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ABSTRACT

1 Abstract

Stem cells are defined by their ability to both self-renew as well as to produce cells that
differentiate to somatic cells. The switch between symmetric and asymmetric cell divisions is
the conserved strategy by which stem cells can accomplish these two tasks. In this thesis, human
induced pluripotent stem cell (iPSC)-derived neural stem cells (NSCs) were used to identify
intracellular determinants that influence the cell fate of daughter cells during asymmetric cell
division. Amongst various analysed vesicular compartments, LAMP1/2* and CD63* vesicles were
identified as potential asymmetry factors. These represent late stages within the endolysosomal
pathway. Withdrawal of growth factors from the culture medium increased the occurrence of
asymmetrically segregated LAMP1* vesicles during cell division, linking asymmetric vesicle
distribution to neuronal differentiation of NSCs. Further, Notch1/2 receptors, as well-known
stem cell fate determinants, were found to be present in these LAMP1* vesicles. The intracellular
transport of Notch receptors was dependent on Dynamin and coincided with the internalization
of recombinant Notch receptor ligands. Inhibition of vesicular acidification led to decreased
Notch cleavage and reduced expression of Notch target genes underlining the potential function
of endolysosomal vesicles as signalling hubs for the activation of Notch receptors. Establishing a
reporter cell line expressing tdTomato under the endogenous HES1 promoter, Notch pathway
activity was studied in actively dividing NSCs. The analysis of HES1 expression dynamics
uncovered a link between high endolysosome content within a daughter cell during mitosis and
a higher HES1 expression after cell division. This endolysosome-mediated bias in Notch signalling
activity can be the basis for the decision of neuronal differentiation versus NSC fate
maintenance. This is finally supported by the finding obtained in 3D forebrain organoids, that
neurogenic cell divisions were associated with an accumulation of LAMP1* vesicles as well as
Notchl receptors in the remaining NSC.

Taken together, a putative, so far unrecognized function of LAMP1* vesicles as signalling hubs
for Notch receptors during asymmetric cell division of human NSCs was discovered. Endocytosis
and the increasingly acidic environment thereafter facilitates receptor cleavage and hence
activation of the pathway. The active shuttling of endolysosomes to one daughter cell during
mitosis leads to a biased Notch signalling activity potentially influencing the cell fate of the

respective daughter cells.
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2 Zusammenfassung

Die zwei wichtigsten Eigenschaften von Stammzellen sind auf der einen Seite ihre Fahigkeit zur
Selbsterneuerung und auf der anderen Seite die gezielte Differenzierung in somatische Zellen.
Die konservierte Strategie, um diese beiden Funktionen sicherzustellen, ist die Entscheidung
zwischen symmetrischer und asymmetrischer Zellteilung. In dieser Arbeit werden neuronale
Stammzellen herangezogen, welche aus humanen, induziert pluripotenten Stammzellen
gewonnen wurden, um intrazelluldre Faktoren zu identifizieren, die die zellulare ldentitat
wahrend einer asymmetrischen Zellteilung beeinflussen. Unter den verschiedenen analysierten
vesikuldren Kompartimenten wurden LAMP1/2*- und CD63*-Vesikel als potenzielle
Asymmetriefaktoren identifiziert, welche die spateren Stufen des endolysosomalen Wegs
darstellen. Nach dem Entzug von Wachstumsfaktoren aus dem Zellkulturmedium wurden
LAMP1*-Vesikel wahrend der Zellteilung vermehrt asymmetrisch verteilt, was diese
Vesikelasymmetrie mit der Differenzierung der neuronalen Stammzellen in Zusammenhang
bringt. Im Weiteren konnten Notch1/2-Rezeptoren, welche nachweislich die Stammzellidentitat
sicherstellen kénnen, innerhalb dieser endolysosomalen Vesikel nachgewiesen werden. Es
wurde festgestellt, dass der intrazelluldre Transport der Notch-Rezeptoren abhdngig von
Dynamin ist und einhergeht mit der Internalisierung von rekombinanten Notch-Rezeptor-
liganden. Wurde die Ansauerung der Vesikel inhibiert, flihrte dies zu einer verringerten Spaltung
von Notch-Rezeptoren und zu einer geringeren Expression von Notch-Zielgenen, was eine
mogliche Funktion dieser Vesikel als Knotenpunkt fiir die Aktivierung des Notch-Signalwegs
unterstreicht. Mit der Etablierung einer Reporter-Zelllinie, welche tdTomato unter dem
endogenen HES1-Promotor exprimiert, wurde die Aktivitat des Notch-Signalweges in sich aktiv
teilenden neuronalen Stammzellen untersucht. Die Analyse der HES1-Expressionsdynamik
deckte einen Zusammenhang zwischen einem hoheren Endolysosomen-Gehalt in einer
Tochterzelle wahrend der Mitose und einer erhéhten HES1-Expression nach der Zellteilung auf.
Es wurde gefolgert, dass die durch Endolysosomen vermittelte einseitige Aktivierung des Notch-
Signalweges die Entscheidung zwischen neuronaler Differenzierung und dem Erhalt der
neuronalen Stammzellidentitdt bedingen kann. Dies konnte schlieflich in 3D Vorderhirn-
Organoiden untermauert werden. In diesem System gingen neurogene Zellteilungen einher mit
einer Anreicherung von LAMP1*-Vesikeln und Notchl-Rezeptoren in der verbleibenden

Stammezelle.
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Zusammenfassend wird die Hypothese aufgestellt, dass LAMP1*-Vesikel als bisher unbekannte
Signalknotenpunkte fiir Notch-Rezeptoren wahrend der asymmetrischen Zellteilung von
neuronalen Stammzellen fungieren. Die Endozytose und die anschlieRende Ansduerung der
Vesikel bedingt die Spaltung der Rezeptoren und damit die Aktivierung des Signalwegs. Der
aktive Transport der Endolysosomen in Richtung einer Tochterzellen wahrend der Mitose fuhrt
daher zu einer einseitigen Aktivierung des Notch-Signalwegs, was die zelluldre Identitat der

entsprechenden Tochterzelle beeinflussen kann.
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3 Introduction

3.1 Neural stem cells and neurodevelopment

The central nervous system (CNS) is one of the most complicated organ systems within the
human body, orchestrating aspects from basic physiological to higher cognitive functions. The
proper development, especially of the brain as the control centre, is a delicate process and any
mistake or malformation can have detrimental consequences. Despite the unique morphology,
size and cellular composition of the human brain, the coordination of developmental processes
is strikingly conserved throughout evolution. Therefore, much of our current knowledge about
human neurodevelopment has been adapted from studying model organisms, ranging from
worms and flies to mice and primates. The human-specific increase in proliferative capacity of
neural stem cells (NSCs) is the main reason for the unique expansion of the human brain not
only in size, but also in capacities.

Therefore, the regulation of human NSC proliferation as well as the spatiotemporal regulation
of NSC differentiation into neurons and glia cells is a very interesting field of research, which
itself is constantly changing and developing. Catching a glimpse at a new either human-specific
or evolutionary conserved molecular mechanisms controlling NSC function is the endeavour

tackled in this thesis.

3.1.1 Mammalian neurodevelopment in vivo
The nervous system is developed as a part of the neuroectodermal germ layer, one of the three
germ layers beside the endoderm forming internal organs and the mesoderm forming the
skeletal and muscle system. The initial separation of the three germ layers is facilitated by
morphogens, including fibroblast growth factors (FGFs), Wingless/Integrated (Wnt), bone
morphogenic proteins (BMPs) and Nodal/Activin. High levels of BMP and Nodal push cells
towards the two inner germ layers, mesoderm and endoderm [Kimelman and Kirschner, 1987;
Smith et al., 1990; Koster et al., 1991; Zhou et al., 1993; Weber et al., 1996], whereas the
ectoderm is specified by low Nodal signalling [Lowe et al., 2001] (Figure 1A). The additional
secretion of BMP and Nodal inhibitors by the Spemann’s organizer region, also called node in
mammals, induces ectodermal cells to switch to a neuroepithelial cell fate generating the neural
plate [Spemann and Mangold, 1924; Piccolo et al., 1996; Zimmerman et al., 1996; Piccolo et al.,
1999; Bachiller et al., 2000]. Within this specialized region of the ectoderm, highly proliferating
neuroepithelial stem (NES) cells lead to the thickening of the neural plate which finally

invaginates and forms the neural tube.
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As these NES cells need to generate the enormous variety of neuronal and glial subtypes
constituting the nervous system, a well-defined regional patterning of the stem cell population
is the basis for the correct organisation and the formation of functional neuronal networks.
Patterning along the neural tube is established by defined regulatory regions secreting specific
morphogens. The interplay between these morphogens is both able to form gradients of cell

fates as well as sharp boundaries between compartments.
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Figure 1: Tissue patterning during mammalian neurodevelopment.
Morphogen gradients and pattering centres for germ layer specification (A) and rostral-caudal neural tube
patterning (B). Indicated in red are the signalling pathways adapted for the neural induction of pluripotent stem
cells in vitro. (A) Germ layers are specified during the primitive-streak stage in mammalian embryogenesis.
Neuroectodermal fate is defined by low BMP and low Nodal/Activin signalling mediated by the node region.
(B) Initial rostral-caudal patterning is based on RA and Wnt signalling gradients. In later stages, the midbrain-
hindbrain boundary is consolidated by FGF8 secretion from the IsO, whereas forebrain identity is established by
FGF8 secreted from the ANR. The ZLI defines caudal forebrain and midbrain areas by providing Shh. ANR —
anterior neural ridge, IsO — isthmic organizer, ZLI — zona limitans intrathalamica.
The initial rostral-caudal patterning along the neural tube is based on a gradient in Wnt signalling
activity [Kiecker and Niehrs, 2001; Nordstrom et al., 2002], with high levels of Wnt secreted in
caudal areas [McGrew et al.,, 1995; McGrew et al., 1997] and Wnt antagonist expression in
rostral areas [Kazanskaya et al., 2000; Houart et al., 2002] (Figure 1B). Combining this gradient
with additional morphogens, such as FGF8 [Crossley et al., 1996; Houart et al., 1998;
Shanmugalingam et al., 2000; Fukuchi-Shimogori and Grove, 2001; Sato et al., 2001; Walshe and
Mason, 2003] and Sonic hedgehog (Shh) [Zeltser et al., 2001; Kiecker and Lumsden, 2004],
secreted by secondary organizer regions specifies the regional identity of adjacent
compartments and corroborates the localization of boundaries between brain regions. Another
morphogen important, but less well understood is retinoic acid (RA) which is secreted in the
caudal area [Diez del Corral and Storey, 2004]. It is counteracted by the expression of RA-
degrading enzymes in the rostral part [Sakai et al., 2001; Hernandez et al., 2007].
Beside the rostral-caudal patterning, cellular identities are further specified along the dorsal-
ventral axis by two opposing morphogen gradients. On the ventral side, the floor plate of the

neural tube together with the notochord secrets high levels of Shh. On the dorsal side, cellular

identities are influenced by the neighbouring epithelial cells, which secrete both BMP and Wnt.
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During neural tube formation and regional patterning NES cells mainly divide symmetrically to
increase the stem cell pool. Around the onset of neurogenesis (embryonic day 10-12 in mouse
[Hartfuss et al., 2001; Noctor et al., 2002], and gestational week 10-12 in humans [Choi and
Lapham, 1978]), stem cells switch to asymmetric cell division and are termed radial glia cells
(RGCs) from there on. RGCs are characterized by a radial morphology spanning the whole neural
tissue from the apical lining around the ventricles to the basal pial surface and the expression of
glial marker proteins, like glial fibrillary protein (GFAP) and brain lipid binding protein (BLBP)
[Levitt and Rakic, 1980; Choi, 1981; Feng et al., 1994; Kurtz et al., 1994]. The switch from NES
cell fate to a RGC fate is facilitated by the activation of several signalling pathways, including FGF
and Notch signalling [Gaiano et al., 2000; Yoon et al., 2004; Sahara and O'Leary, 2009]. The
switch to asymmetric cell division and the importance of Notch signalling for brain development

is discussed further in chapters 3.3.3 and 3.2.3, respectively.

3.1.2 Modelling human neurodevelopment in vitro

Studying human-specific brain development used to be nearly impossible due to the
inaccessibility of appropriate tissue samples or model systems. The possibility to cultivate,
expand and differentiate human embryonic stem cells (ESCs) in vitro lay the ground for the first
human model systems for early embryonic development [Thomson et al., 1998; Amit et al.,
2000; Itskovitz-Eldor et al., 2000], including neurodevelopment [Pera et al., 2004; Gerrard et al.,
2005; Itsykson et al., 2005]. Ethical concerns over the use of ESCs derived from human
blastocysts were overcome by the generation of the first induced pluripotent stem cells (iPSCs).
Forced expression of pluripotency factors in fully differentiated somatic cells overwrites their
given cell fate reprogramming cells to a pluripotent stage [Takahashi and Yamanaka, 2006;
Takahashi et al., 2007]. Similar to ESCs, iPSCs show a broad differentiation capacity in vitro
enabling the generation of well-defined stem cell and progenitor pools and the differentiation
of almost any somatic cell type.

The established signalling pathways involved in germ layer patterning and neurodevelopment
in vivo are adapted to direct ESCs and/or iPSC differentiation (Figure 1). The meanwhile most
widely used protocol to generate NSCs from pluripotent cells is based on the so called dual-small
mothers against decapentaplegic (dual-SMAD) inhibition [Chambers et al., 2009]. SMAD
signalling is usually activated by different anaplastic lymphoma kinase (ALK) receptor subtypes
binding, amongst others, BMPs and Nodal/Activin. By inhibiting the BMP/Nodal/Activin-ALK-
SMAD pathway using small molecules, like LDN193189 [Cuny et al., 2008] and A83-01 [Tojo et
al., 2005], the mesodermal and endodermal differentiation of pluripotent cells is blocked and

cells adapt a neuroectodermal fate. Additionally, the caudalization during neural induction can
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be diminished by adding a Wnt signalling inhibitor, e.g. XAV939 [Watanabe et al., 2005;
Kadoshima et al., 2013]. After this initial neural induction phase, cells typically express NSC
marker proteins, like Nestin and Paired box 6 (PAX6) and can be differentiated into a variety of
neuronal subtypes [Chambers et al., 2009].

For a scalable expansion of NSC populations before neuronal differentiation, a plethora of
protocols were established in the last two decades. The self-renewal of NSCs can be triggered
either by activation of proliferation-promoting pathways, e.g. Wnt and Shh [Reinhardt et al.,
2013], or by supplementation of growth factors [Koch et al., 2009; Falk et al., 2012]. The former
can be achieved by direct activation of the pathways with small molecules, e.g. CHIR99021 as a
Glycogen synthase kinase 3 (GSK3) inhibitor for Wnt activation [Bain et al., 2007] and
Purmorphamine as a Smoothened (Smo) receptor agonist for Shh activation [Sinha and Chen,
2006]. The cell population generated under these conditions are termed small molecule-NSCs
(SM-NSCs) and grow in small, dense, highly proliferative cell colonies. A change from Wnt/Shh-
activation to the treatment with growth factors, namely FGF2 and epidermal growth factor
(EGF), induces a morphological shift of NSCs to form neural rosettes. In comparison to SM-NSCs,
this second NSC population, called rosette-type NSCs from here on, exhibit a clear internal
apical-basal polarization, signs of interkinetic nuclear migration and response to additional
patterning cues during neuronal differentiation [Zhang et al., 2001; Elkabetz et al., 2008; Koch
et al., 2009; Falk et al., 2012; Reinhardt et al., 2013]. Therefore, rosette-type NSCs are thought
to represent a NSC population similar to NES cells and/or RGCs during early stages of
neurodevelopment in vivo.

Beside this two-dimensional (2D) model for neurodevelopment, another field of iPSC-derived
cell culture models boomed in the last years, the organoid system. In this three-dimensional (3D)
setting, the self-organizing ability of stem and progenitor cells is utilized to mimic structural and
spatial aspects of development. Therefore, iPSCs are aggregated into cellular spheres, called
embryoid bodies (EBs), which are cultivated in suspension. After neural induction, developing
brain organoids self-organize forming neural rosettes, which develop into loop-like structures
[Eiraku et al., 2008; Kadoshima et al., 2013; Lancaster et al.,, 2013]. These structures are
characterized by a ventricle surrounded by an apical membrane and a ventricular-like zone (VZ)
comprised of NSCs. Comparable to the in vivo situation, NSCs in organoids span the VZ from
apical to basal and divide directly adjacent to the ventricular lining. In later stages, a cortical
plate-like zone (CP) is formed by the developing neurons outside the VZ, which can resemble all
six layers of the human cortex [Qian et al., 2016]. Some evidence even show that organoids can
model human-specific characteristics of neurodevelopment, e.g. the generation of outer RGCs

[Kadoshima et al., 2013; Lancaster et al., 2013] and the induction of gyrification [Li et al., 2017;

Page | 7



INTRODUCTION

Karzbrun et al., 2018]. Similar to the 2D system, the regional identity of the organoids can be
further restricted by additional patterning cues, like Wnt- and Shh-inhibition to form forebrain-
or neocortex-specific structures [Kadoshima et al., 2013; lefremova et al., 2017; Xiang et al.,
2017; Krefft et al., 2018].

Taken together, iPSC-derived NSCs in 2D and 3D are a powerful model system to study

molecular, cell biological and structural aspects of human embryonic neurodevelopment.

3.2 Notch signalling pathway

As briefly mentioned in chapter 3.1.1, Notch signalling was described to be important for RGC
fate specification in mouse around the turn of the 21th century [Gaiano et al., 2000]. The initial
phenotypic characterization of the Notch locus, however, dates back over 100 years, when
specific Drosophila melanogaster (D. melanogaster) mutants with “notched” wings were
described [Dexter, 1914; Morgan, 1917]. The gene responsible for the phenotype was hence
termed Notch and was later characterized as coding for a transmembrane receptor [Wharton et
al., 1985; Kidd et al., 1986; Fehon et al., 1990] and the starting point for the Notch signalling
pathway. Functionally, Notch was soon associated with neurogenic phenotypes in D.
melanogaster [Metz and Bridges, 1917; Poulson, 1937] and later found to be also crucial for
mammalian neurodevelopment, especially NSC maintenance and differentiation [Hatakeyama
et al., 2004].

