 2008). Thus, the specific combinatorial expression of the
different Hox transcription factors play an important part in establishing the diversity of MNs in

the segments of the spinal cord (Philippidou and Dasen, 2013; Catela, 2020).

1.3.3. Somatic motor units

1.3.3.1. Skeletal muscle physiology

The muscular system in the body is composed of two main types of muscles: (I) the smooth,
and (Il) the striated muscles. Those striated muscles are further grouped in () skeletal and (Il)
cardiac muscles. The cardiac muscles are responsible for the rhythmic contractions of the
heart, while the smooth muscles are involved in the control of the vascular tone and the internal
digestive and secretion organs (Cuevas, 2015). Both types of muscles are innervated by the
autonomic nervous system. The skeletal muscles, are the only group which comprises
voluntary muscles. The muscles fibres composing the skeletal muscles are innervated by the
somatic MNs. This group of muscles is in focus of this research aiming at understanding spinal
MN functional diversification. The skeletal muscle fibres are necessary to generate
movements, mediated by the correct MN execution of movements and posture (Close, 1972;
Schiaffino and Reggiani, 2011). Skeletal muscles arise from the somites, where initially
myoblasts are generated, which subsequently fuse to syncytia thereby forming the skeletal
muscle fibres (Buckingham et al., 2003; McDermott et al., 2005; Musumeci et al., 2015). Two
general types of muscle fibres can be distinguished, the intrafusal and the extrafusal muscle
fibres. While the extrafusal fibres are responsible for the generation of muscle force, the
intrafusal fibres are part of the muscle spindles, specialised sensory organs relaying

information regarding muscle tension to the central nervous system.

The muscle spindle is a small encapsulated sensory receptor organ, which detects changes in
the length of the muscle in which it is located (Schiaffino and Reggiani, 2011; Kandell et al.,
2013). The muscle spindle has three main components: (1) specialised intrafusal muscle fibres,
with noncontractile central regions, (Il) sensory fibres, which are terminated at the
noncontractile regions of the intrafusal muscle fibres, and (lll) motor axons, that terminate at
the contractile regions of the intrafusal muscle fibres (Kandell et al., 2013). The intrafusal
muscle fibres can be classified in the three different types: (I) dynamic nuclear bag fibre (B1),
() static nuclear bag fibres (B2), and (lll) the nuclear chain fibres. Corresponding to the
classification of intrafusal fibres, the extrafusal muscle fibres can be further classified into the

types |, lIA, 1IB, and IIX according to their molecular and functional characteristics, and their
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myosin heavy chain isoform expression (Schiaffino and Reggiani, 2011; Talbot and Maves,
2016).

1.3.3.2. Functional diversity of motor neurons mirrors the diversity of muscle fibres
The maijority of somatic MNs is located in the Rexed lamina IX of the brain stem and the spinal
cord. From there the MNs extend their axons via the ventral roots towards their muscular
targets (Schiaffino and Reggiani, 2011). After reaching the target muscle, the motor axons
branch out and form synapses on their respective muscle fibre targets. In addition to motor
pool and column identities, somatic MNs can also be divided based on their innervating muscle
fibre types. Thus, they are classify in alpha (a), beta (8), and gamma (y) MNs (Kanning, Kaplan
and Henderson, 2010).

Individual muscles usually consist of different types of muscle fibres. Hence, individual motor
pools contain different functional MN subtypes. The most basic functional unit in the skeletal
neuromuscular system is the motor unit, which consists of a single MN as well as the entirety
of the skeletal muscles fibres it innervates. A key characteristic of a motor units is that they
contain only a single type of muscle fibre in the mature organism (Liddell and Sherrington,
1925; Manuel, 2011).

Muscle contractions are induced by the aMNs, which innervate extrafusal muscles fibres,
whereas, YMNs exclusively innervate the intrafusal fibres of the muscle spindles (Schiaffino
and Reggiani, 2011). Therefore, yMNs control the sensitivity of the muscle spindles and are
involved in the monitoring and adjustment of muscles contraction (Proske and Gandevia, 2012;
Akay et al., 2014; Takeoka et al., 2014; Kiehn, 2016). The ratio between the aMNs and yMNs
is reported as 2 to 1 (Leksell, 1945; Hunt and Kuffler, 1951; Granit and Henatsch, 1956). The
BMNs are innervating extrafusal as well as the intrafusal fibres (Bessou, Emonet-Dénand and
Laporte, 1965; Manuel, 2011). Beside the functional observations of fMNs, they are poorly

characterised to date.

Morphologically, MNs can be differentiated in regards to their soma size and axon diameter
(Manuel, 2011). The soma size of yMNs is approximately half the size of aMNs and also their
axon calibre is smaller than that of axons of aMNs (Burke et al., 1977; Westbury, 1982;
Moschovakis, Burke and Fyffe, 1991; Shneider et al., 2009). The larger aMNs axon conduct
the action potential faster than the smaller yMNs or BMNs. aMNs show more dendritic
branches compared to yMNs and there is also a difference in the presynaptic inputs and
postsynaptic targets (Kanning, Kaplan and Henderson, 2010). Based on the morphological
parameters described before, the BMNs are grouped between the aMNs and yMNs. Their
soma size and axon diameter is in between the average of aMN and yMNs (Manuel, 2011).

Those morphological differences are also represented in their electrophysiological properties.
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1.3.4. Subclassification of alpha, beta, and gamma motor neurons
In the past, the three subtypes of somatic MNs (a, 3, and y) were discriminated according to
the muscle fibres they innervate. Nowadays, further hallmarks can be integrated, as for

example molecular, morphological, and electrophysiological properties.

1.3.4.1. Alpha motor neurons

The motor units relying on aMNs can be further classified into (1) slow-twitch, fatigue-resistant
(SFR), (Il) fast-twitch, fatigue-resistant (FFR), (lll) fast intermediate (FI), and (V) fast-twitch,
fatigable (FF) motor units. The MNs included in the different motor units are grouped in slow,
intermediate and fast aMNs. The corresponding aMN types can either be discriminated
according to their muscle fibres, which they are innervating or by specific hallmarks of
morphology and function (Friese et al., 2009; Shneider et al., 2009; Kanning, Kaplan and
Henderson, 2010). For example, cell bodies and axon diameters of slow aMNs are smaller
compared to the fast aMNs (Burke et al., 1977; Cullheim et al., 1987; Friese et al., 2009;
Shneider et al., 2009). This means, they have also slower axon conduction velocities. Further
the axons of fast aMNs are more branched and exhibit more presynaptic neuromuscular
terminals compared to the other aMN subtypes (Cullheim et al., 1987). Intermediate MNs also
have intermediate properties, thus innervation is one of the differences between the fast aMNs
and the intermediate aMNs are the muscle fibres they innervate. Based on histochemical and
physiological profile of muscles fibres, FF aMN units are restricted to the 1B muscle fibres, the
FFR aMNs are innervating IIA muscle fibres, the FI aMN units are innervating [IX muscle fibres
and the slow aMN units are restricted to type | muscles fibres. However, the 11B muscle fibres
are additionally innervated by a subgroup of BMNs (Manuel, 2011). Fast, intermediate and
slow aMN can be assigned to their respective motor unit, although a discrimination between
the intermediate 11X fibre units is difficult (Zengel et al., 1985). Further the subgroups of aMN
can be classified after their morphology. The membrane input resistance is one parameter, in
which the aMNs differ (Kanning, Kaplan and Henderson, 2010). As the fast aMNs possess
larger axons and are bigger in soma size, their input resistance is lower compared to slow
aMNs. Also, the firing behaviour and the axon conduction velocity is different (Burke et al.,
1977; Friese et al., 2009). FF aMN units have a phasic firing pattern and a fast axonal
conduction velocity, whereas the slow aMN units have a tonic firing pattern and the slowest
axonal conduction velocity. Furthermore, differences in the motor unit size, the neuromuscular
junction morphology and synaptic vesicle density can be observed (Friese et al., 2009).
Whereas the fast aMNs show a greater complexity in their dendritic arbores, connections, and
neuromuscular junctions. Their number of synaptic vesicle density in their terminals is lower
compared to the smaller and less complex slow aMNs. Those morphological and

electrophysiological differences are important for the function of the different types. Fast aMNs
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are activated during short-lasting bouts of forceful contractions, whereas the slow aMNs are

mainly needed in long-term tasks (Burke et al., 1995).

In general, aMNs can be discriminated according to their passive electrophysiological
properties or morphological properties, for example, their cell size. However, MNs also have
specific active electrophysiological properties caused by expression of specific molecular
factors like for example, ion channels. Taken together, the smaller, slow aMNs have a higher
input resistance and require less synaptic activation to generate an action potential. This
means, the slow aMNs are the first ones, to be recruited during a muscle contraction and later
the intermediate MNs and as last the fast aMNs (Mendell, 2005). This phenomenon is called

“the size principle” (Mendell, 2005).

1.3.4.2. Beta motor neurons

The most obscure class of somatic MNs are the beta (B) MNs. Little is known about their
anatomically and functional properties. They are smaller in size and less abundant compared
to the other MNs subtypes (Manuel, 2011). They are innervating both, the intrafusal as well as
the extrafusal muscle fibres simultaneously. This is an exception from the general homogeneity
of the motor units (Bessou, Emonet-Dénand and Laporte, 1965). This heterogeneity leads to
the control of the muscle contraction as well as to the control of the responsiveness of the
sensory feedback from muscle spindles (Bessou, Emonet-Dénand and Laporte, 1965;
Adelman et al., 2000; Manuel, 2011). BMNs can be classified into two groups according the
fibres they are innervating. The first class is consisting of the static BMNs, innervating the
nuclear chain fibres (2B) which are responsible for increasing the firing rate of the la and I
sensory fibres. On the opposite side, the dynamic BMNs are innervating the nuclear bag fibres
and mediate the increase in the stretch-sensitivity of the la sensory fibres, which leads to

stiffening of the nuclear bag fibre and results in their activation (Manuel, 2011).

1.3.4.3. Gamma motor neurons

Roughly 30 % of the MNs of a motor pool are yMNs (Kanning, Kaplan and Henderson, 2010;
Wilkinson, 2021). Morphologically, they have smaller soma compared to aMNs and possess
simpler and less branched dendritic trees (Wilkinson, 2021). They are innervating exclusively
intrafusal muscle fibres within the muscle spindle. They are mimicking the muscle stretch by
increasing progressively the firing rate and therefore the tension (Burke et al., 1977,
Celichowski and Krutki, 2019; Catela, 2020). Similar to the BMNs, yMNs can also be grouped
into two classes according to the intrafusal muscle fibres they are innervating. The class of
static yMNs is innervating the nuclear chain fibres and the static nuclear bag fibres (Manuel,
2011). Whereas the dynamic yMNs are innervating the dynamic nuclear bag fibres (Banks,

2015). yMN are not receiving an la monosynaptic input, they are only receiving indirect sensory
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information and they are participating only indirectly in the spinal reflex (Shneider et al., 2009;
Kanning, Kaplan and Henderson, 2010). An overview of the different MN types and their

associated muscle fibres are displayed in the following schematic (figure 1-4).
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Figure 1-4: Structural organisation of MNs innervating the corresponding muscle fibres. Somatic MNs
can be classified in the three groups of a-, 8-, and yMNs. Within the group of motor units with aMN,
muscle fibres can be classified in the fast-twitch fatigable (aFF), the fast-twitch fatigue-resistant (aFR),
and the slow-twitch fatigue-resistant (aS). They are innervating type IIA, IIB, I, and IIX (not indicated
here) muscle fibre respectively. BMNs can be grouped into dynamic (BMN dyn.) and static (BMN stat.)
types according the fibres, they are innervating. yMNs can be equally grouped into dynamic (yMN dyn.)
and static (yMN stat.) MNs dependent on the innervating nuclear chain fibre. Dynamic properties are
described for the BMN dyn. and for the yMN dyn. innervating dynamic nuclear bag fibres. Whereas the
static BMNs and yMNs are innervating nuclear chain fibres. Image modified after (Manuel, 2011).

1.3.5. Molecular marker to identify motor neuron subtypes

Initially, MNs were mainly characterised according to their morphology, electrophysiological
properties, and their corresponding muscle fibres (Burke et al., 1995; Manuel, 2011).
Nowadays, there are several molecular factors specifically expressed in different subtypes of
MNs (Manuel et al., 2019). Postnatal a-and yMNs can be distinguished by the expression of
the Neuron-specific nuclear protein (NeuN) (Friese et al., 2009). A high expression level of
NeuN throughout the entire cell soma was described for aMNs, whereas yMN have a lack of
NeuN expression (Mullen, Buck and Smith, 1992; Friese et al., 2009). Further, Mnx1 also
known as Hb9 expression can be used to distinguish fast and slow aMNs, as well as yMNs
(Arber et al., 1999; Dasen and Jessell, 2009; Shneider et al., 2009; Manuel and Zytnicki, 2019).
Furthermore, yMNs can be distinguished from aMNs by the expression of Osteopontin and the
Estrogen-related receptor 3 (ERR3) and its paralogue Estrogen-related receptor 2 (ERR2)
(Friese et al., 2009; Khan, 2018; Khan et al., 2022). Additionally, yMNs can be discriminated

from aMNs by the expression of the Glial-derived neurotrophic factor (GDNF) family receptor
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alpha-1 and the serotonin receptor 5-HT1p (Shneider et al., 2009; Enjin et al., 2010; Edwards
et al., 2013). There are also some markers to discriminate the subgroups of aMNs, e.g., the
Calcitonin gene-related peptide (CGRP), the Matrix metallopeptidase 9 (Mmp9) and Delta-like
homologue 1 (DIk1). They are expressed in some of the aMN subtypes, but not in all of them
(Forsgren et al., 1993; Piehl et al., 1993; Kaplan et al., 2014). Mmp9, for example is restricted
to the fast and intermediate aMNs, whereas the slow aMNs do not express Mmp9 (Kaplan et
al., 2014). DIk1 is a marker exclusively for the fast aMNs (Mdller et al., 2014). Also,
Chondrolectin (Chodl) is reported to be expressed in this type of aMN around P11 (Enijin et al.,
2010; Morisaki et al., 2016). For the slow aMNs, the synaptic vesicle protein (SV2A) is reported
to be expressed exclusively in slow aMNs at the late post-natal days (Chakkalakal et al., 2010).
Another marker is the SK3 isoform of the calcium-activated K* channel, which was described

to be involved in the hyperpolarization of slow aMNs (Edwards et al., 2013).

Most of the identified markers have been linked to MN types based on their expression in MNs
with the corresponding cell soma size. However, cell size correlation studies may not be
sufficient to determine the specificity of a marker (Manuel and Zytnicki, 2019). There are
several markers, which are expressed in more than one type of MNs. Mmp9 as an example is
expressed in fast and in intermediate aoMNs (Kaplan et al, 2014). Therefore,
electrophysiological analysis has to be included to determine the specificity for a certain MN

subtype.

There are only few known markers, which in parallel are known determinants of MN function
or development. DIk1 is the most prominent determinant known so far (Muller et al., 2014). It
has been shown, that DIk1 is necessary to induce fast aMN electrophysiological properties in
mice and chicken embryos (Mdller et al., 2014). By the overexpression of DIk1 an increase in
rheobase as well as firing frequency was observed, which is consistent with a fast aMN
phenotype. On the opposite side, the genetic ablation of DIk1 was leading to missing fast aMN
properties (Muller et al., 2014). A gene, which is closely associated with Dlk1 is Potassium
Voltage-Gated Channel Modifier Subfamily G Member 4 (Kcng4), which is encoding a B-
subunit of a K* channel (Murakoshi and Trimmer, 1999). Kcng4 is expressed similarly to DIk1
in early post-natal embryos and is associated with the tuning of neuronal firing parameters
(Wilson, Rempel and Brownstone, 2004). Although, there is evidence that some properties are
regulated through Kcng4, some biophysical properties might be regulated through further
actors. Additionally, DIk1-dependent fast MN properties might relies on the inhibition of the
Notch1 signalling (Mdller et al., 2014). DIk1 properties and functions are topic of the following
section (see 1.4.4.). Other known factors necessary to induce MN diversification are ERR2
and ERR3. Both are reported to be expressed in yMNs and important for posture control in

mice. The simultaneous knockout of ERR2 and ERR3 leads to lack of yMN properties, like a
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low rheobase and a low firing frequency (Khan et al., 2022), whereas their overexpression
supports the properties of yMNs. A possible mechanism of how ERR2 might lead to induce the
YMN electrophysiological properties is by activation of the voltage-gated K* channel subfamily
A type 10 (Kcna10). The increased expression of Kcna10 in chick MNs promotes yMN-like
properties, specifically a high input resistance and low firing rate (Khan, 2018; Spiller et al.,
2019; Khan et al., 2022).

1.4. The delta-like homologue (Dlk1) protein
1.4.1. Discovery of DIk1

The delta-like homologue 1 (Dlk1) protein was first identified in the context of amniotic fluid
and hereafter described as fetal antigen 1 (FA1) (Fay et al., 1988; Bachmann et al., 1996). In
the following years, DIk1 was discovered several times in different tissues or cell lines
independently, explaining the number of differing synonyms. For example, Dlk1 was found in
the preadipocytes (373 cells) and named preadipocyte factor 1 (Smas and Sul, 1993). After it
was found in lung carcinoma, neuroendocrine tumours and murine 373 cells, because of its
similarity in the amino acid sequence to the Delta family in Drosophila melanogaster, it was
given the name Delta-like with the abbreviation DIk (Laborda et al., 1993). With the discovery
of the actual orthologue of Delta in mammals, the previously discovered DIk1-like was renamed
as DIk1-like homologue 1, however maintaining the acronym DIk1 (Bettenhausen et al., 1995).
In 2014, DIk1 was found to be associated with postnatal MN development and the specific

promotion of fast aMN properties (Miller et al., 2014).

1.4.2. The genomic localisation of the D/k71 gene

The murine DIk1 gene is located on chromosome 12, while in the human genome it is located
on chromosome 14 (Gubina et al., 2000; Wylie et al., 2000). The gene is part of the DIk1/GtI2
locus. DIk1 was the first paternally imprinted gene identified in mammals (Gubina et al., 2000).
Expression of DIk1 starts during embryogenesis in the mesoderm and extends throughout all
three germ layer in mammals (Traustadéttir et al., 2019). During embryogenesis, DIk1 is
expressed in different tissues where it is tissue- and cell type-specifically either becomes
downregulated right before birth or remains to continuously expressed. Also, it is expressed in
neuronal stem cells in the subventricular zone (Ferron et al., 2011). Further DIK1 is expressed
in dopaminergic neurons in the ventral midbrain and in the substantia nigra and in
hypothalamic vasopressin and oxytocin neurons (Jensen et al., 2001; Christophersen et al.,
2007; Bauer et al., 2008; Villanueva, Jacquier and de Roux, 2012; Traustadéttir et al., 2019).
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1.4.3. The DIk1 protein structure

The DIk1 gene encodes a glycoprotein, with a predicted size of 41.3 kDa (385 amino acids).
This protein is a type 1 transmembrane protein has and has a large N-terminal extracellular
domain with epidermal growth factor (EGF)-like repeats, a transmembrane region and a short
C-terminal cytosolic region (Smas and Sul, 1993). The two N-terminal EGF-like repeats were
referred as Delta or OSM-11 (DOS)-motif (Komatsu et al., 2008).

DIk1 is modified by alternative splicing, which results in several transcriptional isoforms
(Jensen et al., 1994; Wang and Sul, 2006; Miller and Cole, 2014). In human, two isoforms are
reported (Deiuliis et al., 2006), whereas in mouse six different isoform are known (figure 1-5)
(Smas and Sul, 1993; Mei et al., 2002; Traustadottir et al., 2019).
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Figure 1-5: Murine DIk1 protein structure. Variants of known transcriptional isoforms of Dik1 share the
large extracellular domain with EGF repeats, the transmembrane region and the shorter intracellular
cytosolic region. Two isoforms have an extracellular region including six EGF repeats and the JMR
(DIk1 A and DIk1 B). TACE (Adam17)-mediated cleavage sites are indicated by arrows. The other
isoforms are lacking the JMR and have 6 (DIk1-C), or 5 EGF repeats (DIk1-D). DIk1-C and DIk1-D have
two more isoforms (C2 and D2, not displayed here). EGF, epidermal growth factor; D, distal (D) and
proximal (P) TACE cleavage site. TACE, tumour necrosis factor alpha converting enzyme, TR,
transmembrane region; JMR, juxtamembrane region. Image modified after (Smas, Green and Sul, 1994;
Mei et al., 2002).

A main difference between the six isoforms is the presence of the juxtamembrane cleavage
region for the Tumour necrosis factor alpha converting enzyme (TACE)/Adam17 cleavage site
(figure 1-5, red box, indicated with JMR) (Wang et al., 2006). Two of the murine isoforms are
containing a TACE/Adam17-mediated cleavage site (figure 1-5; DIk1-A and Dlk1-B).
Accordingly, they can be proteolytically cleaved by TACE/Adam17, generating a large

37



1 Introduction

extracellular segment, which is released into the extracellular space (Jensen et al., 1994; Wang
and Sul, 2006; Nueda et al., 2008), whereas the other four mouse isoforms are lacking this
site and are referred to as membrane-tethered isoforms (figure 1-5; DIk1-C, -C2, -D, and -D2).
DIk1 is involved in several different processes, depending on the isoform, the cleavage

products and the different interaction partners.

1.4.4. DIk1 protein function
The best understood function is its role as an inhibitor of adipocyte differentiation (Smas and

Sul, 1993; Garcés et al.,, 1999; Mei et al., 2002; Sul, 2009; Hudak et al., 2014). Besides
adipogenesis, DIk1 is known to be involved in osteogenesis, where it inhibits bone formation
and stimulates bone resorption (Abdallah et al., 2011). Further, DIk1 is also involved in muscle
development, where it promotes the generation of skeletal muscle fibres by the myogenic
program (Charlier et al., 2001; Abdallah et al., 2004; Andersen et al., 2009), whereas it is also
inhibiting the regeneration of old muscle fibres (Andersen et al., 2009, 2013). During
chondrogenesis, DIk1 acts as an inhibitor of the PI3K/Akt pathway, which leads to inhibitory
effects on cartilage formation (Chen et al., 2011). Additionally, DIk1 regulates haematopoiesis
by promoting the growth of granulocytes, megakaryocytes, and B-cells (Sakajiri et al., 2005;
Mirshekar-Syahkal et al., 2013). Furthermore, DIk1 was found to be involved in neurogenesis.
Herein, DIk1 is expressed in the subgranular zone mainly of astrocytes and is involved in
hippocampal neurogenesis contributing to cognition (Ferron et al., 2011; Whalley, 2011;
Montalban-Loro et al., 2021; Grassi and Pietras, 2022). Further evidence revealed, that DIk1
is also involved in maintaining the adult stem cell niches in the brain (Ferron et al., 2011;
Surmacz et al., 2012) foetal, and adult bone, some osteoblast cells and in human
mesenchymal stem cell (Abdallah et al., 2004). Although there are multiple hints that DIk1 is
expressed throughout the whole central nervous system, its putative role in the differentiation
of MNs had not been addressed until 2014. The evidence for an impact of DIk1 in the MN
diversity was given in 2014, when it was shown that Dlk1 promotes the electrophysiological
properties of fast aMNs (Mdller et al., 2014). Nevertheless, the exact molecular mechanism

through which DIk1 operates in MN diversification remains unclear so far.

1.4.5. DIk1 and its molecular interaction partner
Its striking similarity to the Delta like protein (DIl) indicates the possible involvement of DIk1 in

the Notch signalling pathway (Laborda et al., 1993). This pathway is one of best described, yet
complex signalling cascades for cell fate decisions and is involved in multiple developmental
processes conserved from flies to human (Artavanis-Tsakonas, Rand and Lake, 1999). There
are two Notch1 signalling pathways, the canonical and the non-canonical pathway. For the
canonical pathway, interaction between the Notch1 membrane protein and the

delta/serrate/LAG2 (DSL) domain of a ligand on an adjacent cell is required. For the non-
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canonical pathway, the ligands are lacking this DSL motif (Wang, 2011; Guruharsha, Kankel
and Artavanis-Tsakonas, 2012). DIk1 is interacting with Notch1 during tissue development by
the non-canonical pathway (Traustadéttir et al.,, 2016). It seems, that DIk1 can act cell-
autonomous. Herein, DIk1 interaction could be inhibiting Notch1 signalling and downstream
expression of the Notch1 target gene Hairy and enhancer of split (Hes1). In contrast, the
knockdown of DIk1 increases the expression of Hes1 (Baladron et al.,, 2001). Further the
overexpression of Hes1 in 3T3 cells was leading to a decreased of DIk1 expression, indicating
a feedback loop between the two genes (Ross, 2004). The interaction between Notch and DIk1
was also indicated in a study investigating muscle development. The lack of DIk1 was shown
to lead to impaired muscles generation (Andersen et al., 2009), caused by a lack of myoblast
differentiation due to excess Notch1 signalling activity (Waddell, 2010). There is also evidence,
that DIk1 can act in a Notch-independent manner (Traustadéttir et al.,, 2016, 2019). As
described above, some Dlk1 isoforms contains an extracellular ADAM17/TACE protease
cleavage site. After cleavage, the large extracellular soluble protein is released into the
extracellular space (Jensen et al., 1994; Wang and Sul, 2006) and can interact with other DIk1
molecules by binding with its fourth and fifth EGF repeat (Baladrén et al., 2001; Traustadéttir
etal., 2016). Further, DIk1 can bind with the IGF binding protein (IGFBP1) (Nueda et al., 2007),
the Cysteine-rich Fgf receptor (CFR) (Miyaoka et al., 2010), Fibronectin (Wang et al., 2010),
and also with the Dlk1 homologue DIk2 (Sanchez-Solana et al., 2011; Navarrete et al., 2017)

in mammals (figure 1-6).
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Figure 1-6: Proposed DIk1 interaction partners and its complex involvement in signalling pathways.
A: DIk1 is assumed to interact with other DIk1 proteins by binding to EGF repeats in the extracellular
domain. B: DIk1 is interacting with Notch1 signalling by inhibiting NICD cleavage. C: The homologues
DIk1 and DIk2 are acting as heterodimer. D: DIk1 cleavage is assumed to be involved in cancer growth
by the ICF cleavage E: DIk1 is interacting with the IGF-1/insulin receptor to modulate the MAPK/ERK
activation level and therefore alternate the Sox9 level for adipogenesis. Further, DIk1 is binding with the
IGFBP1, leading to the increase of free IGF-1. Additionally, DIk1 is modulating the chondrogenic cell
differentiation through inhibition of insulin-dependent Akt-kinase, by the PI3K/Akt pathway. F: Dik1
inhibits adipocyte differentiation by interaction of the soluble DIk1 form with Fibronectin. This leads to
the activation of the MAPK/ERK signalling and following to an elevated Sox9 level, which blocks the
adipogenic transcription factors. G: DIk1 has also be involved in the skeletal development by the Fgf
signalling pathway. CFR, cysteine-rich Fgf receptor; DIk1/2, Delta-like homologue 1/2; EGF, epidermal
growth factor; ICF, HES, hairy and enhancer of split-1; intracellular fragment; IGF, insulin-like growth
factors; IGFBP1, IGF binding protein 1; Fgf, fibroblast growth factor; NICD, Notch1 intracellular domain.
Image modified after (Traustadottir et al., 2019).

1.5. Hypoxia

Hypoxia is defined as the reduction or interruption of the oxygen supply of cells or tissues
(Grotta et al., 2021). There are four general causes of hypoxia, which are defining the different
types of hypoxias (Pittman, 2011; Grotta et al., 2021). The first type is the hypoxemic type, in
which the oxygen pressure is too low to saturate the haemoglobin in the blood (Sarkar,
Niranjan and Banyal, 2017). The second type, the anaemic type, occurs when the amount of
haemoglobin is too small (Pittman, 2011). The third, the stagnant type, happens because the
blood flow is reduced (Morita et al., 2003) and the fourth type is the histotoxic type, which is

occurring when the cells or tissues are poisoned (Pittman, 2011; Gaspar and Velloso, 2018).
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On one hand, poisoning can occur with carbon monoxide, whereby the haemoglobin is bound
and replaces the oxygen in the blood. On the other hand, a poisoning with cyanide can also
occur, whereby proteins in the respiratory chain are bound, which disrupts the oxygen
transport. The effect of hypoxia is variable. Some tissues can tolerate it better, whereas others
sustain severe cell damage or they even require the hypoxic stimulation to develop properly
(Dunwoodie, 2009; Patterson and Zhang, 2010; Hiraga, 2018).