Canonically, the Notch signalling pathway is activated by cell-cell-contact, between a signal
receiving cell expressing Notch receptors on its cell surface and a signal sending cell expressing
the respective ligands from the Delta/Serrate/LAG-2 (DSL) family [Henderson et al., 1994; Mello
et al., 1994; Tax et al., 1994]. In contrast to many other signalling pathways, an incoming Notch
signal is not further amplified within the cell. Instead, ligand binding leads to the release of the
intracellular domain (ICD) from the receptor, which directly regulates target gene expression.
Despite the apparent simplicity of this pathway, Notch signalling is regulating a multitude of
developmental processes in different cell types and tissues at different developmental stages.
In addition to this simple, linear signalling from a cell-cell-contact to a change in gene expression,
there are several layers of regulatory processes. To establish the spatiotemporal specificity of
Notch signalling, many of these regulators act in a cell type-, context- and/or time-dependent
manner. This makes Notch signalling one of the most interesting, but also most challenging

signalling pathway to study.
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3.2.1 Notch receptors and Notch ligands

In mammals, four Notch receptor isoforms are described [Maine et al., 1995]: Notchl and
Notch2 are structurally very similar and functionally equivalent [Liu et al., 2015] (Figure 2A).
Notch3 exhibits a more restricted expression pattern, e.g. in vascular smooth muscle [Joutel et
al., 2000], CNS [Lardelli et al., 1994] and pancreas [Apelqgvist et al., 1999], and a limited property
to activate transcription [Beatus et al., 2001]. Notch4 is the least understood isoform, but is
thought to inhibit the signalling of other Notch isoforms [James et al., 2014].

All Notch receptors are expressed as a pro-form, which is translated at the endoplasmic
reticulum (ER) as a single-pass transmembrane protein (Figure 2C). In the ER and later in the
Golgi apparatus, Notch proteins undergo the first post-translational modification, namely O-
glycosylation. Mediated by a variety of enzymes (Pofut family, Fringe family and Rumi) the
addition of different O-glycans regulates Notch-ligand specificity [Briickner et al., 2000; Hicks et
al., 2000; Moloney et al., 2000; Okajima and Irvine, 2002; Okajima et al., 2003; Kakuda and
Haltiwanger, 2017; Luca et al., 2017; Schneider et al., 2018] and facilitates the cleavage of Notch

receptors after ligand binding [Acar et al., 2008]. Within the trans-Golgi network the Notch pro-
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Figure 2: The Notch signalling pathway.

(A-B) Domain structure of human Notch receptor isoforms (Notch1-4) and Notch ligands (DLL1/3/4, JAG1/2). In
comparison to the other Notch ligands, DLL3 only acts as a cis-inhibitor and cannot activate Notch signalling (*)
[Ladi et al., 2005]. Indicated are intra- and extracellular domains: ANK — ankyrin repeats, CRD — Cysteine-rich
domain, DSL — Delta/Serrate/LAG-2, HD — heterodimerization domain, LNR — LIN-12-Notch repeats, MNNL —
module at the N-terminus of Notch ligands, NLS — nuclear localization signal, NRR — negative regulatory region,
PEST — Proline-Glutamate-Serine-Threonine domain, RAM — RBP-J-associated module, TAD — transcription
activation domain. (C) Schematic representation of Notch receptor processing during receptor expression (S1
cleavage by Furin) and activation (S2 and S3 cleavage by ADAM and y-secretase, respectively). Release of the
Notch intracellular domain (ICD) after the last cleavage, triggers its translocation to the nucleus and activation
of downstream target genes (e.g. HES and HEY family genes).
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forms are also cleaved for the first time by the Furin-like convertase (S1 cleavage) [Logeat et al.,
1998] (Figure 2C). This leads to the assembly of the bipartite receptor heterodimers by the non-
covalent binding of the Notch extracellular domain (ECD) and the Notch transmembrane (TM)-
intracellular domain (ICD) [Sanchez-Irizarry et al., 2004].

The heterodimerization of Notch receptors serves to prevent ligand-independent activation of
the receptor. The hydrophobic heterodimerization domain (HD) and the adjacent LIN12-Notch
repeats (LNR) form the negative regulatory region (NRR) and sterically block the access to the
S2 cleavage site within the HD [Sanchez-Irizarry et al., 2004; Gordon et al., 2007]. This blockage
can be overcome by the binding of Notch receptors to its respective ligands, DLL1/3/4 and
JAG1/2 in mammals, which are also single-pass transmembrane proteins [Lissemore and
Starmer, 1999] (Figure 2B). The interaction is mediated by the module at the N-terminus of
Notch ligands (MNNL), DSL domain and EGF-like repeats on the ligand side [Cordle et al., 2008;
Andrawes et al., 2013] and the large arrays of EGF-like repeats on the receptor side [Rebay et

al., 1991].

3.2.2 Notch signal transduction

Upon the binding between Notch receptors and ligands, the receptors undergo a series of
proteolytic cleavages, finally releasing the Notch ICD into the cytosol. The soluble Notch ICD then
mediates the signal transduction from the cell surface to the nucleus (Figure 2C).

The first step in this process is the release from the autoinhibition by the NRR. This is thought to
be either overcome by simple conformational change upon ligand binding [Tiyanont et al., 2011]
or by a pulling force applied by the internalization of the ligand into the signal sending cell [Parks
et al., 2000; Nichols et al., 2007; Gordon et al., 2015; Lovendahl et al., 2018]. The S2 cleavage
site can then be recognized by transmembrane metalloproteases from the A disintegrin and
metalloprotease (ADAM) family [Brou et al., 2000; Mumm et al., 2000; Nichols et al., 2007]. After
S2 cleavage, the intramembranous S3 cleavage site is available for the y-secretase complex. This
complex consists of Presenilin 1/2, Nicastrin, anterior pharynx-defective 1 (APH1) and presenilin
enhancer 2 (PEN2), where Presenilin 1 facilitates the protease activity [Wolfe, 2006]. S3 cleavage
releases the Notch ICD from the membrane into the cytosol [Kopan et al., 1996; Schroeter et al.,
1998; Strooper et al., 1999], which is then bound by Importin a via its nuclear localization signals
(NLS) [Huenniger et al., 2010]. This mediates the translocation of the ICD into the nucleus, where
it triggers expression of Notch target genes [Schroeter et al., 1998; Struhl and Adachi, 1998].
DNA binding and transcriptional regulation by the Notch ICD is mediated by association with
recombination signal sequence-binding protein Jk (RBP-J), also called C promoter-binding factor

1 (CBF1), which belongs to the CBF/Suppressor of hairless/LAG-1 (CSL) family [Lecourtois and
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Schweisguth, 1998; Schroeter et al., 1998; Struhl and Adachi, 1998]. RBP-J binds to a weak
consensus sequence (C/tGTGGGAA) [Del Bianco et al., 2010] in the promoter region of target
genes [Kovall and Hendrickson, 2004; Nam et al., 2006; Friedmann and Kovall, 2010] as well as
in distal super-enhancer regions [Wang et al., 2014]. In the absence of Notch ICD, RBP-J recruits
several transcriptional repressors, including epigenetic regulators like histone deacetylases,
actively inhibiting expression of Notch target genes [Dou et al., 1994; Waltzer et al., 1995; Kao
et al., 1998]. Upon translocation to the nucleus, the Notch ICD binds to RBP-J via its RBP-J-
associated module (RAM) domain [Tamura et al., 1995]. In complex with RBP-J, the Notch ICD
recruits the transcriptional coactivator Mastermind-like 1 (MAML1) via its ankyrin repeats (ANK)
[Petcherski and Kimble, 2000; Wu et al., 2000; Nam et al., 2003; Nam et al., 2006]. This complex
can, in turn, replace the inhibitory CSL complexes and recruits further transcriptional
coactivators, like the histone acetyltransferase p300 [Yatim et al., 2012]. In addition to the
recruited transcription activators, two of the four mammalian Notch isoforms (Notch1l and
Notch2) contain an internal transcription activation domain (TAD) directly amplifying
transcription of downstream target genes [Kurooka et al., 1998; Beatus et al., 2001; Liu et al.,

2015].

3.2.3 Notch downstream signalling and cell fate determination
The group of Notch target genes is quite limited, with the main targets being members of the
hairy/enhancer of split (HES) family and the HES related with YRPW motif (HEY) family [Jarriault
et al., 1995; Maier and Gessler, 2000]. These proteins are themselves transcription factors with
a basic helix-loop-helix structure and bind as homo- or heterodimers to N box (CACNAG) and
class C site(CACG(C/A)G) DNA sequences [Sasai et al., 1992; Ohsako et al., 1994; Iso et al., 2001].
In combination with additional coregulators, this small group of Notch targets can facilitate
various cell fate decisions both during embryonic development and during adult tissue
maintenance. The main mechanisms involved in cell fate decision by Notch signalling include (1)
maintenance of stem cell fate e.g. in embryonic myogenesis [Kopan et al., 1994; Mayeuf-
Louchart et al., 2014] and the regeneration of the gut [Korinek et al., 1998; van Es et al., 2005],
(2) induction of terminal differentiation, e.g. in the skin [Lowell et al., 2000; Estrach et al., 2008],
and (3) regulation of fate decisions between cell lineages, e.g. during development of the
hematopoietic system [Pui et al., 1999; Radtke et al., 1999; Han et al., 2002; Tanigaki et al., 2002;
Saito et al., 2003; Hozumi et al., 2004]. The best understood function of Notch as a cell fate
determinant, however, is its role during the development of the nervous system. Due to the
scope of this thesis, | will concentrate on this “neurogenic” function of Notch in the following

paragraphs.
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Similar to the initial studies in D. melanogaster, the Notch-HES/HEY-axis was found to be crucial
for the maintenance of the mammalian NSC pool during neurodevelopment [Ishibashi et al.,
1994; Ohtsuka et al., 2001; Hatakeyama et al., 2004; Kageyama et al., 2008; Shimojo et al., 2008].
This is facilitated by the HES/HEY-dependent repression of proneuronal factors, such as acheate-
scute like 1 (ASCL1), Neurogenin 1 and 2 (NGN1/2) on a transcriptional level [Chen et al., 1997,
Cau et al., 2000; Hatakeyama et al., 2004; Imayoshi et al., 2008] and on a functional level [Sasai
etal., 1992; Giagtzoglou et al., 2003]. Additional studies, however, revealed a more complicated
picture, especially for the function of HES1: whereas a sustained HES1 activation rather triggers
the cell cycle exit of NSCs [Baek et al., 2006], an oscillating HES1 expression seems to be
beneficial for NSC maintenance [Shimojo et al., 2008]. This oscillation can be explained by an
autoinhibitory feedback loop of HES1 [Takebayashi et al., 1994; Hirata et al., 2002] and induces
an opposing oscillation of ASCL1 and NGN2. ASCL1, in this setting, does not function as a
proneuronal factor, but promotes cell cycle progression and NSC proliferation [Castro et al.,
2011]. The second typically considered proneuronal factor, NGN2, induces the expression of
DLL1 in cycling NSCs [Castro et al., 2006; Hindley et al., 2012], whereas the NGN2-promoted
neurogenic program is diminished during this HES1-induced oscillation [Ali et al., 2011]. The
oscillating expression of DLL1 is thought to trigger the mutual activation of Notch signalling in a
cluster of adjacent undifferentiated NSCs contributing to the corroboration of HES1 oscillation
and stem cell maintenance [Kageyama et al., 2008; Shimojo et al., 2016].

When NSCs divide asymmetrically, Notch activity and hence HES/HEY expression is constantly
reduced in one of the daughter cells (for more detail on asymmetric cell division see chapter
3.3). In turn, the sustained expression of proneuronal factors induces neurogenesis [Shimojo et
al., 2008; Imayoshi et al., 2013]. The induction of DLL1 in the differentiating, immature neurons
facilitates activation of Notch signalling in the adjacent NSC and hence the maintenance of its
NSC fate, a process termed lateral inhibition [Kageyama and Ohtsuka, 1999; Kawaguchi et al.,
2013]. An elegant, but experimentally not yet confirmed mechanism, suggests that a stepwise
accumulation/decline of downstream effectors with each HES1 oscillation cycle can even explain
the temporal shift in the cellular identity of the neuronal progeny: from deep layer neurons
during early stages to superficial layer neurons and finally to astrocytes during late stages of
development (reviewed in Kageyama et al.,, 2015). Whereas this gradual shift is so far
speculative, the importance of Notch signalling for the switch from neurogenesis to astrogenesis

is long established [Nakashima et al., 2001; Ohtsuka et al., 2001; Grandbarbe et al., 2003].
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3.2.4 Regulation of the Notch signalling pathway
The impact of Notch signalling on this huge variety of crucial developmental decisions, not only
in neurodevelopment, makes it necessary to strictly regulate its activity in a spatiotemporal
manner. Meanwhile, a large range of processes are described to regulate Notch receptor
signalling, which are partially universal and partially highly dependent on the identity of the
involved cell types and the developmental stage.
First, Notch receptor-ligand interaction can have a variety of outcomes dependent on the
combination of receptor and ligand isoforms as well as on the cellular identity. Ligand-specificity
can be restricted or altered by O-glycosylation of the Notch ECD before its transport to the cell
surface [Brickner et al., 2000; Hicks et al., 2000; Moloney et al., 2000; Okajima and Irvine, 2002;
Okajima et al., 2003; Kakuda and Haltiwanger, 2017; Luca et al., 2017; Schneider et al., 2018].
Specific ligands in specific cell-types can even have an inhibitory effect on Notch signalling in the
receiving cell, e.g. JAG1 inhibits Notchl activation during angiogenesis [Hicks et al., 2000;
Benedito et al., 2009]. Beside the so far discussed trans-interactions between receptors and
ligands on neighbouring cells, also interactions within the same cell (cis-interaction) are involved
in Notch signalling regulation. Both cis-inhibition [Fiuza et al., 2010; Sprinzak et al., 2010] as well
as cis-activation have been described [Formosa-Jordan and Ibafies, 2014; Nandagopal et al.,
2019].
As a second important regulatory mechanism, the degradation of Notch receptors as well as the
turnover of the Notch ICD has to be mentioned. The latter is dependent on the C-terminal
proline-glutamate-serine-threonine (PEST) domain [Fryer et al., 2004], which targets the ICD for
proteolytic cleavage [Rogers et al., 1986]. The half-life can be further influenced by several post-
translational modifications, including acetylation, phosphorylation and ubiquitination [Oberg et
al., 2001; Fryer et al., 2004; Guarani et al., 2011]. Degradation of the transmembrane receptors
is dependent on internalization from the plasma membrane and lysosomal degradation. Two of
the first negative Notch regulators identified in D. melanogaster, Numb and Deltex (in mammals
Numb/Numb-like and DTX1, respectively), are both involved in this process. Numb ubiquitinates
Notch receptors, which become endocytosed and degraded [McGill and McGlade, 2003; McGill
et al., 2009]. Deltex links Notch receptors to B-arrestin promoting its lysosomal degradation
[Mukherjee et al., 2005; Puca et al., 2013]. Besides, there are also evidence that Notch receptor
availability at the cell surface can be adapted under starvation conditions by targeting of
receptors for autophagic degradation [Wu et al., 2016; Tao et al., 2018].
Ligands also undergo internalization which represents the third major regulatory mechanism. In
contrast to receptor internalization, these processes are usually required for the activation of

Notch signalling rather than to reduced ligand availability on the cell surface. The endocytosis of
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Delta ligand into the signal sending cell can be induced by ubiquitination catalysed by the E3
ligases Neutralized (Neur) and Mindbomb (Mib) [Deblandre et al., 2001; Lai et al., 2001;
Pavlopoulos et al., 2001; Itoh et al., 2003]. There are two mechanisms that are suggested to
induce Notch activation by ligand internalization. The first one suggests, that ligands are
internalized upon binding to the ECD of the receptor, which applies a pulling force on the
receptor heterodimer promoting S2 cleavage [Meloty-Kapella et al., 2012; Gordon et al., 2015]
(also discussed in chapter 3.2.2). The second mechanism suggests maturation of the ligand by
endocytosis and recycling to the plasma membrane to be necessary for inducing Notch receptor
interaction and downstream signalling [Wang and Struhl, 2004; Nichols et al., 2007].

Another level of regulation is based on the activity of the proteases processing Notch receptors,
ADAM family proteases and the y-secretase complex. For both, proteolytic activity was found to
be regulated by the pH and the internalization into endolysosomes [McLendon et al., 2000;
Bagshaw et al., 2003; Pasternak et al., 2003; Carey et al., 2005; Carey et al., 2011]. This suggests
that the S2/S3 cleavage might not only take place at the cell surface, but that Notch processing
is more efficient in endocytic and/or endolysosomal vesicles [Gupta-Rossi et al., 2004; Vaccari
et al., 2008; Windler and Bilder, 2010; Chastagner et al., 2017]. Therefore, internalization and
intracellular trafficking of receptors add even another layer of regulation to the Notch signalling
pathway. Two mechanisms that involve the segregation of Notch-containing vesicles were
described to be essential for asymmetric cell division in D. melanogaster and are discussed in

detail in chapter 3.3.4.

3.3 Asymmetric cell division, cell fate decision and cellular polarity

As all stem cell populations, NSCs face two major challenges: maintaining the stem cell pool by
self-renewal and orchestrating the differentiation into somatic cells. The major tool to facilitate
these very contradicting processes is the cell division in an either symmetric or asymmetric
fashion. In this context, a symmetric cell division is often defined as a mitotic event which
generates two daughter cells with an identical cell fate. Whereas asymmetric cell divisions
generate daughter cells with different cell fates. In a stricter definition, however, asymmetric
cell divisions are characterized by a differential segregation of asymmetry factors during mitosis
(Figure 3). These asymmetry factors can be individual molecules, including mRNAs [Kusek et al.,
2012], whole protein complexes or even subcellular compartments, such as vesicles or
mitochondria [Murke et al., 2015; Loeffler et al., 2019]. The asymmetric segregation of these
factors can bias activation of signalling pathways, subcellular composition, epigenetic as well as

metabolic states between daughter cells. Hence, asymmetry factors can act directly or indirectly
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as cell fate determinants in the daughter cells. This links the narrower molecular definition of

asymmetric cell division to the broader definition mentioned above.