1.5.1. Cellular response to hypoxia

The lack of oxygen induces hypoxia-dependent molecular responses at the cellular level.
These molecular responses are mainly induced to counteract the lack of oxygen and energy.
For example, by increasing glycolysis to generate ATP in an oxygen-independent manner.
Further, depending on the affected tissue, erythropoiesis is upregulated in the bone marrow or
angiogenesis is increased to improve oxygen supply (Fong and Takeda, 2008; Majmundar,
Wong and Simon, 2010). The cellular key players are the hypoxia-induced factor (Hif)
transcription factors. One Hif variant, the Hifa, is accumulated under hypoxia and induces the
first response to hypoxic stress in the cells (Wang et al., 1995; Kaelin Jr, 2008; Majmundar,
Wong and Simon, 2010; Keith, Johnson and Simon, 2011). There are three isoforms of Hifa,
namely Hif1a, Hif2a, and Hif3a. Hif1a is ubiquitously expressed, whereas Hif2a and Hif3a
expression is restricted to cells of the vascular endothelium, liver parenchyma, and cells of the

myeloid linage (Bertout, Patel and Simon, 2008).

In case of sufficient oxygen and nutrition supply of cells and tissues (normoxic conditions),
Hif1a and Hif2a undergo an oxygen-dependent hydroxylation of two proline residues by
Hif-specific prolyl hydroxylase domain enzymes (PHDs) (figure 1-7) (Keith, Johnson and
Simon, 2011). Hydroxylated Hif1a is recognised by the von Hippel-Lindau (VHL) protein, which
is part of an E3 ubiquitin ligase complex (Maxwell et al., 1999; Yu et al., 2001; Kaelin Jr, 2008;
Sadri and Zhang, 2013). This in turn leads to the rapid degradation of Hif1a and Hif2a by the
polyubiquitination proteasomal degradation pathway (Yu et al., 2001; Sadri and Zhang, 2013).
Although Hif1a and Hif2a are often co-expressed in multiple cell types and share a hypoxia-
induced molecular pathway, Hif1a is most often in focus to analyse hypoxia-induced cellular

pathways (Wiesener et al., 2003; Keith, Johnson and Simon, 2011).
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Figure 1-7: Cellular response to oxygen presence and deprivation. A: During normoxic conditions, Hif1a
is hydroxylated by the PHDs. Hydroxylated Hif1a is recognised by the VHL complex, ubiquitinated and
degraded by the proteasome. B: Under hypoxic condition, Hif1a is not hydroxylated and therefore, not
binding to the VHL complex. The stabilised Hif1a is translocated to the nucleus, where it dimerises with
the Hif1B subunit. Together, they are binding to the HREs and induce the expression of hypoxia-related
genes, involved in the metastasis reprogramming, angiogenesis, erythropoiesis, cell survival and stem
cell self-renewal or pH regulation. CalX, carbonic anhydrase IX; EPO, erythropoietin; Glut1, glucose
transporter; HIF, hypoxia-inducible factor; HRE hypoxia-response element; PhD, prolyl hydroxylase
domain proteins; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau. Image modified
after (Sadri and Zhang, 2013).

In case of oxygen deprivation, Hif1a is not recognised and hydroxylated by the PHDs.
Therefore, Hifta is not bound by VHL and will not be ubiquitinated and degraded by the
proteasome (Sadri and Zhang, 2013). In contrast, it translocates to the nucleus, where it
accumulates. The oxygen-sensitive subunit Hif1a is forming a heterodimeric complex with the
stable subunit of Hif1B3. This complex is binding the hypoxia response elements (HREs). Those
HREs are located in the promotor/enhancer region of hundreds of hypoxia-related genes,
facilitating the adaption to hypoxia (lyer et al., 1998; Simon and Keith, 2008). Most of these
genes are involved in improving the oxygen supply in the hypoxic region through an increase
in red blood cell maturation, angiogenesis, and vascularisation (Krock, Skuli and Simon, 2011;
Haase, 2013). Next to involvement in hypoxia regulation, there are also hypoxia-dependent
genes related to embryogenesis or stem cell self-renewal (Zhang et al., 2007; Dunwoodie,
2009; Grassi and Pietras, 2022). It is also reported, that hypoxia is one selective inducer to

activate different pathways and mechanism during development, cell survival and proliferation
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(Fong and Takeda, 2008; Majmundar, Wong and Simon, 2010; Grotta et al., 2021). Also,
hypoxia is discussed to have an influence on stem cell maintenance (Sadri and Zhang, 2013;

Grassi, Pantazopoulou and Pietras, 2020).

1.5.2. Stroke

Stroke is a potentially lethal cerebrovascular disorder, characterised by the interruption or
reduction of the blood flow in the brain or spinal cord. This interruption or reduction of the blood
flow results in oxygen and nutrient deprivation, which in turn results in rapid cell death in the
affected region (Grotta et al., 2021). Each year, more than 14 million people are affected
worldwide. Thus, stroke is one of the most severe health issues, which results often in death
or chronic disability, including paralysis, aphasia, dementia as well as loss of advanced brain
functions like learning and memory (Linn and Briackmann, 2009; Hasan et al., 2018; Powers,
2020; Virani et al., 2020; Tsao et al., 2022). There are two common forms of stroke, the acute
ischemic stroke (87 % of the cases) (Liu, Luo and Wang, 2022) and the haemorrhagic stroke
(13 % of the cases) (Chen, Zeng and Hu, 2014). The haemorrhagic stroke is described as the
rupture of a vesicle and the uncontrollable blood flow into the surrounding brain regions. The
undersupply with oxygen and nutrients of the affected brain region leads to neuronal cell death
(Chen, Zeng and Hu, 2014). The ischemic stroke is defined as the rapid disruption of cerebral
arterial blood flow and lack of oxygen due to closure of a blood vesicle resulting in the blockage
of the blood flow (Liu, Luo and Wang, 2022). The effects observed during a stroke and in the
aftermath dependent on a wide range of factors like age, gender, hormonal status, and tissue
inflammation. These factors have interactive effects on ischemic stroke risk, outcome, and
pathology (Roy-O’Reilly and McCullough, 2018; Ekker et al., 2019; Grotta et al., 2021). Older
stroke patients have a longer recovery time, compared to younger patients (Roy-O’Reilly and
McCullough, 2018) and the incidence of stroke increases exponentially with age in patients
over the age of 35 years (Ekker et al., 2019). Further, a gender difference in the stroke recovery
period is observed. In general, women recover faster compared to men after an ischemic
stroke (Grotta et al., 2021). Noteworthy, the ischemic recovery difference between the genders
has to be considered in correlation to the age. Young men have a higher risk for stroke, in
middle-age this reverses and in elderly populations the incidence is higher in women (Roy-
O’Reilly and McCullough, 2018). Taken together, stroke incidents can happen throughout the
entire population, regardless of age, gender, ethnicity or origin, and causes serious brain
damage and cell death (Grotta et al., 2021).

1.6. Influence of oxygen levels on embryogenesis
The level of oxygen plays a crucial role in mammalian embryogenesis. During this process,
the embryo undergoes hypoxia (Dunwoodie, 2009; Fathollahipour, Patil and Leipzig, 2019).

Hypoxia is discriminated into two types of hypoxic conditions, on one hand, the mild and
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physiological hypoxia and, on the other hand, the severe hypoxia. The physiological hypoxia
is defined as an oxygen concentration of 2 to 5 % in a microenvironment. The cellular
microenvironment, like a stem cell niche describes the cell surrounding, containing physical
and chemical signals influencing the cellular behaviour (Sun, Chen and Fu, 2012). In contrast
to the physiological hypoxia, severe hypoxia has a drop of the oxygen level below 2 %
(Fathollahipour, Patil and Leipzig, 2019). Developmental processes like stem cell fate decision,
placenta formation, cardiogenesis, and neurogenesis are requiring hypoxic conditions
(Dunwoodie, 2009; Fathollahipour, Patil and Leipzig, 2019; Grassi et al., 2020).

The earliest point in embryogenesis, in which the embryo experiences physiological hypoxia,
is during the development of the blastocyst (Harvey et al., 2004; Fathollahipour, Patil and
Leipzig, 2019; Nguyen et al., 2020). The blastocyst resembles a spheric structure, consisting
of the trophoblast and the ICM. Through the formation of a hollow structure, the blastocyst
creates a microenvironment of a physiological hypoxia (2 % oxygen) (Nguyen et al., 2020).
The physiological hypoxia Oz promotes further proliferation of blastocyst cells. In contrast,
blastocyst cells, which do not experience the hypoxic condition of < 2 % oxygen, show reduced
proliferation rates (Harvey et al., 2004; Ezashi, Das and Roberts, 2005; Nguyen et al., 2020).
With differentiation of the embryo into a blastocyst, the formation of the placenta starts.
Although, the placenta will later be responsible for the oxygen supply of the embryo, the
development of the trophoblast and later of the extra-embryonic ectoderm and the
ectoplacental cone requires a hypoxic environment (£ 2 % O3). There are more examples for
the requirement of hypoxic condition during the embryogenesis, for example. cardiogenesis or
bone formation (Amarilio et al., 2007; Dunwoodie, 2009; Ortega et al., 2017).

Next to the cardiogenesis and the bone morphogenesis, the neurogenesis is also a
developmental process, where hypoxic conditions have a decisive influence on the cell fate
(Amarilio et al., 2007; Dunwoodie, 2009; Ortega et al., 2017). Hypoxia is necessary to maintain
neuronal stem cells as well as for the differentiation of various neuronal subtypes (Ferron et
al., 2011; Montalban-Loro et al., 2021). For example, the differentiation of cortical cell types is
highly dependent on hypoxic conditions (Dunwoodie, 2009; Santilli et al., 2010). In the human
organism, physiological hypoxia promotes neural stem cell differentiation into neurons and
oligodendrocytes, whereas hypoxia under 0.5 % O is required to differentiate into astrocytes
(Ortega et al., 2017). The generation of GABAergic neurons requires an Oz concentration
between 2.5 and 5 % O, which would also be the oxygen concentration of the physiological
hypoxia (Santilli et al., 2010). Hypoxic conditions also facilitate the generation of dopaminergic

neuron of marrow-derived mesenchymal stem cells (Zhang et al., 2007).

44



2 Aim of the study

2. Aims and Objectives
As demonstrated by the literature review above, Delta-like homologue 1 (DIk1) is involved in

multiple processes, such as cancer, adipogenesis, and neurulation. During those processes,
DIk1 is cleaved by the Adam17 secretase and an extracellular fragment is separated. By an
additional cleavage, an intracellular fragment (ICF) is cleaved. First preliminary studies about
DIk1 cleavage and the importance of the ICF in MN diversity were previously conducted by our
working group. However, the DIk1 cleavage and the translocation of the ICF to the nucleus
remains difficult to detect, likely due to a missing stimulus. Based on previous report (Grassi,
Pantazopoulou and Pietras, 2020), it was hypothesized that the missing stimulus could be

developmental hypoxia.

2.1. Aim of the study
The aim of this thesis was to study hypoxic-dependent Dlk1 regulation in regard to MN

diversification during embryogenesis.

2.2. Objectives
To achieve the aim of this thesis, the following objectives were fulfilled:

The first objective is to clarify, if during embryogenesis hypoxic-dependent Dlk1 regulation
could influence MN diversification. This objective will be achieved by analysing

immunofluorescence staining of DIk1 and Hif1a in transversal sections of E12.5 old embryos.

The second goal is to reveal, if hypoxia could influence DIk1 regulation in ESC-derived MNs
and murine brain slices. Therefore, protein concentrations will be measured after hypoxic

condition and compared with normoxia.

The third objective is to reveal dynamics and mechanisms of hypoxia-dependent ICF
translocation. Therefore, immunofluorescence signal intensities of the ICF-HA will be

measured and quantified in the nucleus of ESC-derived MNs.

The fourth goal is to investigate the influence of Adam17 inhibition in the hypoxia-dependent
DIk1 cleavage. To achieve this objective, Adam17 activity is blocked and protein alterations

are measured and quantified.
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3 Material
3. Material
3.1. General laboratory material
3.1.1. Consumables
Table 1: General chemicals
Name Catalogue. Supplier City, Country
No
Amersham™ Protran™ 10600001 GE Healthcare  Chicago, USA
0.2 ym NC nitrocellulose blotting
membrane
CellBIND surface culture dish 3295 Corning Corning, USA
Cell counting 8 channel chambers 80816 Ibidi Grafelfing, GER
Cell culture dish 6 cm 430166 Corning Corning, USA
Cell strainer 40 um nylon 431750 Corning Corning, USA
p-Dish, 35 mm, high wall 81156 Ibidi Grafelfing, GER
Parafilm H666.1 Carl Roth Karlsruhe, GER
StarSeal Advanced Polyolefin film  E2796-9795 Starlab Hamburg, GER
Superfrost plus microscope slides 10149870 Thermo Fisher Darmstadt, GER
Tubes 15 ml 62.554.502 SARSTEDT Numbrecht, GER
Tubes 50 ml 62.547.254 SARSTEDT Numbrecht, GER
Vacuum filter 0.22 ym pore, 500 ml 431097 Corning Corning, USA
24 well culture plate 92024 TPP Trasadingen, CH
96 well PCR Plate, semi skirted 11402-9700 Starlab Hamburg, GER
3.1.2. Chemicals
Table 2: General chemicals
Compound Catalogue. Supplier City, Country
No
1 kilo base pair (kbp) plus ladder SM1331 Thermo Fisher Darmstadt, GER
4’,6-Diamidin-2-phenylindol (DAPI)  6335.1 Carl Roth GmbH Karlsruhe, GER
6x DNA loading buffer R0611 Thermo Fisher Darmstadt, GER
Agarose, universal 9012-36-6 VWR Darmstadt, GER
International
Albumin Fraction V (BSA) 0163.4 Carl Roth GmbH Karlsruhe, GER
Ampicillin 69-52-3 Merck KGaA Darmstadt, GER
Bolt™ 4-12 % Bis-Tris Plus NWO04120B Thermo Fisher Darmstadt, GER
OX
Bolt™ Antioxidant BT0005 Thermo Fisher Darmstadt, GER
Bolt™ MES SDS Running Buffer B0002 Thermo Fisher ~ Darmstadt, GER
20X
Bolt™ MOPS SDS Running Buffer ~ B0001 Thermo Fisher Darmstadt, GER
20X
Carbenicillin 6344.2 Carl Roth GmbH Karlsruhe, GER
Chloroform T901.1 Carl Roth GmbH Karlsruhe, GER
CRYOSPEED® MED liquid nitrogen The Linde Pullach, GER
Group
D-Glucose HNO06.3 Carl Roth GmbH Karlsruhe, GER
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Dithiothreitol (DTT) D1532 Thermo Fisher Darmstadt, GER
DMSO D2650 Sigma Aldrich Taufkirchen, GER
Ethanol (EtOH) 0911.4 Carl Roth GmbH Karlsruhe, GER
Glycine HNO7 Carl Roth GmbH Karlsruhe, GER
Fluoromount-G 0100-01 Southern Birmingham, USA

Biotech
Isopropanol 6752.4 Carl Roth GmbH Karlsruhe, GER
LB Agar 00301241 Invitrogen Waltham, USA
GmbH
LB Broth medium L3022 Merck KGaA Darmstadt, GER
Mowiol 0713 Carl Roth GmbH Karlsruhe, GER
Precision Plus Protein™ All Blue 1610373 Bio-Rad Hercules, USA
Prestained Protein Standards
Skim milk T145.3 Carl Roth GmbH Karlsruhe, GER
Sodium deoxycholate protease 118735800 Roche Mannheim, GER
inhibitor 01
Sucrose 4621.1 Carl Roth GmbH Karlsruhe, GER
Super Signal West Femto 34096 Thermo Fisher Darmstadt, GER

Maximum Sensivity Substrate

Tissue-Tek® O.C.T.™ Compound 4583

Sakura

Minchen, GER

TRIS 4855.2 Carl Roth GmbH Karlsruhe, GER
TritonX100 T8787 Carl Roth GmbH Karlsruhe, GER
TRIzol reagent 15596026 Thermo Fisher Darmstadt, GER
Trypan blue stain (0.4%) 15250-061  Thermo Fisher Darmstadt, GER
Trypsin-EDTA 25300054 Thermo Fisher Darmstadt, GER
Tween®20 9127 .1 Carl Roth GmbH Karlsruhe, GER

3.1.3. Solutions

3.1.3.1. Solutions for western blot analysis
Table 3: Solutions for Western blot

Solution

Constituents’ ingredients

5 x Laemmli loading buffer

250 mM (w/v) Tris-HCI, pH 6.8

10 % (v/v) SDS

1.25 % (w/v) Bromophenol blue
10 mM (v/v) EDTA

0.03 % (v/v) B-mecaptoethanol
50 % (w/v) Glycerol

RIPA lysis buffer

50 mM (w/v) Tris-HCI, pH 8.0

0.15 M (w/v) NaCl

0.1 % (v/v) SDS

1 % (v/v) NP-40

0.5 % (w/v) Sodium deoxycholate
protease inhibitor (1 pill per 20 ml buffer)

Running buffer

40 x (v/v) MES buffer (B0002, Thermo Fisher)
Fill up to in 800 ml ddH20

Stripping buffer

0.5 M (w/v) Glycine
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10 % (v/v) SDS
0.03 % (v/v) B-mecaptoethanol

pH 2.8
Tris-buffered saline (TBS) 25 mM (w/v) Tris-HCI, pH 7.5
140 mM (w/v) NaCl
TBS-Tween 25 mM (w/v) Tris-HCI, pH 7.5

140 mM (w/v) NaCl
0.05 % (v/v) Tween-20
Western blot transfer buffer 25 mM (v/v) Tris-HCI
192 mM (w/v) Glycine
20 % (v/v) Methanol

3.1.3.2. Solutions for genotyping
Table 4: Solutions for cloning

Solution Content

Duplex buffer 10X 300 mM HEPES
1 M Potassium acetate
In ddH20; pH 7.5

TAE Buffer 50X 242 g Tris(hydroxymethyl)-aminomethan (Tris) base
0.05 M Ethylenediaminetetraacetic acid (EDTA)
57.1 ml Glacial acetic acid

CCMB80 medium 10 mM Potassium acetate; pH 7.0
80 mM Calcium chloride dihydrate
20 mM Manganese dichloride tetrahydrate
10 mM Magnesium chloride hexahydrate
10 % (v/v) Glycerol
adjust pH to 6.4 with 0.1 N HCI

TENS buffer 100 mM Tris; pH 8.0
5 mM EDTA
200 mM Sodium chloride (NaCl)
0.2 % (v/v) SDS

3.1.3.3. Solutions for immunofluorescence analysis
Table 5: Solutions for Immunofluorescence analysis

Solution Content

Blocking solution Phosphate-buffered saline (PBS)
1 % (w/v) BSA
0.5 % (v/v) TritonX100

Mowiol embedding solution 2.4 g Mowiol 4-88
6.0 g Glycerol
6 ml ddH20
12 ml 0.2 M Tris-HCI; pH 8.5
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3.2. Cell culture material

3.2.1. Cell lines
The murine embryonic stem cell (ESC) lines used in the following experiments of this thesis

were genetically modified by Dr. rer. nat. Matthias Marks. They are based on the G4 mESCs
line, which have a F1-hybrid background of 129s6/SvEvTac x C57BL/6NCr. They were

maintained as described in section 4.2.2.

1. DIk1-HA
The DIk1-HA murine ESC line was generated by the single-stranded
oligodeoxynucleotides (ssODNs) modification. The ssODN was used as a donor
template in combination of the engineered nucleases for efficient target insertion of

small DNA targets.

=@
[Jutr [ oRrrF

Figure 3-1: Schematic presentation of the modified DIk1 murine ESC line. Wt DIk1 locus, indicating the
five exons with the ORF and the UTR regions. HA tag was added by ssODNs at the C-terminus (blue
circle). HA, hemagglutinin; ORF, open reading frame; ssODN, single-stranded oligodeoxynucleotides;
UTR, untranslated region. Cell line was created by Dr. Marks

2. DIk1AICcF
The DIk12'°F murine ESC line was generated by a CRISPR/Cas9 KO method. The locus
of DIk1 with the CRISPR target site is indicated in the following figure (figure 3-2). The
stop codons result in a premature termination of the translation thus leading to a
truncated form of DIk1 missing the ICF. These two separated clones were further

expanded to independent cell lines and analysed in the cell culture experiments.
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A
DIk1 locus:
> u
] o
" e
— UTR B3 oRF CRISPR target site
B

DLK1

wt KCETWWVSNLRYNHTFREEKNLLLOYNSGEELAVNIIFPEKIDMTTFNKEAGDEET*
#79 KCETWVENV*
#3832 KCETWAPPE*

Figure 3-2: Modified DIk1AICF murine ESC line. A: wt DIk1 locus, indicating the five exons with the
open reading frame (ORF) and the (UTR) regions. CRISPR target sites are indicated in red dashed line,
with two nicks to induce a double-stand break-like event (blue arrow). B: The nicks result in a frameshift
leading to premature stop codons on the ICF of DiIk1 for two different clones. These clones were
expanded in order to create distinct cell lines for further analysis. Cell lines were created by Dr. Marks.

3.2.2. Cell culture chemicals
Table 6: Cell culture chemicals

Compound Catalogue. No Supplier City, Country
B-27 Supplement 50X 17504044 Thermo Fisher Darmstadt, GER
DBZ HB3419 HelloBio Dunshaughlin, IR
Gibco™ MEM solution of non- 12084947 Thermo Fisher Darmstadt, GER
essential amino acids (100X)

5-Fluoro-2‘-deoxyuridine 50-91-9 Merck KGaA Darmstadt, GER
(FDU)

Knockout DMEM 10829018 Thermo Fisher Darmstadt, GER
DMEM with high glucose-F12 11320033 Thermo Fisher Darmstadt, GER
FCS ES cell grade P0607050 PAN-Biotech Aidenbach, GER
FCS S0615 PAN Biotech Aidenbach, GER
Gelatine 9000-70-8 Merck KGaA Darmstadt, GER
Glycine HNO07.3 Carl Roth GmbH Karlsruhe, GER
CHIR 99021 (CH) 1386 Axon Medchem  Houston, USA
Laminin L2020 Sigma Merck KGaA Darmstadt, GER
Lipofectamine2000 11668027 Thermo Fisher Darmstadt, GER
Matrigel® Matrix 356231 Corning New York, USA
MEK inhibitor PD0325901 72182 STEMCELL Saint Egréve, FR
(PD) Technologies

TMI-1 PZ0336 Merck KGaA Darmstadt, GER
Mitomycin C M0503 ChemCruz Dallas, USA
ESGRO mouse leukemia ESG1107 Merck KGaA Darmstadt, GER
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inhibitory factor (LIF)

Opti-MEM 31985062 Thermo Fisher Darmstadt, GER

Penicillin Streptomycin DE17-602E Lonza Basel, CH

Phosphate-buffered Saline P04-36500 Pan-Biotech Aidenbach, GER

(PBS)

Poly-D-ornithine 82682-33-5 Merck KGaA Darmstadt, GER

hydrobromide

Trypan blue stain (0.4%) 15250-061 Thermo Fisher Darmstadt, GER

TrypLe 12605010 Thermo Fisher Darmstadt, GER

Trypsin-EDTA 25300062 Thermo Fisher Darmstadt, GER

Forskolin HB1348 HelloBio Dunshaughlin, IR

InSolution smoothened 566661 Merck KGaA Darmstadt, GER

agonist (SAG)

N-2 Supplement 100X 17502-048 Thermo Fisher Darmstadt, GER
Table 7: siRNA

Compound Catalogue. No Supplier City, Country

siRNA Adam17 AM16708 Thermo Fisher Darmstadt, GER

siRNA control RNA AM16708 Thermo Fisher Darmstadt, GER

3.2.3. Cell culture solutions

3.2.3.1. Solutions for stem cell culture
Table 8: Solutions for cell culture medium

Solution

Content

ESC medium

Knockout Dulbecco’'s modified Eagle’s medium
(DMEM) with 4500 mg/ml glucose and with sodium

pyruvate;

supplemented with:

15 % (v/v) fetal calf serum (FCS)

1 x (v/v) non-essential amino acids (NEAA)
1 x (v/v) nucleosides
1 x (v/v) penicillin and streptomycin
2 mM L-Glutamine

1 UM B-mercaptoethanol
10 U7 (v/v) murine leukaemia inhibitory factor (LIF)

murine embryonic fibroblast (MEF)

medium

pyruvate;

supplemented with:
10 % (v/v) FCS

2 mM L-Glutamine
1 x (v/v) penicillin and streptomycin

DMEM with 4.5 mg/ml glucose and without sodium

N2B27 medium

Neurobasal

Medium at a 1:1 ratio;
supplemented with:

1 x (v/v) N2

medium and Advanced DMEM-F12

52



Material

1 x (viv) B27

1 x (v/v) penicillin and streptomycin

1 % (v/v) L-Glutamine

0.04 mg/ml bovine serum albumin (BSA)
0.1 uM B-mecaptoethanol

motor neuron (MN) medium

Neurobasal medium;
supplemented with:

2 % (viv) FCS

1 % (viv) B27

0.25 % (v/v) L-Glutamine

0.001 % (v/v) B-Mercaptoethanol

2 x ESC freezing medium

Knockout DMEM with 4500 mg/ml glucose and with
sodium pyruvate;

supplemented with:

20 % (v/v) FCS

20 % (v/v) Dimethylsulfoxid (DMSO)

2 x MEF freezing medium

Regular DMEM with 4.5 mg/ml glucose and without
sodium pyruvate;

supplemented with:

20 % (v/v) FCS

20 % (v/v) DMSO

MEF resuspension medium

Regular DMEM with 4.5 mg/ml glucose and without
sodium pyruvate;

supplemented with:

20 % (v/iv) FCS

2 mM Glutamine

1 x (v/v) penicillin and streptomycin

3.2.3.2. Solutions for brain slice culture

Table 9: Solutions for slice culture

Solution

Content

Artificial cerebrospinal fluid (aCSF)
medium

118 mM Sodium chloride

25 mM Sodium hydrogencarbonate
30 mM D-glucose

1 mM Magnesium dichloride

3 mM Potassium chloride

1 mM Sodium dihydrogen phosphate
1.5 mM Calcium chloride

1 x Penicillin and Streptomycin
adjusted pH 7.4

Long-term aCSF medium

aCSF;

supplemented with:

2 mM Glutamine

1 x (v/v) B27

1 x (v/v) Penicillin and Streptomycin
adjusted pH 7.4
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3.3. Antibodies

3.3.1. Primary antibodies
Table 10: Primary antibodies

Antibody Catalogue Manufacturer Host App. Dilution
No.
Anti-Dlk1 ab21682 Abcam rabbit WB 1:2000
ICC 1:500
H-118 SantaCruz rabbit IHC 1:100
Anti-Hif1a NB100-479 Novus Biologicals  Rabbit WB 1:1000
ICC 1:500
IHC 1:1000
Anti-Glut1 NB110- NovusBio Rabbit WB 1:1000
39115
Anti-CalX NB100-417 NovusBio Rabbit WB 1:1000
Anti-HA ab9110 Abcam rat WB 1:1000
ICC 1:100
Anti-Mmp9 M9570 Sigma goat ICC 1:500
Anti-Adam17 PA527395 Thermo Fisher rabbit ICC 1:500
Anti-lba1 011-27991 Wako rabbit WB 1:5000
ICC 1:1000
Anti-GFAP AB5804 Millipore mouse WB 1:1000
ICC 1:300
Anti-ChAT ab181023  Abcam goat IHC 1:100
Anti-GAPDH sc-32233 Santa Cruz goat WB 1:1000
Anti-VAChT 139 105 Synaptic guinea IHC 1:1000
Systems pig
Anti-Actin ab1801 Abcam Mouse WB 1:1000
Anti-Actin ACTNO5 Thermo Fisher Mouse WB 1:1000
Anti-Tuj1 801202 BioLegend mouse WB 1:1000
ICC 1:200
3.3.2. Secondary antibodies
Table 11: Secondary antibodies
Antibody Catalogue Manufacturer Host App. Dilution
No.
Anti-rabbit IgG, 17203151 Santa Cruz donkey WB 1:10,000
horseradish peroxi-
dase-linked whole
AB
Anti-mouse 1gG, 17193521 Cytiva sheep WB 1:10,000
horseradish-peroxi-
dase-linked whole
AB
cross-adsorbed Anti- 31400 Thermo Fisher goat WB 1:5,000

goat IgG (H+L)
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Alexa Fluor® 488 A32766 Thermo Fisher donkey ICC 1:200
anti-mouse IgG
Alexa Fluor® 555 A32773 Thermo Fisher donkey ICC 1:200
anti-mouse IgG
Alexa Fluor® 647 A32795 Thermo Fisher donkey ICC 1:200
anti-mouse IgG
Alexa Fluor® 488 A32790 Thermo Fisher donkey ICC 1:200
anti-rabbit IgG
Alexa Fluor® 555 A32794 Thermo Fisher donkey ICC 1:200
anti-rabbit IgG
Alexa Fluor® 488 A32814 Thermo Fisher donkey ICC 1:200
anti-goat IgG
Alexa Fluor® 555 A32816 Thermo Fisher donkey ICC 1:200
anti-goat IgG
Alexa Fluor® 647 A32744 Thermo Fisher donkey ICC 1:200
anti-goat IgG
Alexa Fluor® 488 A11073 Thermo Fisher goat ICC 1:200
anti-guinea pig IgG
Alexa Fluor® 555 A32732 Thermo Fisher goat ICC 1:200
anti-rabbit IgG