Figure 3: Symmetric and
symmetric asymmetric asymmetric cell division.
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The decision between symmetric and asymmetric cell division can be either made cell
intrinsically or in response to external cues from a surrounding stem cell niche. The latter is more
important in the regulation of adult stem cells, as the stem cell niche itself needs to be
developed first. The external regulation of asymmetric cell division provides more precise and
more variable regulatory options than the intrinsic pathway. This is important to maintain the
limited pool of adult stem cells, while retaining the ability to react to differentiation stimuli (e.g.
wounding, lesions). However, the focus in this study is on early embryonic neurodevelopment,
that is why asymmetric cell division from here on is defined by the intrinsic mechanism, which

is based on internal cell polarisation.

3.3.1 Apical-basal polarity and planar cell polarity (PCP) in (neuro-)epithelial cells

The basis for cell polarity is the intracellular sorting of polarity factors either in a plane
perpendicular to the tissue plane (apical-basal polarity) or parallel to the tissue plane (planar cell
polarity, PCP). Polarity factors are, hereby, not to be confused with asymmetry factors, as the
former are asymmetrically distributed within the cell independent of the cell cycle phase. Cell
polarity is a conserved mechanism that is especially prominent in all epithelial tissues, including
neuroepithelial cells (Figure 4).

The core regulators of apical-basal polarity are the partitioning defect (PAR), Crumbs (CRB) and
Scribble (SCRIB) protein complexes. They serve as signalling centres at defined membrane

domains and influence a whole variety of cellular processes, including cytoskeletal dynamics
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[Martin-Belmonte et al., 2007; Chartier et al., 2011], subcellular trafficking [Lock and Stow, 2005;
Roeth et al., 2009; Vreede et al., 2014] and maintenance of intercellular junctions [Chen and
Macara, 2005; Fogg et al., 2005]. The CRB complex is located at the apical membrane [Laprise
et al., 2006; Li et al., 2008] and establishes the apical domain together with the PAR complex.
The latter is recruited apically by its interaction with the apical junction complex formed by tight
and adherens junctions [Itoh et al., 2001; Takekuni et al., 2003; Harris and Peifer, 2005; Morais-
de-Sa et al., 2010]. The PAR complex consists of PARD3, PARD6 and isoforms of atypical protein
kinase C (aPKC), PKCA and PKCZ [Kemphues et al., 1988; Atwood et al., 2007]. Localization of PAR
and CRB complexes to the apical side excludes the accumulation of components of the third
polarity complex, the basal SCRIB complex [Bilder et al., 2000], from this intracellular domain
and vice versa [Benton and Johnston, 2003; Bilder et al., 2003; Tanentzapf and Tepass, 2003;
Hutterer et al., 2004]. This constant antagonism of the polarity complexes stabilizes the apical

and basal membrane domains and facilitates polarized intracellular signalling.
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Figure 4: Establishment of cellular polarity in (neuro-)epithelial cells.

Apical-basal cell polarity is mediated by a complex interplay between three protein complexes (CRB, PAR and

SCRIB complex) and apical cell-cell junctions (tight and adherens junctions). The apical localization of CRB and

PAR complexes counteracts the assembly of SCRIB complex, facilitating the basal localization of this complex.

Planar-cell polarity (PCP) complexes form around the transmembrane receptor CELSR and antagonize each

other. CELSR — Cadherin EGF LAG seven-pass G-type receptor, CRB — Crumbs, PAR — partitioning defect, SCRIB —

Scribble.
PCP is mediated by the heterophilic interaction of two antagonizing protein complexes at cell-
cell contact points. Both complexes form around the transmembrane protein Cadherin EGF LAG
seven-pass G-type receptor 1-3 (CELSR1-3) [Usui et al., 1999; Shimada et al., 2001], which is
thought to homodimerize on the cell surface of neighbouring cells. The interaction with either
Frizzled 3/6 (FZD3/6)-Dishevelled 1-3 (DVL1-3) or Van Gogh-like 1/2 (VANGL1/2)-Prickle 1-4
(PK1-4) is opposing each other within one cell as well as in the adjacent cell [Vinson and Adler,
1987; Tree et al., 2002; Jenny et al., 2005; Wang et al., 2006]. Thereby, the assembly of PCP

complexes can spread through the whole tissue generating a uniform patterning. Whereas the

apical-basal polarity is mostly triggered and maintained by cell intrinsic processes, the
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establishment of PCP is thought to be based on extrinsic clues, such as mechanical forces and/or

morphogen gradients [Hakanen et al., 2019; Li et al., 2021].

3.3.2 Asymmetric cell division in the D. melanogaster nervous system

Asymmetric cell division in D. melanogaster can be triggered by both of the described polarity
mechanisms. Apical-basal polarity is the basis for asymmetric cell division of neuroblasts (NBs)
in the developing CNS, whereas PCP induces asymmetry in dividing sensory organ precursor
(SOP) cells of the peripheral nervous system.

Polarized NBs can divide symmetrically to increase the number of stem cells in the pool or
asymmetrically to form an apical daughter cell, which retains the stem cell-like character, and a
more restricted basal progenitor, termed ganglion mother cell (GMC) [Hartenstein et al., 1987;
Boone and Doe, 2008; Bowman et al., 2008] (Figure 5A). Asymmetric division is induced upon
delamination of the NBs from the polarized neuroectoderm [Kuchinke et al., 1998; Siegrist and
Doe, 2006]. The switch to asymmetric cell division is thereby facilitated by Inscuteable (Insc),
which recruits partner of Insc (Pins), the G proteins Gai and mushroom body-defective (Mud) to
the apical PAR complex [Schaefer et al., 2000; Wodarz et al., 2000; Bowman et al., 2006; lzumi
et al., 2006; Siller et al., 2006]. In turn, microtubules and centrosomes are shifted to the apical
pole inducing the mitotic spindle to orient parallel to the apical-basal axis. Beside this shift in
spindle orientation, the PAR complex also triggers the accumulation of cell fate determinants at
the basal domain by the activity of aPKC. Among these cell fate determinants are the Miranda
(Mira)-Staufen (Stau)-Prospero (Pros)-Brain tumor (Brat) complex [Ikeshima-Kataoka et al.,
1997; Shen et al., 1997; Matsuzaki et al., 1998; Lee et al., 2006; Wirtz-Peitz et al., 2008; Atwood
and Prehoda, 2009], which triggers e.g. cell cycle exit [Betschinger et al., 2006], and Numb. As
discussed in chapter 3.2.4, Numb inhibits Notch signalling and thereby induces the basal
daughter cell to lose its stem cell fate and differentiating into the GMC [Lu et al., 1998; Smith et
al., 2007; Wirtz-Peitz et al., 2008].

In the peripheral nervous system, the asymmetric cell division of SOP cells is dependent on the
planar polarization of the cells in an anterior-posterior manner (Figure 5B). Due to a lack in Insc
expression, the Pins-Gai-Mud complex is not linked to the PAR complex in SOP cells and the
orientation of the mitotic spindle is instead determined by PCP signalling [Lu et al., 1999;
Bellaiche et al., 2001; Bellaiche et al., 2004; Ségalen et al., 2010]. Similar to NBs, however, the
distribution of cell fate determinants is based on the accumulation of the PAR complex at the
posterior side [Bellaiche et al., 2001; Schaefer et al., 2001]. Cell fate determination in the pll-
daughter cells (plla and pllb) is again highly dependent on Notch signalling. The Notch signalling

bias between daughter cells is achieved by several different mechanisms, including asymmetric
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localization of Numb and Neur to the anterior pllb cell. These factors inhibit Notch signalling in
the pllb cell and activate Notch signalling on the adjacent plla, respectively [Lai et al., 2001;
Berdnik et al., 2002; Le Borgne and Schweisguth, 2003; Hutterer and Knoblich, 2005; Couturier
et al., 2013] (see also chapter 3.2.4). Two additional processes to bias Notch signalling during

SOP cell division involve the directed segregation and accumulation of two specified
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Figure 5: Asymmetric cell division in neurodevelopment.

(A-B) Asymmetry mechanisms in D. melanogaster neuroblasts (NBs) (A) and sensory organs precursor (SOP)
cells (B). Neuroblasts divide symmetrically within the neuroectodermal layer by orienting the mitotic spindle
perpendicular to the apical-basal axis by the Pins-Mud-Gai complex. Upon delamination from the
neuroectoderm, the spindle apparatus is anchored via Insc to the PAR complex at the apical site and therefore
the cleavage plane forms parallel to the apical-basal axis. The basal accumulation of cell fate determinants
(Numb and Mira-Pros-Brat-Stau) and the downstream regulation of e.g. Notch, leads to the asymmetric division
into one NB and one more restricted ganglion mother cell (GMC). (B) In SOP cells spindle orientation is
determined by PCP complexes triggering a plane of cell division parallel to the anterior-posterior axis. Cell fate
determinants (Numb-Neuralized) localize to the anterior pole by the activity of the PAR complex, which is
located posterior during cell division. Therefore, the anterior pllb daughter cells show reduced level of Notch
signalling, whereas Notch is activated in the posterior plla daughter cell.

(C-D) In mammals, radial glia cells (RGCs) represent the pool of neurogenic NSCs. (C) In early stages of
neurogenesis, RGCs shift there mode of cell division from symmetric, planar division to asymmetric cell division,
generating one RGC and one neuron. As the plane of cell division is only tilted slightly, divisions are termed
pseudo-planar. Due to the spatially restricted apical membrane, this facilitates asymmetric inheritance of
polarity factors influencing the cell fate of the daughter cells. (D) During later stages of development, apical
RGCs (aRGCs) undergo indirect neurogenesis via intermediate progenitors (IPs) or outer RGCs (0RGCs). Here, the
cell fate of the daughter cells is highly dependent on the plane of cell division and aRGCs regularly divide in a
oblique or vertical manner.

CP — cortical plate, I1Z — intermediate zone, SVZ — subventricular zone, VZ — ventricular zone.
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subpopulations of intracellular vesicles. These will be discussed in detail in chapter 3.3.4 dealing

with vesicles as asymmetry factors.

3.3.3 Polarity and asymmetric cell division in mammalian neurodevelopment

Similar to D. melanogaster NBs, mammalian NSCs, from NES cells to RGCs, adopt a clear apical-
basal polarization, which is not only maintained throughout development, but is even crucial for
the maturation and functionality of differentiating neurons [Nishimura et al., 2004; Shi et al.,
2004; Zhang and Macara, 2008; Chen et al., 2013; Duman et al., 2013]. Whereas the influence
of PCP in mammals is poorly understood, it seems to be important for neural tube closure and
deficiencies of PCP lead to severe developmental defects [Lake and Sokol, 2009; Allache et al.,
2012; Robinson et al., 2012].

The apical-basal polarity of NSCs is defined by the attachment of the cells on the one hand to
the apical membrane around the ventricles and on the other hand to the basement membrane
at the pial surface. The apical membrane domain is characterized by the accumulation of
ubiquitously expressed polarity factors, such as the PAR complex [Manabe et al., 2002; Cappello
et al., 2006; Kim et al., 2010], and junctional proteins, such as ZO-1 [Stevenson et al., 1986], as
well as neural-specific isoforms, such as neural Cadherin (N-Cadherin) [Hatta et al., 1985; Hatta
and Takeichi, 1986]. In contrast to epithelial cells and NBs, the apical domain of NSCs is restricted
to a small membrane patch at the end of the apical process, which is attached to the ventricular
lining [Aaku-Saraste et al., 1996] and represents only 1-2% of the cell’s plasma membrane
[Kosodo et al., 2004]. The basal domain includes the soma of the NSC and the basal process
spanning the VZ and CP. This highly polarized morphology is the reason why the spindle
orientation during cell division of mammalian NSCs was found to be not tilted as much as in D.
melanogaster NBs. However, it is still organized by the mammalian orthologues of Insc and Pins
(G-protein-signalling modulator 2, GPSM2) [Konno et al., 2008; Noctor et al., 2008; Peyre et al.,
2011; Postiglione et al., 2011]. A slight shift in the plane of cell division is sufficient that one
daughter cell inherits the majority of the apical-junctional complexes, already changing the fate
of the daughter cells [Kosodo et al., 2004; Marthiens and ffrench-Constant, 2009; Kim et al.,
2010] (Figure 5C). Especially during early neurogenesis, RGCs undergo direct neurogenesis,
generating a neuron and a RGC through asymmetric cell division. Whereas apical RGCs later
differentiate mostly via the generation of more restricted progenitor cells, like intermediate
progenitor cells or outer RGCs (Figure 5D). These two cell types built up the subventricular zone
(SVZ) and the intermediate zone (IZ) and exhibit a certain self-renewal capacity before
undergoing neurogenic divisions [Haubensak et al., 2004; Noctor et al., 2004; Hansen et al.,

2010; Betizeau et al., 2013; Pilz et al., 2013]. The plane of cell division becomes more important
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during this time of development, as demonstrated by an increase in oblique and even vertical
divisions [Haydar et al.,, 2003; Konno et al., 2008; Fietz et al., 2010; Hansen et al., 2010;
Shitamukai et al.,, 2011; LaMonica et al., 2013]. Also, the inheritance of the basal process
becomes an additional important factor for cell fate determination at this stage [Konno et al.,
2008; Shitamukai et al., 2011; LaMonica et al., 2013], which is not observed during asymmetric
cell division of early RGCs [Kosodo et al., 2008].

Whereas the connection between cellular polarization, spindle orientation and cell fate is fairly
well understood, the intermediate cell fate determinants and their distribution during cell
division remains a topic of intensive research. The asymmetric segregation of one cell fate
determinant described in D. melanogaster, the RNA-binding protein Stau and its target mRNA
prospero homeobox 1 (Prox1; the mammalian orthologue to Pros), was confirmed to be also
involved in asymmetric cell division of mammalian NSCs [Vessey et al., 2012]. However, the
distribution and function of Numb is still controversially discussed in literature. Initial studies in
mammalian model systems, suggest an apical localization of Numb and basal localization of
Notch1 in dividing RGC [Chenn and McConnell, 1995; Zhong et al., 1996; Zhong et al., 1997],
which contradicts the critical role of Notch signalling during the maintenance of NSCs [Imayoshi
et al., 2010]. Whereas the localization of Numb to the apical domain was reproduced in several
studies since then, the functional role is still ambiguous: on the one hand, studies support the
findings from D. melanogaster, linking mammalian Numb and Numblike (Nbl) to cell cycle exit
and differentiation [Li et al., 2003; Klezovitch et al., 2004], on the other hand, Numb/Nbl seems
to be important for RGC maintenance [Petersen et al., 2002; Petersen et al., 2004; Rasin et al.,
2007]. In line with the latter, Numb/Nbl were also found to link apical PARD3 localization, Notch
activation and RGC cell fate during asymmetric cell division in mouse [Bultje et al., 2009]. As
Notch regulation by Numb seems to be more complicated in mammals than in D. melanogaster,
the characterization of additional regulatory mechanisms for Notch signalling in mammalian

asymmetric cell division is a pressing field of research.

3.3.4 Vesicles as asymmetry factors
Beside the so far discussed asymmetry of individual proteins or protein complexes during cell
division, vesicles are meanwhile well-established as another group of asymmetry factors in
several model systems, from Caenorhabditis elegans and D. melanogaster to zebrafish and
mammals.
The evolutionary and developmentally earliest vesicle asymmetry was found in the

Caenorhabditis elegans zygote. During its first division the endosome marker early endosome
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antigene 1 (EEA1) accumulate at the anterior pole due to the activity of Par proteins [Andrews
and Ahringer, 2007].

As mentioned in chapter 3.3.2 asymmetric cell division in D. melanogaster SOP cells also involves
asymmetric segregation of vesicles. Two subpopulations of endosomes have been associated
with cell fate decision of pll cells, Rab11* recycling endosomes and a subpopulation of Rab5*
endosomes, marked by Smad anchor for receptor activation (Sara). For the recycling
endosomes, the overall amount of Rab11* vesicles is indifferent between the daughter cells. In
pllb cells, however, the vesicles accumulate at the centrosomal region and this clustering
promotes recycling of the vesicles to the cell surface [Emery et al., 2005]. Thereby the Notch
ligand Delta is returned to the cell surface and triggers Notch signalling in the adjacent plla cell.
For the Sara* endosomes, it was shown that both Notch receptors and ligands are present inside
these vesicles and that they are asymmetrically segregated towards the plla cell [Coumailleau
et al., 2009; Loubéry et al., 2014; Derivery et al., 2015; Loubéry et al., 2017]. Whereas the vesicle
asymmetry is associated with a Notch signalling bias towards the receiving cell, the exact
mechanism how Sara* vesicles activate the Notch pathway remains vague. Interestingly, the
asymmetry of endosomes marked by Sara seems to be conserved in other model systems, like
zebrafish spinal cord NSCs [Kressmann et al., 2015] and in D. melanogaster NBs [Coumailleau et
al., 2009] and intestinal stem cells [Montagne and Gonzalez-Gaitan, 2014].

A study in primary human hematopoietic stem cells also identified several components of the
endosomal pathway to be asymmetrically segregated during cell division [Beckmann et al.,
2007]. However, a functional connection of vesicle asymmetries with cell fate decision is
completely missing in this stem cell population. Recently, another vesicular compartment,
namely lysosomes, was linked to asymmetric cell division in murine hematopoietic stem cells,
where these vesicles influence the cell fate decision via a shift in the metabolic state of the

daughter cells [Loeffler et al., 2019].

3.4 The endosomal-lysosomal pathway

As indicated in the last chapter, trafficking of vesicles within a cell can influence major cell fate
decisions. Vesicle trafficking, in general, can be divided in two major directions either from the
ER-Golgi network towards the plasma membrane or from the plasma membrane into the cell.
Even so the first process plays important roles in Notch receptor and ligand availability (chapters
3.2.1 and 3.2.4), establishment of cellular polarity (chapter 3.3.1) and many other processes, in
this study the focus was on processes involved in the trafficking from the plasma membrane and

along the endolysosomal pathway.
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3.4.1 Endocytosis

Endocytosis is the process of internalization of extracellular components, membrane-bound
substances and transmembrane proteins into the cell. The process is initiated by the generation
of membrane pits and the abscission of these invaginations from the plasma membrane to form
intracellular endosomes. For the two best-understood endocytosis pathways, Clathrin-mediated
endocytosis (CME) and caveolar-type endocytosis, the abscission from the plasma membrane is
mediated by the large GTPase Dynamin [Kosaka and lkeda, 1983; Henley et al., 1998; Sever et
al., 2000]. Dynamin forms a helical polymer around the neck of invaginations [Merrifield et al.,
2002; Roux et al., 2010] and the internal GTPase activity together with the actin cytoskeleton
induces the vesicle formation [Henley et al., 1998; Stowell et al., 1999; Marks et al., 2001; Roux
et al., 2006; Mooren et al., 2009]. The prior step of membrane invagination is induced by the
eponymous Clathrin and Caveolin in CME and caveolar-type endocytosis, respectively. Whereas
Clathrin is recruited to the membrane by adapter proteins, mainly adaptor protein 2 (AP2)
[Honing et al., 2005; Schmid and McMahon, 2007], Caveolin accumulates at lipid-rafts within
the plasma membrane [Fra et al., 1995; Deckert et al., 1996].