3.4. Kits

Table 12: Kits
Kits Catalogue No. Manufacturer City, Country
CloneJET PCR Cloning kit K1231 Thermo Fisher Darmstadt, GER
iQTM SYBR R Green 1708882 Bio-Rad Hercules, USA
Supermix
LIVE/DEAD assay L3224 Thermo Fisher Darmstadt, GER
LDH assay kit G1782 Promega Madison, USA
QIAGEN Plasmid Maxi kit 12163 Qiagen Hilden, GER
Qiagen MinElute Gel 28604 Qiagen Hilden, GER
Extraction kit
GeneJET Plasmid Miniprep K0503 Thermo Fisher Darmstadt, GER
kit
Qiagen RNeasy Mini kit 12125 Qiagen Hilden, GER
Phusion™ High Fidelity DNA  F-530XL Thermo Fisher ~ Darmstadt, GER
Polymerase
Pierce BCA Protein Assay kit 5000111 Thermo Fisher Darmstadt, GER
TUNEL assay kit 11684795910 Merck Darmstadt, GER

55



3 Material

3.5. Equipment

Table 13: Equipment
Equipment Model Manufacturer City, Country
Alliance UVitec15.11 Biometra GmbH  Géttingen, GER
Analyse 2.1 BioDoc Hannover, GER
Cell counter Cedex XS Innovatis Fairfax, USA
Microscope BX51 Olympus Hamburg, GER
Olympus Europa SE
Microscope IX81 Olympus Hamburg, GER
Olympus Europa SE
Confocal Microscope LSM 710 Carl Zeiss Oberkochen, GER
gRT PCR thermocycler MyiQTurbo®2 BioRad Hercules, USA
Cell culture incubator HERAcell ThermoFisher Darmstadt, GER

PCR Cycler

T Professional
Basic

Biometra GmbH

Gottingen, GER

Table-top spectrophotometer  Ultrospec 3100 GE Healthcare Amersham, UK
pro
Trans-Blot Turbo® BioRad Hercules, USA
UV-light source X-Cite Frankfurt a.M.,
GER
UV Transilluminator Biometra GmbH  Goéttingen, GER
UV Documentation UVsolo Biometra GmbH  Géttingen, GER
Hypoxia chamber C174, customised BioSpherix NY, USA
Microtome VT1200 S Leica Wetzlar, GER
Water bath WNB 14 Memmert Schwabach, GER
3.6. Software
Table 14: Software
Software Appl. Manufacturer City, Country
Cedex XS Cell count Innovatis Fairfax, USA
CLC Main Workbench 8.0.1 Theoretical gene  Qiagen Hilden, GER
modulation
iControl 1.8 SP1 Microplate Magellan™/ Mannedorf, CH
measurements Tecan
CRISPOR Primer design (Haeussler et
al., 2016)
Primer-BLAST Primer design NCBI Bethesda, USA
Xcellence Olympus Software  Image processing Olympus Tokios, JPN
Zeiss Zen (blue edition) Image processing Carl Zeiss Oberkochen, GER
Microsoft Office (Home and Text Microsoft Redmond, USA
Student 2016) documentation,
Data analysis,
image
composition
CellA Cell imaging Olympus Tokios, JPN
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Prism (Version 8) Statistical GraphPad San Diego, USA
analysis, plotting
of diagrams
Alliance™-1D UV imaging UVITEC Cambridge, UK
FlJl/ImageJ Image Schindlin et al.
processing/ 2012
analysis
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4. Methods

4.1. Molecular cloning

4.1.1. Competent cells

Competent cells for cloning and deoxyribonucleic acid (DNA) propagation were generated after
a modified protocol of Bloom et. al (Hanahan, Jessee and Bloom, 1991). Therefore, one single
colony was selected, transferred in 2 ml of super optimal broth medium (SOB) and shaked
overnight at 18 °C. After around 14 hours of shaking, the optical density (OD) at a wavelength
of 600nm value was checked. A fresh culture was inoculated with 250 ml super optimal broth
and 1 ml of the overnight culture. This new culture was grown at 25 °C and 24,000 x g in the
incubator. The OD was checked regularly (every 30 to 60 minutes (min)) until the OD = 0.3. If
the value is reached, the bacteria culture was transferred in on ice, prechilled reactions tubes
and centrifuged at 3000 x g, 4 °C and 10 min in a flat bottom centrifuge. The resulting pellet
was resuspended gently in a total volume of 80 ml CCMB80 medium, separated in two 50 ml
reaction tubes, each with 40 ml CCMB80 medium. After an incubation time of 20 min on ice,
the mix was centrifuged at 3000 x g and 4 °C for 10 min. The two pellets were combined by
resuspending them in a total volume of 10 ml ice-cold CCMB80 medium. Subsequently, the
cells were incubated for 20 min on ice. The bacteria mix was aliquoted directly after the
incubation time in 50 pl aliquots and frozen immediately in liquid nitrogen. Competent cells
were stored at -80 °C. The CCMB buffer used in the protocol contains glycerol for preservation

of the cells.

The competence of the cells was measured as followed. Cells were transformed with the
standard pUC19 plasmid. The transformation was performed as described in 4.1.2. 100 ul of
reaction were plated on a lysogenic broth (LB) plate, including antibiotics against Carbenicillin
(100 ng/ml) and incubated overnight at 37 °C. The next day, the number of grown colonies
were counted. Competent cells should yield a ratio of 250-1000 colonies. The further

transformation efficiency (TE) is calculated as following.
TE = 6 = counted cells * 105 ug DNA
The expected TE should be reaching a value between 1.5x108 and 6x10® cfu/ug DNA.

4.1.2. Transformation

For the transformation of plasmid DNA into bacteria, Mach1 bacteria were thawed from -80 °C
on ice for at least 30 min. Then the plasmid DNA was added to the Mach1 bacteria and
incubated again for 30 min on ice. Afterwards, a heat-shock at 42 °C for 45 sec was performed
with a recovery period on ice for 3-5 min. After the recovering, the bacteria were supplemented

with 1 ml of LB medium and incubated for one hour at 37 °C in the shaker (500 revolutions per
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minutes (rpm)). In the meantime, the LB plates with the appropriate antibiotic was incubated a
room temperature (RT). For the cloning the px335-G2P plasmid, the integrated ampicillin
resistance enables the carbenicillin selection (100 ug/ml). Bacteria were centrifuged for 1 min,

RT and 300 x g and plated on the LB plates and incubated overnight at 37 °C upside-down.

4.2. Cell Culture

4.2.1. Maintenance of murine embryonic fibroblast

MEFs were cultured in MEF medium on gelatinised plates. MEFs can be cultivated for a week
at 7.5 % CO 2 and 37 °C. MEFs were inactivated by Mitomycin C treatment (2 mg/ml) after
expanding the cell number. In brief, 2 mg/ml Mitomycin C were prepared in MEF medium and
added to the cells after washing the plates twice with Phosphate-buffered saline (PBS).
Mitomycin C treatment is a widely used antibiotic and alkylating agent. It is interacting with
double-stranded DNA and results in DNA cross-linking thereby inhibiting DNA synthesis and
proliferation. After an incubation time of three hours, the Mitomycin C treatment was stopped
by washing the plate again twice with PBS at RT. Then, MEFs were detached by adding
Trypsin-EDTA to the cells and incubated for 10 min at 37 °C. The detached cells were collected
in fresh MEF medium and centrifuged for 5 min at 180 x g at RT. The pellet was resuspended
in a 1:1 mix of MEF medium and 2 x MEF freezing medium. Cells were frozen and stored
at -150 °C.

4.2.2. Maintenance of embryonic stem cells

Embryonic stem cells (ESCs) were maintained at 37 °C and 7.5 % CO? on gelatinised plates
in ESC medium, supplemented with Leukaemia inhibitory factor (LIF). Either ESCs were
seeded on a layer of MEF in ESC medium or cells were plated directly on the gelatinised
surface in ESC medium, supplemented with two differentiation inhibitors: PD0325901 (PD)
(1 uM) and CH90221 (CH) (3 pM). Medium was changed daily and factors were added freshly
every day. The cells reached a confluence of about 80 %, cells were trypsinised and splitted
in a ratio of 1:4 on a new plate or frozen with 2 x freezing medium in a ratio 1:1. In brief, cells
were washed twice with RT PBS and trypsinised with the appropriate amount of Trypsin-EDTA
for 10 min at 37 °C. Trypsin-EDTA was inactivated with MEF medium and cell suspension was
centrifuged for 180 x g, 5 min at RT. The cell pallet was resuspended in fresh ESC medium,

when seeded directly on the MEF layer or with supplementation of PD (1 uM) and CH (3 uM).

4.2.3. Motor neuron differentiation
For the differentiation of ESCs in MNs, ESCs were seeded on a confluent layer of MEFs and
maintained according to the standard (see 4.2.2) for at least two passages. Prior to

differentiation, plates coated with 0.1 % gelatine were prepared. For the first day of

59



4 Methods

differentiation, here stated as day 0 (D0), ESCs were trypsinised with 500 pl Trypsin-EDTA for
10 min at 37 °C and 7.5 % CO.. Detached cells were collected in MEF medium and centrifuged
at 180 x g for 5 min at RT. The cell pellet was resuspended with ESC medium and plated on
the original 6 cm plate to let the MEFs set down. This process needs an incubation time of 30
min at 37 °C and 7.5 % CO.. Then, the medium was carefully aspirated while leaving the cell
layer intact. Cell medium was replated on a new and freshly coated 6 cm plate and the MEFs
freezing process was repeated for 20 min. Afterwards, ESCs were collected and passed
through cell strainer with 40 ym pores. The volume was measured and the number of ESCs
was determined by using Trypan blue and the Cedex cell counter. For one 6 cm plate, 1.05x10°
cells were plated in N2B27 medium, supplemented with 10 ng bFgf to prone the differentiation
of ESCs. For the next days the medium was changed every 24 hours. For the next day (D1),
medium was changed to N2B27 medium with 10 ng bFgf. At day two of differentiation (D2),
medium was changed to N2B27 medium, supplemented with 10 ng bFgf and 5 mM of CH.

For day three of differentiation (D3), medium was changed to N2B27 medium, supplemented
with 100 nM synthetic retinoic acid (ec23*) and 500 nM sonic hedgehog agonist (SAG). Next
to medium change, cell culture plates were prepared by coating the appropriate number of
plates with Poly-D-Ornithin overnight at 37 °C. For day four of differentiation (D4), medium was
exchanged to N2B27 medium, supplemented with 100 nM ec23* and 500 nM SAG twice a day.
Furthermore, the coated plates were dried and coated with a mixture of Matrigel and laminin

in Neuropan medium and incubated again overnight at 37 °C.

At the beginning of day five of differentiation (D5), coated plates were washed three times with
ddH->0 and covered with ddH->O until further need. Motor neuron progenitor cells (pMNs) were
washed with PBS twice and trypsinied with TrypLE for 10 min at 37 °C. Detached cells were
covered up with N2B27 medium and centrifuged for 180 x g, 5 min at RT. The cell pallet was
resuspended in sterile filtered N2B27 medium, supplemented with 100 nM ec23*, 500 nM SAG
and 10 ng/pl DBZ. Single cells were passed through a cell strainer and the number of cells
were counted by using Trypan blue and the Cedex cell counter. For a 6 cm plate, 21x10° cells
were plated on the prepared plates. For a well of a 12-well-plate, 3.8x10° cells were used. The
appropriate number of cells were seeded in sterile-filtered N2B27 medium, supplemented with
100 nM ec23*, 500 nM SAG and 10 ng/pl DBZ.

At day six of differentiation (D6), differentiation medium was changed to MN medium.
Therefore, the following components were added to the MN medium (table 15). For long-term

cultivation of MNs, medium was changed weekly with the following components (table 16).
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Table 15: Components for motor neuron development

Compound Concentration
ec23* 10 nM

SAG 500 nM

BDNF 10 ng/ul

CNTF 10 ng/pl
Forskolin 10 uM

IBMX 100 uM

FDU 4 uM

Uridine 4 uyM

For long-term culture of differentiated MNs, medium was exchanged partially once per week

with the following components.

Table 16: Motor neuron components for long-term culture

Compound Concentration
BDNF 10 ng/pl

CNTF 10 ng/ul
Forskolin 10 uM

IBMX 100 uM

FDU 4 uM

Uridine 4 yM

4.2.4. Hypoxic stimulation in motor neurons

4.2.4.1. Hypoxia induction in a motor neuron network

To induce ischemic stimulation in MNs, MNM was replaced partially with Neurobasal medium
to induce a full oxygen glucose deprivation (OGD). Then, cells were placed directly afterwards
in the customised hypoxia chamber (C174, C21, Biospherix, Parish, NY, USA; provided by AG
Habib, UK Aachen). Initially experiments revealed an optimal time period of OGD (<0.2 % O>)
of 45 min. Oxygen levels were monitored continuously (PreSens, Regensburg, Germany).
Temperature (set at 37 °C), pressure (1 bar) and pH were controlled and monitored in the
chamber and in the cell medium during the hypoxic stimulation. MNs under normoxia were
maintained at 37 °C, 7.5 % CO3, and 1 bar. During the post-hypoxic reperfusion time, medium

was changed to MN medium partially with long-term factors (table 16).

4.2.4.2. TMI-1 treatment in motor neurons

To inhibit Adam17, MNs were treated with TMI-1 (PZ0336, Merck). Medium of differentiated
MNs (see 4.3.2.) were exchanged to MN medium with long-term factors (table 16) and
additional TMI-1. The optimal concentration was determined in an external experiment.

Hereafter, MNs were treated for one hour prior to OGD condition with 0.5 yM TMI-1 and
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respectively the volume of DMSO for control samples at 37 °C, 7.5 % CO», and 1 bar. During
the entire hypoxic stimulation (<0.2 % O3), and the respective normoxic condition (37 °C, 7.5 %
CO2, 1 bar), TMI-1 and DMSO were incubated. During the post-hypoxic reperfusion time,

medium was changed to MN medium with long-term factors in several steps (table 16).

4.2.4.3. Chemical transfection of motor neurons

For a Lipofectamin2000 transfection, differentiated MNs (see 4.3.2.) were lipofectamine-
transfected with siRNA two days before hypoxic stimulation. Prior to transfection, the
transfection mix was prepared. In brief, part | was prepared by mixing 125 pl Opti-MEM with
1 Mg siRNA. Part Il was prepared by mixing 125 ul Opti-MEM with 25 ul Lipofectamine2000.
Both parts were combined without mixing and incubated for 20 min at RT. Subsequently, the
transfection mix was added dropwise to the cell medium, while swirling slightly. For the
reaction, cells were incubated at 37 °C, 7.5 % CO; for 6 hours. Afterwards, medium was
replaced with MN medium with additional long-term factors (table 16) and incubated for 48
hours prior to hypoxia/OGD stimulation (see 4.2.4.1.). During the post-hypoxic reperfusion

time, medium was changed to MN medium with long-term factors in several steps (table 16).

4.2.5. Sample generation from in vitro differentiated motor neurons

4.2.5.1. RNA extraction

To analyse the expression of different genes, the ribonucleic acid (RNA) was collected from
ESCs at different time points. Therefore, 3.5x10° ESCs were seeded on gelatinized 6 cm cell
culture dishes and maintained at least for two days in ESC medium, supplemented with
PD (1 uM) and CH (3 uM). For time points during differentiation, ESCs were differentiated as
described in 4.3.2. For all time points, medium was changed to PBS in several steps to wash
the cells. After sucking off the medium, 500 ul TRIzol were applied to lyse the cells from two
different 6 cm dishes. The TRIzol samples were stored at -20 °C until further processing. To
extract RNA from the cell samples, TRIzol was used to lyse the cells and the RNA extraction
kit (RNeasy Mini Kit, Qiagen) was used to purify the RNA after the manufacture instruction.
The final RNA concentration was measured due to the TECAN plate reader and the

corresponding iControl 1.8 SP1 software.

4.2.5.2. cDNA synthesis

For the transcription of the RNA to complementary DNA (cDNA), the iScriptTM selected cDNA
synthesis kit (Qiagen) was used according to the manufactures protocol with the following
modifications. In brief, 500 ng of RNA were used for further proceeding. After performing the

instructed steps of transcription, a final step was included. To prevent the denaturation of the
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cDNA by enzymes, 1 pl of DNase | was added to the cDNA and incubated for 30 min at 37 °C.
Afterwards, the cDNA sample was stored at -20 °C.

4.2.5.3. Cell protein lysates

For protein lysates from ESCs, 3.5x10° cells were seeded on gelatinized 6 cm cell culture
dishes and maintained for two days in ESC medium, supplemented with PD (1 uM) and
CH (3 uM). Then, cells were collected for protein analysis. If MNs were analysed, cells were
differentiated as described in 4.3.2. and analysed after 21 days of differentiation. For both
lysate conditions, medium was changed to PBS in several steps. Then, the PBS medium mix
was suck off and 100 ul of Radioimmunoprecipitation assay buffer (RIPA) lysis buffer was
added. The cells were removed with a cell scraper and transferred into a new reaction tube.
Afterwards, samples were incubated for 30 min on ice and followed by centrifuged for 30 min
at 13,000 x g at 4 °C. The supernatant was determined as RIPA-soluble fraction and used for

Western blot analysis (see 4.4.1).

4.3. Animal experiments

4.3.1. Mouse maintenance

The mouse lines used in this thesis are based on the C57BL/6 mouse line and were, with the
permission by the state office for environments and consumer protection (LANUV), used for
the research in this thesis. The C57BL/6 mice were kept at the Institute for Animal Research
according to the rules of the Federation of European Laboratory Animal Science (FELASA). In
summary, maximal 4 littermates were hold per cage (type Il, “Euronorm”). The storage room
for the cage were temperature to 20— 24 °C, the humidity of 45-65 % and had a light dark cycle
of 12 hours. Food and water were provided ad libitum. Breeding pairs were separated in a

further cage under the same conditions.

4.3.2. Embryo extraction

The females in mating were checked daily for the presence of a vaginal plug. This is considered
of a successful fertilisation and indicates E0.5 of development. In addition, a daily weight check
was performed as a further indicator of pregnancy. Starting from the date of the vaginal plug,
the pregnant female animals are sacrificed at E12.5 by cervical dislocation before the embryos
were removed. The embryos were removed by caesarean section from the female. The
preparation is carried outin a PBS solution on ice. Embryos up to E12.5 are transferred directly

into a 4 % PFA-containing PBS solution after preparation and thus sacrificed.
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4.3.3. Brain extraction

To prepare the brain slices of early post-natal mice (P5 to P8), mice were sacrificed with
scissors and the brain was dissected carefully. Afterwards, the brains were directly transferred
into ice-cold artificial cerebrospinal fluid (aCSF) and proceed for slice culture. C57BL/6 mice,
at the appropriate age (2-8 month and 8-18 month), were sacrified with isoflurane and perfused
with ice-cold aCSF. The brain was carefully dissected and transferred in ice-cold aCSF for

further processing.

4.3.4. Brain slice culture

For coronal slices, 350 uym thin slices were cut with the vibrating-blade microtome (Leica,
VT1200 S) and kept in ice-cold, carbonated aCSF while processing. For cultivation, slices were
transferred onto 30 mm Millicell-CM tissue culture inserts with 0.4 mm pores (Millipore) in
six-well culture dishes with long-term aCSF. The slices were cultivated in a HERAcell (Thermo

Fisher) cell culture incubator at 37 °C and 5 % CO: level.

4.3.5. Hypoxia induction in slice culture

To induce hypoxic stimulation, the brain slices were placed in the customised hypoxia chamber
(Biospherix; provided by AG Habib, UK Aachen). Initially experiments of the working group of
Dr. med. Dr. rer. nat. Habib revealed an optimal time period of OGD (<0.2 % O32) of 30 min
(data unpublished). Oxygen levels were monitored continuously in the aCSF and in the
chamber (PreSens). Temperature (set at 37 °C), pressure (1 bar) and pH were controlled and
monitored in the chamber and in the cell medium during the hypoxic stimulation. Brain slices
under normoxia were maintained at 37 °C, 5 % CO,, and 1 bar. During the post-hypoxic

reperfusion time, brain slices were maintained at 37 °C, 5 % CO; and 1 bar.

4.3.6. Sample generation mouse

4.3.6.1. Mouse protein lysates
For protein lysates purified from mouse brain slices, the slices were washed in PBS and then

transferred into a fresh Eppendorf reaction tube with 300 ul RIPA. Afterwards, samples were
incubated for 30 min on ice followed by centrifugation for 30 min at 13,000 x g at 4 °C. The
supernatant was defined as RIPA-soluble fraction and used for Western blot analysis
(see 4.4.1.).

4.4. Analysis

4.4.1. Bradford protein measurement
To use an equal protein amount for each different conditions in the Western blot (WB) analysis,

the protein concentration was determined. Therefore, the Bradford protein assay (DC protein
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assay, Bio-Rad) was used according to the manufacture introduction. In brief, the standard
curve was prepared by using specific amount of BSA, diluted with RIPA lysis buffer (0.2 pg/ul;
0.5 pg/ul; 0.8 pg/ul; 1.0 ug/ul; and 1.5 ug/ul). For the analysis, the premix of Solution A (alkaline
copper tartrate solution) and solution S (surfactant solution) were prepared and mixed with 5
Ml of the lysates. Further, solution B (dilute Folin reagent) was added and incubated for 15 min
in the dark at RT. The absorbance was measured by the TECAN plate reader and the
corresponding iControl 1.8 SP1 software. The protein concentration was calculated due to the

standard curve.

4.4.2. Western blot

To determine the differences in protein level, the Western blot (WB) analysis was performed.
Therefore, lysates from ESC or mouse samples were measured to analyse the protein
concentration (see 4.4.1.). To compare different conditions, 30 ug of each cell lysate were
used and 5x Laemmli Buffer was added for a final concentration of 1x. The mixture was
incubated for 5 min at 95 °C. In the meantime, the precast gel (Bolt™ 4-12 % Bis-Tris Plus)
was prepared. The gel was clamped in the chamber and the chamber was filled with the
running buffer (20 X Bolt™ MES SDS Running Buffer, Thermo Fisher). 500 ul of Bolt™
antioxidant were added in the Fooling running buffer. The heated lysates were loaded on the
SDS page and fooling the proteins were separated by electrophoresis (80 V for 2 hours). The
semi-dry transfer to a nitrocellulose membrane was performed in the Trans-Blot Turbo®
(Biorad) for 15 min and 225 V. This was followed by blocking the membrane for 1 hour with
5 % skim milk or 5 % BSA solution. The primary antibody was prepared at the concentration
shown in table 10 in the corresponding blocking solution. The membrane was incubated
overnight at 4 °C on a rotator with the primary antibody. The next day, the membrane was
washed three times with TBS-T for 10 min each. Further the membrane was incubated with
the corresponding secondary antibody in the blocking solution at RT for one hour. All dilutions
for the primary and secondary antibodies are listed in table 10 and table 11. After incubation
with the secondary antibody, three washing steps with TBS-T were following. The proteins of
interest were detected by applying the Pierce® Electrochemiluminescence (ECL) Western
Blotting Substrate detection kit (Thermo Fisher) according to the manufacturer’s instructions

and imaging the reaction by the Alliance LD4 documentation system (Biometra).

4.4.3. Immunofluorescence analysis in vitro

ESCs were seeded on sterile coverslips in 12-well plates coated as described in 4.3.2. At the
time point of interest, ESCs were washed with PBS in several steps and fixed afterwards with
4 % Paraformaldehyde (PFA) for 5 min. Therefore, the half of the volume was removed and
the same volume of 4 % PFA was added. After 5 min, the whole volume was removed and

another step of incubation with 4 % PFA for 10 min at RT was performed. Afterwards, the fixed
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cells were washed three times with PBS and covered with blocking solution for one hour at
RT. Subsequently, the primary antibody solution was prepared by diluting the antibody in
blocking solution and incubating the cells overnight at 4 °C. The next day, the fixed ESCs were
washed three times with RT PBS and incubated for another hour with the corresponding
secondary antibody and DAPI dye to stain the nucleus. After this incubation time, the fixed
ESCs were washed again three times with PBS at RT and once with ddH»0. Afterwards, the
coverslips were mounted in Mowiol on microscope slides. After another 16 h for drying, cells

could be analysed by microscopy.

4.4.4. Immunofluorescence analysis in vivo samples

4.4.4.1. Embryo preparation

E12.5 embryos were harvested (see 4.3.2.) and fixed with 4 % PFA for 2.5 hours at 4 °C.
Afterwards, fixed embryos were washed overnightin PBS at 4 °C. The next day, embryos were
dehydrated for cryoprotection with 30 % sucrose (in PBS) by incubation for at least eight hours
at 4 °C. Afterwards, embryos were cut half under the forelimb buds and embedded in moulds
(15x 15 mm) using Tissue TEC O.C.T compound (Sakura) and frozen on dry-ice. Embedded
embryos were long-term stored at -20 °C. Embedded embryos were further cut to 12 ym slices
with the Leica cryostat at -18 °C to -22 °C. Slices were collected on SuperFrost Plus
microscope slides by first drying the slices for 10 min at RT and the slides were subsequently
stored at -20 °C.

4.4.4.2. Imnmunofluorescence staining of embryos

Brain slices of the embryos were prepared (see 4.3.3.) and thawed at RT for at least 10 min.
The embryonic cryosections were washed three times with PBS and covered with blocking
solution (0.5 % TritonX100 and 1 % BSA in PBS) for one hour at RT. Afterwards, the primary
antibody solution was prepared by diluting the antibody in blocking solution and incubating the
cryosection overnight at 4 °C in a damp and dark chamber. The next day, cryosections were
washed three times with PBS at RT and incubated another hour with the corresponding
secondary antibody and DAPI dye to stain the nucleus. After this incubation time, the fixed
embryonic cryosections slices were washed again three times with PBS at RT and once with
dHO. Afterwards, the embryo slices were mounted using Mowiol to the high precision
microscope cover glasses (1705 ym, 24x60 mm, no.1.5H). With dried Mowiol, slices could

be imaged by microscopy.

4.4.4.3. Brain slice preparation
Brain slices were prepared (see 2.4.5.) and either cultivated or implemented in hypoxic

stimulation experiment (see 3.3.5.). In both cases, at the time point of interest, brain slices
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were collected and washed with PBS and fixed afterwards with 4 % PFA for three hours at
4 °C. Afterwards, the fixed brain slices were washed three times with PBS, dehydrated for
cryoprotection by incubation in 30 % sucrose overnight at 4 °C. The next day, brain slices were
embedded in moulds (15x 15 mm) using Tissue TEC O.C.T compound (Sakura) and frozen
on dry-ice. Embedded brain slices were long-term stored at -20 °C.

Slices were further cut to 12 um thin slices with the Leica cryostat at -18 °C to -22 °C. Slices
were collected on SuperFrost Plus microscope slides. Subsequently the slides were dried for
10 min at RT and stored at -20 °C.

4.4.4.4. Immunofluorescence staining of brain slices

Immunofluorescence staining and in combination with TUNEL staining were performed by the
laboratory technician Louisa-Carole Neumann. In brief, cryoslices were defrosted at room
temperature and washed with PBS: Afterwards, cryoslices were incubated for 30 min in the
streamer oven. After cooling down the slices, they were placed in PBS again for 5 min.
Followed by 30 min incubation in 3 % normal goat serum (NGS) at RT. The primary antibody
was diluted in 3 % NGS. The microscope slides with the primary antibody were embedded in
a damp and dark chamber and incubated overnight at 4 °C. The next day, cryoslices were
washed again for 5 min in PBS and incubated afterwards with the secondary antibody,
corresponding to the host of the primary antibody. After additionally washing with TBS for
10 min of the cryoslices, they were incubated with the TUNEL master mix (Merck) for three
hours. The TUNEL staining was performed according to the manufactures protocol and
additionally covered with parafilm. Afterwards, the cryosections were again washed with TBS
and briefly stained with DAPI. Finally, cryosections were embedded in Fluoromount-G and
covered with microscope cover slips (170£5 um, 24x60 mm, no.1.5H) and dried at room

temperature until further microscopic imaging.

4.4.5. Quantitative real-time PCR

To perform the semi-quantitative real-time PCR (semi-qRT PCR) analysis, 500 ug RNA were
transcribed into cDNA as described in 4.2.5.1 and to stop the reaction 80 pl of ddH>O were
added. Further, the iQTM SYBR R Green Supermix kit (Bio-Rad) was used according the
manufacturer’s protocol. In brief, 1 ul of cDNA was mixed with 8 pl of SYBR Green, 1 pl of the
primer mix and 10 pl ddH20O. The following exon-spanning primers were designed with the
Primer-BLAST tool from the National Center for Biotechnology Information (NCBI) and ordered
at the Sigma Aldrich. For every gene, a technical triplicate was performed and analysed in the
same gRT-PCR performance. For statistical analysis, three different technical replicates within

three independent biological replicates were calculated.
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Table 17: Quantitative real-time PCR primers

Primer Sequence fwd (5’-3’) Sequence rev (5’-3’)

Rps29 GAAGTTCGGCCAGGGTTCC GAAGCCTATGTCCTTCGCGT

Hprt GGCCAGACTTTGTTGGATTT CAGATTCAACTTGCGCTCAT

Oct4 TGTTCCCGTCACTGCTCTGG TTGCCTTGGCTCACAGCATC
Olig2 GAACCCCGAAAGGTGTGGAT TTCCGAATGTGAATTAGATTTGAGG
Chat GTGAGGAGGTGCTGGACTTAC CCCCAAACCGCTTCACAATG

Dik1 TCTTGCTCCTGCTGGCTTTC ACATGGCACCTGCAGACATT
Pmm?2 AGGGAAAGGCCTCACGTTCT AATACCGCTTATCCCATCCTTCA
Mmp9 GTCCAGACCAAGGGTACAGC ATACAGCGGGTACATGAGCG
Pax6 CATGGCAAACAACCTGCCTATG GCACGAGTATGAGGAGGTCTGAC
NeuN TCCAACCCGGCCTCTCG TTTCAACGGGTTCAGCGTTC
Mnx1 GTTGGAGCTGGAACACCAGT GGAACCAAATCTTCACCTGAGT
Tubb3 GCGCATCAGCGTATACTACAA TTCCAAGTCCACCAGAATGG
Adam17 #1 TTATCCCACGACGTGTTCCG GACGAGCTGAACCTAACCCC

Adam17 #2 GACGCTGCAGCTTGAATGAG ACGGTTTTGAGAAGGACCCC

4.4.6. Live-Dead assay

To determine the viability of the MN network in different experimental setups, the LIVE/DEAD
assay (L3224, Thermo Fisher) was performed. With the bi-colour assay, it is possible to
determine the viability of a cell population, based on the plasma membrane integrity and
esterase activity. Therefore, the polyanionic dye calcein AM (AM), which is staining living cells
in green (excitation/emission ~495 nm/~515 nm) is combined with ethidium homodimer-1
(EthD-1). EthD-1 is staining dead cells in red (excitation/emission ~495 nm/~635 nm). MNs
were washed with PBS in several steps, until PBS has replaced the medium. Then, the PBS
was removed and the mixture of AM and EthD-1 was covering the cells and incubating for 30
min. In the following, the MNs were washed again with PBS and were imaged with a live

imaging microscope (Olympus 1X81, Olympus) using a 20x air-immersion objective.

4.4.7. LDH assay

The viability was measured, using the CytoTox 96 Non-Radioactive Cytotoxicity Assay
(Promega) according to the manufacturer’s instructions. In brief, 50 pl of the cell medium was
collected in a 96-well plate of the desired time point and incubated in a 1:1 mixture of the LDH
master mix. The lactate dehydrogenase (LDH) was released and the levels were measured in
a 30 min time frame due to the fluorescence conversion from violet (tetrazolium) into red
(formazan) via the TECAN reader with a script written by Aaron Fehr. Hereafter, the amount

of converted LDH is proportionally to the number of dead cells.
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5. Results

5.1. Analysing localised hypoxia in relation to Dlk1 expression during
embryogenesis

Motor neurons (MNs) are generated with beginning of the embryonic day E10.5 in the mouse
(Smas and Sul, 1993; Mdller, 2012). At this embryonic day, in situ experiments revealed Dik1
MRNA expression exclusively in MN progenitor cells (pMNs) (Muller, 2012; Khan et al., 2022).
With ongoing development (E12.5), DIk1 mRNA is also detectable in the ventral horn of the
spinal cord, which is corresponding to the region of post-mitotic MNs (Muller, 2012). Therefore,
the developmental stage of E12.5 was chosen to address the putative impact of oxygen levels

on the MN diversification during development.

In a first step, E12.5 days old wild-type embryos were extracted, fixed and embedded in
Tissue-Tek OCT medium. A transversal cut was performed to expose the regions of interest
where DIk1 is supposed to be expressed. After generating cryosections, co-immunodetection
of DIk1 and the vesicular acetylcholine transporter (VAChT) was performed (figure 5-1).

VAChHT is expressed by cholinergic neuron including aMNs.

The transversal sections of the E12.5 days old embryo were generated at the level of the heart
(figure 5-1, A and B). From dorsal to ventral, many structures are recognisable as the neural
tube, notochord, forelimb bud and the heart, which is surrounded by the thoracic wall and
includes the pericardial cavity. The immunofluorescence reveals a high fluorescence signal in
the heart region. Further, small regions in the forelimb bud, neural tube and internal organs
have a high fluorescence signal for DIk1. In contrast to this, VAChT was mainly
immunodetected in the mantle layer of the ventral neural tube, consistent with its expression
by postmitotic MNs. At E12.5 DIk1 was mainly detected in pMN adjacent to the VAChT-positive

mantle layer containing postmitotic MNs (figure 5-1 C, C’ and C”).
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Figure 5-1: DIk1 staining in transversal section of E12.5 embryos. A: Collected E12.5 embryo, Theiler
stage 21 with indicated transversal section plane (black dashed line) B: Overview of sectioned region
with co-immunostaining of DIk1, VAChT, and DAPI. C: Higher magnification of boxed region in B (C)
with co-immunostaining of Hifla, VAChT, and DAPI. Lumen of neural tube is indicated (white dashed
line). C’ and C”’: Single immunofluorescence image of VAChT and Dlk1 respectively, with indicated
lumen of the neural tube (white dashed line). Scale bar represents 1 mm (A), 100 um (B) and 20 um
(C). fb, forelimb bud; d, dorsal; ht, heart; nc, notochord; nt, neural tube; v, ventral.

To address the question whether lower levels of oxygen occur during embryogenesis and if
those are influencing the diversification of MN subtypes, the regions of low oxygen were further
analysed. Therefore, one of the most prominent cellular markers for hypoxic stress, the
hypoxia-induced factor 1a (Hif1a) was used (Jewell et al., 2001; Semenza, 2007). Hif1a is
stabilised in low intracellular oxygen conditions, whereas it is rapidly degraded under
physiological oxygen levels by the ubitiquin/proteasome pathway (figure 1-7) (Semenza,
2007). To address the question of a Hif1a stabilisation in E12.5 embryos overlaps with the
regions of DIk1 activity and motor neurogenesis, co-immunodetection of Hifta and VAChT

were performed (figure 5-2).
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Figure 5-2: Hif1a stabilisation in E12.5 embryos. A: Overview of sectioned region of E12.5, Theiler
stage 20 with co-immunostaining of Hif1a, VAChT, and DAPI. B: Higher magnification of boxed region
in A (B, C, D, and E) with co-immunostaining of Hifla, VAChT, and DAPI. B’, C’, D’, and E’: Hifla
immunofluorescence signal of VAChT in the selected regions (B-E). B”, C”, D”, and E”: VACht
immunofluorescence signal in the selected regions (B-E). Scale bar represents 1 mm (A), 100 um (B)
and 20 um (C). fb, forelimb bud; d, dorsal; ht, heart; nc, notochord; nt, neural tube; v, ventral.

An overview of the whole transversal section with different stainings (nucleus (blue), VAChT
in (green), and Hif1a (red)) is displayed (figure 5-2). The co-immunostaining of VAChT and
Hif1a showed a higher signal of Hif1a in the heart region (figure 5-2, C) and in multiple smaller
areas throughout the whole transversal section, especially small regions of the internal organs
lighting up for the Hif1a signal, as well as the remaining somites (figure 5-2, A), consistent with
previous reports (Tam and Loebel, 2007). To analyse Hif1a expression in more detail, higher
magnifications were done (forelimb bud (B), heart (C), neural tube (D), and internal organs
(E)), to see the localisation of Hif1a (figure 5-2, B’, C’, D’, and E’). As In parallel, VAChT co-
immunostainings were used to identify regions of MNs (figure 5-2, B”, C”, D”, and E”). In the
four selected sections, the forelimb bud (B), the heart (C), the neural tube (D), and the internal
organs (E) a high Hif1a signal were detectable. No restricted overlap in VAChT and Hif1a
expression was observed in these experiments (figure 5-2, B”, C”, D”, and E”) and the overall

Hif1a signal was very high and not readily distinguishable VAChT-positive or negative cells in
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the embryo, possibly reflecting pleiotrophic roles of hypoxia signalling during embryogenesis.
Thus, in regard to the investigation of a possible regulation of DIk1 by hypoxia, the analysis of
Hif1a expression in the mouse embryo was inconclusive. Therefore, embryonic stem cell
(ESC)-derived MNs were tested for their suitability to permit a detailed study of the role of

hypoxia in the regulation of DIk1 activity and MN functional diversification.

5.2. DIk1 expression in embryonic stem cell-derived motor neurons

5.2.1. Neuronal differentiation

ESCs have two main characteristic features, namely pluripotency and self-renewal (Bain et al.,
1995). Pluripotency means ESCs can differentiate into every cell type of the three germlines.
Self-renewal means their constant proliferation without losing their stem cell properties (Bain
et al.,, 1995). For the in vitro differentiation of the ESCs into MNs, a precisely determinate
cascade of steps has to be followed to recapitulate the in vivo conditions of the equivalent in
the embryo (figure 5-3) (Wichterle et al., 2002; Mazzoni et al., 2013; Gouti et al., 2014).
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Figure 5-3: Differentiation of ESC-derived MN. A: Schematic representation of the differentiation steps
and neuronal stages to be recapitulated in vitro differentiation. B: Schematic representations of axis
formation (rostral caudal (RC) axis; B’), ventral dorsal (VD axis; B”) during neurogenesis and motor
neuron subtypes innervating corresponding muscles fibres (B’”), C: Morphological changes during
in vitro differentiation from murine embryonic stem cells to a MN network. C’, C”, and
C’”’: Corresponding images to B’, B”, and B’ in the in vitro differentiation. Scale bar represents 100 um.
aFF, alpha fast-twitch, fatigable motor unit; aFR, alpha fast-twitch resistante, motor unit; aS, alpha slow
motor unit; BMP, bone morphogene protein family; dyn, dynamic; ESCs, embryonic stem cells; MNs,
motor neurons; NMCs, neuromesodermal lineage; pMNs, motor neuron progenitor domains; Shh, sonic
hedgehog; stat, static. Figure modified after (Manuel, 2011; Stifani, 2014a).

For the differentiation of ESCs to MNs, the in vivo steps of motor neurogenesis are
recapitulated in three successive phases, namely neural induction, neural specification and
MN differentiation (figure 5-3). The naive ESC culture was forming round to oval dome-shaped
colonies, showing characteristic sharply delineated and brightly illuminated edges in phase
contrast microscopy (day 0) (figure 5-3, C). Starting with the differentiation protocol, ESCs
were separated and treated first with basic fibroblast growth factor (bFgf) to induce a primed
state of pluripotency. The separation was leading to the regrow of the single cells to small,
jagged colonies. By further treatment with glycogen synthase kinase (GSK) 3 inhibitor, the
WNT signalling pathway is induced, which leads to generation of cells of the neuromesodermal
lineage (NMCs) (day 3, figure 5-3, C). Following this, the neural RC and DV axis is induced by
the treatment with a specific concentration of CHIR99021 (CH), ec23 and Smoothened agonist
(SAG). CH is an inhibitor of glycogen synthase kinase 3 (GSK-3) and acts as Wnt activator,

whereas SAG as smoothened agonist, modulates the coupling of Smo with the downstream
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effectors and therefore activates the Shh pathway. The last component is ec23, which is a
synthetic retinoic acid (RA) and represent the counterpart of Wnt. Morphologically, colonies
are spread over the plate and grow to amorphic massive colonies during day 3 to 5 (figure
5-3, C). At the stage of pMNs (day 5), single cell separation induced terminal differentiation
and promotes neurite outgrowth on a large number of cells. With further cultivation (day 6
onwards), those networks of neurites got more prominent and the neuritic structures more
stable. Remaining mitotically active cells were removed by the addition of FDU and Uridine in
the MN medium. Uridine causes the inhibition of cell growth and differentiation (Sokoloski et
al., 1991). 5-fluoro-2’-deoxyuridine (FDU) is inhibiting the mitosis through disruption of the
microtubules. This results in an almost pure neuronal culture (figure 5-3, C). This cell
population was further analysed with various neural markers to analyse the pureness of the

differentiated network (figure 5-4).

Figure 5-4: ESC-derived MN population analysed with specific molecular markers. A: Representative
images of NeuN immunofluorescence staining. Grey scale of NeuN (A) and merge picture (A’, NeuN,
green; DAPI, blue). Arrow indicates a non-neuronal cell by DAPI* but NeuN" staining. B: Representative
images of Gfap immunofluorescence staining. Grey scale of Gfap (B) and merge picture (B’, Gfap,
green, DAPI, blue). C: Representative images of Iba1 immunofluorescence staining. Grey scale image
of Ibat1 (C) and merge picture (C’, Iba1, green, DAPI, blue). D: Representative images of ChAT
immunofluorescence staining. Grey scale of ChAT (D) and merge picture (D’, ChAT green, DAPI, blue).
The scale bar represents 25 um. ChAT, Choline Acetyltransferase; Gfap, glial fibrillary acidic protein;
Iba1, ionised calcium-binding adapter molecule 1; NeuN, neuronal nuclei.

Thereby, NeuN, was used as a marker for neurons (figure 5-4, A). Most cells were positive
for NeuN, nevertheless, some cells could be detected which were also negative for NeuN
(figure 5-4, A; blue arrowhead). Further, glial fibrillary acidic protein (Gfap) was
immunodetected to visualise glial cells and ionised calcium-binding adapter molecule 1 (Iba1)
to mark astrocytes in the day 20 population (figure 5-4, B and C, respectively). The
differentiated cell population was negative for Gfap and Iba1, which means there were no glial
cells or astrocytes present. Further, immunodetection for Choline Acetyltransferase (ChAT)
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was used to determine the number of MNs (figure 5-4, D). This revealed that the majority of
the cells were also positive for ChAT. Nevertheless, individual ChAT" cells could be observed.
This indicates that the differentiated MN population was not entirely pure. Those cells types
should be further analysed by co-immunostaining with more or all markers simultaneously to

identify the NeuN- cell types.

During differentiation, various genes are involved in determining a specific cell type. Those can
be used as molecular markers to analyse the success of the differentiation (figure 5-5).
Samples were collected from the whole cell population at seven different time points (feeder-
free ESCs (day 0), NMCs (day 3), pMN (day 5 and day 7), mature MNs (day 10 and day 20)
and used for total RNA extraction followed by cDNA synthesis and analysis by semi-
quantitative real time PCR (semi-qRT PCR). The expression levels of all transcription factor
genes investigated were displayed relative to the ESCs stage and normalised to the

housekeeping gene Pmm2.

75



5 Results

A Poubf1 B Mnx1
c 1000 1000+
o w So
] 100 H e 1004
o® @ i)
50 10 Lo 10
B RY] g0
w 14 @ w 14
ke olie]
3o 044 25 044
o & SQ
c  0.01 o & 0.01-
g z g
£ £ 0.001 & £ 0.001
o © © O
2 0.00014 0.00014
T T 1 T T T Trrr 1Tt rrrrr
0o 3 5 7 10 15 20 0 3 5 7 10 15 20
days of differentiation days of differentiation
C Olig2 D Pax6
: 1000+ 1000+
@ S o
S& 100 2% 100
g 7] 8 [77]
a% 10 5-8 10 -
dw 14 & w 14
52 0.1 %2 0.1
5% " £§%
o & 001 & 0.014
s g 28
% 5 0.001 ] % s 0.001-
0.0001 - 0.0001-
LA L B L L L IR I LA L L LA LR L B L
0 3 5 7 10 15 20 0 3 5 7 10 15 20
days of differentiation days of differentiation
E ChAT F Tubb3
c 1000 c 1000+
@ j
SE 1001 2% 100
g2 10 o v 10
) - s _
=37] =4
o w 1-4 @ w 14
ke 32
TS 044 S5 047
o g =2
o © 0.014 o @ 0.014
=2 > 2
®E 0.001 3 E 0.0011
o o T O
0.0001 1 = " 0.0001
— T — T
0 3 5 7 10 15 20 0 3 5 7 10 15 20
days of differentiation days of differentiation
G Mmp9 H
Rbfox3
c 1000 - 1000
o2 1004 o w
7% gE  100-
—_ - w
gg " 5o 10
= @
o w 14 @
22 2 M
Eo 017 2 04-
=2 00 g2
vy % £5 0017
£ E 0.0014 g
g8 0.0001 58 e
o ] i =
LA L LA LA B LR B = 0'0001_--|-|-|--|----|----|--
0o 3 5 7 10 15 20 o 3 5 7 10 15 20

days of differentiation days of differentiation

Figure 5-5: Analysis of the differentiation of ESC-derived MNs based on molecular markers. A: Relative
expression of the ESC marker Pou5f1. B to H: Relative expression level of the pMN marker Olig2 (B)
and Pax6 (C); the pan neural marker Tubb3 (F), and Rbfox3 (H); the MN marker Mnx1 (D), and ChAT
(E) as well as a specific marker for aMN, Mmp9 (G). Expression levels are shown relative to day 0 and
normalised to the housekeeping gene Pmm2. ChAT, Choline Acetyltransferase; Mmp9, Matrix
Metalloprotease 9; Mnx1, Motor Neuron And Pancreas Homeobox 1; Olig2, Oligodendrocyte
Transcription Factor 2; Pax6, Paired box protein 6; Poubf1, POU Class 5 Homeobox 1; Rbfox3, RNA
Binding Fox-1 Homolog 3; Tubb3, Tubulin Beta 3 Class Ill.
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During the priming of ESCs, they convert from a naive state to the primed pluripotency state
of epiblast stem cells (EpiSCs). In line with this, Pou5f1 was highly expressed in ESCs, but
expression levels were continuously reducing until day 15 of differentiation. Day 20 had a slight
increase in the expression of Poub5f1 compared to the lowest level at day 15 of differentiation.
The genes Olig2 and Pax6 (figure 5-5, C and D respectively) are known to be involved in MN
specification and their expression peaked about day 5 of differentiation. Afterwards, the
expression of Olig2 was reduced compared to the ESCs state, whereas the expression level
of Pax6 became again comparable with its expression levels in ESCs. The genes Mnx1 (also
known as Hb9) (figure 5-5, B), ChAT (figure 5-5, E), Tubb3 (figure 5-5, F), Mmp9 (figure
5-5, G), and NeuN (figure 5-5, H) were expressed at higher levels in mature neurons,
compared to the ESC state. Mnx1 was only slightly increased in the expression level compared
to the ESC state. The expression reached a slight elevated plateau between day 5 to day 10,
with a slight reduction at day 7 and decreased afterwards. In contrast to this, ChAT had a steep
increase in the level transcripts from day 3 to day 5 and continued to increase till day 7, while
afterwards its levels remained nearly stabile. Tubb3 had a similar course of expression levels
as ChAT. Nevertheless, the increase of Tubb3 transcripts appeared later in differentiation and
its transcripts levels were comparatively reduced at day 3. The peak of Tubb3 expression was
at day 10 and levels remained stable during the further timepoints. The gene Mmp9 was
expressed at lower levels at day 3 compared to the ESC stage, but afterwards reached similar
levels compared to those of the ESCs. Only towards the end of the observation time of the
differentiation, it seemed that Mmp9 levels slightly increased above the ESC stage. For NeuN
the expression was increasing continuously till day 10, though afterwards dropped back to the

expression levels, observed at day 7.

5.2.2. DIk1 expression in embryonal stem cell-derived MNs

Next to the genes, which are involved in the differentiation of ESCs to MNs, genes unique for
one subtype of MNs can also be useful to analyse the composition of the neuronal population.
DIk1 is only expressed in fast aMNs and be considered as molecular marker (Muller et al.,
2014). The transcript level of DIk1 during the differentiation is displayed in the following graph
(figure 5-6, A). The level was compared between the ESC state and six different timepoint

during the differentiation, including NMCs, pMNs and mature neurons.
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Figure 5-6: Expression of DIk1 on mRNA and protein level. A: DIlk1 expression levels during the
differentiation of ESCs info MNs. mRNA level was plotted in relation to the ESC state (day 0) and
normalised to the housekeeper Pmm2. B: Schematic representation of the genetically modified Dlk1
genomic locus, with numbered ORFs (numbers above) C: Representative immunostaining of DIk1-HA
at different timepoints during the differentiation process. Scale bar represents 20 um. ORF, open reding
frame; UTR, untranslated region; HA, hemagglutinin; Pmm2, Phosphomannomutase 2.

The differentiated ESC line used in this experiment has the advantage of carrying a modified
DIk1 gene encoding epitope-tagged DIk1 (figure 5-6, B). By a genetic modification using
CRISPR/Cas9 technology, the endogenous DIk1 protein was tagged at its C-terminus with a
single HA-epitope (see 3.2.1). Thus, it was possible to detect DIk1 during the course of the
differentiation using an HA-epitope specific antibody. Using this detection method, DIk1 was
not observed at the ESC stage (figure 5-6; C; day 0). It became slightly detectable in the
colonies from day 3 onwards. At day 5, DIk1 could be visualised in single cells and from day
10 till day 20, the signal intensity further increased compared to day 5. At day 10, DIk1 was
detectable in a subset up cells with different intensity (figure 5-6, C; day 10). Noteworthy, the

observation that DIk1 was detected only in a subset of cells was confirmed at day 20.
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To follow up this subset-specific expression in the cell population at day 20, in a next step
co-immunostainings were performed with a marker for fast and intermediate aMNs, namely
Dlk1 and Mmp9 (Kaplan et al., 2014; Spiller et al., 2019) to identify the ratio of cell type specific

subgroup at this time point of differentiation (figure 5-7).

A B C D

0 ChAT -, DAPI * [ Mmp9 -, ChAT* [ DIk1 -, Mmp9 *
- 0 ChAT */ DAPI * [ Mmp9 */ ChAT* [ DIk1 */ Mmp9 *

Figure 5-7: Subtype analysis in ESC-derived MNs. A: Representative images of co-immunostaining of
Mmp9 and DIk1 as separate images (grey scale) and merged with DAPI (lower row). Quantification of a
total number of 300 DAPI* cells per condition of the full-length DIk1 in relation to the total number of
cells. B: Quantification of ChAT* cells (blue-green checked) per total number of cells (DAPI*; blue).
C: Mmp9* cells (green-orange striped) per ChAT" cells (blue-green checked). D: Mmp9™ cells (red) per
Mmp9* cells (green-orange striped). The scale bar represents 20 um. ChAT, Choline Acetyltransferase,
ESCs, embryonic stem cells; Mmp9, Matrix Metalloprotease; MNs, motor neurons.

The quantification of the ChAT™* cell revealed a ratio of 80 % MNs in the entire cell population
(DAPI*) (figure 5-7, B). This confirmed a mostly pure MN population at day 20 of differentiation.
Further, the ratio of different MN subtypes was analysed by staining with Mmp9 and DIk1
antibodies. Mmp9 as a marker for the larger intermediate and fast aMN (Kanning, Kaplan and
Henderson, 2010) revealed a subgroup of neurons positive for Mmp9 in the culture. This
subgroup comprised around 52 % of all ChAT* MNs (figure 5-7, C) and is hereafter referred to
the fast and intermediate MN subgroup. DIk1 is also an unique marker for fast aMNs (Muller
et al., 2014). In line with that, DIk1 was found to be detectable in a subgroup of DAPI* cells.
The quantification revealed, that nearly 99 % of all Mmp9 positive cells were found to be DIk1
positive (figure 5-7, A and D). Sporadically, there are also some MNs either positive only for
DIk1 or for only Mmp9 (1 %).
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5.3. Establishing hypoxia experimental setup

5.3.1. Motor neurons survival under hypoxia conditions

Although some factors are known, the molecular mechanisms for the determination of the fast
aMN identity remain still largely elusive (Kaplan et al., 2014; Mdller et al., 2014; Khan et al.,
2022). In 2020, the laboratory of Pietras found a relation between DIk1 and hypoxia in high
grade glioma cells (Grassi, Pantazopoulou and Pietras, 2020). They found that the lack of
oxygen can induce DIk1 cleavage and the translocation of DIk1 intracellular fragment (ICF) to
the nucleus in cancer (Grassi, Pantazopoulou and Pietras, 2020). The hypothesis that this may
represent a mechanism through which DIk1 activity is regulated in MN diversification was
investigated in the following part of this thesis. Hypoxia is per definition the lack of oxygen in a
cell or tissue. Due to oxygen-deprivation Hif1a is stabilised in the cell (Wang and Semenza,
1993; Semenza, 2007), which leads to further molecular responses of the cell (Simon and
Keith, 2008; Grassi et al., 2020; Grassi, Pantazopoulou and Pietras, 2020). To induce cellular
responses after hypoxia, the duration of the hypoxic stimulation has to be determined. The
viability of the MN-derived in in vitro differentiation from mouse ESCs is unknown so far. Based
on time periods in other in vitro experiments with different cell types (personal communication
with Dr. rer. nat. Dr. med. P. Habib, unpublished data), the hypoxic stimulation was restricted
either to 30, 45, or 60 min and always compared to the physiological control (normoxia) (figure
5-8).
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Figure 5-8: Survival of ESC-derived MNs under hypoxic conditions. A: Schematic timeline for the
experimental setup. After differentiation of ESCs into MNs in vitro for 18-22 days, mature MNs were
subjected to hypoxic condition for 30, 45, or 60 min and compared to normoxia (N). B: Live-Death assay
stains living cells in green (Calcein AM) and dead cells in red (Ethidium-Homodimer-1). Scale bar
represents 100 um. C: Quantification of living cells by Live-Death staining (B). Values are shown relative
to the number of living cells under normoxia. D: Quantification of an LDH assay to determine the lactate-
dehydrogenase release. The values are proportional to the amount of dying cells. LDH activities are
shown relative to LDH activity under normoxia. Significance in comparison with normoxia were tested
with t-tests (*** P<0.001). ESC, embryonic stem cells; LDH, lactate dehydrogenase; NMCs, neuro
mesodermal cells; pMNs motor progenitor cells; MNs, motor neurons; N, normoxia.

In order to verify cell viability and the kinetic of the molecular response 18-22 days old
ESC-derived MNs were subjected to three different hypoxia protocols (30, 45, and 60 min). To
analyse the impact of hypoxia on the ESC-derived MNs were first subjected to a Live-Death
staining (figure 5-8, B). Calcein AM (green) stains all living cells and ethidium-homodimer-1
(red) stains all dead cells (Slack et al., 1998). The number of living cells were counted for the
normoxia sample and after a period of either 30, 45 or 60 mins of hypoxia and plotted relative

to the normoxic condition (figure 5-8, C). Compared to normoxia, the number of living cells was
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not significantly different after 30 and 45 min of hypoxia. After 60 min of hypoxia, significantly
less viable cells could be detected compared to the normoxic sample. Those results were
verified with a lactate dehydrogenase (LDH) assay (figure 5-8, D). The LDH release due to
plasma membrane damage was measured and quantified in comparison to the normoxia. In
relation to the normoxic control, the amount of released LDH was similar when cells were
subjected to either 30 min or 45 min of hypoxia, whereas after 60 min of hypoxia the release

of LDH was significantly higher.

5.3.2. Hypoxia-induced Hif1a stabilisation and DIk1 regulation

After assaying the cell viability, the stabilisation of Hifta protein is the most prominent
parameter to analyse the hypoxia response in cells and tissues (Wang et al., 1995; Kaelin Jr,
2008; Fahling, 2009). The presence of oxygen leads to the hydroxylation of Hif1a, which results
in the binding of the von Hippel-Lindau (VHL) E3 ligase complex, which in turn results in the
direct ubiquitination and degradation by the proteasome (Kaelin Jr, 2008; Sadri and Zhang,
2013). In the case of a lack of oxygen, Hif1a is not hydroxylated and thus not binding to the
VHL E3 ligase complex, preventing its degradation (Sadri and Zhang, 2013). This allows Hif1a
accumulation and translocation into the nucleus, where it can act as a transcription factor
(Jewell et al., 2001; Simon and Keith, 2008; Dunwoodie, 2009; Haase, 2013; Grassi et al.,
2020; Wakhloo et al., 2021). Known target genes of this signalling cascade are the
transmembrane protein carbonic anhydrase IX (CalX), which is involved in the pH regulation
of cells (Sadri and Zhang, 2013; Wakhloo et al., 2021), and the glucose transporter 1 (Glut1)
(Harvey et al., 2004). Those genes are hypoxia-related genes, which are supporting the
efficiency of the Hif1la stabilisation and therefore the successful activation of hypoxia-

dependent regulation processes (figure 5-9).

Hypoxic conditions were generated by placing the cells in a hypoxic chamber, in which the
oxygen concentration can be reduced to 0.1 %, by replacing the oxygen with nitrogen (N2).
Further parameters, like temperature (37 °C), pressure (990 hPa) and humidity (83.5 %) were
under permanent control. The chamber was provided and the experimental setup were

performed in close cooperation with the group of Dr. rer. Dr. med. P. Habib, UK Aachen.
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Figure 5-9: Hypoxia-induced Hif1a stabilisation in the ESC-derived MN network. A: Western blot
analysis of cell lysates from cells after 30, 45, or 60 min of hypoxia. B: Quantification of the densiometric
analysis of Hif1a stabilisation in cells under different periods of hypoxic stimulation and compared to
normoxia. C and D: Quantification of the densiometric analysis of Hifla downstream factors CalX (C)
and Glut1 (D) after 30, 45, or 60 min of hypoxia compared to normoxia. Actin was used as loading
control. Significance was tested with t-tests (* P<0.05; *** P<0.001). CalX, carbonic anhydrase IX; Glut1,
glucose transporter 1; MW, molecular weight; N, normoxia.