After internalization, vesicles and their cargoes can be targeted along different intracellular
routes, either retrograde towards the Golgi apparatus, back to the plasma membrane for
recycling or secretion, or through the endolysosomal pathway towards degradation of the cargo

substances.

3.4.2 Endosomes

The direction of vesicles along these different routes is decided on the level of endosomes. The
respective maturation processes are regulated by vesicle associated proteins, which are also
commonly used as marker proteins to distinguish vesicle subtypes. One major group of these
proteins is the Ras-related in brain (Rab) superfamily of small GTPases [Pereira-Leal and Seabra,
2001] which integrate in the vesicle membrane via lipid anchors [Alexandrov et al., 1994,
Desnoyers et al., 1996]. Rab proteins can influence the membrane compositions, especially the
content of phosphatidylinositol phosphates (PIPs) [Christoforidis et al., 1999; Shin et al., 2005],
and, thereby trigger maturation [Renzis et al., 2002; Rink et al., 2005] and subcellular trafficking
of the vesicles [Jordens et al., 2001; Hales et al., 2002; Johansson et al., 2007].

Directly after abscission, early endosomes are covered with Rab5, which, amongst other
functions, triggers the generation of PI(3)P [Schu et al., 1993]. This, in turn, can recruit EEA1
which binds PI(3)P via its Fab1-YOTB-Vac1-EEA1 (FYVE) domain [Stenmark et al., 1996; Dumas
et al., 2001; Stenmark et al., 2002] and induces early endosome fusion [Simonsen et al., 1998;

Dumas et al., 2001].
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Cargos within these early endosomes can have opposing destinies: recycling or degradation. The
former is either accomplished by recycling to the plasma membrane in Rabl1l* recycling
endosomes [Ullrich et al., 1996] or by retrograde transport to the Golgi apparatus catalysed by
the retromer complex [Seaman, 2004]. The degradation route is initiated by the maturation of
early endosomal vesicles to late endosomes, which is accompanied by a shift from Rab5 to Rab7
[Rink et al., 2005]. These Rab7* vesicles display an increase in intraluminal vesicles (ILVs)
transforming them into multivesicular bodies (MVBs). The ILVs are generated with the help of
the endosomal sorting complexes required for transport (ESCRT) machinery [Katzmann et al.,
2001; Teis et al., 2008] or ESCRT-independent pathway, e.g. involving the sphingolipid ceramide
or the tetraspanin cluster of differentiation 63 (CD63) [Trajkovic et al., 2008; van Niel et al., 2011;
Edgar et al.,, 2014]. ILVs contain not only membrane proteins from the vesicle’s limiting
membrane, but also cytosolic components engulfed during ILV generation [Gibbings and
Voinnet, 2010; Sahu et al.,, 2011]. Besides the classical view that ILVs are targeted for
degradation, MVBs were also found to fuse with the plasma membrane releasing the ILVs as so-
called exosomes [Raposo et al., 1996; Escola et al., 1998; Kobayashi et al., 2000] and therefore,
functioning in intercellular communication [Korkut et al., 2009; Sheldon et al., 2010].

The maturation of endosomes is also accompanied by a drop in pH to 6.0-4.8 [Maxfield and
Yamashiro, 1987], which is mainly achieved by an accumulation of vacuolar ATPases (v-ATPases)
in late endosomes [Trombetta et al., 2003; Lafourcade et al., 2008]. To protect the limiting
membrane from the increasingly acidic lumen the incorporation of glycoproteins, like lysosomal-

associated membrane protein 1 LAMP1], is initiated at this stage [Szymanski et al., 2011].

3.4.3 Lysosomes and endolysosomes
The only subcellular compartment with an even lower pH than late endosomes are lysosomes,
with a luminal pH of about 4.5 [Maxfield and Yamashiro, 1987]. To maintain the integrity of their
limiting membrane, up to 50% of the membrane protein content is represented by the highly
glycosylated LAMP1 and LAMP2 [Hunziker et al., 1996]. Primary lysosomes, also called dense-
core lysosomes due to their appearance in electron microscopy [Bright et al., 1997], contain
more than 60 different acidic hydrolases (proteases, lipases and glycosidases) [Schroder et al.,
2010]. They represent a hub for several cellular degradation pathways, including phagocytosis,
autophagy as well as endocytosis [Inpanathan and Botelho, 2019]. Fusion of the respective
vesicles with lysosomes generates hybrid organelles, termed phagolysosomes, autolysosomes
and endolysosomes, respectively, and brings the lysosomal proteases together with the cargos

targeted for degradation. The degradation products, amino acids, sugars and lipids, are recycled
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back to the cytoplasm [Sagné and Gasnier, 2008] or transported back to the Golgi apparatus
[Saftig and Klumperman, 2009] to fuel new anabolic processes.

Beside this well-established function of lysosomes, there is more and more evidence that these
vesicles have other functions, e.g. nutrient sensing [Sancak et al., 2010; Zoncu et al., 2011],
secretion of proteins to the extracellular space [Rodriguez et al., 1997; Jaiswal et al., 2002; Rao

et al., 2004] and as asymmetry factors during cell division as mentioned in chapter 3.3.4.

3.5 Aim of the study

Previous, unpublished data from the Koch lab on human ESC-derived long term (It)-NES cells
[Koch et al., 2009] gave first hints that vesicles might act as asymmetry factors during human
NSC division. Taken together with studies from the D. melanogaster and zebrafish nervous
system and recently in mammalian hematopoietic stem cells, segregation of vesicles might
represent an asymmetry mechanism conserved across species and stem cell populations.
Therefore, the first aim of this thesis was to confirm vesicle asymmetries in iPSC-derived NSCs,
to identify the exact vesicular compartment in an unbiased screening and to link asymmetries
during mitosis to neuronal differentiation.

In the second part of the study, Notch as a cell fate determinant crucially involved in
neurodevelopment was the focus of attention. The role of known Notch regulators, like Numb,
during asymmetric cell division of mammalian NSCs is still inconclusive. Therefore, an additional
regulatory mechanism of the Notch signalling pathway via the internalization of the receptors
was suggested and evaluated in the human NSC model system.

To finally establish a functional connection of vesicle asymmetries and Notch signalling during
cell division, two state-of-the-art technologies shall be utilized: the CRISPR/Cas9 technology and
the organoid model system. The former should be used to establish a new HES1-reporter cell
line and explore Notch signalling activity in living, actively dividing cells. The latter was employed

to replicate essential findings in a 3D setting more closely resembling in vivo neurogenesis.
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4 Material

4.1 Cell lines

Table 1: Cell lines

. Donor/genetic Reprogramming
Cell line Source T Cell type method
Ctrl#1 iPSC Bonn, German healthy, male dermal Sendai virus
! ¥ age 33 fibroblasts
. . healthy, female dermal o

Ctrl#2 iPSC M h G !

rl#2 iPS annheim, Germany age 44 fibroblasts Sendai virus
HES1- . . .

This thesis Ctrl#2 iPSC N/A N/A

reporter

4.2 Cell culture reagents

All cell culture reagents were prepared under sterile conditions or sterile-filtered after

preparation.

Table 2: Cell culture media and solutions

Wash medium
Concentration Substance Distributor (headquarter) Cat. #
DMEM/F12 Invitrogen (Carlsbad, USA) 11320074
1% (v/v) Penicillin/Streptomycin Invitrogen (Carlsbad, USA) 15140122
Essential 8 (E8) medium
Concentration Substance Distributor (headquarter) Cat. #
DMEM/F12 with HEPES Invitrogen (Carlsbad, USA) 11330057
1% (v/v) Penicillin/Streptomycin Invitrogen (Carlsbad, USA) 15140122
14 ng/ml sodium selenite Sigma-Aldrich (St. Louis, USA) S5261
64 ug/ml L-ascorbic acid phosphate Sigma-Aldrich (St. Louis, USA) A8960
20 pg/ml Insulin Sigma-Aldrich (St. Louis, USA) 91077C
11 pg/ml Transferrin Sigma-Aldrich (St. Louis, USA) T3705
Cell Guidance Systems
100 ng/ml FGF2-154 X GFH146
(Cambridge, UK)
Cell Guidance Systems
1 ng/ml TGF beta ) GFH39
(Cambridge, UK)
E8 freezing medium
Concentration Substance Distributor (headquarter) Cat. #
E8 medium N/A N/A
10% (v/v) DMSO Sigma-Aldrich (St. Louis, USA) D5879
Cell Guidance Systems
10 um Y-27632 . SMO02
(Cambridge, UK)

Table to be continued on next page
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Table continued from previous page

N2 supplement
Concentration Substance Distributor (headquarter) Cat. #
DMEM/F12 Invitrogen (Carlsbad, USA) 11320074
1% (v/v) Penicillin/Streptomycin Invitrogen (Carlsbad, USA) 15140122
500 pg/ml Insulin Sigma-Aldrich (St. Louis, USA) 91077C
10 mg/ml Transferrin Sigma-Aldrich (St. Louis, USA) T3705
520 ng/ml Sodium selenite Sigma-Aldrich (St. Louis, USA) S5261
1.611 mg/ml Putrescine Sigma-Aldrich (St. Louis, USA) 51799
630 ng/ml Progesterone Sigma-Aldrich (St. Louis, USA) P8783
Neural induction medium
Concentration Substance Distributor (headquarter) Cat. #
DMEM/F12 Invitrogen (Carlsbad, USA) 11320074
1% (v/v) Penicillin/Streptomycin Invitrogen (Carlsbad, USA) 15140122
0.5% (v/v) N2 supplement N/A N/A
1% (v/v) B27 supplement Invitrogen (Carlsbad, USA) 17504044
1% (v/v) GlutaMAX Invitrogen (Carlsbad, USA) 35050038
1% (v/v) Non-essential amino acids Invitrogen (Carlsbad, USA) 11140035
4.44 mM Glucose Carl Roth (Karlsruhe, Germany) HNO06.2
Stemcell Technologies (Vancouver,
200 nM LDN193189 72148
Canada)
500 nM A83-01 Tocris Bioscience (Bristol, UK) 2939
Cell Guidance Systems
2 uM XAV939 . SM38
(Cambridge, UK)
SM-NSC medium
Concentration Substance Distributor (headquarter) Cat. #
DMEM/F12 Invitrogen (Carlsbad, USA) 11320074
1% (v/v) Penicillin/Streptomycin Invitrogen (Carlsbad, USA) 15140122
0.5% (v/v) N2 supplement N/A N/A
1% (v/v) B27 supplement Invitrogen (Carlsbad, USA) 17504044
1% (v/v) Glutamine Invitrogen (Carlsbad, USA) 35050038
4.44 mM Glucose Carl Roth (Karlsruhe, Germany) HNO06.2
Cell Guidance Systems
3uM CHIR99021 X SM13
(Cambridge, UK)
. Cell Guidance Systems
500 nM Purmorphamine ) SM30
(Cambridge, UK)
Rosette-type NSC medium
Concentration Substance Distributor (headquarter) Cat. #
DMEM/F12 Invitrogen (Carlsbad, USA) 11320074
1% (v/v) Penicillin/Streptomycin Invitrogen (Carlsbad, USA) 15140122
0.5% (v/v) N2 supplement N/A N/A
1% (v/v) B27 supplement Invitrogen (Carlsbad, USA) 17504044
8.88 mM Glucose Carl Roth (Karlsruhe, Germany) HNO06.2
Cell Guidance Systems
10 ng/ul EGF . GFH26
(Cambridge, UK)
Cell Guidance Systems
10 ng/ul FGF2-147 . GFH28
(Cambridge, UK)

Table to be continued on next page
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Neuronal differentiation medium

Concentration Substance Distributor (headquarter) Cat. #
DMEM/F12 Invitrogen (Carlsbad, USA) 11320074
1% (v/v) Penicillin/Streptomycin Invitrogen (Carlsbad, USA) 15140122
0.5% (v/v) N2 supplement N/A N/A
1% (v/v) B27 supplement Invitrogen (Carlsbad, USA) 17504044
1% (v/v) GlutaMAX Invitrogen (Carlsbad, USA) 35050038
1% (v/v) Non-essential amino acids Invitrogen (Carlsbad, USA) 11140035
4.44 mM Glucose Carl Roth (Karlsruhe, Germany) HNO06.2
Cytobuffer
Concentration Substance Distributor (headquarter) Cat. #
240 mM Myo-Inositol Sigma-Aldrich (St. Louis, USA) 15125
5 mg/ml (w/v) Polyvinylalcohol Sigma-Aldrich (St. Louis, USA) P8136
0.2X PBS Sigma-Aldrich (St. Louis, USA) D8537
NSC freezing medium
Concentration Substance Distributor (headquarter) Cat. #
KnockOut™ Serum )
70% (v/v) Invitrogen (Carlsbad, USA) 10828028
Replacement
20% (v/v) Cytobuffer N/A N/A
10% (v/v) DMSO Sigma-Aldrich (St. Louis, USA) D5879
live cell imaging solution
Concentration Substance Distributor (headquarter) Cat. #
20 mM HEPESpH 7.4 Carl Roth (Karlsruhe, Germany) 9105
140 mM NaCl Sigma-Aldrich (St. Louis, USA) 31434
2.5mM KCl AppliChem (Darmstadt, Germany)  A3582
1.8 mM CaCl2 Sigma-Aldrich (St. Louis, USA) 31307
1mM MgCl2 Merck (Darmstadt, Germany) 105833
10 mM Glucose Carl Roth (Karlsruhe, Germany) HNO06.2
Table 3: Chemicals used in cell culture and their respective diluents
Chemicals Diluent Distributor (headquarter) Cat. #
A83-01 DMSO Tocris Bioscience (Bristol, UK) 2939
BafilomycinA Ethanol VWR (Radnor, USA) J61835.MX
CHIR99021 DMSO Cell Guidance Systems (Cambridge, UK) SM13
Cycloheximide H20 Sigma-Aldrich (St. Louis, USA) C1988
DAPT DMSO Cell Guidance Systems (Cambridge, UK) SM15
DLL1-6xHis PBS Sino Biological (Beijing, China) 11635-HO8H
DLL1-6xHis H20 R&D Systems (Minneapolis, USA) 1818-DL-050
DMSO N/A Sigma-Aldrich (St. Louis, USA) D5879
Dynasore DMSO Cayman Chemical (Ann Arbor, USA) 14062
EGF H20 Cell Guidance Systems (Cambridge, UK) GFH26
Ethanol N/A Sigma-Aldrich (St. Louis, USA) 32205
FGF2-147 H20 Cell Guidance Systems (Cambridge, UK) GFH28
FGF2-154 0.1% BSAin H20  Cell Guidance Systems (Cambridge, UK) GFH146
Insulin 10 mM NaOH Sigma-Aldrich (St. Louis, USA) 91077C
L-ascorbic acid H20 Sigma-Aldrich (St. Louis, USA) A4544

Table to be continued on next page
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:‘:jg;:}gfj“d H,0 Sigma-Aldrich (St. Louis, USA) A8960
Laminin N/A Invitrogen (Carlsbad, USA) 23017015
LDN193189 DMSO Stemcell Technologies (Vancouver, Canada) 72148
Leupeptin H20 SERVA Electrophoresis (Heidelberg, Germany) 51867.02
Nocodazole DMSO Sigma-Aldrich (St. Louis, USA) M1404
:sgziiﬁinze H,0 Sigma-Aldrich (St. Louis, USA) P2636
Progesteron Ethanol Sigma-Aldrich (St. Louis, USA) P8783
Puromycin H20 EMD Millipore (Burlington, USA) 540222
Purmorphamine DMSO Cell Guidance Systems (Cambridge, UK) SM30
Putrescine H20 Sigma-Aldrich (St. Louis, USA) 51799
Sodium selenite H20 Sigma-Aldrich (St. Louis, USA) A8960
TGFB H20 Cell Guidance Systems (Cambridge, UK) GFH39
Transferrin H20 Sigma-Aldrich (St. Louis, USA) T3705
Trypsin inhibitor PBS Invitrogen (Carlsbad, USA) 17075029
XAV939 DMSO Cayman Chemical (Ann Arbor, USA) 13596
Y-27632 H20 Cell Guidance Systems (Cambridge, UK) SM02
Table 4: Ready-to-use solutions for cell culture

Solution Distributor (headquarter) Cat. #
BSA solution (7.5%) Invitrogen (Carlsbad, USA) 15260037
DPBS Sigma-Aldrich (St. Louis, USA) D8537
Geltrex Invitrogen (Carlsbad, USA) A1413302
Laminin Invitrogen (Carlsbad, USA) 23017015
TrypLE Express Invitrogen (Carlsbad, USA) 12605028
Trypsin-EDTA (10x) Invitrogen (Carlsbad, USA) 15400054

4.3 Bacteria and respective solutions

Amplification of plasmid DNA was performed in Escherichia coli DH5a (New England Biolabs, Cat.

#C2987H).