Western blot analysis revealed that the hypoxic conditions applied to the ESC-derived MNs
resulted in an increased abundance of Hifta after 30, 45, and 60 min, likely due to the
stabilisation of the protein (figure 5-9, B). While quantitatively there was a slight increase of
Hif1a detectable after 30 min of hypoxia, significantly elevated protein levels were detected
after 45 min and 60 min of hypoxia. For the Hifta downstream target CalX, there was an
increase after 30 min of hypoxia and statistically increased after 45 min and 60 min of hypoxia.
However, after 60 min, the CalX protein concentration was drastically reduced compared to

the 45 min of oxygen deprivation (figure 5-9, C). The CalX protein level after 60 min of hypoxia,
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was nearly back to normal level. Glut1 levels were slightly, but not significantly increased after
30 min compared to normoxia (figure 5-9, D). Nevertheless, after 45 min of hypoxia, there was
a higher increase compared to 30 min and significantly increased compared to normoxia. After
60 min, the protein level of Glut1 was reduced again, comparable to normoxic conditions and

similar to the CalX protein level after 60 min.

With the evidence of successful hypoxia, by confirming the Hif1a stabilisation and the
activation of the direct hypoxia-dependent transcription factors CalX and Glut1, the further
steps were to analyse the hypoxia-dependent DIk1 response. The three different time periods

of hypoxia were also used for analysing the specific response of DIk1 (figure 5-10).
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Figure 5-10: Hypoxia-induced reduction of DIk1 protein levels in the ESC-derived MN network.
A: Western blot analysis of DIk1 from cells after 30, 45, or 60 min of hypoxia compared to normoxia. For
detection a DIk1-specific antibody was used. Actin was applied as loading control. B: Quantification of
the densiometric analysis of (A) relative to normoxia, n = 3. C: DIk1 mRNA expression levels after
hypoxic stimulation, compared to normoxia, n = 3. Quantifications were tested with t-tests (* P<0.05;
** P<0.005). N, normoxia; MW, molecular weight.

Western blot analysis revealed that the DIk1 protein levels were significantly reduced after
hypoxia, independent the time of oxygen deprivation (figure 5-10, A and B). After 30 min of
hypoxia a significant reduction was observed, while 45 min of hypoxia resulted in a significant
reduction of full-length DIk1 protein levels. The lowest significant reduction was observed after
60 min under hypoxia. Noteworthy, all DIk1 blots detected a double band in the western blot,
independent of hypoxic stimulation (figure 5-10, A). The band detected above the expected
molecular weight of 50 kDa changed intensity similar to the expected band at 50 kDa for the
30 min and 45 min hypoxic stimulation compared to normoxia. Nevertheless, after 60 mins of
hypoxia the DIk1 was only slightly visible. For this analysis and all following analysis, both

bands were used.
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As the hypoxia-dependent reduction could be the result of altered DIk1 gene expression, the
transcript level of DIk1 was analysed using semi-qRT PCR. The quantification of the transcript
level showed no significant difference between the hypoxia-stimulated cells and the cells under

normoxic condition (figure 5-10, C).

Based on the outcome of the cell viability assay, the Hif1a stabilisation and the abundance of
the Hif1a downstream targets CalX and Glut1, a hypoxic period of 45 min with 0.1 % O
concentration was used for all further experiments performed on the ESC-derived MNs (figure
5-10, A, arrow). Since the hypoxic stimulation should only be activate the hypoxic-induced
pathways and not stimulate the apoptotic pathway, further experiments were performed with

45 min of hypoxic stimulation.

5.4. DIk1 regulation in situ

ESC-derived MNs stimulated by hypoxia showed a reduction in the full-length DIk1 protein
levels, which was not resulting from reduced DIk1 expression levels. The alteration of DIk1 in
MNs after a hypoxic stimulation raised the question whether the observation was based on the
in vitro culture of MNs or the differentiation of ESCs into MNs itself and therefore an in vitro
artifact. To clarify if this, an additional approach of ex vivo was used. Because the in situ long-
term cultivation of spinal cord slices containing unfortunately not possible, because MNs in
these preparations typically survive only for a couple of hours (Dr. Miller, personal
communication). To circumvent this problem, murine brain slices were used, which have long
been established for using long-term slice cultures. DIk1 is expressed in the brain, especially
in astrocytes in neural stem cell niches, as well as in the dopaminergic neurons in the
hypophysis and the subgranular zone of the dentate gyrus (Ferrén et al., 2011; Montalban-
Loro et al., 2021; Grassi and Pietras, 2022).

5.4.1. Establishing brain slice culture

The murine brain has over seven million neurons with 1 x10' synaptic connections. The
neurons are forming a complex network with diverse cell types (Erd et al., 2018). They are a
central component of the microstructure of CNS circuits (Schwarz et al., 2010). In order to
maintain this microcircuit and the influence of the various neuronal structures, acute living
slices cultures were generated. The three-dimensional (3D) structure of brain slices enables
the inclusion of multiple cell types, which might interact with the neurons and could influence

the outcome of the experiment (Eguchi et al., 2020).

After preparation of the brain, it was sectioned into 300 pm thick slices which were cultivated
on Millicell-CM tissue culture inserts with 0.4 mm pores in six-well culture dishes. The slices

are surrounded by artificial cerebrospinal fluid (aCSF) medium to provide the essential factors
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for survival. The brain slices had a compact structure and were surrounded by aSCF medium
to mimic the liquor in the brain. The preparation and slicing of the brain resulted in few damaged
neurons, cell-cell connections and brain structures. To exclude preparation artifacts and
investigate the optimal time point to perform hypoxic stimulations the viability of the brain slices
was determined. Therefore, the viability of the cultivated brain slices was analysed after one,
three, seven, fourteen and twenty-one days after plating. Therefore, the number of NeuN* cells

and the Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)/NeuN*

double positive cells were counted (figure 5-11).
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Figure 5-11: Viability of neurons in brain slices over the cultivation period of three weeks.
A: Representative images of immunofluorescence staining’s for neurons (NeuN, red), combined with a
TUNEL (green) and DAPI (blue) staining for the days (0; 1; 3; 7; 14 and 21) after preparation. The scale
bar represents 25 um. B: Quantification of 2000 cells per condition. Significances were tested with a
one-way ANOVA, n = 2. (* P<0.05; *** P<0.001). Significance referees to the normoxia (#). NeuN,
neuronal nuclear protein; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling.

At the day of the dissection (day 0), the sections showed barley any dying cells, whereas slices
cultivated for one day revealed a percentage of 20 % and after three days there was an

increase in the number of NeuN* and TUNEL™ cells (30 %). With this time point, the mean

number of NeuN* and Tunel* cells were fluctuating around 30 % for all further time points (7,
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14, and 21 days). Based on this quantification, the ideal cultivation period of the brain slices

was determined to be one day (24 hours) before the hypoxia experiment starts.

For humans, hypoxic deprivation results often in stroke. However, people react differently to
stroke depending on how old they are, what gender they are and what ethnicity they are (Roy-
O’Reilly and McCullough, 2018; Ekker et al., 2019; Grotta et al., 2021; Tsao et al., 2022). Older
humans are far more sensitive to hypoxia than younger ones (Ekker et al., 2019; Grotta et al.,
2021). Beside this age aspect, there is also a gender differences reported in humans (Roy-
O’Reilly and McCullough, 2018). In general, women are less likely to suffer from an ischaemic
stroke compared to men. Therefore, the difference in the recovering from an ischaemic stroke
between the gender must be considered together with age. Young men have a higher risk of
stroke compared to women, this reverses in middle age, and in older populations women are
more likely to suffer from a stroke (Ekker et al., 2019). Those gender and age aspects can also
be transferable to mice (Liu et al., 2009; Manwani et al., 2013), which could show that young
adult female mice have smaller infarct volumina, better neurological functions and faster
recovery time, compared to the same aged male mice. With ongoing age, the difference

between the gender, were equivalently severe (Manwani et al., 2013).

Investigating on brain slices as useful approach to study DIk1 processing after hypoxic
stimulation, brain slices of different gender and age were analysed. The brain slices were
generated from mice either in an age range of 2-5 month or 8-18 month. Initial experiments
revealed useful slices with a high expression of DIk1 (supplement figure 6). Slices from the
selected region were used for all further experiments. Those brain slices were further cultivated

for one day, followed by hypoxic stimulation identically from previous experiments (figure 5-12).

87



5 Results

post-natal mature old hypclma
P 6-6 days 2- 5month 8- 18 month [ slice culture lpost—l‘lwoxic reperfusion [h] |
iz —+ ———
age of mice 5 10 15 20 24 .-05 3 6 9 time

[month] ‘J_,_.—’-"' [h]

hypoxia conditions

1020

0*-control unit

= ., Time [h]

— Hypexia Tarmoeraturs Prossure Hurmiclity

Figure 5-12: Experimental setup to analyse hypoxia mediated DIk1 processing in murine brain slices.
Brain slices were divided in three different age groups (post-natal P 6-8 days; mature 2-5 month; old 8-
18 month) depending on the reaction to hypoxia. After 24 h of culturing, the hypoxia experiment was
performed under controlled conditions of stable temperature (37 °C), pressure (990 hPa), and humidity
(83.5 %). Further, slices was observed beyond the oxygen deprivation in the post-hypoxic reperfusion
time. Image was provided by E. Arik and modified after the individual experimental setup.

Hypoxia induction in brain slices is similar to the induction of hypoxia in cultured ESC-derived
MNs. This acute period of oxygen deprivation is followed by the post-hypoxic reperfusion time.
The period of hypoxia activates cellular recovery mechanisms to restore the oxygen supply of
the brain and repair mechanisms, such as angiogenesis, neurogenesis and synaptogenesis
(Eltzschig and Eckle, 2011). However, it is common that serious damage occur during
reperfusion period as a result of the post-hypoxic reperfusion injury (Wu et al., 2018). Therefore
the 24 hours after hypoxia were investigated in the experiment to analyse the full-length DIk1
processing (figure 5-12, upper panel). The optimal time period of hypoxic stimulation for the
brain slices was determined to be 30 min (unpublished data and personal communication
Dr. rer. nat. Dr. med. P. Habib, UK Aachen) and induced a time-dependent Hif1a stabilisation
(figure 5-13). The Hif1a stabilisation, as well as the induction of the downstream targets CalX
and Glut1 were verified in brain slices from 2-5 months old and 8-18 months old mice.
Furthermore, the gender difference was separately evaluated. First results revealed similar
levels of Hif1a after hypoxic stimulation in male and female mice. As no significant differences
between males and females mice emerged (supplement figure 3, supplement figure 4), only
the male mice blots were presented in the following figures, whereas the quantifications of both

sexes was displayed.
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Figure 5-13: Hypoxia-induced Hifla stabilisation and downstream targets CalX and Glut1 in murine
brain slices. A: Combined western blot image from male brain slices of 2-5 month old mice at normoxia,
after 30 min of hypoxia, and post-hypoxia reperfusion time. B: Combined western blot images from male
brain slices of 8-18 month old mice at normoxia after 30 min of hypoxia, and post-hypoxia reperfusion
time. C: Quantification of the densiometric analysis of Hif1a stabilisation after hypoxia and reperfusion
time compared to normoxia, pooled from male and female response. D and E: Quantification of the
densiometric analysis of the downstream factors CalX (C) and Glut1 (D), pooled from male and female
response. F: Quantification of the densiometric analysis of Hifla stabilisation after hypoxia and
reperfusion time compared to normoxia, pooled from male and female response. G and
H: Quantification of the densiometric analysis of the downstream factors of Hif1a stabilisation CalX (G)
and Glut1 (H). Actin was used as loading control. Quantifications were tested with a one-way ANOVA,
n=4. (*P<0.05, ** P<0.005). Significance referees to the normoxia (#).

In 2-5 months old mice Hif1a levels were slightly increased directly after three hours of oxygen

deprivation compared to the normoxic condition (figure 5-13, A and C-E). With ongoing
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reperfusion time, Hif1a was significantly increasing after 6, 9 and 24 hours of post-hypoxic
reperfusion time compared to normoxia (figure 5-13, C). The regulation of CalX was only
slightly increased directly after the 30 min of hypoxic stimulation, whereas after 3 and 6 hours
post-hypoxic reperfusion time, CalX level was comparable to that in normoxia conditions. With
further post-hypoxic reperfusion time, CalX was dropping even below the level of that seen in
normoxia (figure 5-13, D). Glut1 was not increasing post-hypoxia and also not in the three and
six hours post-hypoxic reperfusion time. However, after 9 and 24 hours post-hypoxic
reperfusion time, Glut1 expression levels were significantly increasing, compared to those

observed under normoxic conditions (figure 5-13, E).

Compared to the 2-5 months old mice, the hypoxic stimulation of brain slices from 8-18 months
old mice, resulted in a lower, not significant Hif1a stabilisation (figure 5-13, F). Directly after
hypoxia, Hif1a is slightly increased compared to normoxia, which was more pronounced in
younger mice. In younger mice (2-5 months), Hif1a stabilisation was slightly reduced at three
hours post-hypoxic reperfusions time compared to 0 hours post-hypoxic reperfusion time. At
the same time points, the Hif1a level was still increasing in older mice (8-18 months). With
ongoing post-hypoxic reperfusion time, Hif1a levels were again reduced, compared to those in
young mice. In comparison to the young mice, the protein levels of hypoxia-induced factor
CalX was increased directly after the acute phase of hypoxia, until reaching a peak at six hours
post-hypoxic reperfusion time for the older mice. With ongoing post-hypoxic reperfusion time,
CalX levels were reduced again (figure 5-13, G). The Glut1 protein levels were elevated in the
older mice after the acute phase of hypoxia, compared to those observed in normoxia (figure
5-13, H). At three hours post-hypoxic reperfusion time, Glut1 levels had reached its maximum.
In young mice, the Glut1 protein level was increasing during the complete post-hypoxic
reperfusion time, with a peak after 24 hours post-hypoxic reperfusion time. All in all, younger
mice showed less Hif1a stabilisation and also the induction of the hypoxia-induced factors was

less compared to those observed in older mice.

There are multiple cell death pathways implicated in the pathogenesis of ischemic stroke,
including intrinsic and extrinsic apoptosis (Tuo, Zhang and Lei, 2022). To quantify the cell death
rate in the brain slices, slices of young and old mice were stimulated with a hypoxic condition,
and fixed at the desired time points during the post-hypoxic reperfusion time. Further, the slices
were stained with antibodies recognising NeuN and TUNEL to highlight the NeuN* cells and
the mortality of the cells was quantified (figure 5-14). First results revealed similar levels of the
viability of NeuN™ neurons after hypoxic stimulation in male and female mice. As no significant
differences between male and female mice emerged, only the male mice blots were presented
in the following figures, whereas the quantifications of both sexes were displayed (supplement

figure 5).
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Figure 5-14: Viability of neurons in brain slices after hypoxia. A and B: Representative images of
immunofluorescence staining’s for neurons (NeuN*, red arrowhead), combined with a TUNEL (green,
arrowhead) and DAPI (blue) staining for the normoxia, hypoxia and the time points of the post-hypoxic
reperfusion time (3, 6, 9, and 24h) for mature mice (A, 2-5 month) and old mice (B; 8-18 month). Scale
bars represent 26 ym. C and D: Quantification of a total of 2000 cells per condition per age.
Quantifications were tested with a one-way ANOVA, n =2 (C) and n =4 (D). (* P<0.05, ** P<0.005;, ***
P<0.001). Significance referees to the normoxia (#). N, normoxia, NeuN, neuronal nuclear protein;
TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling.

The mortality of neurons was analysed by the count of NeuN* and TUNEL* cells (figure 5-14,
A and B; green arrowhead) and calculating the proportion to NeuN* cells (figure 5-14, A and B;
red arrowhead) in brain slices of young mature (figure 5-14, A and C) and old mice (figure
5-14, B and D). For the brain slices of young mature mice, the mortality was not elevated after
the acute period of hypoxia. After three hours of post-hypoxic reperfusion time, the proportion
of the NeuN* and TUNEL™ were significantly increased, compared to the total number of NeuN*
cells. The percentage of dead cells in normoxia condition was around 16 %, compared to the

total number of neurons (DAPI*). For the brain slices of 8-18 month old mice (figure 5-14, D),
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the percentage of 20 % dead cells in the normoxia condition was comparable to those from
the normoxia of the younger mice (figure 5-14, C). Within three hours of post-hypoxic
reperfusion time, there was a significant elevation in the number of dead cells relative to the
NeuN* cells. Over the entire post-hypoxic reperfusion time, the numbers of dead cells were
increasing. No significant differences were observed between male and female (supplement
figure 5). After verifying that murine brain slices could be used as an additional approach to
address the question about DIk1 regulation after hypoxic stimulation, those brain slices were

further used to quantify DIk1 protein level in situ.

5.4.2. DIk1 regulation by hypoxia in early post-natal and adult brain slices

DIk1 regulation after hypoxic stimulation brain slices of mice with different ages were analysed
in brain slices derived from early post-natal days 6 to 8 (P 6-8), young mature (2-5 months)
and old (8-18 months) mice (figure 5-15).
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Figure 5-15: Hypoxia-induced DIk1 processing in post-natal murine brain slices. A: Representative
western blot image from brain slices of early post-natal mice (P 6-8 days) cultured in normoxic conditions
or after 30 min of hypoxia. B: Quantification of densiometric analysis of Hif1a stabilisation after hypoxia
compared to normoxia, n = 3. C: Quantification of densiometric analysis of DIk1 processing after hypoxia
compared to normoxia, n = 3. Actin was used as loading control. Quantifications were tested with T-test
analysis (* P<0.05, *** P<0.001). H, hypoxia;, MW, morlecular weight; N, normoxia.

Brain slices of young early post-natal mice were obtained and cultured as previously for brain
slices of mature mice (figure 5-12). In summary, they were exposed to hypoxic stimulation of
30 min 0.1 % oxygen and analysed in regard to the success of the hypoxic induction. The Hif1a
stabilisation showed a significant increase after 30 min of hypoxic stimulation, compared to
normoxia (figure 5-15, B). Based on the Hif1a stabilisation, DIk1 protein was investigated and
compared between normoxic control and after hypoxic conditions. Interestingly, DIk1 protein

levels were significantly reduced to 15 % compared to normoxia (figure 5-15, C).
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Following the P 6-8 old mice, the older mice were also investigated about the alteration on
the DIk1 protein levels after hypoxic condition compared to control conditions, in brain slices,

expressing comparable levels of DIk1 (supplement figure 1 and supplement figure 2).
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Figure 5-16: Hypoxia-induced DIk1 processing in mature murine brain slices. A: Composed western
blot image from male brain slices of 2-5 month old mice after 30 min of hypoxia and post-hypoxia
reperfusion time (3; 6; 9; and 24 h). B: Quantification of densiometric analysis of DIk1 protein level after
hypoxia and reperfusion time compared to normoxia in mature mice of 2-5 month old mice, n = 4.
C: Composed western blot image from male brain slices of 8-18 month old mice at normoxia, after 30
min of hypoxia, and post-hypoxia reperfusion time. D: Quantification of densiometric analysis of DIk1
protein level after hypoxia and reperfusion time compared to normoxia in mature mice of 8-18 month,
n = 8. Actin was used as loading control. Quantifications were tested with a one-way ANOVA (* P<0.05,
** P<0.005; *** P<0.001). Significance referees to the normoxia (#). MW, molecular weight; N, normoxia.

Interestingly, full-length DIk1 was significantly reduced after hypoxic stimulation compared to
normoxia in brain slices of the young and older mature mice (figure 5-16). In the brain slices
of young mature mice, full-length DIk1 was reduced by about 50 % compared to normoxia
(figure 5-16, B). DIk1 levels were slightly higher after three hours of post-hypoxic reperfusion
time. The older (8-18 months) mice showed a similar reduction of DIk1 levels after the acute
phase of hypoxia about 50 %, compared to normoxia. Following the post-hypoxic reperfusion

time, DIk1 was about as low in the protein levels, compared to the acute phase after hypoxia.
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Nevertheless, slight fluctuations in the DIk1 protein levels could be detected in the post-hypoxic
reperfusion time. The three and six hours post-hypoxic reperfusion showed more decrease in
the DIk1 protein levels compared to the acute phase of hypoxia (0 hour). At nine and twenty-
four hours post-hypoxic reperfusion time, Dlk1 levels were slightly elevated again at round
45 % compared to the normoxia condition. For both ages of mice, no gender-specific

differences in the DIk1 protein levels were detected (supplement figure 6).

Taken together, DIk1 is regulated in ESC-derived MNs as well as in brain slices, which leads
to the question about the underlying mechanism, which was investigated in the following parts

of this thesis.

5.5. Hypoxia-induced DIk1 cleavage
5.5.1. Hypoxia-induced Hif1a stabilisation in ESC-derived MNs

To analyse the causes of the hypoxia-reduction of full-length DIk1 in more detail, the ESC-line
DIk1-HA was used to differentiate MNs. Those ESC-derived MNs were subjected to hypoxic
stimulation and the C-terminally epitope tagged DIk1 protein analysed after hypoxia. The
observed reduction of full-length DIk1 protein levels (figure 5-10, A; figure 5-15, figure 5-16, D)
could have four different reasons: (I) a down-regulation of transcription, (II) proteolytic
degradation of the entire protein or (lll) a cleavage process that abrogates detection by the
DIk1-specific antibody used. To investigate the possibility of hypoxia-induced changes in gene
expression, Dik1 expression was analysed be semi-qRT PCR (figure 5-10, C). Thereby, no
significant reduction of the expression levels after hypoxia were detected. To address the two
other possibilities, ESCs were used to analyse the reduction of DIk1 in regard to possible

cleavage of the DIk1 protein.

It is known, that the post-hypoxic reperfusion time is more crucial to analyse hypoxia-induced
pathways. It includes the time period after the oxygen deprivation, when the molecular
pathways to recover the physiological parameters proceed (Eltzschig and Eckle, 2011; Wu et
al., 2018). Therefore, next to the acute phase of hypoxia (0 h) a post-hypoxic reperfusion time
of three hours was included in the analysis. As before, the Hif1a stabilisation as well as the
upregulation of its downstream targets CalX and Glut1 served again as control for successful

hypoxic stimulation.
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Figure 5-17: Hypoxia results in a stabilisation of Hifla and the targets CalX and Glut1 in ESC-derived
MN network. A: Representative western blot for samples from 45 min of hypoxia and three hours of
post-hypoxia reperfusion time, compared to samples from normoxia. B: Quantification of the
densiometric analysis of Hif1a stabilisation after hypoxia and reperfusion time compared to normoxia,
n=3. Cand D: Quantification of the densiometric analysis of the downstream factors of Hifla
stabilisation Glut1 (C) and CalX (D), n = 3. Actin was used as loading control. Quantifications were
tested with a T-test analysis (** P<0.005; *** P<0.001). CalX, carbonic anhydrase IX; Glut1, glucose
transporter; MW, molecular weigth; N, normoxia.

As previously established (figure 5-9) and reconfirmed here by immunoblot, 45 min of hypoxia
directly resulted in Hifla stabilisation and increase of its targets CalX and Glut1 (figure
5-17, A). These enrichments in Hif1a (figure 5-17, B), CalX (figure 5-17, C) and Glut1 (figure
5-17, D) protein levels were maintained at three hours of post-hypoxic reperfusion time. From
these findings it can be assumed that the hypoxia was successful and triggered an intracellular
response. After establishing the Hif1a stabilisation in the ESC-derived MNs, the focus was on
the DIk1 protein regulation after hypoxia. First, the question about the full-length DIk1

regulation in the context of the cellular localisation was addressed.
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Figure 5-18: Immunofiuorescence of the DIk1 detected by the DIk 1-specific antibody. A: Representative
grey scale images of the DIk1 signal intensity at normoxia, after 45 min of hypoxia, and after additional
three hours of post-hypoxic reperfusion time (upper row) and merged images of staining’s of DIk1
(green), Tubb3 (red) and DAPI (blue) (lower row). Scale bars represent 15 um. B: Quantification of a
total number of 300 cells per condition, n = 3. Quantifications were tested with a one-way ANOVA (**
P<0.005). N, normoxia; RFU, relative fluorescence unit; Tubb3, Tubulin Beta 3 Class Ill.

When comparing the immunofluorescence intensity after 45 min of hypoxic, three hours post-
hypoxic reperfusion time and normoxia conditions, DIk1 signal intensity varied between these
conditions (figure 5-18, A). The highest signal intensity was measured in the normoxia
condition, while the oxygen deprivation decreased the signal of the full-length DIk1 directly
after hypoxia and significantly after three hours reperfusion time about 25 % (figure 5-18, B).
The images revealed details of the subcellular DIk1 localisation. In normoxia, a punctate DIk1
signal is observed in the whole soma, particularly enriched in the perinuclear region. This
region was also preferable binding region for other commercially available human DIk1
antibodies, cited on the webpage of “The Human Protein Atlas”. This overlap in the DIk1
localisation might indicate the specificity and functionality of the antibody used. This punctate
signal was also observed after 45 min of hypoxia and three additional hours of post-hypoxic

reperfusion time.

To further address the question whether DIk1 reduction is because DIk1 is cleaved in a way
that the Dlk1 antibody could not bind anymore, the DIk1-HA ESC line was taken advantage of.
The used ESC line was genetically modified by Dr. M. Marks by adding an HA epitope tag at
the C-terminus of the ICF (figure 3-1; unpublished data). DIk1 is a type 1 transmembrane
protein. It consists of an N-terminal extracellular region (ECD), followed by the transmembrane
(TM) region and the short C-terminal intracellular region (ICF) (figure 1-5, A, figure 5-19, A).

After DIk1 stimulation, it can be cleaved by different proteases at its ECD and ICF and leaves
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behind the membrane-bound region (figure 5-19, B) (Smas and Sul, 1993; C. H. Jensen et al.,
1994; Wang and Sul, 2006). The cleavage of the ECD is, among others, possibly catalysed by
the disintegrin- and metalloprotease 17 (Adam17) (Jensen et al., 1994; Wang and Sul, 2006;
Traustadottir et al., 2019). This first cleavage leads then to the second cleavage of the ICF

(Grassi, Pantazopoulou and Pietras, 2020).
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Figure 5-19: Dik1 protein and the predicted DIk1 processing after hypoxic stimulation. A: Dik1 protein
with ECD, the TM and the ICF. B: DIk1 is predicted to be cleaved by Adam17 at the ECD, followed by
a cleavage at the ICF from a so far unknown protease. ECD, extracellular fragment; ICF, intracellular
fragment; HA, hemagglutinin, TM, transmembrane region.

The protease responsible for the second cleavage is not known yet. Both cleaved segments
can either interact with themselves or with further interaction partners (Wang et al., 2006;
Nueda et al., 2008; Traustadéttir et al., 2017). It is assumed that the ICF itself might translocate
to the nucleus, where it can have transcription co-factor-like activities (Subhashini, 2016;
Grassi, Pantazopoulou and Pietras, 2020). As the processing of DIk1, especially of the ICF, is
the main focus of the following experiments, the different DIk1 fragments should be

discriminated. Therefore, the following antibodies were used (figure 5-20).
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Figure 5-20: Overview of nomenclature, antibody binding sites and expected molecular weight
detectable in western blot analysis. Full-length DIk1 is detected by a commercially available antibody,
which binds at the ECD of DIk1, whereas the uncleaved DIk1-HA the full-length DIk1 describes, which
is detected by the HA antibody. The ICF-HA is one cleavage product of DIk1 detected with the HA
antibody. ECD, extracellular fragment; ICF, intracellular fragment; HA, hemagglutinin.

Therefore, in the used experimental setup, possible DIk1 cleavage products were
discriminated as the full-length DIk1, detectable with a commercially available antibody, as well
as the uncleaved DIk1-HA and the ICF-HA detected by an HA-epitope specific antibody. This
allowed a detection of DIk1 in immunoblot analysis twice at a molecular weight of around
50 kDa and using the HA-specific antibody once at 15 kDa (figure 5-20). Those two antibodies
could also be used in the immunofluorescence analysis, as they are overlapping in a
co-immunostaining (supplement figure 7). Nevertheless, with the HA co-immunostaining it is
not possible to discriminate between the full-length and ICF of DIlk1. Only the DIk1
immunofluorescence staining could reveal exclusively the full-length DIlk1. Therefore, it

provides more details about the subcellular localisation rather than Dlk1 protein processing.
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Figure 5-21: DIk1 cleavage after hypoxic stimulation. A: Representative western blots of normoxia,
45 min of hypoxia, and three hours of post-hypoxia reperfusion time. B: Quantification of the
densiometric analysis of the full-length DIk1 signal intensity after hypoxia and reperfusion time compared
to normoxia, n = 3 C: Quantification of the densiometric analysis of uncleaved DIk1-HA signal intensity
after hypoxia and reperfusion time compared to normoxia, n = 3 D: Quantification of the densiometric
analysis of the ICF-HA signal after hypoxia and reperfusion time compared to normoxia, n = 3. Actin
was used as loading control. Quantifications were tested with t-tests (* P<0.05; ** P<0.005; *** P<0.001).
uncleav., uncleaved DIk1-HA; HA, hemagglutinin; MW, molecular weight; N, normoxia.