Table 5: Bacterial culture media

SOC medium
Concentration Substance Distributor (headquarter) Cat. #
BD Biosciences (Franklin Lakes,
2% (w/V) Bacto-Tryptone 211705
USA)
BD Biosciences (Franklin Lakes,
0.5% (w/v) Yeast Extract 212750
USA)
10 mM NacCl Sigma-Aldrich (St. Louis, USA) 31434
2.5 mM KClI AppliChem (Darmstadt, Germany) A3582
10 mM MgCl2 Merck (Darmstadt, Germany) 105833
10 mM MgSO0q4 Merck (Darmstadt, Germany) 105886
200 mM Glucose Carl Roth (Karlsruhe, Germany) HNO06.2

Table to be continued on next page
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LB medium
Concentration Substance Distributor (headquarter) Cat. #
20% (w/v) LB medium powder Carl Roth (Karlsruhe, Germany) X968.4
100 pg/ml Ampicillin Sigma-Aldrich (St. Louis, USA) A9518
LB agar
Concentration Substance Distributor (headquarter) Cat. #
20% (w/v) LB medium powder Carl Roth (Karlsruhe, Germany) X968.4
BD Biosciences (Franklin Lakes,
15% (w/v) Bacto-Agar 214010
USA)
100 pg/ml Ampicillin Sigma-Aldrich (St. Louis, USA) A9518
4.4 Plasmids
Table 6: Plasmids used for cloning and nucleofection
| 5
Name backbone e et Application Source Cat. #
transgene)
AAVS1-TetOn-OsTIR1 Addgene
pMK243 pBluescript PGK-TetR cloning (Watertown, 72835
PGK-Puromycin-AAVS1 USA)
U6-empty Addgene
BB)-
EpCEeiElE] pX459 CMV-Cas9-T2A- cloning (Watertown, 62988
2A-Puro .
Puromycin USA)
PB5’-CAG-H2B-EBFP2- Loulier et al
Cytbow pBluescript tdTomato-mTurquoise2- cloning 5014 7 N/A
mEYFP-PB3’
Hes5-1-Venus-NLS-PEST- Vilas-Boas et
HE BI i loni N/A
S5 reporter pBluescript 3'UTRueest cloning al, 2011 /.
U6-HES1 gRNA
HES1 gRNA-
> g px459 CMV-Cas9-T2A- nucleofection  this thesis N/A
plasmid .
Puromycin
HES1 5’'HDR-T2A-
HES1 HDR- . . . .
. pBluescript tdTomato-NLS-PEST- nucleofection  this thesis N/A
* HES1 3’HDR

4.5 PCR and cloning components

All oligonucleotides and primers were purchased from Integrated DNA Technologies, Inc.

(Coralville, USA).

Table 7: Primers used for PCRs

forward/ ., .
Gene/cDNA Sequence (5 -> 3’) Application
reverse
forward AAACGGCTACCACATCCAAG
18S RT-PCR
reverse CCTCCAATGGATCCTCGTTA
forward CCACCACCAACCCCACAAAATG
FOXA2 RT-PCR
reverse TGCAACACCGTCTCCCCAAAGT

Table to be continued on next page

Page | 29



MATERIAL

Table continued from previous page

forward CCCTCCCATTTCTGTACGTTT
FOXG1 RT-PCR
reverse CTGGCGGCTCTTAGAGAT
forward TTTAGCCGTTCGCTTAGAGG
HOXB2 RT-PCR
reverse CGGATAGCTGGAGACAGGAG
forward ACACCCGCTAACAAATGAGG
HOXB4 RT-PCR
reverse GCACGAAAGATGAGGGAGAG
forward GGCGCACCTCAAGATGTCC
NES RT-PCR
reverse CTTGGGGTCCTGAAAGCTG
forward AGGATGCCGCTGATGGAGTAC
PAX5 RT-PCR
reverse TGGAGGAGTGAATCAGCTTGG
forward CCCCACATATGCAGACACACA
PAX6 RT-PCR
reverse GAACTGACACACCAGGGGAAA
forward TCGGAGTCAACGGATTTGGT
GAPDH gPCR
reverse TGAAGGGGTCATTGATGGCA
forward AAAAATTCCTCGTCCCCGGT
HES1 gPCR
reverse GGCTTTGATGACTTTCTGTGCT
forward TGAAGCACAGCAAAGCCTTC
HES5 gPCR
reverse GCAGGCACCACGAGTAGC
forward TAATTGAGAAGCGCCGACGA
HEY1 gPCR
reverse GCTTAGCAGATCCCTGCTTCT
HES1 forward CTCGCTGGTACTGCGTTCTC genotyping
HES1 reverse TGGGGAGTTTAGGAGGAGGG genotyping
HES1-T2A reverse GGGATTCTCCTCCACGTCACC genotyping
forward GGGCCTATTTCCCATGATTCCTTCA .
U6-gRNA genotyping
reverse GACTCGGTGCCACTTTTTCAAGTT
forward ACAAAGTGCTGTCCGCCTAC .
Cas9-Puro genotyping
reverse TCCGGGGAGCACGACG
forward GGGAGCAAACAGGATTAGATACCCT
Myco Mycoplasma PCR

reverse

TGCACCATCTGTCACTCTGTTAACCTC

Table 8: Primers and Oligonucleotides used for molecular cloning

e e forward/ Sequence (5’ -> 3’) with restriction sites/overhangs associated with
reverse restriction sites
gRNA for HES1 sense CACCGGGAGGCCGTGGCGGAACTGA
locus antisense AAACTCAGTTCCGCCACGGCCTCCC
HES1 5‘- forward CGTGAATTCCTGGGGGTCACTGGTTTAG
homology arm reverse GTTGCGGCCGCACTGTCGACGTTCCGCCACGGCCTC
HES1 3‘- forward GAGTCGACAGTACCGGTCGGGAGCTCCACCTCTCTTCCCTCCGG
homology arm reverse GCAGCGGCCGCTTGCTTTAAGAGGGTGCG
TCGACGAGGGCAGAGGAAGTCTTCTAACATGCGGTGACGTGGA
sense GGAGAATCCCGGCCCTA
T2A antisense CCGGTAGGGCCGGGATTCTCCTCCACGTCACCGCATGTTAGAAG
ACTTCCTCTGCCCTCG
tdTomato forward TGCACCGGTATGGTGAGCAAGGGCGAG
reverse ACGGAGCTCGTAACGCGTCTTGTACAGCTCGTCCATG
forward TGCACGCGTCCTCCAAAAAAGAAGAGAAAG
NLS-PEST

reverse

TCGGAGCTCCTACACATTGATCCTAGCAG
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Table 9: PCR and gPCR reaction mixture

PCR reaction
Concentration Substance Distributor (headquarter) Cat. #
. Biozym (Hessisch Oldendorf,
1X reaction buffer 331610
Germany)
Steinbrenner Laborsysteme SL-Set-S-
each 500 uM dNTPs .
(Wiesenbach, Germany) dNTPs
. Integrated DNA Technologies
each 200 nM Primer . N/A
(Coralville, USA)
Biozym (Hessisch Oldendorf,
0.625 U Taq DNA Polymerase 331610
Germany)
200 ng/10 ng genomic DNA/cDNA N/A N/A
DMSO . . .
1% (v/v) . Sigma-Aldrich (St. Louis, USA) D5879
(for genomic DNA only)
gPCR reaction
Concentration Substance Distributor (headquarter) Cat. #
1X reaction buffer Promega (Madison, USA) MB890A
2.5mM MgCl2 Promega (Madison, USA) A351B
Steinbrenner Laborsysteme SL-Set-S-
each 200 uM dNTPs .
(Wiesenbach, Germany) dNTPs
. Integrated DNA Technologies
each 100 nM Primer . N/A
(Coralville, USA)
4% (v/v) DMSO Sigma-Aldrich (St. Louis, USA) D5879
1X Syber® Green | Sigma-Aldrich (St. Louis, USA) S9430
25 nM ROX GENAXXON (Ulm, Germany) A351513
0.75U GoTaq® DNA Polymerase Promega (Madison, USA) M780B
10 ng cDNA N/A N/A
Table 10: PCR and qPCR program
PCR program qPCR program
Temperature Time Cycles Temperature Time Cycles
. 50°C 2 min
95°C 5 min .
95°C 10 min
95°C 20 sec 95°C 20 sec
60°C 20 sec 35 60°C 20 sec 40
72°C 1 min/500 bp 72°C 20 sec
72°C 10 min 95°C 15 sec
60°C 1 min
4°C 0
95°C 0.05°C/sec
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4.6 Antibodies

Table 11: Primary antibodies for Western Blot and immunofluorescence (IF) staining

permeabilization method

with respective

Dilution
Antigen Host IF Western Distributor (headquarter) Cat.#
(permeab.) Blot
. ) Cell Signaling Technology
Actin mouse 1:10,000 (Danvers, USA) 3700
. . 1:50 Cell Signaling Technology
Clathrin rabbit Gepaili (Danvers, USA) 4796
1:250 . .
GADG65 mouse . Biolegend (San Diego, USA) 844502
(Saponin)
GFAP mouse 1:500 Synaptic Systems (Gottingen, 173011
(Triton) Germany)
. ) Cell Signaling Technology
EEAL rabbit 1:1,000 (Danvers, USA) 3288
1:100 Cell Signaling Technology
EEAL 484
mouse (Saponin) (Danvers, USA) 84535
ExHis- chicken 1:509 Biotrend (Cologne, Germany) CHIS-45A-Z
tag (Saponin)
1:500 Thermo Fisher Scientific
HuC/D mouse (Triton) (Waltham, USA) A-21271
1:400 Developmental Studies
LAMP1 . . . H4A3
mouse (Saponin) Hybridoma Bank (lowa City, USA)
. 1:200 Cell Signaling Technology
LAMP1 1:1 1
£l (Saponin) /000 (Danvers, USA) 905
CD63 mouse 1:400 ExBio Praha (Vestec, Czech 11-343-
(Saponin) Republic) C100
. 1:100 Cell Signaling Technology
LC3A/B bbit . 12741S
/ rabb! (Saponin) (Danvers, USA)
MAP2 chicken 1:6000 Biolegend (San Diego, USA) 822501
(Triton) & g0,
Nestin mouse 1:600 R&D Systems (Minneapolis, USA) MAB-1259
(Triton) ¥ sellky
. (1:100) Cell Signaling Technology
NeuN rabbit Triton (Danvers, USA) 24307
. 1:200 ) Cell Signaling Technology
Notch1 rabbit Sepeiii 1:1,000 (Danvers, USA) 4380
Notchl . ) Cell Signaling Technology
1D rabbit 1:1,000 (Danvers, USA) 4147
Notchl 1:50
Biol Di A 19101
ECD mouse (saponin) iolegend (San Diego, USA) 81910
. 1:200 Cell Signaling Technology
Notch2 bbit 1:500 4530
ote rabb! (Saponin) (Danvers, USA)
1:500 Santa Cruz Biotechnology (Dallas,

OKT3/4 5279
/ mouse (Triton) USA) ¢
PAX6 rabbit 1:500 Biolegend (San Diego, USA) 901301

(Triton) & g0,
1:100 BD Bioscience (Franklin Lakes,
102
PKCA mouse (Triton) USA) 610208
Prej. mouse 1:1,000 Biolegend (San Diego, USA) 823404
senilinl

Table to be continued on next page
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1:100 Cell Signaling Technology
Rabs mouse (Saponin) (Danvers, USA) 464495
. 1:100 Cell Signaling Technology
Rab7 rabbit (Saponin) (Danvers, USA) 9367T
. 1:100 Cell Signaling Technology
Rab11 t T
28 LI (Saponin) (Danvers, USA) 2589
Sara/ . 1:100 . . .
t 1:1 -Al h (St. L A HPA 2
ZEYVES rabbi (saponin) ,000 Sigma-Aldrich (St. Louis, USA) 06585
. 1:500 Cell Signaling Technology
SOX2 rabbit (Triton) (Danvers, USA) 3579
1:100 Developmental Studies
SSEA4 mouse (Triton) Hybridoma Bank (lowa City, USA) MC-813-70
TAU gumea 1:300 Synaptic Systems (Gottingen, 314004
pig Germany)
TUBB3 gumea 1:1.,000 Synaptic Systems (Gottingen, 302 304
pig (Triton) Germany)
. 12 . i
VGLUTL gun.'1ea Oq Synaptic Systems (Go6ttingen, 135304
pig (Saponin) Germany)
1:50 Developmental Studies
Z0-1 R26.4
O rat (Triton) Hybridoma Bank (lowa City, USA) 6.4¢
Table 12: Secondary antibodies for IF staining and Western Blot
Antigene Conjugate Dilution Distributor (headquarter) Cat. #
. ) Cell Signaling Technology
mouse IgG DyelLight680 1:15,000 (Danvers, USA) 5470
. ) Cell Signaling Technology
mouse IgG DyelLight800 1:15,000 (Danvers, USA) 5257
. . Cell Signaling Technology
| Dyeligh 1.1 151
rabbit IgG yelLight800 5,000 (Danvers, USA) 515
chicken AF633 1:1,000 Invitrogen (Carlsbad, USA) A21103
guinea pig AF555 1:1,000 Invitrogen (Carlsbad, USA) A21435
mouse AF568 1:1,000 Invitrogen (Carlsbad, USA) A11004
mouse AF647 1:1,000 Invitrogen (Carlsbad, USA) A21236
rabbit AF488 1:1,000 Invitrogen (Carlsbad, USA) A11008
rabbit AF647 1:1,000 Invitrogen (Carlsbad, USA) A21244
rat AF555 1:1,000 Invitrogen (Carlsbad, USA) A21434
Table 13: Fluorescent probes
. Dilution/ L
D .
Reagent Conjugate e istributor (headquarter) Cat. #
Choleratoxin
subunit B AF555 10 pg/ml Molecular Probes (Eugene, USA) C-34776
DAPI N/A 300 nM Biolegend (San Diego, USA) 422801
LysoTracker™ Thermo Fisher Scientific
A L12492
DeepRed N/A 0.1nM (Waltham, USA) 49
Phalloidin ATTO565 1:2000 ATTO-TEC (Siegen, Germany) AD 565-81
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4.7 Enzymes

Table 14: Enzymes used in molecular biology

Name Distributor (headquarter) Cat. #
DNase I, Amplification Grade Sigma-Aldrich (St. Louis, USA) AMPD1
GoTaqg® G2 Flexi DNA Polymerase Promega (Madison, USA) M780B
Phusion® High-Fidelity DNA Polymerase New England Biolabs (lpswich, USA) MO0530S
T4 DNA Ligase New England Biolabs (Ipswich, USA) M0202L
T4 Polynucleotide kinase New England Biolabs (Ipswich, USA) M0201S
Taq DNA Polymerase Biozym (Hessisch Oldendorf, Germany) 331610
Agel-HF New England Biolabs (Ipswich, USA) R3552S
Bbsl New England Biolabs (Ipswich, USA) R0539S
EcoRI-HF New England Biolabs (Ipswich, USA) R3101S
MIul-HF New England Biolabs (lpswich, USA) R3198L
Notl-HF New England Biolabs (Ipswich, USA) R3189L
Sacl-HF New England Biolabs (lpswich, USA) R3156S
Sall-HF New England Biolabs (Ipswich, USA) R3138S
4.8 Kits
Table 15: Kits
Name Distributor (headquarter) Cat. #
ExtractMe Genomic DNA blirt (Gdansk, Poland) EM13-050
Cell Line Nucleofector™ Kit V Lonza (Basel, Swiss) VCA-1003
17 1B
iScript cDNA synthesis Bio-Rad Laboratories (Hercules, USA) N 088918V
peqGOLD Gel extraction kit VWR (Radnor, USA) 12-2501-02
peqGOLD Plasmid miniprep kit VWR (Radnor, USA) 12-6942-02
peqGOLD TriFast VWR (Radnor, USA) 30-2010
pHroc.jo IF'.' Green Microscale Protein Thermo Fisher Scientific (Waltham, USA) P36015
Labeling Kit
PierceTM BCATM Protein-Assay Thermo Fisher Scientific (Waltham, USA) 23227
PureLink™ HiPure Plasmid Filter Midi
K;re ink™™ HiPure Plasmid Filter Midiprep o 0 £icher Scientific (Waltham, USA) k210015
4.9 Chemicals, buffers and solutions
Table 16: Chemicals
Name Distributor (headquarter) Cat. #
30% Bis/Acrylamide Carl Roth (Karlsruhe, Germany) 3029.1
Agarose Sigma-Aldrich (St. Louis, USA) A9539
Chloroform Sigma-Aldrich (St. Louis, USA) 32211
DEPC Carl Roth (Karlsruhe, Germany) K028.1
DMSO Sigma-Aldrich (St. Louis, USA) D5879
Ethanol Th. Geyer (Renningen, Germany) 2246.1000

Table to be continued on next page
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FBS Invitrogen (Carlsbad, USA) 10270-106
37% HCI Th. Geyer (Renningen, Germany) 836.1000
2-Propanol Th. Geyer (Renningen, Germany) 1157
PeqGreen VWR (Radnor, USA) 732-3196
PFA Sigma-Aldrich (St. Louis, USA) 16005
Powdered milk Carl Roth (Karlsruhe, Germany) T145.3
10x Tris-Tricine-SDS buffer Sigma-Aldrich (St. Louis, USA) T1165
Table 17: Molecular ladders
Name Distributor (headquarter) Cat. #
Quick-Load® 100 bp DNA ladder New England Biolabs (Ipswich, USA) N0467L
Protein ladder PS10 Plus (11-180 kDa) GeneOn (Ludwigshafen am Rhein, Germany) 310003
Table 18: Buffers and solutions for IF staining
1X PBS
Concentration Substance Distributor (headquarter) Cat. #
137 mM NaCl Th. Geyer (Renningen, Germany) 1367
2.7 mM KCl Th. Geyer (Renningen, Germany) 1632
10 mM Naz2HPO4 Th. Geyer (Renningen, Germany) 8622
1.8 mM KH2PO4 Th. Geyer (Renningen, Germany) 1648
Acetic acid buffer
Concentration Substance Distributor (headquarter) Cat. #
200 mM Acetic acid pH 2.0 Sigma-Aldrich (St. Louis, USA) 33209
500 mM NaCl Sigma-Aldrich (St. Louis, USA) 31434
Mounting solution
Concentration Substance Distributor (headquarter) Cat. #
100 mM Tris-HCI pH 8.5 Carl Roth (Karlsruhe, Germany) 4855.5
25% (v/v) Glycerol Sigma-Aldrich (St. Louis, USA) 15523
10% (w/v) Mowiol 4-88 Sigma-Aldrich (St. Louis, USA) 81381
0.6% (w/v) DABCO Carl Roth (Karlsruhe, Germany) 0718.2
Table 19: Buffers and solutions used for the work with DNA
Lysis buffer for DNA isolation
Concentration Substance Distributor (headquarter) Cat. #
100 mM Tris-HCl pH 8.5 Carl Roth (Karlsruhe, Germany) 4855.5
200 mM NaCl Sigma-Aldrich (St. Louis, USA) 31434
Thermo Fisher Scientific (Waltham,
5mM EDTA 147850010
USA)
0.2 % (w/v) SDS Carl Roth (Karlsruhe, Germany) CN30.1
. GeneOn (Ludwigshafen am Rhein,
133 ng/ul Proteinase K 405-001
Germany)
1X TAE
Concentration Substance Distributor (headquarter) Cat. #
40 mM Tris Carl Roth (Karlsruhe, Germany) 4855.5
20 mM Acetic acid Sigma-Aldrich (St. Louis, USA) 33209
1 mM EDTA 'lI'J:eAr)mo Fisher Scientific (Waltham, 147850010