The full-length DIk1 was clearly detectable in normoxia, but significantly reduced after post-
hypoxia and the post-hypoxic reperfusion time compared to normoxic conditions (figure
5-21, B). Similar results were detected for the full-length DIk1 protein variant using the HA-
epitope-specific antibody (figure 5-21, C; DIk1-HA). Given that the HA-specific antibody also
allows the detection of the ICF of DIk1, a second band at a size of approximately 15 kDa was
detectable in the immunoblot analysis (figure 5-21, D; ICF-HA). While the ICF was hardly
detectable in the normoxia, hypoxia resulted in an enrichment of the ICF that became

significant after the three hours of post-hypoxic reperfusion time (figure 5-21, D).
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5.5.2. ICF-HA localisation after hypoxic stimulation

The increasing ICF-HA signal after hypoxia and post-hypoxic reperfusion time indicates
cleavage of DIk1 as a response to hypoxia (figure 5-21, D). Although it is known that DIk1 is
promoting the fast aMN properties, it is not clear how DIk1 is promoting these properties (Miller
et al., 2014). Because of the different splice variants and the different cleavage sites, different
varies are formed depending on the tissue or developmental stage investigated (Wang et al.,
2006). Most of the interactions of DIk1 in any described pathways are reported to be the soluble
ECD of DIk1 (Wang and Sul, 2006; Nueda et al., 2008; Traustadéttir et al., 2016). However, it
has been shown that the ECD is not responsible for promoting fast aMN properties (Mller et
al., 2014). In contrast to the well-known ECD, little is known about the function of the ICF.
However, based on the similarity to the Notch1 signalling (Laborda et al., 1993), it was

assumed that the ICF might play a role in the pathway to promote fast aMN properties.

Nevertheless, the localisation and the downstream activity of the ICF after cleavage in fast
aMNs remains largely unknown. To further investigate the localisation of the ICF-HA, an
immunofluorescence analysis was performed using the HA-epitope-specific antibody on
ESC-derived MNs cultured either under normoxia or subjected to hypoxia with or without three
hours of post-hypoxic reperfusion time (figure 5-22). Z-stack confocal images of the cells were
taken by starting the imaging at the lowest and highest position of the ICF-HA signal. This gave
a region of 101.61 ym x 101.61 ym x 15.00 ym (X x Y x Z) with 16 individual images.
Thereafter, the distance between the single images was 0.94 um. However, to get an overview
through the whole cell, every third individual image was observed (optical section: 3™, 6™, 9,
and 12"") (supplement figure 8). This leads to a distance between the images of 2.81 uym.
Based on the susception that the ICF is transported into the nucleus, the nucleus region was
examined more closely. Suspecting a nucleus of 10 pm, it should be observed in at least three
of the images. Since the ninth layer intersects the nucleus approximately in the middle in all

samples, this was studied in more detail (figure 5-22).
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Figure 5-22: Immunofiuorescence of the DIk1-HA localisation. Confocal images of the DIk1-HA signal
of the selected 9" optical section of cells under normoxia, after 45 min of hypoxia, and after additional
three hours of post-hypoxic reperfusion time. Merged staining’s of HA and DAPI are implicated. The
nucleus was marked by the dashed line to visualise the possible translocation of ICF. The scale bar
represents 10 um. ICF, intracellular fragment; HA, hemagglutinin, N, normoxia.

optical section 9

Immunostaining of DIk1-HA on the ninth optical section of the Z-stacks, showed uniformly
distributed puncta of the DIk1 signal in all three conditions (normoxia, post-hypoxic reperfusion
time of 0 hour and 3 hours) (figure 5-22). Contrary to the ubiquitously and even signal of td-
tomato, DIk1 is detectable in puncta in different intensities throughout the soma of the cell. This
kind of signal is concordant with that obtained using the DIk1 antibody. However, the nucleus
seems to be left out partially. The region of the dashed line, seems to be also DIk1 positive.
However, the signal does not reveal an obvious translocation of the ICF-HA for any condition.
Though it has to be noted that the used antibody detects the full-length protein as well as the
intracellular part. To gain a better subcellular resolution of the nuclear region, Z-stacks were
combined in way that only the nucleus region was considered. To address the differences of
the HA antibody exclusively in the nucleus, a maximum intensity projection (MIP) of the
Z-stacks of all conditions was produced (Zeiss, Zen 3.0 software). Hereby, the DAPI* region
was determined. This reduced the number of optical sections from 17 to 6-8 images. All
nucleus positive optical sections were projected together in the MIP. Afterwards, the area of
the nucleus was examined by determining the nucleus in the DAPI* image. Following this, the
same area was used to quantify the pixel intensity of the HA signal (figure 5-23). The signal

intensity of the HA-antibody in this area was then plotted relative to normoxia (figure 5-23, B).
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Figure 5-23: Immunofluorescence analysis of the subcellular DIk1-HA localisation. A: Confocal images
of the nucleus positive optical sections (judged by DAPI staining) of z-stack images of cells in normoxia,
post-hypoxia and three hours of post-hypoxic reperfusion time were combined by MIP. The areal of the
nucleus was determined based on the DAPI counterstaining (dotted line). The scale bar represents
10 um. B: Quantification of the HA signal intensity in the nuclear region (dotted line in A). Quantifications
were performed on four (N), six (Oh), and three (3h) cells with t-tests (** P<0.005; *** P<0.001). HA,
hemaggqlutinin; ICF, intracelular fragment; MIP, maximum intensity projection; RFU, relative
fluorescence unit.

The quantification of the detected HA signal intensity exclusively in the nucleus (figure 5-23, A)

revealed a significant increase directly after hypoxia (figure 5-23, B). Interestingly, after the
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three hours post-hypoxic reperfusion time, the signal was significantly reduced. This reduction
was around 90 % of the normoxia level (figure 5-23, B). The increased ICF-HA after hypoxia
detected in western blot (figure 5-21, D) without an obvious alteration of DIk1 expression levels
(figure 5-10, C) showed that hypoxia can alters the post-translational processing of DIk1.
Further, the observed increase in nuclear signal of the DIk1-HA immunofluorescence (figure
5-23, B) might be indicative of a translocation of the ICF into the nucleus directly after hypoxia.

This could explain the gene alterations for the fast aMN properties.

5.5.3. DIk1 cleavage might act as transcription factor to mediate Matrix
metalloprotease gene expression
In the previous experiments, it was shown, that the ICF-HA is cleaved and subsequentially

translocated into the nucleus. There, the ICF-HA might act as transcription factor to alternate
specific genes expression to promote fast aMN properties. One of the suspected target genes
is the matrix metalloprotease IX (Mmp9). Mmp9 gene regulation is associated with
DIk1-independent processes, like matrix formation, cell metabolism and tissue invasion
(Ingraham et al., 2011) and in DIk1-dependent processes in cancer cell regulations (Li et al.,
2014; Grassi, Pantazopoulou and Pietras, 2020). The question arose, whether the Mmp9 gene
expression and/or the Mmp9 protein processing could also be dependent on DIk1 cleavage in
ESC-derived MNs or if this effect was specific to cancer cells. To address the influence of a
hypoxia-induced DIk1 cleavage on the Mmp9 gene regulation or Mmp9 protein processing,

semi-gRT PCR and immunofluorescence staining’s were performed.
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Figure 5-24: Hypoxia-induced Mmp9 regulation. A: Hypoxia-induced Mmp9 gene expression was
analysed after hypoxia in relation to normoxia and plotted normalised to the housekeeper Pmm2.
Quantifications were tested with independent t-test, n = 3. B: Representative grey scale images of
immunofluorescence Mmp9 staining after post-hypoxic and three hours of post-hypoxic reperfusion time
compared to normoxia (upper row) and merged images with staining of Mmp9, Tubb3 and DAPI (lower
row). The scale bar represents 20 um. C: Quantification of Mmp9 signal intensity in the different
conditions. A total number of 100 cells were analysed per condition. Quantifications were tested with
the one-way ANOVA analysis, n = 3 (** P<0.005;, *** P<0.001). H, hypoxia; Mmp9, matrix
metalloprotease; N, normoxia;, Pmm2, Phosphomannomutase 2; RFU, relative fluorescence unit;
Tubb3, Tubulin Beta 3 Class IlI.

Comparing Mmp9 gene expression in normoxia and post-hypoxia, Mmp9 expression is slightly,
but not significantly increased after hypoxia compared to normoxia (figure 5-24, A).
Subsequently, hypoxia-induced alteration in the Mmp9 protein regulation were further
analysed by comparing the immunofluorescence signal intensities in normoxia, post-hypoxia
and the three hours post-hypoxic reperfusion time. The signal intensity is most intense in the
normoxia condition, whereas the signal is significantly reduced after the hypoxia (figure 5-24, B
and C). After the post-hypoxic reperfusion time, the signal intensity is even more reduced

compared to post-hypoxia.

5.6. DIk1 cleavage mediated by Adam17

DIk1 is reported to be cleaved by the protease Adam17 (Smas, Green and Sul, 1994). Adam17
is a membrane bound metalloprotease. It is involved in multiple processes of the body function
and development (Zunke and Rose-John, 2017). So far, Adam17 has more than 80 substrates,
from cytokines, growth factors, receptors and many cell adhesion molecules (Scheller et al.,
2011). Itis believed that 10 % of all cell surface proteins are proteolytically cleaved by Adam17
to release a soluble protein (Kawahara et al., 2014; Zunke and Rose-John, 2017). One of those
cell membrane substrates is DIk1 (Wang and Sul, 2006). Depending on the DIk1 variant, there
can be multiple cleavage sites in the DIk1 protein. There are up to two cleavage sites at the
ECD, as well as one in the juxtamembrane region and another one more distally in one of the

EGF repeats (figure 1-5) (Wang and Sul, 2006; Wang et al., 2006; Grassi and Pietras, 2022).
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Furthermore, another cleavage site is reported to be intracellularly (Subhashini, 2016). The
cleavage of the ECD of DIk1 has been extensively reported (C. H. Jensen et al., 1994; Smas,
Green and Sul, 1994; Wang and Sul, 2006; Ferrén et al., 2011; Traustadéttir et al., 2019).
However, little is known about the dynamics of the ICF cleavage. In a recent experiment, the
juxtamembrane region was deleted, which includes one of the cleavage sites of Adam17. This
deletion was leading to a membrane-bound DIk1 (Grassi, Pantazopoulou and Pietras, 2020).
The comparison of membrane-bound Dlk1 and cleavable Dlk1 revealed the importance of the
cleavage for tissue invasiveness and migration in glioma cells (Grassi, Pantazopoulou and
Pietras, 2020). Thereafter, the cleavage of DIk1 by Adam17 was investigated in the following

experiments.
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Figure 5-25: Hypoxia-induced regulation of Adam17. A: Hypoxia-induced Adam17 gene expression
was analysed after hypoxia in relation to normoxia and plotted normalised to the housekeeper Pmm2.
Quantifications were tested with independent t-test, n = 4. B: Immunofluorescence staining’s of Adam17
(gray scale in top row, green in bottom row) and Tubb3 (red in bottom row) under normoxia, after 45 min
of hypoxia, and after hypoxia with additional three hours of post-hypoxic reperfusion time.
Counterstaining with DAPI. Scale bar represents 20 um. C: Quantification of Adam17 signal intensity in
the different conditions. A total number of 100 cells per condition were analysed with the ordinary one-
way ANOVA, n = 4 (** P< 0.005; *** P<0.001). H, hypoxia; N, normoxia, Pmm2, Phosphomannomutase
2; RFU, relative fluorescence unit; Tubb3, Tubulin Beta 3 Class Ill.

Adam17 is one of the proteases cleaving DIk1 at the ECD and the TM region (Smas, Green
and Sul, 1994; Wang and Sul, 2006). The activity of the Adam17 secretase is known to be
influenced by hypoxia (Wang, Feng and Li, 2013; Lian et al., 2019). In ESC-derived MNs,
hypoxia induced no significant differences in the expression of Adam17 after 45 min of hypoxia
compared to normoxia (figure 5-25, A). Given that the gene expression was not found to be
affected, the Adam17 protein was analysed by immunofluorescence staining (figure 5-25, B)
and the signal intensities quantified (figure 5-25, C). The detected signal intensities for Adam17
were only slightly elevated after hypoxia, but significantly increased after three hour of post-

hypoxic reperfusion time compared to normoxia.
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5.6.1. DIk1 cleavage inhibition by siRNA
The previous results suggest a stabilisation of Adam17 by hypoxia. However, it is reported,

that Adam17 is cleaving Dlk1. To analyse this possibility, Adam17 was knocked down by a
short interference RNA (siRNA) directly in ESC-derived MNs. ESCs were differentiated over
18-22 days and then transfected with control (ctr) siRNA and Adam17 siRNA 48 hours prior

hypoxic stimulation (see 4.2.4.3.).
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Figure 5-26: Knockdown of Adam17 by siRNA does not impact on cell morphology and viability.
A: Phase contrast images of MN networks before transfection and hypoxia, and after transfection either
with an Adam17 siRNA or a ctr siRNA 24- and 48 hours post-transfection, after hypoxia, and after three
hours of post-hypoxic reperfusion time. Scale bar represent 20 um. B: Live-Death assay stains living
cells with Calcein AM (green) and dead cells with Ethidium-Homodimer-1 (red). Staining’s were
compared between normoxia (N), directly after hypoxia, and after three hours post-hypoxic reperfusion
time. Scale bar represent 25 um. C: Quantification of living cells in the Live-Death staining (B). Living
cells were shown relative to the number of living cells under normoxia in cells transfected with the ctr
SiRNA. Quantifications were tested with the one-way ANOVA analysis. n = 2. D: Hypoxia-induced
Adam17 gene expression was analysed after hypoxia and post-hypoxic reperfusion time in relation to
normoxia in MNs transfected either with control or Adam17 siRNA. Those samples were plotted
normalised to the housekeeper Pmm2 (* P<0.05, **P<0.005). Quantifications were tested with the one-
way ANOVA analysis. n = 2. ctr, control; H, hypoxia; N, normoxia, Pmm2, Phosphomannomutase 2,
SiRNA, short interference RNA.
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The morphology of the MNs was observed before and after siRNA transfection, as well as

directly after hypoxia and after post-hypoxic reperfusion time (figure 5-26, A). The morphology
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of the MNs showed no differences regarding density, adhesion to the dishes or morphology of
the neurites, neither for transfected Adam17 siRNA nor of control (ctr) siRNA. The regular
observation of the MNs under normoxia, after hypoxia and after three hours post-hypoxic
reperfusion time were amended with a Live-Death staining (see 4.2.4.3.) (figure 5-26, B). No
obvious differences between ctr and Adam17 siRNA transfected cells or between the
conditions could be detected, which was supported by the quantification of the Calcein AM
(green) fluorescence signal marking the living cells (figure 5-26, C). Compared to normoxia,
the number of living cells was not significantly different at normoxia, post-hypoxia or post-
hypoxic reperfusion time irrespective of the transfected siRNA. Semi-gRT PCR revealed that
Adam17 ftranscripts were significantly reduced after knockdown with Adam17 siRNA,
compared to transfections with ctr siRNA 48 hours after the transfection (figure 5-26, D). The
ctr siRNA led to an increase of Adam17 mRNA levels after hypoxia, which became significant
after three hours of post-hypoxic reperfusion time compared to normoxia. Using the RNAI
pathway with Adam17-specific siRNAs, a knockdown to 80 % in normoxia was measured
(figure 5-26, D). Furthermore, the knockdown directly after hypoxia was less efficient compared
to normoxia condition. The difference between the Adam77 mRNA levels in MNs transfected
with ctr siRNA, compared to MNs transfected with Adam17 was about 40 %. After three hours
post-hypoxic reperfusion time, a knockdown efficiency of 80 % could be detected by calculating
the relative transcript level after ctr siRNA transfections of each time point and calculated the
relative mRNA level after transfected with Adam17 siRNA (figure 5-26, A). The knockdown of
Adam17 resulted in increased signal intensities compared to the control. Interestingly, after
three hours of post-hypoxic reperfusion time, when the knockdown efficiency for Adam17 was
highest, similar band intensities for the full-length DIk1 as well as ICF-HA were observed

between the Adam17 knockdown and ctr siRNA transfected cells.
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Figure 5-27: Knockdown of Adam17 in MN networks under hypoxia. A: Calculated Adam17 knockdown
efficiency. From semi-qRT PCR results (figure 5-26, D), the reduction of mRNA level for every time point
was plotted. B: Representative western blot of MN networks, either with Adam17 knockdown or with ctr
SiRNA transfection, under normoxia, directly after hypoxia, and after three hours post-hypoxic
reperfusion time. Transfection with ctr or Adami17 siRNA respectively is indicated below.
C: Quantification of the full-length DIk1 band intensity in normoxia, post hypoxia, and three hours post-
hypoxic reperfusion time, in transfected MNs with Adam17 siRNA and control siRNA. n = 3 D:
Quantification of the ICF-HA band intensity in normoxia, post-hypoxia, and three hours post-hypoxic
reperfusion time, in transfected MNs with Adam17 siRNA and control siRNA. n = 3. Actin was used as
loading control. Quantifications were tested with the two-way ANOVA analysis (* P<0.05). ctr, control;
ICF, intracellular fragment; N, normoxia; siRNA, short interference RNA.

The knockdown resulted in a reduction of Adam17 mRNA levels after hypoxic stimulation
(figure 5-27, A). Therefore, the hypoxia-induced DIk1 cleavage was further analysed by
performing western blot analysis (figure 5-27, B). Under normoxia, the western blot of whole
cell population lysates of MNs transfected with Adam17 siRNA showed less signal for the full-
length DIk1, compared to MNs transfected with ctr siRNA (figure 5-27, C). This trend reversed
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after oxygen deprivation. With the transfection of the Adam17 siRNA, there was more full-
length DIk1 compared to the control MNs transfected with ctr siRNA. With the additional three
hours of post-hypoxic reperfusion time, the full-length Dlk1 was even more reduced in the
control MNs, compared to the MNs transfected with Adam17 siRNA. Those MNs showed a
comparable level of the full-length DIk1 as after the acute phase of hypoxia, which is higher
compared to normoxia. The hypoxia-induced effects were comparable to those from previous
experiments (figure 5-21). Additionally, the ICF-HA was investigated. The transfection of
Adam17 siRNA was leading to a decrease in the protein levels in normoxia conditions (figure
5-27, D). With hypoxic stimulation, the control MNs transfected with ctr sSiRNA showed a higher
ICF-HA level compared to normoxia. Whereas, the MNs, transfected with Adam 17 siRNA show
less ICF-HA level, compared to the control MNs. After three hours of post-hypoxic reperfusion
time, the level of ICF-HA was similar in the control and Adam17 knockdown MNs. The amount
of ICF-HA in control MNs was higher than after post-hypoxic stimulations. Taken together, the
MNs transfected with ctfr siRNA are showing similar effects for the full-length Dlk1 and the ICF-

HA compared to previous results.

5.6.2. Inhibition of DIk1 cleavage by Adam17 inhibitor TMI-1

5.6.2.1. Establishing Adam17 inhibitor TMI-1
Previously, it was shown that hypoxia induction leads to an increase in the signal intensity of

Adam17, while the knockdown of Adam17 appeared to reduce DIk1 cleavage. To further
investigate the activity of Adam17 in DIk1 processing, an Adam17 inhibitor was chosen to block
Adam17-dependent cleavage. The Thiomorpholine hydroxamate inhibitor (TMI-1) is a potent
Adam17 inhibitor, which inhibits successfully LPS-induced TNF-a secretion in human primary
monocytes and human blood (Zhang et al., 2004). Additionally, it has been reported that TMI-1
is inhibiting DIk1 cleavage in high-grade glioma cells (Grassi, Pantazopoulou and Pietras,
2020). The optimal concentration of TMI-1 was first tested by analysing its impact on cell
morphology and the effects on full-length DIk1 in immunoblots and further in comparison to the

uncleaved DIk1-HA and ICF-HA in western blot analysis.
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Figure 5-28: Chemical inhibition of Adam17 by TMI-1. A: Morphological changes of MN network treated
with different concentrations of TMI-1 or DMSO as control under normoxia (N) and after 45 min of
hypoxia. Scale bar represents 100 um. B: Representative western blot of whole population protein
lysates of MN network in normoxia and post hypoxia, treated with different concentrations of TMI-1 or
DMSO as control. B-actin was used as loading control. C: Quantification of the densiometric analysis of
full-length DIk1 signal from B relative to normoxia. n = 2. D: Quantification of the densiometric analysis
of ICF-HA signal intensity from B relative to normoxia. n = 2. Arrow indicate the optimal TMI-1
concentration. Significances were tested with T-tests analysis (* P<0.05). ICF, intracellular fragment;
HA, hemagglutinin, MW, molecular weight; N, normoxia.

Treatment of MNs for one hour with the Adam17 inhibitor TMI-1 did not show any obvious
changes in the morphology or in the neurite stability for any of the used concentrations in
comparison to the untreated DMSO control irrespective of the oxygen conditions (figure
5-28, A). Western blot analysis verified that the full-length DIk1 was significantly reduced after
hypoxic stimulation, compared to normoxia for the DMSO control groups (figure 5-28, C). In
contrast, in MNs treated with 0.25, 0.5, and 1 uM of TMI-1 the band intensity for the full-length
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DIk1 increased with higher inhibitor concentrations. As Adam17 activity might result in
cleavage of the full-length DIk1 in the ECD and the ICF-HA, the oxygen deprivation led to an
increase of the ICF-HA signal intensity of the DMSO treated control group (figure 5-28, D).
While the cells treated with 0.25 uM TMI-1 showed still a significant increase for ICF-HA signal
intensity compared to normoxia, this increase was blocked by 0.5 yM and 1 pM TMI-1
treatment. Based on those results and on published data from the group of Pietras (Grassi,
Pantazopoulou and Pietras, 2020), all further TMI-1 experiments were performed with a

concentration of 0.5 yM TMI-1 for one hour before hypoxia.

After having determined the optimal concentration of the Adam17 inhibition, the experimental
setup was established with the TMI-1 concentration of 0.5 yM TMI-1. Therefore, the Hif1a
stabilisation was investigated and confirmed by the hypoxia-dependent gene regulation of
CalX and Glut1 for TMI-1 and DMSO control group.
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Figure 5-29: Hifla response to Adam17 inhibition in ESC-derived motor neuron network.
A: Morphological changes of the MN network treated with 0.5 uM TMI-1 and DMSO as control for the
time point before treatment, after one hours of treatment and post-hypoxia. Scale bar represents
100 um. B: Representative western blot for MN network in normoxia, post hypoxia, and three hours
post-hypoxic reperfusion time, treated with 0.5 uM TMI-1 compared to DMSO control. C: Quantification
of Hif1a stabilisation in normoxia, post hypoxia, and three hours post-hypoxic reperfusion time, treated
with 0.5 uM TMI-1 compared to DMSO control. n = 2. D and E: Quantification of CalX (D) and Glut1 (E)
signal intensity in normoxia, post hypoxia, and three hours post-hypoxic reperfusion time, treated with
0.5 uM TMI-1 compared to DMSO control. n = 2. Actin was used as loading control. Significances were
tested with two-way ANOVA analysis. HA, hemagglutinin; MW, molecular weight; N, normoxia.

The ESC-derived MNs did not show any obvious changes in regard to the morphology or
network stability when treated with TMI-1 in normoxia, after one hour of treatment or after
45 min hypoxic stimulation (figure 5-29). Next, the Hif1a stabilisation was compared between
normoxia, post-hypoxia and three hours of post-hypoxic reperfusion time in treated and
untreated MNs. The inhibition of Adam17 has no direct impact on the Hif1a stabilisation (figure
5-29, C). In normoxia, Hif1a is increased by treatment with TMI-1, compared to the control.

With oxygen deprivation, Hifla is stabilised more in treated and untreated control MNs

112



5 Results

compared to normoxia. Between the two groups, no obvious difference in the signal intensity
at post-hypoxia is observed. With the additional three hours of post-hypoxic reperfusion time,
Hif1a stabilisation is higher compared to post-hypoxia in untreated control, but treated MNs
have less Hif1a stabilised compare to untreated control. For the downstream factors of Hif1a,
CalX and Glut1, TMI-1 treatment seamed to reveal no significance differences (figure 5-29, D
and E). In normoxia, MNs showed for both downstream factors a higher signal intensity after
Adam17 inhibition, compared to the control group. With the oxygen deprivation, CalX and Glut1
were even expressed at higher levels, compared to the treated group in normoxia. There was
no difference in the expression levels between the treated and the control group in post-
hypoxia and also not after the three additional hours of post-hypoxic reperfusion time. For both
factors, the signal was slightly decreased after the three hours of post-hypoxic reperfusion

time, compared to the post-hypoxic condition.

5.6.2.2. Hypoxia-induced DIk1 cleavage inhibited by Adam17 inhibitor

After establishing the experimental setup for the Adam17 inhibition using TMI-1 its effects on
Dlk1 regulations were analysed. It was concluded that the DIk1 antibody, which is binding DIk1
at the N-terminus, can only detect the full-length Dlk1 and the ECD of DIk1 (figure 5-20). As
DIk1 is cleaved by Adam17 and the cleaved ECD is released into the intracellular space, it is
washed away with the supernatant in the experimental approach used. Therefore, only the
uncleaved full-length DIk1 is detectable. Therefore, only the direct impact on the full-length
DIk1 was considered by inhibiting Adam17 one hour prior to hypoxic stimulation. Control MNs
were treated with the similar volume of DMSO as the volume in which 0.5 yM TMI-1 was

dissolved.
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Figure 5-30: Immunofluorescence of the full-length DIk1 after inhibition of Adam17. A: Representative
images of the full-length DIk1 signal intensity at normoxia, after 45 min of hypoxia, and additional three
hours of post-hypoxic reperfusion time (upper row) and with treatment of 0.5 uM TMI-1 for one-hour
prior hypoxia (lower row). B: Quantification of the signal intensity of the full-length DIk1 in total number
of 100 cells per condition normalised to MNSs, treated with DMSO under normoxic conditions.
Quantifications were tested with a one-way ANOVA, n = 3 (* P<0.05, ** P<0.005). The scale bar

represents 20 um. Additional statistical analysis are displayed in the supplement figure 9. N, normoxia;
RFU, relative fluorescence units.

The full-length DIk1 signal intensity was higher after treating the cells with TMI-1, compared to
the control cells in normoxia (figure 5-30, supplement figure 9). After the cells have been
deprived of oxygen, untreated cells showed a significantly decreased signal intensity
compared to normoxia. Whereas the cells treated with TMI-1 show less decrease in the signal
intensity compared to the control DMSO treated MNs. After the three hours of post-hypoxic
reperfusion time, DMSO and TMI-1-treated MNs showed similar signal intensities for the
full-length DIk1. Nevertheless, the signal intensities in both conditions were higher compared
to the signals after the acute period of hypoxia, but less intense compared to normoxia in the

DMSO treated MNs (figure 5-30, B). Further, these results were also verified in western blot
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and the analysis extended to the ICF-HA cleavage after Adam17 inhibition (figure 5-31).
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Figure 5-31: DIk1 cleavage after hypoxic stimulation. A: Representative western blot for samples either
treated with TMI-1 or with DMSO under normoxia (N), 45 min of hypoxia, or three hours of post-hypoxia
reperfusion time. B: Quantification of full-length DIk1 signal intensity after hypoxia and reperfusion time
compared to normoxia treated with DMSO, n = 3 C: Quantification of uncleaved DIk1-HA signal intensity
after hypoxia and reperfusion time compared to normoxia treated with DMSO, n = 3 D: Quantification of
ICF-HA signal intensity after hypoxia and reperfusion time compared to normoxia treated with DMSOQO,
n = 3. Actin was used as loading control. Quantifications were tested with a two-way ANOVA (* P<0.05,
** P<0.005; *** P<0.001). Further significances are displayed in the supplement figure 10. MW, molecuar
weight; ICF, intracellular fragment.

The full-length DIk1 was significantly reduced in the untreated cells post-hypoxia, compared to
normoxia. Whereas, cells treated with 0.5 uM TMI-1 showed unaffected band intensities after
hypoxia and after three hours of post-hypoxic reperfusion time, compared to normoxia (figure
5-31, B). The uncleaved DIk1-HA showed an increase in cells after the hypoxic stimulation,
compared to normoxia. The TMI-1-treated MNs, as well as the untreated MNs both showed
increased uncleaved DIk1-HA band intensities compared to normoxia. After the three hours of
post-hypoxic reperfusion time, both conditions showed a decrease in the uncleaved DIk1-HA
band intensities, compared to the normoxia (figure 5-31, C). The ICF-HA revealed a slight
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increase in the band intensities between the normoxia and post-hypoxia and further also a
significant increase after the three hours of post-hypoxia reperfusion time (figure 5-31, D).
Nevertheless, cells which were treated with 0.5 yM TMI-1 revealed no increase in the band
intensity compared to the DMSO control group for the normoxia and post-hypoxia. Whereas
after three hours of post-hypoxic reperfusion time there is a significant reduction in ICF-HA
treated with 0.5 pM TMI-1, compared to the DMSO-treated MNs (figure 5-31, D). Taken
together, the results suggest that DIk1 is cleaved by Adam17 and that the ICF-HA is enriched
in the hypoxic-stimulated MNs.

5.6.2.3. Mmp9 segregation is independent on hypoxia-induced DIk1 cleavage

Previous results showed that hypoxia is influencing Mmp9 gene expression (figure 5-24).
Further it was reported that the ICF-HA could act as transcriptional co-factor to induce Mmp9
expression. To address the question whether DIk1 cleavage could alternate Mmp9 protein
expression or its processing, DIk1 cleavage was inhibited by TMI-1 and Mmp9 protein

expression was analysed.
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Figure 5-32: Hypoxia-induced Mmp9 regulation in ESC-derived motor neuron network with Adam17
inhibition. A: Representative immunofluorescence images of Mmp9 signal intensity after 45 min of
hypoxia and additional three hours of post-hypoxic reperfusion time compared to normoxia (upper row)
and with treatment of 0.5 uM TMI-1 for one-hour prior hypoxia (lower row). Inserted pictures are merged
images of Mmp9 (green); Tubb3 (red); and DAPI staining. Scale bar represents 20 um. B: Quantification
of the signal intensity of the full-length DIk1 in total number of 300 cells per condition displayed
normalised to nomoxia treated with DMSO, n = 3. Quantifications were tested with a two-way ANOVA
(* P<0.05, ** P<0.005). Additional quantifications are displayed in the supplement figure 11. Mmp9,
matrix metalloprotease 9; RFU, relative fluorescence unit; Tubb3, Tubulin Beta 3 Class /Il

Immunofluorescence signal intensity comparison revealed a significant reduction in the Mmp9

signal intensity after hypoxia for DMSO control cells, but not for treated cells: for the three
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hours for post-hypoxic reperfusion time, both conditions were significantly reduced compared
to normoxia (figure 5-32, supplement figure 11). For both time points of post-hypoxia and post-
hypoxic reperfusion time, cells treated with the Adam17 inhibitor showed higher signals

compared to the DMSO control group.

5.7. DIk14ICF ESC-derived MNs show similar proportion of Mmp9* MNs

The working hypothesis was that DIk1 is cleaved intracellularly followed by the translocation
of the DIk1-ICF into the nucleus and thereby an activation of presumably fast aMN-specific
DIk1 target genes. To analyse if the cleaved ICF had an effect on the fast aMN gene
expression, DIk1-HA ESCs and the DIk12°F ESC lines (created by Dr. M. Marks) were
differentiated into MNs and at day 18-22 immunostained for ChAT and Mmp9. ChAT staining
was used to mark MNs and Mmp9 to label the fast and larger intermediate aMN subpopulation
(Kaplan et al., 2014). Hereafter, the number of Mmp9*/ ChAT™* cells were compared between
the DIk1-HA and the DIk14'°F cell lines. The two DIk14°F mESC line were generated by
CRISPR/Cas9-mediated gene targeting (see 3.2.1 and figure 3-2). The CRISPR target site in
the DIk1 locus was cleaved, and indirect repair resulted in a frame-shift in which stop codons
assured premature termination of the translation. Thereby, different variant of the truncated
form of DIk1 missing the ICF were generated. These different variants were used as internal

control.
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Figure 5-33: Mmp9* cell proportion in DIk1 modified ESC-derived MN population. A: Representative
images of ChAT (green); Mmp9 (red) and DAPI (blue) staining in DIk1-HA and DIk14/CF cell lines (#79;
#82). The scale bar represents 20 um. B: Quantification of ChAT* cells (blue-green checked) per total
number of cells (DAPI*; blue). C: Mmp9* cells (green-orange striped) per ChAT" cells (blue-green
checked). D: Bar graph of Mmp9* and ChAT" cells per total number of ChAT* cells with statistical
analysis. total number of 500 cells per condition. Quantifications were tested with a t-test analysis, n = 3.
ChAT, Choline Acetyltransferase; ICF, intracellular fragment; HA, hemagglutinin; Mmp9, matrix
metalloprotease.

The ratio of ChAT* cell per total cell number for the wild-type DIk71-HA cell line was found to
be around 80 %, while the DIk12/°F cell lines showed similar results in the ratios of Chat*/ DAPI*
cells (figure 5-33, A and B). The DIk12'°F#72 cell line had 86.35 % of Chat*/ DAPI* cells. Also,
the DIK12'CF#82 cell line had 81.58 % of ChAT*/ DAPI* cells. In summary, no differences were
observed in the ratio of ChAT * cells and DAPI* (total) cells, indicating that the differentiation
of MNs per se seemed to have been independent of DIk1-ICF. Immunostainings for Mmp9
were used to test whether the generation of the DIk1-dependent fast-like aMN subtype was

affected (figure 5-33,A and C). ChAT * and Mmp9- cells were indicative of slow-like aMNs,
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BMNSs, or yMNs (Kaplan et al., 2014) (figure 5-33, C; blue-green arrows), while ChAT* and
Mmp9* double-positive cells represented fast and intermediate-like aMNs (figure 5-33, C;
green-orange stripes). The DIk1-HA cell line had around 72,53 % of Mmp9*/ ChAT™" cells,
whereas the DIk14°F cell lines showed 77,50 % (DIk12'°F#72) and 72,42 % (DIk14/°F#82) of
Mmp9*/ ChAT* cells, respectively. These ratios showed no significant difference in the
numbers of fast or intermediate-like aMNs (figure 5-33, D). These similar ratios of
Mmp9*/ ChAT™* cells might have indicated that the ICF of DIk1 has no direct influence at least
on Mmp9 gene expression. Thereafter, Mmp9 might not be the best candidate to evaluate the

Dlk1-ICF-dependent subpopulation of MNs.

5.8. Contributions
The cell lines used to address the question of the possible mechanism of DIk1 cleavage, were

generated by Dr. M. Marks (figure 3-1 and figure 3-2).

Additionally, the cell culture experiments were performed with the help of my colleagues
Dr. M. Marks, A. Michely, L. Braun, and A. Hansknecht. They helped me out with medium
changes and differentiation of ESCs into MNs. Especially, A. Michely was assisting during the
time-consuming hypoxia experiments with collecting the samples and also with medium

changes and differentiations of ESCs into MNs.

Further, L. Neumann was contributing to this thesis by slicing the embedded mouse brains and

further performing all immunofluorescence and TUNEL staining of brain slices.
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6. Discussion
Delta-like homologue 1 (DIk1) was previously identified as a determinant of motor neuron (MN)

development and diversification. Previous studies in mice and chicken embryos revealed a
critical role of DIk1 in the promotion of fast aMN gene expression and function (Miller et al.,
2014). Nevertheless, the exact molecular mechanism(s) underlying the promoting fast aMN
identity remained elusive. Experiments to identify DIk1 interaction partners and stimulations of
the DIk1 pathway were not sufficient to elucidate the complete pathway through which it

operates.

The role of DIk1 regarding developmental and functional aspects has been studied in multiple
tissues. For examples, the group of Pietras showed DIk1 expression in high grade gliomas,
where DIk1 was proteolytically cleaved by tumour necrosis factor-a-converting enzyme
(TACE), also known as A disintegrin and metalloprotease 17 (Adam17) (TACE/Adam17) after
hypoxic stimulation (Grassi et al., 2020). This leads to the separation of DIk1 into an
extracellular domain (ECD) and intracellular fragment (ICF). The ICF translocated into the
nucleus, where it altered genes involved in vascularisation and tissue remodelling is linked to
tumour growth (Grassi et al., 2020). Based on the finding that DIk1 cleavage can be induced
by a hypoxic stimulus, the question arose whether DIk1 processing during embryogenesis and
MN development was also mediated by hypoxia. In mouse, MN development during
embryogenesis starts from embryonic day 10.5 (E10.5) and continues beyond birth (Wolpert
et al., 2007). During embryogenesis, hypoxic conditions have been shown to be involved in
various processes such as osteogenesis and myogenesis (Simon and Keith, 2008;
Dunwoodie, 2009). To study whether MN diversification was stimulated by hypoxic conditions
as well, wild-type embryos were analysed in this thesis in regard to altered oxygen levels during

embryogenesis (see 5.1.).

6.1. Hypoxia influences embryogenesis

It has been reported that DIk7 is expressed in inner organs, such as the pancreas, salivary
gland, adrenal gland, lung, heart and liver at E12.5 in the mouse embryo (Garcia-Gallastegi et
al., 2019; Traustadéttir et al., 2019). To initially address the question whether proteolytic DIk1
cleavage was initiated by hypoxic conditions during differentiation of MNs, E12.5 mouse
embryos were analysed by immunohistochemistry and analysed in regard to the distribution of
DIk1 and hypoxia-induced factor 1a (Hif1a). Immunofluorescence signals could be detected in
the spinal cord, forelimb, and some inner organs e.g., the hearth. The slight DIk1 signal in the
forelimb could be linked to the involvement of DIk1 in bone and skeletal muscles development
(Chen et al., 2011; Andersen et al., 2013). Further, DIk1 is localised in different inner organs.

Especially, the heart showed a high expression of DIk1, which is in line with the involvement
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of DIk1 in cardiofibroblasts differentiation (Rodriguez et al., 2019). Further DIk1 expression in
inner organs could reflect the DIk1 involvement in branching morphogenesis of the lung and in
the salivary glands (Yevtodiyenko and Schmidt, 2006; Traustadottir et al., 2019).

To address the question whether MN development could involve hypoxic conditions, the
cellular hypoxia response was analysed by studying the expression of Hifta. Hifta is one of
the most intensively studied factors influenced by hypoxic conditions (Wang et al., 1995;
Semenza, 2007). Under normoxic conditions, Hifla is degraded through the
ubiquitin/proteasome pathway, whereas it is stabilised under hypoxic conditions (figure 1-7)
(Sadri and Zhang, 2013). Beside the hypoxic stabilisation of Hif1a, different hypoxic-
independent processes of Hifta are known. For example, it has been reported that Hif1a is
involved in cardiogenesis, bone formation, and neurogenesis (Dunwoodie, 2009; Himmels et
al., 2017). A deletion of Hif1a leads to mouse embryos with lower body weight, heart mass,
malformed for- and hindlimbs and reduced sympathetic innervation of the heart, compared to
wild-type embryos (Romana et al., 2019). Additionally, it is reported, that Hif1a is associated
with the branching of blood vessels in the spinal cord by acting through Vegf (Himmels et al.,

2017), which supports the idea that hypoxic conditions could be presence in the spinal cord.

Although most cells are expressing Hif1a, only in hypoxia-stimulated cells Hif1a is stabilised
and translocate to the nucleus, which enables discriminating between cells under hypoxic and
normoxic conditions by using antibodies recognising Hif1a. Contrary to the expectation, in the
experiments conducted in this thesis no discrete regions of Hifta stabilisation could be
detected. Instead, Hifla was detected at even levels throughout the embryo. The failure to
detect differences in Hif1a levels between tissues in the soma and nucleus could be explained
by high levels of Hif1ta in normoxic condition, which could be caused by pseudo-hypoxic
conditions. Pseudo-hypoxia can be induced by activated growth factor signalling,
independently of oxygen deprivation (Mohlin et al., 2017). Such hypoxia-independent elevation
of Hif1a levels could have made discrimination between pseudo-hypoxically stimulated cells
and cells under hypoxic condition not possible by the experimental approach used.
Additionally, due to high levels of Hif1a expression the protein may escape degradation in the
cytosol and translocate into the nucleus, where it would be protected from degradation.
Therefore, the question of a possible hypoxic influence on MN development had to be

addressed by other experimental approaches.
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6.2. Embryonic stem cell derived motor neurons as a model for hypoxia studies
A well-known model system for MN studies are ESC-derived MNs, which were investigated in
this thesis in regard to effects of hypoxic stimulations. In contrast to primary MNs, which cannot
be cultivated for long-term experiments, ESCs are able to be cultured for long periods. Further
ESCs can be genetically modified and subsequentially differentiated to the desired cells,
including MNs. Thus, ESC-derived MNs were assessed as a potential model system to analyse
the effects of hypoxia on MN development and differentiation. To address the question whether
hypoxia could influence fast aMN development, ESCs were differentiated into MNs over a
period of 20 days, according to a modified version of a previously established protocol
(Wichterle et al., 2002; Bibel et al., 2004; Gouti et al., 2014; Sagner et al., 2018). This
ESC-derived MN culture was analysed by immunofluorescence with different neuronal
markers to identify its cellular composition. The cells of the population were almost entirely
positive for the general neuronal marker NeuN, indicating the efficient differentiation into a
neuronal linage. Further, the cell population did not contain any GFAP* and Iba1* cells, which
point out the absence of astrocytes and glial cells. However, the NeuN immunofluorescence
reveal also some DAPI* but NeuN- cells. These cells could either be other non-neural cell type
or NeuN™ neurons. The latter could be neurons of a variety of identities, including olfactory
mitral cells, retinal photoreceptors, cerebellar Purkinje cells, sympathetic chain ganglion cells,
inferior olivary neurons, some cerebellar interneurons or Cajal-Retzius cells of the neocortex,
as these cells have been described as NeuN negative (Mullen, Buck and Smith, 1992; Wolf et
al., 1996; Sarnat, Nochlin and Born, 1998; Weyer and Schilling, 2003) or they could possibly
have been gamma motor neurons, which are NeuN". Indeed, as the differentiation protocol
enforces posterior CNS characteristics, posterior cells, such as sprinkle MNs were more likely.
Beside the neuronal types, other cell types are less likely but might be possible, as ESCs can
develop into all cells of the three germ layers (Bibel et al., 2004). Finally, NeuN- cells could
also be surviving murine embryonic fibroblasts, which have been used during the cultivating
period of ESCs to maintain them in the pluripotent state. Although based on the differentiation
protocol, feeder cells should be removed with the beginning of the differentiation process, it is
possible that feeder cells could have survived the process of differentiation. Based on the
ChAT immunofluorescence, the majority (90 %) of the differentiated neurons appeared to be
MNs. Nevertheless, some of the cells were negative for ChAT, indicating the presence of other
neuronal cell types. Hereafter, only Chat* and NeuN* cells were considered for further

experiments.

The successful differentiation of the ESCs into MNs was further verified by analysing the
expression of transcription factors that mark different stages of differentiation, including (1) ESC

marker, (II) MN progenitor (pMN) markers, (lll) pan-neural markers, and (IV) mature MN
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markers. For instance the ESC marker gene Poubf1, encoding the pluripotency transcription
factor Oct4 (Schdler et al., 1990; Shi and Jin, 2010; Kuzmin et al., 2019), was expressed at
high levels at the beginning of differentiation and decreased with further differentiation (Schéler
et al., 1990; Niwa, 2001). Parallel to the decrease of Pou5f1 transcription, the mRNA levels of
the MN progenitor transcription factor gene Paired Box 6 (Pax6) and Oligodendrocyte
Transcription Factor 2 (Olig2) began to rise. Upon exiting the cell cycle, the expression of the
pMN marker genes and determinants Pax 6 and Olig2 are downregulated as the cells exit the
cell cycle and transition from pMNs to MNs (Sagner et al., 2018). The semi-quantitative real
time PCR (semi-gRT PCR) revealed a similar expression dynamic between those two markers.
For the in vitro differentiation, the observed expression of all of these factors thus indicated the
successful differentiation process from ESC to pMN and finally to MNs. However, slightly in
contrast to the literature (Sagner et al., 2018), which reported expression of Pax6 and Olig2
preceding that both genes were already upregulated at day 5 of differentiation. In detail, the
previous work stated that Pax6 transcription should peak at day 3 and drastically decline
afterwards (Sagner et al., 2018). In this work, the expression of Pax6 increased drastically
between day 0 and day 3, yet reaching its peak at day 5. However, as an expression levels for
each individual day were not determined in the present work, it cannot be ruled out that Pax6
expression already peaked at day 4 of differentiation. This effect could also explain the shifted
peak in the expression of Olig2, which was at day 5 of differentiation. However, prior studies
reported Olig2 expression reaching its maximum at day 6 of differentiation (Sagner et al.,
2018), but the relative expression levels at day 6 of differentiation was not analysed in detail
in this study. Notably, an independent analysis in the research group using the same modified
protocol revealed the same relative timing of expression for both marker genes (Liauchuk,
2021).

With the inhibition of the cell-cell interactions through trypsinisation on one hand, on the other
hand the inhibition of Notch signalling by the y-secretase inhibitor dibenzazepine (DBZ), the
transient activation of Olig2 was achieved and a large number of MNs were obtained in the
differentiation. In vivo, Olig2 is regulating further transcriptions factors, such as Islet-1 (Isl1),
and Islet-2 (Isl2), which in turn induce transcription factor Mnx1 in post-mitotic MNs. Mnx1
suppresses the expression of interneuron-specific genes in MNs and to induce the maturation
of MNs in vivo (Arber et al., 1999; Thaler et al., 2002; Catela, 2020). In the in vitro
differentiation, Mnx1 showed an increase in the expression from day 5 onwards, indicating
successful generation of post-mitotic MNs. Additionally, the cells were found to express the
pan-neuronal markers Tubulin Beta 3 Class Ill (Tubb3) and RNA Binding Fox-1 Homolog 3
(Rbfox3), which together with the cholinergic neuron marker ChAT, indicated successful
differentiation into ‘mature’ MNs. Finally, DIk1 expression was found to increase during the

pMN generation until day 7, consist with its expression in pMNs (Mller 2012).
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Together with the results obtained by immunofluorescence analysis, these results clearly
demonstrated the successful differentiation of ESCs into MNs. The next question was whether
the MN differentiation protocol would promote the generation of the full range of MN subtypes,
including a, B, and y MNs, as well as the aMN subtypes (fast, intermediate and slow). As this
thesis is focussing on the fast aMN subpopulation and the influence of hypoxia on the aMN
diversity, the ESC-derived MN population was analysed specifically in regards to aMN
diversity. Mmp9 is known to be expressed in fast and intermediate aMNs, whereas MN
expression of DIk1 is restricted exclusively to the fast aMN subtype (Kaplan et al., 2014; Miller
et al., 2014). A closer investigation of the ESC-derived MN population revealed that ~50 % of
the total Chat* cells were Mmp9* (figure 5-7, C). Further, 99 % of the Mmp9* MNs were DIk1*,
while only ~1 % of the Chat* MNs were DIk1* and Mmp9-. Although previous research found
that DIk1 expression is downregulated in the later post-natal stages in vivo (after P15), in the
in vitro differentiation DIk1 did not seems to be significantly downregulated in the ESC-derived
MNs within the 20 days of differentiation, which was also observed with the DIk1-HA cell line.
Together with the results obtained in the gene expression studies this could indicate that the
MNs within the 20 days of differentiation were not yet fully matured. Moreover, independent
experiments using the same modified protocol could no decrease in DIk1 expression could be
observed within 40 days of differentiation (Liauchuk, 2021). It is possible that the ESC-derived
MNs were held in a not fully matured state by the culture conditions, the absence of presynaptic
inputs and/or the absence of muscle fibres with which MNs form neuromuscular junctions

(NMJs) in vivo and which may be required for the final maturation of MNs.

The temporal regulation of expression of Mmp9 and DIk1 in the ESC-derived MNs also differed
somewhat from that in the in vivo situation. In vivo, Mmp9 expression is upregulated with MN
maturation, while DIk1 is downregulated in mature MNs (Cherukuri, 2012; Miller, 2012). In the
present in vitro analysis, Mmp9 mRNA levels revealed stable expression with only slight
fluctuations during the process of differentiation. It is possible that the early expression of
Mmp9 during in vitro differentiation reflected its previously reported expression in the inner cell
mass (ICM) of the blastocyst stage embryo (Kim and Yoon, 2019). However, there are different
explanations. One study reported that Mmp9 is expressed in the trophoblast during the
blastocyst implantation (Martinez-Hernandez et al., 2010). Nevertheless, a further study
reported that Mmp9 is expressed in cultured ESCs and its expression might be influenced by
the increased proliferation rate effected by the hypoxia-induced canonical Wnt/B catenin
signalling pathway (Ingraham et al., 2011). This could indicate that Mmp9 is also expressed in
the in vitro differentiation and subsequently resulting in unchanging mRNA levels of Mmp9

during the process of MN differentiation from ESCs.
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While the persistent expression of DIk1 suggested that the ESC-derived MNs did not fully
mature, the finding that the cell populations consisted of up to 50 % of Mmp9* and DIk1* cells
suggested that MN functional diversification nevertheless proceeded to a large extent during
the in vitro differentiation process. Therefore, it was decided that the ESC-derived MNs could

be used to address the impact of a hypoxic conditions on DIk1 activity and MN diversification.

6.3. Hypoxia mediated DIk1 regulation
Knowing, that hypoxia could influence neuronal differentiation (Simon and Keith, 2008;

Fathollahipour, Patil and Leipzig, 2019; Li et al., 2021), the experimental conditions to assess
the effect of hypoxic stimuli had to be established in MN cell culture conditions, as the effects
of hypoxia on MNs have been barely investigated. In a recent publication, one hour with 1 % O-
was used for the hypoxic stimulation of primary human MNs, which informed about the critical
O, concentration used in the stimulation of ESC-derived MNs (Fiskum, Sandvig and Sandvig,
2021). In this thesis, the optimal time period of 45 min of oxygen deprivation for the ESC-
derived MNs was determined as 45 min, which was based on the minimal time of significant
Hif1a stabilisation and the initiation of hypoxia-induced downstream factors, before the onset
of significant cell death. After 60 min of oxygen deprivation, the MN network exhibited an
excessive number of dead cells and correspondingly an increased LDH level compared to
normoxia. This indicated that a hypoxic stimulus of 60 min is too long and as the apoptotic
pathway was already induced. Since cellular processes are addressed, Hifla was also
considered. Those results were supported by changes in the expression of the downstream
factors glucose transporter 1 (Glut1) and the transmembrane protein carbonic anhydrase 1X
(CalX) (Harvey et al., 2004; Sadri and Zhang, 2013; Wakhloo et al., 2021). Glut1 is directly
associated with hypoxia- induced gene expression and leads to an increase in the necessary
energy supply of the cells, whereas CalX is known to be associate with the pH regulation
(Wakhloo et al., 2021). These experiments therefore set the conditions to investigate the

impact of oxygen deprivation on DIk1 processing and MN diversification.

6.4. DIk1 regulation in murine brain slices
Hypoxic stimulated MNs showed reduced DIk1 protein levels, which was not an effect of

decreased DIk1 transcription levels. This observation raised the question whether the
observed reduction in full-length DIk1 levels could also be observed in neurons in their native
tissue context, which in turn was addressed through an in situ experimental approach. This
could not be performed with MNs within the spinal cord, however, because of the extreme
sensitivity of spinal MNs towards axonal and dendritic damage, which in these preparations

cannot be avoided. As an alternative, there are three main sources of MNs available ex vivo;
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(I) ESC-derived MNs, (Il) primary MNs from embryos, and (Ill) iPSC-derived MNs (Gouti et al.,
2014; Bucchia et al., 2018; Sagner et al., 2018). As an alternative to this in vitro protocol a
model better resembling the in vivo situation was chosen by using acute living brain slice
cultures to analyse DIk1 regulation after hypoxic stimulation. The three-dimensional (3D)
structure of brain slices enables the inclusion of multiple cell types within their native tissue
context into the analysis (Eguchi et al., 2020). As DIk1 is known to be expressed in the brain
throughout the whole life-span, this approach therefore allowed studying the impact of hypoxia

on neuronal DIK1 processing in situ.

Before addressing the question, if DIk1 regulation is triggered by hypoxia in brain slice cultures,
specific protocols had to be established for this purpose. It is known, that brain slices are a
well-established approach to study brain disorders (Yuan et al., 2012; Cui et al., 2013; Feber,
2019). Also, Hifla expression and hypoxia- induced apoptotic protein regulation are already
characterised in brain slices (Yuan et al., 2012; Cui et al., 2013). However, hypoxic induction
and effects have to be adjusted to the established experimental setup. By analysing the viability
of NeuN* neurons, the optimal post-extraction recovery period for brain slices was determined.
Thereafter, the time period to culture those brain slices was set to be about one day. This
decision was based on the recovery time of neurons after preparation, the observation with
other cell types, as glial and astrocytes and the minimisation of neuronal cell, which are
occurring during longer cultivation periods. After cultivating the brain slices for one day, they
were stimulated in the hypoxia chamber. Following the stimulation, the viability and the cellular
response in terms of Hif1a stabilisation and Glut1 and CalX upregulation were analysed for a
time period of 24 hours (here after named as post-hypoxic reperfusion time). The detected
Hif1a stabilisation and also the increase of the protein levels for both hypoxia-regulated genes

indicate the successful induction of cellular hypoxic response.

As the induction of cellular hypoxic response in brain slices mimics the condition of a stroke,
further aspects should be considered (Grotta et al., 2021). Non-modifiable risk factors in human
and mice for stroke are the gender and the age of the affected patients (Roy-O’Reilly and
McCullough, 2018; Ekker et al., 2019). Both factors play a decisive role in the course and
severity of the stroke (Roy-O’Reilly and McCullough, 2018). Therefore, gender and age
differences were comparatively analysed. To summarise, gender differences were not
observed, neither regarding the Hif1a stabilisation, nor in the induction of the downstream
factors, CalX and Glut1 (supplement figure 3 and supplement figure 4). This contradicts the
literature, stating a more severe outcome of stroke in male compared to female mice (Alkayed
et al.,, 1998). For the age as another decisive factor, there are no significant differences
between the ages 2-5 month old (young mice) (supplement figure 3) and 10-18 month old
(mature mice) (supplement figure 4). These results are in contradiction to the literature,

indicating a difference in the stroke outcome at different age. Especially, young female mice
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have a higher estrogen levels, which appears to have a protective effect regarding the outcome
of stroke (Alkayed et al., 1998; Manwani et al., 2013; Grotta et al., 2021). With increasing age,
the gender-specific differences in the murine stroke model should be diminished (Liu et al.,
2009; Manwani and McCullough, 2011; Manwani et al., 2013). A possible explanation for the
difference in the results could have been that in the ex vivo-condition the cultured brain slices
lack the blood flow and exposure to hormones. To clarify these possibilities, further

experiments have to be performed with larger sample sizes.

After establishing the suitability of brain slices as a model system to study DIk1 regulation,
various experiments were conducted in order to analyse the dynamics of the DIk1 protein under
oxygen-deprived conditions. Western blot analysis revealed a significant reduction of the
detectable DIk1 protein in hypoxic stimulated brain slices. This was observed in all mice,
regardless of age or gender. For young mature (2-5 month) and old (8-18 month) mice, Dlk1
was reduced immediately after induction of hypoxia. This is in line with the observation in ESC-
derived MNs and with the publication by Grassi et al (Grassi, Pantazopoulou and Pietras,
2020). During the ongoing post-hypoxic reperfusion time, DIk1 was decreased even more in
young mature mice. This might indicate a process leading to the initial reduction of DIk1
continuing after reperfusion. This might indicate that DIk1 processing itself is independent from
the oxygen-deprivation and hypoxia is only needed as an initial trigger signal. For older mice,
DIk1 reduction was also observed during the post-hypoxic reperfusion time. However, at this
stage, DIk1 protein levels were more fluctuating (figure 5-16). The lowest DIk1 protein
concentration was detected after six hours of post-hypoxic reperfusion time in this experiment.
This means that the DIk1 processing continued at least until six hours after hypoxia. In the time
period of six to nine hours, the amount of the DIk1 protein levels began to increase. The
increased DIk1 level after 9 and 24 hours of post-hypoxic reperfusion time, respectively, were
comparative to that observed after six hours, which may indicate a normalisation of DIk1
protein levels. To summarise, the reduction in the DIk1 protein was in line with the reduction
observed in ESC-derived MNs, indicating that this was not a cell culture-specific effect, but a

general feature of DIk1 regulation.

6.5. DIk1 regulation triggered by hypoxia in embryonic stem cell-derived motor
neurons
The brain slice cultures showed the decrease in the DIk1 protein amount also after and beyond

the acute hypoxic stimulation during the post-hypoxic reperfusion time. This dynamics in the
reduced DIk1 protein levels, compared to normoxia, were also observed in ESC-derived MNs
by immunofluorescence. The signal intensity of DIk1 was progressively reduced after the acute
phase of hypoxia and kept decreasing after three hours of post-hypoxic reperfusion. This is in

line with the results observed in brain slice culture. In addition, the immunofluorescence gave
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insights into the subcellular localisation of DIk1 protein. In normoxia, DIk1 was detected
ubiquitously in the entire cell, whereas after hypoxia it concentrated at the perinuclear area.
This re-localisation was previously observed in murine orexin neurons (Harris et al., 2020).
Further, the DIk1 protein reduction might be explainable by the fact, that the Dlk1 antibody is
no longer able to detect its epitope due to some kind of post-translational processing or

secretion.