Table to be continued on next page
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10X DNA loading buffer

Concentration Substance Distributor (headquarter) Cat. #

50 mM Tris-HCl pH 7.6 Carl Roth (Karlsruhe, Germany) 4855.5

60% (v/v) Glycerol Sigma-Aldrich (St. Louis, USA) 15523

0.25% (w/v) Bromophenol blue Sigma-Aldrich (St. Louis, USA) B-8026

Table 20: Buffers and solutions for sucrose gradient centrifugation

Sucrose solution

Concentration Substance Distributor (headquarter) Cat. #

10-50% (w/v) Sucrose Sigma-Aldrich (St. Louis, USA) S9378

3mM Imidazole pH 7.4 Sigma-Aldrich (St. Louis, USA) 15513
Thermo Fisher Scientific (Waltham,

1mM EDTA 147850010
USA)

Homogenization buffer A

Concentration Substance Distributor (headquarter) Cat. #

3 mM Imidazole pH 7.4 Sigma-Aldrich (St. Louis, USA) 15513
Thermo Fisher Scientific (Waltham,

1mM EDTA 147850010
USA)

Homogenization buffer B

Concentration Substance Distributor (headquarter) Cat. #

500 mM Sucrose Sigma-Aldrich (St. Louis, USA) S9378

3 mM Imidazole pH 7.4 Sigma-Aldrich (St. Louis, USA) 15513
Thermo Fisher Scientific (Waltham,

1mM EDTA 147850010
USA)

0.06 mM Cycloheximide Sigma-Aldrich (St. Louis, USA) C1988

o Thermo Fisher Scientific (Waltham,

1X Protease inhibitor A32955

USA)
Table 21: Buffers and solutions for protein biochemistry

Lysis buffer for protein isolation

Concentration Substance Distributor (headquarter) Cat. #

50 mM Tris-HCl pH 7.4 Carl Roth (Karlsruhe, Germany) 4855.5

150 mM NacCl Sigma-Aldrich (St. Louis, USA) 31434

0.2% (v/v) Triton X-100 Merck (Darmstadt, Germany) 1.08603
Thermo Fisher Scientific (Waltham,

25 mM EDTA 147850010
USA)

0.2% (w/v) SDS Carl Roth (Karlsruhe, Germany) CN30.1

L Thermo Fisher Scientific (Waltham,

1X Protease inhibitor A32955
USA)

6X Protein loading buffer

Concentration Substance Distributor (headquarter) Cat. #

93.75 mM Tris-HCl pH 6.8 Carl Roth (Karlsruhe, Germany) 4855.5

6% (W/V) SDS Carl Roth (Karlsruhe, Germany) CN30.1

6% (v/v) Glycerol Sigma-Aldrich (St. Louis, USA) 15523

9% (v/v) beta-Mercaptoethanol Merck (Darmstadt, Germany) 805740

0.25% (w/v) Bromophenol blue Sigma-Aldrich (St. Louis, USA) B-8026

Table to be continued on next page
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SDS-PAGE gel buffer
Concentration Substance Distributor (headquarter) Cat. #
3M Tris-HCI pH 8.45 Carl Roth (Karlsruhe, Germany) 4855.5
0.3% (w/v) SDS Carl Roth (Karlsruhe, Germany) CN30.1
SDS-Polyacrylamide separating gel
Concentration Substance Distributor (headquarter) Cat. #
33.3% (v/v) SDS-PAGE gel buffer N/A N/A
10% (v/v) Bis/Acrylamide Carl Roth (Karlsruhe, Germany) 3029.1
10% (v/v) Glycerol Sigma-Aldrich (St. Louis, USA) 15523
0.028% (w/Vv) Ammonium persulfate Sigma-Aldrich (St. Louis, USA) A3678
0.09% (v/v) TEMED Sigma-Aldrich (St. Louis, USA) 79281
SDS-Polyacrylamide stacking gel
Concentration Substance Distributor (headquarter) Cat. #
24.8% (v/v) SDS-PAGE gel buffer N/A N/A
3.84% (v/v) Bis/Acrylamide Carl Roth (Karlsruhe, Germany) 3029.1
0.0672% (w/v) Ammonium persulfate Sigma-Aldrich (St. Louis, USA) A3678
0.224% (v/v) TEMED Sigma-Aldrich (St. Louis, USA) 79281
SDS-PAGE anode buffer
Concentration Substance Distributor (headquarter) Cat. #
200 mM Tris-HCI pH 8.8 Carl Roth (Karlsruhe, Germany) 4855.5
Western Blot transfer buffer
Concentration Substance Distributor (headquarter) Cat. #
25 mM Tris Carl Roth (Karlsruhe, Germany) 4855.5
) Thermo Fisher Scientific (Waltham,
192 mM Glycine G/0800/60
USA)
20% (v/v) Methanol VWR (Radnor, USA) 20847.307
0.08% (w/v) SDS Carl Roth (Karlsruhe, Germany) CN30.1
1X TBS-T
Concentration Substance Distributor (headquarter) Cat. #
50 mM Tris-HClI pH 7.4 Carl Roth (Karlsruhe, Germany) 4855.5
150 mM NaCl Sigma-Aldrich (St. Louis, USA) 31434
0.1% (v/v) TWEEN®20 Sigma-Aldrich (St. Louis, USA) P2287
Stripping buffer
Concentration Substance Distributor (headquarter) Cat. #
. Thermo Fisher Scientific (Waltham,
25 mM Glycine pH 2.0 G/0800/60
USA)
4.10 Consumables
Table 22: Consumables
Consumables Distributor (headquarter) Cat. #
3.5cm Sarstedt (Nliimbrecht, Germany) 833900
Cell culture 3.5cm ibidi (Gréafelfing, Germany) 81156
dishes 3.5cm+4 wellinsert  ibidi (Grifelfing, Germany) 80406
6 cm Sarstedt (Niimbrecht, Germany) 833901300

Table to be continued on next page
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6-well Sarstedt (Nimbrecht, Germany) 833920005

24-well Sarstedt (Nimbrecht, Germany) 833922300
Cell culture plates .

48-well Sarstedt (Nimbrecht, Germany) 833923300

384-well ibidi (Gréafelfing, Germany) 88411
Cell scraper Santa Cruz Biotechnology (Dallas, USA) sc-395251
Coverslips 12 mm VWR (Radnor, USA) 631-1577
Cryovials 1ml Greiner (Kremsminster, Austria) 123280
i:g::grgane g_’;ﬁ:\a””'ose GE Healthcare (Chicago, USA) 10600001
Filter bottles 11;0.2 um Sarstedt (Nimbrecht, Germany) 833942001
Filtr paper o — 6035080
Microscopy slides Carl Roth (Karlsruhe, Germany) H868.1
ety Loy mosnor

inbrenner Labor m

qPCR seal (S\E\fiesber?ba:h, gsfmsz::j;e ) 4ti-0500
Pasteur pipette Th. Geyer (Renningen, Germany) 7691061
PCR strips 8x 200 pl Biozym (HESsisch Oldendorf, Germany) 710971
Petri dishes 10cm Corning (Corning, USA) 351029

10 pl Sarstedt (NUmbrecht, Germany) 701130
Pipette tips 200 pl Sarstedt (Nimbrecht, Germany) 70760002

1250 pl Sarstedt (Niimbrecht, Germany) 701186

) 5 ml Sarstedt (NiUmbrecht, Germany) 861253001

S?roli)glcal 10 ml Sarstedt (Nimbrecht, Germany) 861254001
PIpETtes 25 ml Sarstedt (NUmbrecht, Germany) 861685001

1ml B. Braun (Melsungen, Germany) 2023-02-01
Syringes 20 ml BD Biosciences (Franklin Lakes, USA) 300296

50 ml Sarstedt (NUmbrecht, Germany) 946077137
Syringe filter 0.2 um Sarstedt (Nimbrecht, Germany) 831826001
Syringe needles  22Gx1%” BD Biosciences (Franklin Lakes, USA) 300900

0.5 ml Sarstedt (Nimbrecht, Germany) 72699

1.5 ml Sarstedt (NUmbrecht, Germany) 72690001
Tubes 2 ml Th. Geyer (Renningen, Germany) 7695840

15 ml Sarstedt (Nimbrecht, Germany) 62554502

50 ml Sarstedt (NUmbrecht, Germany) 62547254
tﬂ:::e”t”f”ge 14x95 mm Beckman Coulter (Brea, USA) 344060

4.11 Technical equipment

Table 23: Technical equipment

Appliance Name

Agarose gel electrophoresis
chamber

Agarose gel imaging system

Distributor (headquarter)
EasyPhor Midi Biozym (Hessisch Oldendorf, Germany)

GeneFlash Syngene International (Bangalore, India)

Table to be continued on next page
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Autoclave

Balance

Balance

Block heater
Centrifuge
Centrifuge
Centrifuge

Confocal microscope

Counting chamber

Epifluorescence microscope
Freezer -80°C

Freezer -150°C

Freezing container
Incubator

Inverse light microscope
Liquid nitrogen store

Live cell microscope
Micro-Spectrophotometer
Micropipettes

Nucleofector

PAGE equipment

Power supply for agarose gel
electrophoresis

Power supply for SDS-PAGE
PCR cycler

pH-meter

Pipette-boy

Platereader

gPCR cycler

Sonicator

Sterile laminar flow hood
Table centrifuge
Ultracentrifuge

Vacuum pump

Vortexer

Water conditioner
Water bath

Western Blot equipment

Western blot imaging system

Laboklav

BL610

BP121S

Thermomixer comfort
Labofuge 400R
Z216MK

5415D

TCSSP5 I

Neubauer improved

DM6 B

Hera freeze
VIP plus

Mr. Frosty™
C170E3

DMIL LED
Cryotech
Celldiscoverer 7
NanoDrop®
Transferpette®
Nucleofector Il

Mini-PROTEAN® Tetra
System

EPS301

PowerPac Basic
PTC-200

pH 597

Pipet Filler S1
PowerWave XS
QuantStudio 7 Flex
Sonifier 250
Scanlaf Mars
C1301-230V

L-70

FTA-1

Bio Vortex V1
Milli-Q Q-POD

Trans-Blot® Turbo™

Odyssey

SHP Steriltechnik AG (Detzel Schloss,
Germany)

Sartorius (Gottingen, Germany)
Sartorius (Gottingen, Germany)
Eppendorf (Hamburg, Germany)
Heraeus (Hanau, Germany)

Hermle (Gosheim, Germany)

Eppendorf (Hamburg, Germany)

Leica (Wetzlar, Germany)

Paul Marienfeld (Lauda-Konigshofen,
Germany)

Leica (Wetzlar, Germany)

Thermo Fisher Scientific (Waltham, USA)
Panasonic (Kadoma, Japan)

Thermo Fisher Scientific (Waltham, USA)
Binder (Tuttlingen, Germany)

Leica (Wetzlar, Germany)

Thermo King (Minneapolis, USA)

Carl Zeiss (Oberkochen, Germany)
Thermo Fisher Scientific (Waltham, USA)
Brand (Wertheim, Germany)

Lonza (Basel, Swiss)

Bio-Rad Laboratories (Hercules, USA)

Amersham plc (Little Chalfont, UK)

Bio-Rad Laboratories (Hercules, USA)
Bio-Rad Laboratories (Hercules, USA)
WTW (Weilheim in Oberbayern,
Germany)

Thermo Fisher Scientific (Waltham, USA)
BIOTEK (Winooski, USA)

Thermo Fisher Scientific (Waltham, USA)
Thermo Fisher Scientific (Waltham, USA)
Labogene (Lillergd, Denmark)

Corning (Corning, USA)

Beckman Coulter (Brea, USA)

Thermo Fisher Scientific (Waltham, USA)
VWR (Radnor, USA)

EMD Millipore (Burlington, USA)
Thermo Fisher Scientific (Waltham, USA)
Bio-Rad Laboratories (Hercules, USA)
Li-Cor (Lincoln, USA)
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4.12 Data processing and software

Table 24: Software for data processing

Software

Supplier (headquarter)

ApE — A plasmid editor
BioRender

Excel 2019

Image)

Image Studio

Leica Application Suite AF
Leica Application Suite X
Prismé

QuantStudio Software
RStudio

ZEN

M. Wayne Davis

BioRender (Toronto, Canada)
Microsoft (Redmond, USA)

NIH (Rockville, USA)

Li-Cor (Lincoln, USA)

Leica (Wetzlar, Germany)

Leica (Wetzlar, Germany)
GraphPad (San Diego, USA)
Thermo Fisher Scientific (Waltham, USA)
RStudio (Boston, USA)

Carl Zeiss (Oberkochen, Germany)
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5 Methods

5.1 Cell culture

All cell types were handled under sterile conditions and maintained at 37°C and 5% CO; in 6-well
plates unless otherwise stated. All medium and buffer compositions mentioned in this chapter
can be found in Table 2. Media and solutions were stored at 4°C and prewarmed to room

temperature (RT) before use.

5.1.1 Coating of cell culture plates, dishes and coverslips

For maintenance of all cell types, cell culture plates were coated with 1% (v/v) Geltrex (in Wash
medium) overnight at 4°C or for 1 h at 37°C.

Coverslips for immunofluorescence (IF) staining were treated with 37% HCl for 1 h at RT. After 3
washing steps with dH,0 and an additional wash with 70% Ethanol, coverslips were autoclaved.
These pre-treated coverslips as well as ibidi-plates and -dishes were coated with 100 pg/ml Poly-
L-Lysin (in 25 mM boric acid, pH 8.4) overnight at 4°C. After 2 washing steps with ddH,0, 2.5
pg/ml Laminin (in DPBS) was added and incubated overnight at 4°C or 2 h at 37°C.

5.1.2 Culturing and passaging of iPSCs
iPSCs were maintained in feeder-free conditions in E8 medium and medium was changed every
day. Cultures were split once the colonies grow 70-90% confluent. Passaging was performed
with 500 uM EDTA (in DPBS) by washing once and then incubating the cells at RT for 3-4 min in
the solution. EDTA was removed and cells were washed from the plate using fresh E8 medium
supplemented with 5 uM Y-27632. IPSC-colonies in suspension were transferred to a new,
coated culture plate in a 1:6-1:10 ratio. Medium was changed after one day to E8 medium

without Y-27632.

5.1.3 Cryopreservation of iPSCs
To cryopreserve iPSCs, an almost confluent well of a 6-well plate was treated with 500 pM EDTA
(in DPBS) as described in chapter 5.1.2 and washed from the plate with Wash medium. Colonies
were sedimented at 500 x g for 4 min and carefully resuspended in 1 ml of E8 freezing medium.
Cyro vials were frozen in Isopropanol at -80°C and transferred to -150°C after 2-3 days.
Cryopreserved iPSC-colonies were quickly thawed at 37°C and carefully transferred to 14 ml of
Wash medium. Colonies were sedimented at 500 x g for 4 min, resuspended in E8 medium

supplemented with 10 uM Y-27632 and plated on one well of a 6-well plate. If necessary,
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medium was changed after a few hours to remove dead cells and refresh the Y-27632. Next day,

medium was changed to E8 medium without Y-27632.

5.1.4 Induction of SM-NSCs
Neural fate was induced by inhibiting Smad- and Wnt-signalling pathways in iPSCs (see also
chapter 3.1.2). Therefore, a single cell suspension of iPSCs was prepared by treating the cells
with TrypLE for 10 min at 37°C. TrypLE was diluted in Wash medium, cells were resuspended
and the single cell suspension was centrifuged at 1200 x g for 4 min. Cell pellet was resuspended
in E8 medium supplemented with 5 uM Y-27632 and plated in a 2:1 ratio on a coated well plate.
Medium was changed to neural induction medium once the cells formed a confluent monolayer,
usually on the day after the passaging. Afterwards, medium was changed every day for a total
of 9-10 days, adapting the applied medium volume to the everyday consumptions. After this
patterning phase, cells were split in a low density with TrypLE (as mentioned above) and the
medium was changed to SM-NSC medium. Neural progenitor cells were kept at very low
densities until the typical colony morphology can be observed and no spontaneous

differentiation was visible anymore.

5.1.5 Culturing and passaging of SM-NSCs
Medium of SM-NSCs was changed every day and every other day on weekends. Cells were
passaged by treatment with 1X Trypsin/EDTA (in DPBS) for 5 min at 37°C. Trypsin reaction was
stopped by adding an equal volume of 0.5 mg/ml Trypsin inhibitor (in DPBS). Cells were
resuspended and centrifuged at 1200 x g for 4 min. Pellet was resuspended in SM-NSC medium

and transferred to a new, coated plate in a 1:4-1:10 ratio.

5.1.6 Cryopreservation of SM-NSCs
Single cell suspension of SM-NSCs was prepared as described in chapter 5.1.5. After
centrifugation at 1200 x g for 4 min, cell pellet was carefully resuspended in 0.5 ml SM-NSC
freezing medium per well. Cells were frozen in isopropanol at -80°C and transferred to -150°C
after 2-3 days.
Thawing of cryopreserved SM-NSCs was performed at 37°C and cell suspension was transferred
to 14 ml of Wash medium. Cells were sedimented at 1200 x g for 4 min, resuspended in SM-NSC

medium and transferred to 1-2 wells of a 6-well plate, dependent on the pellet size.
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5.1.7 Induction of rosette-type NSC and neuronal differentiation

SM-NSCs can be shifted to rosette-type NSCs by changing the medium to rosette-type NSC
medium containing FGF2 and EGF as growth factors. In this condition, NSCs still proliferate, but
in comparison to SM-NSCs show a certain amount of spontaneous differentiation. All
experiments within the scope of this thesis were performed on rosette-type NSCs, whereas SM-
NSCs were only used as a highly proliferative pre-amplifier cell type. NSCs were kept as rosette-
type NSCs until the first spontaneous neuronal differentiation was visible, but for at least 3 days,
before starting any experiment.

Maintenance and passaging of rosette-type NSCs are identical with the procedures for SM-NSCs
descripted in chapter 5.1.5. For differentiation of rosette-type NSCs, medium was changed to

neuronal differentiation medium for 4 weeks with 2 media changes per week.

5.1.8 DNA isolation and Mycoplasma polymerase chain reaction (PCR)
To exclude Mycoplasma contamination, all cells were regularly screened by PCR. Therefore, cells
were washed twice with PBS and remove from the plate using a cell scraper. 150 ul lysis buffer
was added and cells were lysed for 1 h at 37°C and 400 rpm. Proteinase K was inactivated
afterwards by 10 min incubation at 95°C. DNA was precipitated by addition of 105 ul 2-propanol
and incubation for 30 min at RT. After centrifugation for 10 min at 12,000 x g, the DNA pellet
was washed twice with 75% (v/v) ethanol (in ddH,0). The DNA pellet was air-dried, resuspended
in 100 ul ddH,0 and DNA concentration was determined spectrophotometrically. DNA samples
can be stored at -20°C until further analysis.
PCR reaction mixture, PCR program and the used primers to detect Mycoplasma DNA can be
found in Tables Table 9, Table 10 and Table 7, respectively.
PCR products were analysed by agarose gel electrophoresis using 1% (w/v) Agarose (in 1X TAE)
supplemented with 0.007% PeqGreen. After completion of the PCR reaction, the mix was diluted
with DNA loading dye (final 1X) and subjected to electrophoresis with 100 V for 45 min.

DNA isolation and Mycoplasma PCR were kindly performed by Helene Schamber.

5.2 Generation of HES1-tdTomato reporter line

For targeted editing of the endogenous HES1 locus, the Clustered regulatory interspaced
palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) technology was utilized. This
system was originally described as an adaptive defence mechanism in bacteria [Ishino et al.,
1987; Mojica et al., 2000; Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005] and is

based on the nuclease activity of Cas9 [Makarova et al., 2006], which is directed to specific loci
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via a guide RNA (gRNA). After the adoption of the system for usage in mammalian cells [Jinek et
al.,, 2012], a variety of gene editing technologies arose, which highjack the cell-intrinsic DNA
damage repair pathways activated by the Cas9-induced DNA double strand break. Here, the
homology-directed repair (HDR) pathway [Kakarougkas and Jeggo, 2014] was used to insert an

exogenous cassette encoding for a fluorescent reporter protein into the endogenous HES1 locus.

5.2.1 Molecular cloning
To generate the HDR template, the two homology arms, corresponding to 889 bp upstream and
885 bp downstream of the gRNA binding site were amplified from genomic DNA isolated from
Ctrl#2 iPSCs by PCR (for DNA isolation see chapter 5.1.8). Respective primer sequences can be
found in Table 8 and PCR was performed as indicated in Table 9 and Table 10. PCR products were
separated using Agarose gel electrophoresis as described above (chapter 5.1.8) and DNA
fragments were isolated from the gel using the peqGOLD Gel extraction kit according to the
manufacturer’s protocol. DNA fragments and the backbone (pBluescript from pMK243) were
incubated with the appropriate restriction enzymes in CutSmart buffer (final 1X; all from New
England Biolabs) for 1 h at 37°C. Digested homology arms and the linearized backbone were
purified again via Agarose gel electrophoresis and gel extraction. In the first step, the 5’
homology arm (5’-HDR) was ligated to the backbone using T4 DNA Ligase with its respective
buffer and an incubation for 1 h at RT. Escherichia coli DH5a were transformed by heat-shock at
42°C for 42 sec with the ligation mixture, plated on LB-Agar plates and clones were picked the
next day. Overnight LB cultures of 5 ml were inoculated and used for plasmid isolation with the
peqGOLD Plasmid miniprep kit according to the manufacturer’s protocol. After screening of
clones by restriction digestion, this plasmid was used as the backbone to insert the 3’ homology
arm (3’-HDR) in the same fashion. Between the two homology arms, the reporter was
constructed starting with the T2A site. The respective oligonucleotides were annealed and
phosphorylated by incubation with T4 Polynucleotide kinase for 30 min at 37°C, heating the
mixture to 95°C for 5 min and slow cooling to 25°C at 0.1°C/sec. The backbone (containing the
5’- and 3’-HDR) was linearized using the appropriate restriction enzymes for 1 h at 37°C.
Annealed oligonucleotides and the backbone were ligated and transformed as described above.
In the final two steps, the tdTomato- and the NLS-PEST-sequences were amplified from the
Cytbow-plasmid [Loulier et al., 2014] and the HES5 reporter-plasmid [Vilas-Boas et al., 2011],
respectively. Restriction digestion, ligation and transformation was performed as described for
the homology arms. The final HDR template was send for Sanger sequencing at Microsynth

Seqglab GmbH (Gottingen, Germany) to exclude mutations.
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The gRNA sequence targeting the last exon of the HES1 locus was adapted from [Schmid-Burgk
et al.,, 2016] and corresponds to bp 1834 to 1853 of the HES1 mRNA (Table 8). The
oligonucleotides coding for the gRNA were annealed and phosphorylated as described for the
T2A site. The target vector (pSpCas9(BB)-2A-Puro) was linearized with Bbsl for 1 h at 37°C and
purified using the peqGOLD Gel extraction kit. Ligation and transformation were performed as
previously described. The correct insertion of the gRNA sequence was confirmed by Sanger
sequencing performed by Microsynth Seqlab GmbH (Gé6ttingen, Germany).

Both plasmids were further amplified using 200 ml-LB cultures of bacteria and the PureLink™
HiPure Plasmid Filter Midiprep Kit according to the manufacturer’s protocol. The DNA

concentration was measured spectrophotometrically and the plasmid preparations were used

for nucleofection (chapter 5.2.2). Sequences for both plasmids can be found in the Appendix.

5.2.2 Nucleofection and clone selection
CRISPR/Cas9-mediated genome editing was performed on Ctrl#2-iPSCs using the Nucleofector
Il and the Cell Line Nucleofector™ Kit V (both Lonza). According to the manufacturer’s protocol,
provided buffers were equilibrated to RT before usage. The reaction mix was prepared by mixing
82 ul of Nucleofector™ Solution V with 18 pl of Supplement 1 and 1 pg of each plasmid, HES1
gRNA-plasmid and HES1 HDR-template.
IPSC colonies with a 60-70% confluency were treated with TrypLE for 10 min at 37°C. TrypLE was
diluted with Wash medium to a total volume of 2 ml. Cells were resuspended and counted using
a Neubauer counting-chamber. 1,000,000 cells were transferred to a 2 ml reaction tube and
centrifuged at 500 x g for 5 min. Medium was removed completely and cell pellet was
resuspended in 100 pl of reaction mix (see above). Cell suspension was transferred to the
provided cuvette avoiding any air bubbles. Program B-027 of the Nucleofector Il was applied and
nucleofected cells were transferred to 900 pl of Penicillin/Streptomycin-free E8 medium with
5 uM Y-27632. After carefully resuspending, 400, 300, 200 and 100 ul were plated on one well
of a 6-well plate each and medium was added up to 1.5 ml. As a control, non-nucleofected cells
were seeded at the same densities.
Next day, medium was changed additionally adding 0.33 pg/ml Puromycin. On day 2 after
nucleofection, Penicillin/Streptomycin was reintroduced to the medium. On day 3-4, Puromycin
was withdrawn from the medium dependent on whether the non-nucleofected control cells of
the respective cell density were completely dead. Hereafter, half of the medium was changed
every day and Y-27632 was withdrawn once small colonies had formed.
Colonies were picked, as soon as, they reached an appropriate size or in case differentiation was

visible in the centre of a colony. Therefore, cultures were pre-treated for 2 h with 5 UM Y-27632
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(in E8 medium), colonies were picked manually and transferred to a 48-well plate with fresh E8
medium supplemented with 10 uM Y-27632. Half of the medium was changed every day. Clones
were passaged with EDTA (see chapter 5.1.2) to two wells of a 12-well plate, of which one well
was used for maintenance and the other for DNA isolation and subsequent genotyping and
Mycoplasma PCR (see chapters 5.1.8 and 5.2.3).

Clones, which were identified by genotyping PCR to have integrated the reporter construct at
the correct locus were expanded and cryopreserved back-ups were generated from several early
passages (see chapter 5.1.3). Further, SNP analysis (chapter 5.2.4) was performed and SM-NSCs

were induced (chapter 5.1.4) from promising clonal cell lines.

5.2.3 Genotyping PCR
DNA was isolated as described in chapter 5.1.8. PCR reaction was set up as described in Table 9
and Table 10 using the primers found in Table 7.
PCR products were analysed by agarose gel electrophoresis, as already described in chapter

5.1.8.

5.2.4 Single nucleotide polymorphism (SNP) analysis

Analysis of single nucleotide polymorphisms (SNPs) was performed to identify potential major
karyotypic abnormalities in the edited cell line. Therefore, genomic DNA from one of the first
passages after picking was isolated using the ExtractMe Genomic DNA kit according to the
manufacturer’s protocol.

900 ng of genomic DNA was sent to be analysed by Life&Brain Genomics (Bonn, Germany) using
an Infinium® Global Screening Array-24 BeadChip (Illumina; San Diego, USA) and results were
kindly processed by Josef Frank (Department of Genetic Epidemiology in Psychiatry — Central

Institute for Mental Health, Mannheim).

5.3 RNA biology

5.3.1 RNA isolation
RNA was isolated to analyse gene expression in rosette-type NSCs. PEQGOLD TriFast was used
for the isolation of RNA from 70-80% confluent wells of a 6-well plate according to the
manufacturer’s protocol. Cells were washed twice with ice-cold DPBS and resuspended by
pipetting in 1 ml TriFast per well. After an incubation for 5 min at RT, lysate was transferred to
a 1.5 ml reaction tube, 200 pl chloroform were added and mixed well by vortexing 15 sec. An

incubation for 10 min at RT leads to separation of water and phenol phase, which were further
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separated by centrifugation at 12,000 x g for 5 min. The upper, watery phase containing the RNA
was transferred to a new 1.5 ml reaction tube and 500 ul of 2-propanol was added to precipitate
the RNA. Mixture was incubated overnight at -20°C and then centrifuged 15 min at 12,000 x g
and 4°C. RNA pellet was washed twice with 1 ml 75% ethanol (in DEPC-treated ddH,0) and
centrifuged for 10 min at 12,000 x g and 4°C. After the last centrifugation, pellet was air-dried
and resuspended in 20 ul DEPC-treated ddH,0 by incubation for 30 min at 37°C and 400 rpm.
Potential contamination with genomic DNA was removed by the treatment of the RNA samples
with DNase | (Sigma-Aldrich). To each sample 2.5 pl of DNase | and 2.5 ul of the respective
reaction buffer was added and mixture was incubated for 15 min at RT. DNase | was inactivated
by adding 2.5 ul of the provided stop solution and incubating 10 min at 70°C.

RNA concentration was determined spectrophotometrically and RNA samples were stored at

-80°C.

5.3.2 Complementary DNA (cDNA) synthesis and reverse transcriptase-PCR (RT-PCR)
cDNA synthesis was performed with 0.5-1 pug of RNA using the iScript cDNA synthesis kit.
Therefore, RNA was mixed with 4 ul of 5x iScript Reaction Mix and 1 ul of iScript Reverse
Transcriptase and the reaction mix was added up to 20 pl with DEPC-treated ddH,0. Mixture
was incubated 5 min at 25°C, 20 min at 46°C and 1 min at 95°C. cDNA solution was then diluted
to 10 ng/ul with ddH,0 and used for RT-PCR and qPCR (chapter 5.3.3), respectively.
For RT-PCR, primers, reaction mix and PCR program can be found in Table 7, Table 9 and Table
10, respectively.
PCR products were analysed by agarose gel electrophoresis using 1.5% (w/v) Agarose (in 1X TAE)
supplemented with 0.007% PeqGreen. PCR reaction mix was diluted with DNA loading dye (final
1X) and subjected to electrophoresis with 100 V for 20 min.

5.3.3 Quantitative PCR (qPCR)
To analyse the activity of the Notch signalling pathway, the expression of downstream gene was
quantified by gPCR. Therefore, rosette-type NSCs were treated with 20 uM DAPT, 100 nM
Bafilomycin (BafA), 200 uM Leupeptin (Leu) or 0.1% (v/v) DMSO (all in rosette-type NSC medium)
for 2 h before harvesting and RNA isolation (see chapter 5.3.1). After cDNA synthesis (see
chapter 5.3.2), the gPCR reaction mix was prepared as indicated in Table 9 with the respective
primers from Table 7. After running the qPCR program indicated in Table 10, threshold cycle (Ct)
values and melting curves were calculated by the QuantStudio software. Relative fold changes
were determined using the AACt method [Livak and Schmittgen, 2001] with GAPDH as a

reference gene.
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5.4 Protein biochemistry

5.4.1 Sucrose density gradient centrifugation
Sucrose gradients can be used to separate intracellular vesicles and other membranous
structures, such as ER and mitochondria, according to their size and protein content. Thereby,
the accumulation of proteins of interest can be analysed within subcellular compartments.
The sucrose density gradient centrifugation was performed as previously described with small
adjustments [Araujo et al., 2008] and the respective solutions can be found in Table 20. The
sucrose gradient was prepared with Sucrose solutions ranging from 10-50% Sucrose with 5%
increments. 1 ml of each solution was added to an ultracentrifuge tube (starting with 50%
Sucrose) and frozen on dry-ice, before the next solution was added. The prepared gradients
were stored at -80°C and slowly thawed at 4°C before use. The thawing process leads to slow
mixture of the different phases and thereby, a continuous sucrose gradient was formed.
Rosette-type NSCs were cultured on 10 cm-dishes and two confluent dishes were used for one
sucrose gradient. Cells were washed thrice with ice-cold DPBS, removed from the plate with a
cell scraper and transferred to a 15 ml-falcon tube. Cells were sedimented for 5 min at 200 x g
and 4°C. Supernatant was removed completely and pellet was washed once with 3 times the
pellet volume of homogenization buffer A without resuspending the pellet. Cells were again
centrifuged for 10 min at 200 x g and 4°C. The pellet was resuspended carefully in one time the
pellet volume of homogenization buffer A until no big cell clumps were visible and incubated for
20 min on ice. An equal volume of homogenization buffer B was added. Cells were lysed by
passaging them 10-times through a 22G syringe needle. Nuclei should stay intact by that
procedure and were sedimented for 10 min at 2,000 x g and 4°C. The supernatant containing all
cytosolic proteins and subcellular structures were carefully transferred on top of the Sucrose
gradient and centrifugation was performed in an ultracentrifuge for 16 h at 210,000 x g and 4°C.
After the separation, 500 ul fractions were collected and snap frozen in liquid nitrogen. Vesicular
structures were disrupted by 3 freeze-thaw cycles using a water bath at 37°C and liquid nitrogen.
Fractions were stored at -80°C until analysed by SDS-PAGE and Western Blot (chapters 5.4.3 and
5.4.4).

5.4.2 Preparation of protein extracts
Protein lysates from rosette-type NSCs were prepared from confluent wells of a 6-well plate. To
analyse the activation of Notch signalling pathway, cells were treated before harvesting for 2 h
with 20 uM DAPT, 100 nM BafA, 200 uM Leu or 0.1% (v/v) DMSO (all in rosette-type NSC

medium). Cells were washed twice with ice-cold DPBS and removed from the plate with a cell
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scraper. For cell lysis, 100 ul protein lysis buffer was added per well and mixed by pipetting.
Suspension was incubated 10 min at RT and 50 min on ice vortexing once and a while. Genomic
DNA was sheared by sonification using 20% duty cycles, 50% output and 7 pulses. Cell debris
was removed by centrifugation for 15 min at 16.000 x g and 4°C. Supernatants were transferred
to a new reaction tube and the protein concentration was determined using the Pierce™ BCA
protein assay kit according to the manufacturer’s protocol. Protein samples were stored at -20°C

until analysed by SDS-PAGE and Western Blot (chapters 5.4.3 and 5.4.4).

5.4.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
For protein analysis via SDS-PAGE, 20 ug of protein extracts (chapter 5.4.2) or 40 pul of Sucrose
gradient fractions (chapter 5.4.1) were diluted in protein loading dye (final 1X) and incubated at
95°C for 5 min. Samples were loaded on SDS-polyacrylamide gels and Tris-Tricine buffer and
anode buffer was added to the cathode and anode compartment, respectively (see Table 21).
Electrophoresis was started with a constant voltage of 30 V until the samples were concentrated

at the stacking gel boarder, then voltage was increased to 110 V.