The type 1 single pass transmembrane protein Dlk1 possesses a large ECD, including six
epidermal growth factor (EGF) repeats. A second cleavage leads to a short intracellular
fragment (ICF). The extracellular juxtamembrane cleavage site is one of the up to two
extracellular proteolytic cleavage sites depending on the actual DIk1 isoform. A second
cleavage site is located closer to the N-terminus (see figure 1-5) (Smas, Green and Sul, 1994;
Wang and Sul, 2006). Thereafter, DIk1 can be cleaved by TACE/Adam17 at the ECD cleavage
site (Wang and Sul, 2006; Traustadoéttir et al., 2019). Because of alternative splicing and the
different cleavage sites, different Dlk1 isoforms can be generated, depending on the tissue or
developmental stage (Wang et al., 2006). Nevertheless, little is known about the ICF and its
function. The analysis of a genetically modified ESC-derived MNs, in which DIk1 is bearing a
C-terminal HA-tag was used. Thus, after cleavage of the DIk1 protein, the ICF (hereafter
termed ICF-HA) could be traced by applying an anti-HA antibody. Hereafter, it was possible to
discriminate between the full-length membrane-bound uncleaved DIk1 and the soluble ICF-HA

by applying the respective antibodies.

Indeed, the ESC-derived MNs were shown to possess two forms of DIk1, according to western
blot analysis: the full-length DIk1 (~50 kDa) and the cleaved ICF-HA (~18 kDa). This
observation was partially in line with previous studies (Wang and Sul, 2006; Subhashini, 2016;
Grassi, Pantazopoulou and Pietras, 2020). In terms of the ICF, discrepancies of the processing
are reported. On one hand, the ICF is described to be 11 kDa in size (Wang and Sul, 2006),
but further investigations could detect a stable, cleaved ICF with a size of 9 kDa, which might
have been the product of an additional intracellular cleavage (Subhashini, 2016). This third
cleavage was further reported as alternative Adam17-dependent cleavage after hypoxia in
astrocytes (Grassi and Pietras, 2022). In this thesis, the ICF showed a molecular weight of
18 kDa as judged by comparison with the molecular weight standard. Including the fact that
the ICF was HA-tagged and western blot molecular weight standards are not accurate at such
low molecular weights, the protein fragment was concluded to represent the actual size of the
ICF of DIk1.

With hypoxic stimulation both, the levels of the full-length Dlk1 and the uncleaved DIk1-HA
were significantly decreasing, whereas that of ICF-HA was significantly increasing. The

decrease in the full-length Dlk1 and the parallel increase in ICF-HA indicate a cleavage of the
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protein, triggered by hypoxia. Although Gassi et al. were not focussing on that detail, the
reduction of full-length DIk1 levels was also observed in high-grade glioma cells (Grassi,
Pantazopoulou and Pietras, 2020). Further, their work could show the appearance of the ICF
only after hypoxia induction. In this thesis, the ICF-HA was also detectable under normoxic
condition. This might be a result of either the MN culture conditions, cell-specific differences in
protease levels or (more likely) because MNs have already shown a certain level of Hifla
stabilisation even under normoxic conditions (see figure 5-17, B). That the ECD was not
detected in these experiments was expected, as the ECD is released into the medium, which
was not separately collected and analysed in these experiments and thus it could not be

immunodetected.

6.6. Localisation of the intracellular DIk1 fragment after hypoxic stimulation
So far, evidence has been provided that the DIk1 ICF could be cleaved by Adam17 cleavage,

after which it may translocate to the nucleus (Subhashini, 2016; Grassi, Pantazopoulou and
Pietras, 2020; Grassi and Pietras, 2022). However, little is known about the function and
processing of the ICF. It has been hypothesised that the ICF acts as transcription co-factor, as
it cannot bind DNA itself. Thereafter, the ICF, acting as a transcription co-factor could be
responsible for determining fast aMN-related function (Mdller et al., 2014). To address this
question, the subcellular localisation of the ICF was traced by using the HA-specific antibody
and the DIk1-HA tag of the cell line. In normoxia conditions, both HA and full-length Dlk1

signals showed similar punctate localisation patterns.

To compare the HA signal distribution in the nucleus before and after hypoxic stimulation, the
layer, which included the nucleus was identified. This was the 9" optical section for all analysed
MNs. The immunofluorescence analysis of the 9" optical section did not reveal a significant
the translocation of the ICF-HA to the nucleus for any condition, which appeared to contradict
previous findings (Grassi et al., 2020). Reasons for these discrepancies might have been the
narrow area in the fluorescence analysis or hypoxic stimulation being insufficient to induce the
cleavage and the subsequential translocation of the ICF. Therefore, an additional quantification
of the immunofluorescence signal of the ICF-HA was performed with only individual optical
sections of the Z-Stack, including the DAPI* regions being analysed, excluding the surrounding
soma regions. Furthermore, the maximum intensity projection (MIP) was used to condense the
individual optical sections fluorescence intensity into one single image. Within this image, the
nucleus was traced back by using the DAPI signal. This analysis indeed revealed a higher
level of ICF-HA in the nucleus after hypoxic induction, indicating the translocation of the ICF

into the nucleus in MNs just as in glioma cells (Grassi, Pantazopoulou and Pietras, 2020).
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The exact mechanism underlying the translocation of the ICF into the nucleus was not
published so far. Preliminary data indicates, that the ICF is translocated to the nucleus in
association with the Nuclear factor of activated T-cells (Nfatc4) (Subhashini, 2016). This
transcription factor regulates gene expression in response to intracellular Ca?* levels. Upon
release of the second messenger Ca?* from the endoplasmic reticulum (ER), the ions can
activate the phosphatase Calcineurin (Rao, Luo and Hogan, 1997; Elisa et al., 2009). This
activation leads to the phosphorylation of Nfatc4 and subsequently to its translocation to the
nucleus (Subhashini, 2016). This pathway might be responsible for the co-translocation of the
ICF into the nucleus. Based on this pathway, one reason for the low level of translocation of
ICF-HA found in the ESC-derived MNs could be the bottle neck effect, as the amount of Nfatc4
protein could have been insufficient to shuttle the ICF. Another very likely reason could be that
the 45 min time of hypoxia was too short to promote a more pronounced translocation of Dlk1-
ICF into the nucleus, since the previous experiments in glioma cells involved hypoxia
stimulation for 48h periods (Grassi, Pantazopoulou and Pietras, 2020), a time that would by

far exceed the possible survival of ESC-derived MNs.

Although the Grassi et al. studied DIk1 cleavage by hypoxic stimulation, they did not include
any such analysis after post-hypoxic reperfusion time (Grassi et al., 2020). In this thesis, a
drastically decreased nuclear localisation of the HA signal in the nucleus was observed after
three hours post-hypoxic reperfusion time. This result seemed to contradict to the results from
western blot analysis, which indicates an increase in the ICF after the acute phase of oxygen
deprivation, as well as after three hours of post-hypoxic reperfusion time. The cause of this
reduction of the intranuclear ICF-HA signal could either be (1) an active transport of the ICF out
of the nucleus, or less likely (ll) the blockage of the transport into the nucleus and the
subsequential degradation. Another idea would be that the nuclear ICF acts as a feedback
signal to induce the inhibition of further ICF transport to the nucleus. Thus, it is possible that in
MNs the translocation of the DIk1-ICF into the nucleus happens much faster and that by the
time it was analysed the reverse process of nuclear export had already been initiated.
However, to address these possibilities further experiments are necessary to investigate the
changes in shorter or longer time intervals and in more detail. Additionally, the nuclear
localisation dynamics of possible interaction partners, such as Nfatc4 should be investigated,

for example by chromatin immunoprecipitation (ChIP) and co-immunodetection.

6.7. Matrix metalloproteinase 9 is affected by DIk1 cleavage
The observation that Dlk1 ICF-HA is cleaved and likely translocated into the nucleus could

indicate a role as a transcriptional co-factor in the activation or repression of MN-related genes.

One of the suspected target gene encodes the Matrix metalloproteinase 9 (Mmp9). It is
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associated with multiple processes, like stemness, cell metabolism and cancer cell invasion
(Grassi, Pantazopoulou and Pietras, 2020). Fast aMNs and large intermediate aMNs can be
distinguished from other subtypes by the presence of Mmp9 as a marker protein (Kaplan et
al., 2014). Beside the identification of the MN subtypes, it is also reported, that Mmp9
expression is increased by DIk1 in cancer cells, but has not been addressed whether this
activity was mediated by DIk1-ICF (Li et al., 2014). The observed slight increase in the Mmp9
transcript levels in ESC-derived MNs upon hypoxic stimulation indicates an influence of
hypoxia also on the transcription of Mmp9, which had previously been shown in various reports
for cancer cells (Li et al., 2014; Grassi, Pantazopoulou and Pietras, 2020). In contrast to the
slight increase at the mRNA level, the Mmp9 protein level was showing a significant decrease
after hypoxic stimulation and after three hours of post-hypoxic reperfusion time, compared to
normoxia. Based in the fact, that Mmp9 mRNA levels did not decrease, it is suggested a
regulation of Mmp9 through protein degradation or its shedding from the cell-surface. Mmp9 is
essential in the restructuring and remodelling of the extracellular matrix (Huang, 2018).
Especially, Mmp9 is involved in tumour-dependent remodelling for the vascularisation in
cancer-affected tissues (Christoffersson et al., 2015). To address the importance of DIk1
cleavage for Mmp9 regulation, further experiments in brain slices should be conducted.

However, the results indicate a mechanism linking hypoxia directly to Mmp9 release.

6.8. DIk1 cleavage

6.8.1. Impacts of reducing Adam17 mRNA levels on Dlk1 processing
The mechanism and the effects of DIk1 ECD cleavage has been reported by various studies

(Jensen et al., 1994; Smas, Green and Sul, 1994; Wang and Sul, 2006; Ferron et al., 2011;
Traustadottir et al., 2019). However, most of the reports are exclusively analysed the
extracellular cleavage of DIk1. Beside the extracellular cleavage, however, it was also reported
that there is an additional cleavage of DIk1 at the intracellular segment (Subhashini, 2016;
Grassi and Pietras, 2022). Furthermore, Grassi et al. reported that the wild-type cleavable DIk1
form is responsible for Mmp9 secretion and an increase in the Vegf expression, as a
membrane-bound DIk1 variant lacking the extracellular cleavage site these effects were not
observed, suggesting that the second, intracellular cleavage is dependent on the first,
extracellular cleavage (Grassi, Pantazopoulou and Pietras, 2020). In this thesis it could be
shown that Adam17 activity can indeed be influenced by hypoxia in ESC-derived MNs, in line
with previous reports in macrophages and cancer cells (Wang, Feng and Li, 2013; Lian et al.,
2019). Interestingly, Adam17 expression levels were not elevated, but Adam17 protein levels
were increased after hypoxic stimulation. The finding of reduced Adam17 mRNA levels
contrasts with previous findings that found Hif1a stabilisation promoting an increase in Adam17

transcript levels in macrophages (Lian et al., 2019), suggesting that in MNs Adam17, like
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Mmp9, is rather regulated at the protein level, either through stabilisation or decreased

shedding from the cell surface.

In this thesis, it was addressed through siRNA-mediated knockdown whether Adam17 would
be involved in DIk1 cleavage in MNs as well. After demonstrating the successful knockdown
of Adam17 expression, DIk1 cleavage was analysed in ESC-derived MNs. After stimulating
MNs by oxygen deprivation, MNs transfected with Adam17 siRNA showed increasing full-
length DIk1 protein levels compared to ctr MNs, which supports the idea that DIk1 cleavage
was mediated by an induction of Adam17 activity by hypoxia. However, after the three hours
of post-hypoxic reperfusion time, the full-length DIk1 protein levels were again similar in MNs
transfected either with ctr or Adam17 siRNA. As it was increasing after three hours post-
hypoxic reperfusion time to 80 % reduction in mRNA level and should result in inhibition of the
cleavage of DIk1. This should further lead to an increase in the full-length DIk1 protein level.
However, including the results of the protein level of the ICF after knockdown of Adam17, it
seems that Adam17 siRNA did have an effect on proteolytic activity. Under normoxic
conditions, the ICF protein level was reduced in MNs transfected with Adam17 siRNA
compared to MNs transfected with cfr siRNA. After the hypoxic stimulation, the ICF-HA level
was increased in MNs transfected with ctr siRNA while still reduced in MNs transfected with
Adam17 siRNA. By Adam17 knockdown, the cleavage of DIk1 should be inhibited and
subsequently, less ICF-HA detectable. However, after three hours of post-hypoxic reperfusion
time, the ICF-HA level was reduced in MN transfected either with Adam17 siRNA as well as
transfected with ctr siRNA. This indicated, that after three hours of post-hypoxic reperfusion
time, the effects of the reduced cleavage of Dlk1 are independent of the Adam17 mRNA level.
Taken together, the effect which leads to the increase in the ICF-HA protein level seemed to
be partially independent of the Adam17 mRNA concentration, and more likely dependent of
the Adam17 protein function. Therefore, to address the Adam17 function on DIk1 cleavage, an

additional approach with in inhibitor was performed.

6.8.3. DIk1 cleavage is inhibited by an Adam17 inhibitor

6.8.3.1. Impacts of blocking Adam17 protein function on DIk1 processing
The thiomorpholin hydroxamate inhibitor (TMI-1) is a potent Adam17 inhibitor. TMI-1 was

initially described as inhibitor of LPS-induced TNF-a secretion in human primary monocytes
and human blood (Zhang et al., 2004). Furthermore, TMI-1 was shown to successfully inhibit
DIk1 cleavage in high grade glioma cells (Grassi, Pantazopoulou and Pietras, 2020).
Therefore, TMI-1 was used to investigate the impact of Adam17 protein function in
hypoxia- induced Dlk1 ICF shedding. MNs withstood the treatment with all TMI-1
concentrations tested without obvious differences. Consistent with the previous report, steadily
increasing full-length DIk1 protein levels with increasing TMI-1 concentration and decreasing

ICF-HA levels were observed. Adam17 inhibition also resulted in an increase of full-length Dlk1
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levels and a reduction in ICF-HA levels despite hypoxia induction. This increase was higher
than the initial normoxia full-length DIk1 levels in the 1 uM TMI-1 treated cells, which was likely
an effect of newly synthesised DIk1 accumulating due to inhibited proteolytic cleavage by
Adam17. Taken together, TMI-1 was inhibiting Adam17 function, blocking the cleavage of the
full-length DIk1 into the ECD and ICF, indicating that indeed it appears to be the regulation of
Adam17 at the protein function level that is relevant for DIk1 processing. Taken together, these
results confirmed that the ICF is proteolytically cleaved off the full-length DIk1 protein by the

Adam17 protease.

6.8.3.2. Mmp9 secretion is independent on DIk1 intracellular fragment cleavage
To analyse the possibility, that the ICF might act as transcriptional co-factor, Mmp9 expression

was investigated. However, hypoxic stimulated MNs did show an elevated Mmp9 transcript
level. Data generated in this study suggested that Mmp9 protein could be shredded from the
cell surface after hypoxic stimulation. If this regulation is dependent on the Adam17-mediated
ICF-HA cleavage, the Mmp9 secretion would be prevented by the treatment with the Adam17
inhibitor TMI-1. However, MNs, treated with TMI-1 show the same reduction in the signal
intensity for the tested hypoxic stimulations as the control treated MNs, suggesting that DIk1
cleavage and release of the ICF-HA were not responsible for the Mmp9 protein levels. Thus,
in MNs the hypoxia-mediated reduction of Mmp9 levels appears to be achieved in a manner
differing from that previously reported for glioma cells (Grassi, Pantazopoulou and Pietras,
2020).

6.9. DIk12/ICF shows similar results in proportion of fast motor neurons
It has been hypothesised that DIk1 processing by Adam17 via proteolytic cleavage is followed

by translocation of the ICF into the nucleus and subsequently the activation of fast aMN-
specific genes (figure 7-1). To analyse if the cleaved ICF has an effect on the proportion of fast
aMN, DIk14°F ESCs were differentiated into MNs to address whether the absence of the DIk1-
ICF would disrupt MN functional diversification and specifically, fast aMNs specification. Two
independent DIk14'°F ESC lines were used as internal control, which differed in their mutation
leading to truncation of DIk1 shortly after the transmembrane segment. The preliminary
analysis of both lines focused on the proportion of Mmp9* (“fast”) MNs of the total population
of ChAT* MNs, which was previously in this study found to be usually be ~50 %. Notably, in
this experiment a difference in the proportion of Mmp9* cells (~80 %) compared to those
obtained in the previous experiments was also found for the control (Dlk1-HA) cell line,
suggesting that slight differences in culture conditions can have large impacts on the
diversification of MNs during their differentiation from ESCs. The comparison between the
Dlk1-HA cell line with the DIk14'°F cell lines showed similar ratios for the ChAT* and the Mmp9*
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cells. This could either indicate that the ICF was not influencing DIk1-dependent MN
diversification or that the DIk12'°f MNs might have differed at another level, such as in their
electrophysiological properties. However, it could also be that Mmp9 was not the most
adequate marker to discriminate the fast MNs from other MN subtypes, because of its possible
regulation at the post-transcriptional level independent of MN subtype identity. The observation
that differentiation of ESCs into MNs did not yield stable proportions of Mmp9* MNs across
different experiments may point in this direction. In any case, more comprehensive analysis
using additional MN subtype-specific markers, such as Err2; Err3, OPN and Timp3 (Morisaki
et al., 2016) Liauchuk, 2021; Khan et al., 2022) should be applied to conclusively discriminate
and analyse the exact composition of the MN population in regards to the different MN
subtypes. In addition to the cellular composition, electrophysiological analysis should be used
to address a possible influence of the ICF on MN subtype-specific properties independent of
MN subtype identity proper. Taken together, the truncation of the DIk1 protein largely
eliminating the ICF could not change the proportion of Mmp9* MNs and further experiments
with different markers and approaches have to be performed to determine its influence on MN

cell fate decisions.
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7. Conclusion
This thesis focused on the study of the hypoxia-dependent regulation of Delta-like

homologue 1 (DIk1) and its role in motor neuron (MN) functional diversification. Based on
previous observations on DIk1 processing in response to hypoxia in gliomas and that spinal
MNs remain avascular during their initial development (Himmels et al., 2017), it was
hypothesized that DIk1 could be stimulated by low-level oxygen conditions (hypoxia) to

promote MN functional diversification.

During embryogenesis the “classical” hypoxia pathways mediated by Hif1a can also be
activated independent of hypoxia, it is therefore difficult to attribute exclusively to low oxygen
conditions. As an alternative approach permitting precisely controlled oxygen deprivation, the
impact of hypoxia on DIlk1 processing and MN diversification was studied in murine embryonic
stem cell (ESC)-derived MNs. It was first shown that ESCs could be differentiated to a MN
expressing markers for fully differentiated MNs, such as NeuN and ChAT. Moreover, ~50 % of
the ESC-derived MNs were positive for both Dlk1 and Mmp9, suggesting that MN functional
diversification at least to some extent proceeds similar to that in vivo. Next it was shown that
in ESC-derived MNs exposed to hypoxic conditions Hif1a is stabilised and then translocated
to the nucleus. The MNs thus showed the hallmarks of the cellular hypoxia response, including
the upregulation of Hif1a target genes CalX, Glut1 and Adam17. The Adam17 protease, in
turn, may lead to an increase in the cleavage of Dlk1, which indeed was observed as a
reduction in DIk1 full-length protein levels and an increase in the levels of the DIk1 intracellular
fragment (ICF). This DIk1 cleavage could be effectively reduced by blocking Adam17 protein
activity, but not by reducing Adam17 RNA levels, which could suggest that, in contrast to other
cell types, hypoxia-dependent Adam17 activity is regulated in a transcription-independent
manner in MNs. It was further shown by this study that, after hypoxia-mediated increase in
Dlk1 cleavage, DIk1-ICF translocates transiently into the nucleus, while being shuttled out of
the nucleus after restoring normoxic conditions. It was hypothesised that once in the nucleus,
the ICF could subsequently act as a transcriptional co-factor (figure 7-1). However, preliminary
results suggested that deletion of the ICF by CRISPR-Cas9-mediated gene targeting did not
apparently alter the proportion of Mmp9* ESC-derived MNs. It remains possible, however, that
DIk1, operating through its ICF. However, the ICF, may not influence MN functional
diversification per se, but rather specifically the implementation of fast aMN properties, a

possibility that awaits further study.

To summarise, this thesis could show that Adam17 activity regulated by hypoxic stimulation
can induce the cleavage of DIk1 in MNs. The cleaved ICF of DIk1 translocated to the nucleus,
where is could function by altering gene expression activity related to fast aMN properties
(figure 7-1).
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Figure 7-1: Summary and predicted molecular mechanism of fast alpha MNs property aquisition. Low
oxygen levels are inducing the stabilisation of Hifla, which is translocated to the nucleus and
subsequentially binding with Hif1B3 to form a dimer. The dimer can bind to the HRE of target gene
regulatory elements and activate the transcription of Adam17, CalX and Glut1. At the same time, Hifla
can also activate Adam17 activity, which leads to a cleavage of DIk1. The cleaved ICF translocate to
the nucleus and alters DIk1 target genes to promote fast aMN properties. CalX, carbonanhydrase IX;
Glut1, glucose transporter 1; Hif1a/B, hypoxia-induced factor subunit 1a/B; HRE, Hif-response element;

ICF, intracellular fragment; MNs, motor neurons.
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8. Outlook

Based on the achieved results, further questions and possible approaches arise to clarify the
underlying mechanism which induces fast aMN properties. However, during this thesis, some
challenges have raised, which should be addressed in additional experiments. One challenge
was the specificity of Mmp9 as a molecular marker to identify the fast aMN population amongst
the ESC-derived MNs. Contradictory to the literature, Mmp9 expression was already elevated
during the differentiation process. Therefore, research into the Mmp9 expression dynamics
should be extended. Either by including further molecular markers, as for example, Err2, Err3,
Timp3, OPN, which could give a closer hint on the MN subtypes or in combination with
electrophysiological analysis to identify the different electrophysiological properties of the

different MN subtypes in vitro culture.

Furthermore, the translocation of the ICF raises further questions. The slight increase after
hypoxic stimulation should be further addressed by altering the duration of the hypoxic stimulus
or other conditions. The duration of the hypoxic stimulus (like for example, 30 min, 35 min,
40 min) or other conditions like the post-hypoxic reperfusion time or the oxygen level could be
fined-tuned. Also, the translocation of the ICF into the nucleus and the further progression
should be analysed. Therefore, a chromatin immunoprecipitation (ChlP) could be an adequate

method to address this question.

Beside the performed experiments, it would be interesting, if hypoxic stimulation could change
the proportion of MN subtypes during the developmental stage of pMNs. Thereafter, pMN
might be investigated by varying oxygen conditions and analysed in regard to the different MN
types they generate. Additionally, electrophysiological analysis should be performed to clarify
the properties of those differentiated MNs. At last, the DIk12/°F mouse line could be analysed

in regard to their MN composition and MN functionality.
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Supplement figure 1: DIk1 expression in murine brain slices. A: Representative western blot image
from DIk1 expression in all brain slices generated from one individual brain. B: Quantification of the
densitometrical analysis of DIk1 expression. GAPDH was used as loading control. Used brain slices are

indicated with the red bar. MW, molecular weight.
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Supplement figure 2:
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Supplement figure 2: Immunofluorescence analysis of Dlk1 expression in murine brain slices.
Individual brain slices of a wild-type mouse were stained with DIk1 and fluorescence intensities were
compared. Slices 5-8 were used for further experiments.
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Supplement figure 3:
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Supplement figure 3: Hypoxia-induced Hif1a stabilisation and downstream targets CalX and Glut1 in
murine brain slices of 2-5 month old mice A: Representative western blot image from male and female
brain slices of 2-5 month old mice after 30 min of hypoxia and post-hypoxia reperfusion time. B:
Quantification of the densiometric analysis of Hifla stabilisation after hypoxia and reperfusion time
compared to normoxia for male and female responses. C and D: Quantification of the densiometric
analysis of the downstream factors CalX (C) and Glut1 (D), for male and female responses. Actin was
used as loading control. Quantifications were tested with a one-way ANOVA, n = 3. CalX, carbonic
anhydrase IX, Glut1, glucose transporter 1, MW, molecular weight; N, normoxia.
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Supplement figure 4:
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Supplement figure 4: Hypoxia-induced Hif1a stabilisation and downstream targets CalX and Glut1 in
murine brain slices of 8-18 month old mice. A: Representative western blot image from male and female
brain slices of 8-18 month old mice after 30 min of hypoxia and post-hypoxia reperfusion time. B:
Quantification of the densiometric analysis of Hifla stabilisation after hypoxia and reperfusion time
compared to normoxia, for male and female responses. C and D: Quantification of the densiometric
analysis of the downstream factors CalX (C) and Glut1 (D), for male and female responses. Actin was
used as loading control. Actin was used as loading control. Quantifications were tested with a one-way
ANOVA, n=3 (* P<0.05 ** P<0.005). Significance referees to the normoxia (#). CalX, carbonic

anhydrase IX, Glut1, glucose transporter 1, MW, molecular weight; N, normoxia.
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Supplement figure 5:
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Supplement figure 5: Viability of neurons in brain slices after hypoxia. A and B: Representative images
of immunofluorescence staining’s for neurons (NeuN®, red arrowhead), combined with a TUNEL*
(green, arrowhead) and DAPI* (blue) staining for the normoxia, hypoxia and the time points of the post-
hypoxic reperfusion time (3, 6, 9, and 24 h) for mature male and female mice (A, 2-5 month) and old
male and female mice (B; 8-18 month). Scale bars represent 25 um. C and D: Quantification of a total
of 2000 cells per condition per age. Quantifications were tested with a one-way ANOVA, n=2(C),n =4
(D) (* P<0.05, ** P<0.005; *** P<0.001). Significance referees to the normoxia (#). N, normoxia; NeuN,
neuronal nuclei; TUNEL, TdT-mediated dUTP-biotin nick end labelling.
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Supplement figure 6:
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Supplement figure 6: Hypoxia-induced DIk1 processing in brain slices of mature mice.
A: Representative western blot image from male brain slices of 2-5 month old mice after 30 min of
hypoxia and post-hypoxia reperfusion time (3; 6; 9; and 24 h). B: Quantification of densiometric analysis
of DIk1 protein level after hypoxia and reperfusion time compared to normoxia in mature mice of
2-5 month old mice, n = 3. C: Representative western blot image from male brain slices of 8-18 month
old mice after 30 min of hypoxia and post-hypoxia reperfusion time. D: Quantification of densiometric
analysis of DIk1 protein level after hypoxia and reperfusion time compared to normoxia in mature mice
of 8-18 month. n = 4. Actin was used as loading control. Quantifications were tested with a two-way
ANOVA (* P<0.05, ** P<0.005; *** P<0.001). MW, molecular weight; N, normoxia.
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Supplement figure 7:

Supplement figure 7: Immunofluorescence of the DIk1-HA co-localisation. Representative grey scale
images of DIk1 (left image), HA (middle image) and merged (HA, green; DIk1, red; and DAPI, blue)
(right image). Scale bar represents 100 um. HA, hemagglutinin.
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Supplement figure 8:

post-hypoxic reperfusion time [h]

optical section 3

optical section 6

optical section 9

optical section 12

maximum intensity projection

Supplement figure 8: /Immunofiluorescence of the DIk1-HA localisation. Confocal images of the
DIk1-HA signal of the optical section under normoxia, after 45 min of hypoxia, and after additional three
hours of post-hypoxic reperfusion time. Merged image of DIk1-HA staining with DAPI in the maximum
intensity projection (lowest row). Scale bar represents 20 um. HA, hemagglutinin; N, normoxia.
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Supplement figure 9:
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Supplement figure 9: Additional quantification of immunofluorescence signal of the full-length DIk1
signal intensities after inhibition of Adam17 in figure 5-30. Quantifications were tested with a two-way
ANOVA, n =3 and all significant differences are displayed (* P<0.05, ** P<0.005; *** P<0.001). N,
normoxia, RFU, relative fluorescence units.
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Supplement figure 10:
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Supplement figure 10: Additional quantification of western blot analysis of DIk1 cleavage after inhibition
of Adam17. A: Quantifications of full-length DIk1 band intensities were tested with a two-way ANOVA,
n =3 (* P<0.05, ** P<0.005; *** P<0.001). B: Quantifications of ICF-HA band intensities were tested
with a two-way ANOVA, n =3 (* P<0.05, ** P<0.005; *** P<0.001). ICF, intracellular fragment; N,
normoxia.
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Supplement figure 11:
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Supplement figure 11: Additional quantification of immunofluorescence analysis of Mmp9 regulation
in ESC-derived motor neuron network with Adam17 inhibition. Quantification of the signal intensity of
Mmp9 in figure 5-32 were tested with a two-way ANOVA, n =3 (* P<0.05, ** P<0.005). N, normoxia;
Mmp9, matrix metalloprotease 9; RFU, relative fluorescence units.
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E
ECD
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FCS

FF

Fgf

Fl

FP
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