5.4.4 Western Blot
After SDS-PAGE, proteins were transferred from the gel onto a Nitrocellulose membrane, which
were pre-soaked together with the filter paper in Western Blot transfer buffer (Table 21).
Transfer was performed with the Trans-Blot® Turbo™ transfer system (Bio-Rad) and a constant
current of 1 A for 45 min. Afterwards, membranes were blocked for 1 h in 5% (w/v) milk powder
in TBS-T. Proteins of interest were stained with primary antibodies diluted in 5% (w/v) milk
powder in TBS-T overnight at 4°C. Membranes were washed thrice with TBS-T for 10 min and
secondary antibodies diluted in TBS-T were added for 1 h at RT in the dark. Membranes were
washed again thrice with TBS-T for 10 min and imaged with the Odyssey imaging system (Li-Cor).
To analyse cleaved Notchl ICD and unprocessed Notchl receptors on the same membrane,
membranes stained for Notch1 ICD were stripped and reprobed with Notch1 antibody. Stripping
was achieved by incubating the membrane once for 5 min and once for 40 min in stripping buffer
(Table 21). Stripped membranes were washed thrice with TBS-T for 10 min and the staining

procedure was repeated starting with membrane blocking.
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5.5 Immunofluorescence (IF) staining and analysis

5.5.1 IF staining of 2D cultured cells
Rosette-type NSCs were passaged onto coated coverslips as described in chapter 5.1.5 in a
density of 100,000 cells/coverslip and usually cultivated for 3 days after the split, unless
otherwise stated. For the basic characterization of SM-NSCs and iPSCs, cells were passaged as
described in chapters 5.1.2 and 5.1.5, respectively, with an appropriate ratio and cultured for at
least 3 more days before fixation and staining.
Before staining, cells were washed once with PBS and fixed with 4% PFA (in PBS) for 10 min at
RT. After one brief washing step with PBS, PFA-reaction was quenched by adding 25 mM Glycine
(in PBS) for 10 min at RT. Cells were washed again briefly in PBS and then blocked for 1 h at RT.
Blocking solution of 10% FBS (in PBS) was used and dependent on the primary antibody
supplemented with either 0.1% Saponin or 0.3% Triton X-100 for permeabilization (see Table
11). Afterwards primary antibodies were diluted in the respective blocking solution and
incubated with the cells overnight at 4°C. Cells were washed thrice with either Saponin-
supplemented blocking solution or PBS for 10 min and incubated for 1 h at RT with secondary
antibodies diluted in respective blocking solution. Where appropriate, secondary antibody
solution was supplemented with 1:2000 Phalloidin-ATTO565. To remove excess antibodies, cells
were washed twice with PBS and then DNA was counterstained with DAPI for 10 min at RT. One
final washing step with PBS and one with ddH,0 were performed and coverslips were mounted
on object slides with mounting solution.
To establish the dependency of Notch receptor colocalization with vesicles on Dynamin-
mediated endocytosis, cells were treated with 50 M Dynasore (in rosette-type NSC medium)
for 1 h at 37°C before fixation and staining.
For labelling of lipid rafts with Choleratoxin subunit B (CTB), living cells were incubated with 10
pg/ml CTB (in rosette-type NSC medium) for 1 h at 4°C. Fixation was performed as described
above and cells were blocked in 10% FBS (in PBS) for 1 h. Notch1 ECD on the cell surface was
stained by overnight incubation with primary antibody diluted in blocking solution. After three
washing steps with PBS for 10 min, cell were blocked again with 10% FBS (in PBS) supplemented
with 0.1% Saponin. The second primary antibody against Clathrin was added and the IF staining
was finished as described above.
For analysis of Notch ligand internalization, cells were incubated with 10 ng/ml of DLL1 or JAG1
(in rosette-type NSC medium) for up to 30 min at 37°C. To stop the internalization process the
cells were placed on ice and washed with ice-cold PBS once. To remove non-internalized ligands

from the cell surface, coverslips were washed in acetic acid buffer for 5 min on ice with slight
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agitation. Before continuing with the staining protocol described above, cells were washed 4-5

times extensively with ice-cold PBS to restore pH.

5.5.2 IF staining of 3D organoid sections
Forebrain organoids for IF staining were generously generated by Ammar Jabali as described
previously [Krefft et al., 2018] and PFA-fixed at day 20 after embryoid body formation. Cryo-
sectioning was kindly performed by Helene Schamber.
The cryo-sections were thawed for 15 min at RT and rehydrated in PBS for 5 min. Then, sections
were subjected to the same staining procedure as described for 2D cultures (chapter 5.5.1),

starting with blocking and permeabilization with 0.3% Triton X-100 and 10% FCS (in PBS).

5.5.3 Image acquisition
2D cell cultures for basic characterization of cell types and for colocalization and asymmetry
quantification were imaged using Leica DM6 B microscope. For higher magnification recordings
of lipid rafts/Clathrin-pits and the Notch ligand internalization, the Leica confocal TCS SP5 Il
microscope was used. Overview images of the 3D organoid slices were taken at the Leica DM6
B microscope and sections were pre-screened for DAPI and Phalloidin staining to identify
dividing cells. These mitotic events were then imaged at the Leica confocal TCS SP5 Il microscope

for further quantification.

5.5.4 Colocalization analysis
For colocalization analysis the small volume computational clearing (SVCC) algorithm from the
Leica Application Suite X software was applied to reduce background fluorescence and the
recorded z-stacks were collapsed using maximum intensity projection in Imagel. Regions of
interest (ROIs) for individual cells were set manually and DAPI* nuclear regions were excluded
from the analysis. The Imagel plugin EzColocalization was used to process a batch of images and
calculate Spearman’s and Manders’ coefficients [Stauffer et al., 2018]. The threshold for the

LAMP1 and Notch staining was set to 10% and 20%, respectively.

5.5.5 Asymmetry quantification in 2D
Asymmetric segregation of vesicle markers and Notch receptors was analysed in rosette-type
NSCs, which were cultured in normal growth conditions (+FGF2) or in FGF2-withdrawal
conditions (-FGF2) for 3 days.
Z-stacks recorded from individual mitotic events in late telophase were collapsed using sum

intensity projection in Imagel. ROIs for the two daughter cells were set manually based on
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Phalloidin staining, the sum intensity density was calculated for each daughter cell and
background was subtracted. For the analysis of vesicle asymmetries, the daughter cell with the
higher sum intensity density was defined as cell1 and the asymmetry index A was calculated as

in (1).

intensity Y. cell1 - intensity ). cell2
intensity Y. cell1 + intensity Y. cell2

(1) A=

With that, A ranges from 0, indicating a completely symmetric distribution of the respective
vesicle marker, to 1, indicating a perfect segregation to daughter cell1. An asymmetric cell
division was defined as a mitotic event with A > 0.2.

For the correlation of LAMP1 and Notch1/2 signal, definition for cell1 and cell2 was maintained
from the LAMP1 quantification and A(Notch) was calculated as in (1). Thereby, positive values
for A indicate segregation of Notch receptors and LAMP1 to the same daughter cell, whereas
negative A indicates a Notch receptor accumulation in the daughter cell with less LAMP1 signal.
Besides, the DAPI signal and the area of the daughter cells were analysed in the same manner

and daughter cell pairs with A(DAPI) or A(area) > 0.2 were excluded from further analysis.

5.5.6 Asymmetry quantification in 3D

For the asymmetry quantification in organoid sections, the mitotic events were first grouped
into planar, intermediate and delaminating based on the Phalloidin staining and the relation to
the apical membrane. Planar divisions had similar amount of contact area of both daughter cells
with the apical membrane, delaminating divisions showed attachment of only one daughter and
in intermediate divisions both daughter cells had contact with the apical membrane, but to a
clearly divergent extent.

The ROIs for the daughter cells were set based on the Phalloidin staining in each of the individual
z-planes. The respective intensity sums were quantified by Image) and summed for each
daughter cell in Excel. Then the same formula as described for the analysis of 2D cultures was
applied to calculate A(LAMP1) and A(Notchl) (see (1) in chapter 5.5.5). The definition of
daughter cell1 and cell2 was performed as follows: for delaminating and intermediate divisions
celll is the daughter cell with more contact to the apical membrane and for planar divisions
daughter cells were randomly assigned as cell1 and cell2.

For each batch of organoids, sections from at least 2-3 organoids were analysed.
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5.6 Live cell imaging

For most of the live cell imaging experiments the Celldiscoverer 7 (Zeiss) was used. For the
generation of kymographs of the Notch ligand internalization additional time-lapse videos were
recorded at the Leica TCS SP5 Il confocal microscope. The microscope chamber was equilibrated

to 37°C (and 5% CO; at the Celldiscoverer 7) before the start of an imaging session.

5.6.1 Labelling of recombinant DLL1-His with pHrodo and live cell imaging
To visualize the dynamics of Notch ligand internalization one of the recombinant ligands, namely
DLL1, was labelled with the pHrodo iFL Green Microscale Protein Labeling Kit according to the
manufacturers’ protocol. In brief, recombinant DLL1-peptide was reconstituted at 500 pg/ml in
ddH,0 and 10 pl of 1 M sodium bicarbonate was added to 100 ul of this peptide solution.
pHrodoTM iFL STP ester was reconstituted in DMSO and 6.1 ul of the 2 mM pHrodo solution was
added to the peptide solution. After a 15 min incubation at RT in the dark, the labelled peptide
was purified using the provided spin columns and gel resin. DLL1-pHrodo solution was aliquoted
and stored at -20°C.
For live cell imaging, rosette-type NSCs were plated in a 384-well ibidi plate in a density of 15,000
cells/well and cultivated for 3 more days. Before imaging, medium was replaced by imaging
buffer (Table 2) and cells were loaded with 0.1 nM LysoTracker for 30 min at 37°C. 5 ul of DLL1-
pHrodo solution were added to 25 pl of imaging buffer and the imaging was started 5 min
afterwards. Z-stacks of 7 um (step size 0.5 um) were recorded at 3 different locations within one
well. The time between frames was set to 200 sec and cells were observed up to 1 h after DLL1-
pHrodo addition.
To analyse the dependency of DLL1 internalization on Dynamin-mediated endocytosis, cells
were pre-treated while LysoTracker loading with 50 uM Dynasore for 30 min.
For kymograph analysis, rosette-type NSCs were seeded in a density of 10,000 cells/well on a
3.5 cm ibidi dish with a 4 well insert and cultured for 3 days. Medium was replaced by imaging
buffer containing 100 nM LysoTracker and cells were incubated for 30 min. Directly before
imaging, 2 ul of pHrodo-labelled DLL1 was added to 10 ul of buffer. A single z-plane was imaged
over a period of 1 h with a frame time of 30 sec. Kymographs were generated using the Imagel

plugin Multi Kymograph with a linewidth of 9 pixels.

5.6.2 Imaging of HES1-tdTomato reporter NSCs
For time-lapse imaging of HES1-tdTomato reporter, the rosette-type NSCs of the HES1-reporter

line and the respective wild-type line (Ctri#2) were seeded on 24-well plates in a ratio of 1:10 at

Page | 53



METHODS

a cell density of 100,000 cells/well and cultured for 3 days. Medium was changed 10 min before
the start of the imaging and was supplemented with 100 uM Cycloheximide, 20 uM DAPT, 100
nM BafA, 200 uM Leu or 0.1% (v/v) DMSO. Cells were observed for 10-12 h with 10 min between
frames. At least 3 tile regions per condition were imaged in each experiment and analysis of the
fluorescence intensity densities was performed in Imagel by manually tracking 2-4 nuclei per

video.

5.6.3 LysoTracker imaging during cell division and tracking of daughter cells

To analyse the functional outcome of asymmetric segregation of acidic vesicles, live cell imaging
of mitotic events was performed and daughter cells were tracked after cell division. Therefore,
rosette-type NSCs of the HES1-reporter line were mixed in a 1:10 ratio with respective wild-type
Ctrl#2 NSCs and 400,000 cells were seeded on a 3.5 cm ibidi dish. After 3 days, medium was
changed to rosette-type NSC medium supplemented with 75 nM Nocodazole and cells were
further cultivated for 4-5 h. Then, cells were washed twice extensively with Wash medium and
fresh rosette-type NSC medium supplemented with 0.1 nM LysoTracker was added. Imaging was
started 30 min after the first washing step. For the first 90 min, a z-stack of 7 um (step size 0.5
pum) was acquired for up to 30 tile regions with a frame time of 200 sec to closely observe the
mitotic event and the LysoTracker distribution in late telophase. To track the daughter cells over
a longer period, single z-planes were recorded from each tile region every 10 min over a period
of 2:10 — 10:00 h after removal of Nocodazole.

Imagel) was used for the analysis of LysoTracker asymmetry and for the tracking of the daughter
cells. The former was performed equivalent to asymmetry quantification in IF staining (chapter
5.5.5). In brief, background was subtracted using the rolling ball algorithm (with a ball radius of
5 pixels) and z-stacks were collapsed using the sum intensity projection. ROIs for the two
daughter cells were set manually based on the brightfield and tdTomato-signal in the time frame
representing late telophase. The sum intensity density of LysoTracker was measured in this time
frame and the asymmetry index A was calculated as described in formula (1) in chapter 5.5.5.
Mitotic events with an A(LysoTracker) > 0.2 were considered asymmetric.

HES1-tdTomato signal of the two daughter cells was analysed starting 1:30 h up to 6:00 h after
mitosis (28 time points). Daughter cells were tracked manually in Imagel, the sum intensity
density for tdTomato was measured and values were z-normalized within individual
experiments. Time series of daughter cell pairs were then concatenated, in the way that the
daughter cell with the higher LysoTracker signal was defined as cell1 and assigned to time points
1 to 28 and corresponding daughter cell with lower LysoTracker signal (cell2) was set to time

points 29 to 56. The individual concatenated time series were normalized to the first time point
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of cell2 and rescaled to an intensity range of 0 to 1. Intensity differences within each daughter
cell pair were calculated for each time point and averaged for the group of LysoTracker-
symmetric and -asymmetric mitotic events. Clustering of time series was performed in R Studio
using the time course inspector package [Dobrzynski et al., 2020] based on the Euclidean
distance of the complete, concatenated time series. Number of clusters was determined after
visual inspection of the heatmaps and the mean HES1 expression progression in the daughter
cells was calculated for each cluster. Based on this mean HES1 differences between daughter
cells, clusters were assigned to four groups to represent symmetric, opposed asymmetric,

slightly asymmetric and highly asymmetric HES1 expression.

5.7 Statistical analysis

Quantifications were performed on at least 3 technical replicates and, where applicable, on two
independent cell lines. Results are shown as mean + standard error of the mean (SEM).
Statistical analyses were performed with GraphPad Prism6. To examine whether the percentage
of asymmetric vesicle distribution is significantly greater than zero, a one-sample t-test was
performed. For comparisons with one variable one-way ANOVA (with Bonferroni post-hoc test)
were used. For comparisons of data sets with more than one variable either two-way ANOVA
(with Bonferroni post-hoc test) or Kruskal-Vallis test (with Dunn’s post hoc test) were applied.
Following significance levels were defined: not significant (n.s.) > 0.05, * p < 0.05; ** p < 0.01;

*#% 1 < 0.001.
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6 Results

Human iPSC technology offers the opportunity to study neurodevelopment in a human context.
With the generation of stably proliferating NSCs it is possible to analyse aspects of stem cell
proliferation and differentiation in a highly reproducible and standardized manner. Molecular
mechanisms underlying the decision between proliferative or neurogenic cell division were so
far mainly studied in non-human model systems, such as D. melanogaster and mouse. Human
iPSC-derived NSCs can be used both to verify existing mechanistic ideas as well as to establish

new human specific mechanistic pathways.

6.1 Human NSCs show high proliferative capacity and differentiate into neurons
upon growth factor withdrawal

For this study, two independent iPSC-derived NSC lines were used. iPSCs were generated from
dermal fibroblast of adult donors (male, age 33 years for Ctrl#1 and female, age 44 years for
Ctrl#2) in the lab of Philipp Koch and neural fate was induced by dual-Smad- and Wnt-inhibition
(Figure 6A). SM-NSCs were used as a highly proliferative cell population, growing in colonies and
showing minimal amount of spontaneous neuronal differentiation, as visible in brightfield
images (Figure 6B). By changing the culture conditions to medium containing FGF2 and EGF as

growth factors, rosette-type NSCs were induced. These NSCs showed a typical rosette-

CHIR99021
A Purmorphanime

FGF2
EGF

iPSC SM- - o rosette-
NSCs type NSCs

Figure 6: Neural induction of iPSCs and establishment of NSC lines.

(A) Human iPSCs were directed towards neuroectodermal fate by dual-Smad inhibition (LDN193189 and A83-01)
and Wnt inhibition (XAV939) for 10 days and NSCs were further amplified as SM-NSCs with Wnt- and Shh-
activation (CHIR99021 and Purmorphamine, respectively) forming homogenous colonies. Switch to FGF2-/EGF-
containing medium induces a morphological change to rosette-type NSCs, which show a tendency to
spontaneous differentiation. (B) Representative brightfield images of the different cell types are shown. Scale
(B) 100 um.
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morphology, a continuous proliferative capacity and a small proportion of these cells routinely
differentiated into neurons. All following experiments were performed on rosette-type NSC
cultures once the first differentiating neurons appear in culture.

To further characterize this cell population, IF staining for typical NSC markers, Nestin and SOX2,
and neuronal markers, TUBB3 and HuC/D, was performed. In both cell lines, the vast majority of
cells expressed NSC markers and as expected from the cellular morphology, some neuronal
differentiation was visible. (Figure 7A). NSCs showed a clear internal apical-basal polarisation
within the neural rosettes, indicated by the apical accumulation of tight junction, marked by ZO-
1, and the PAR complex component PKCA (Figure 7B). Numb, however, which is known as an

asymmetry factor in D. melanogaster, showed no clear intracellular polarization. The regional
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Figure 7: Rosette-type NSCs represent a heterogeneous, polarized NSC population from different brain
regions with neurogenic potential.

(A) IF staining of two healthy control NSC lines (Ctrl#1/#2) for the NSC markers Nestin and SOX2 and the early
neuronal markers TUBB3 and HuC/D showed rosette morphology and limited amount of spontaneous
differentiation. (B) IF staining of Ctrl#1-NSCs for the tight junction component ZO-1 accumulating in the centre
of neural rosettes, and the polarity factor PKCA and asymmetry factor Numb. PKCA localized apically within the
rosette structure, whereas Numb showed no polarized localization. (C) RT-PCR confirmed a mixed regional
identity ranging from forebrain (FOXG1, PAX6) to midbrain (FOXA2, PAX5) and hindbrain (HOXB2, HOXB4). (D) IF
staining of NSC lines differentiated for 4 weeks for NSC marker (SOX2), mature neuron markers (TAU, MAP2 and
NeuN), astrocyte marker (GFAP) and neuronal subtypes (VGLUT1 and GADG65). Scale (A,D) 100 um, (B) 50 pum.
DNA was counterstained with DAPI and depicted in blue pseudo-colour.
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identity of the NSCs was analysed in more detail by RT-PCR revealing a heterogeneous
expression pattern. In both cell lines, forebrain (FOXG1 and PAX6), midbrain (FOXA2 and PAX5)
and hindbrain markers (HOXB2 and HOXB4) were expressed (Figure 7C). However, Ctrl#1-NSCs
seemed to be more restricted to dorsal fore-/midbrain and rostral hindbrain areas, with no
expression of the floorplate marker FOXA2 and caudal hindbrain marker HOXBA4. Proliferation of
rosette-type NSCs is dependent on the presence of the two growth factors and withdrawal
induces differentiation. After 4 weeks of growth factor withdrawal, only a small percentage of
cells still expressed SOX2 as a NSC marker (Figure 7D). The majority of cells differentiated and
expressed mature neuronal markers, like TAU, MAP2 and NeuN. In differentiated cultures of the
Ctrl#2 line, some cells showed expression of the astrocyte marker GFAP. Both NSC lines were
able to produce glutamatergic as well as GABAergic neurons, marked by VGLUT1 and GAD®65,
respectively.

In case of a short-term FGF2 withdrawal, NSCs kept their self-renewal capacity and stem cell fate
for the first days (Figure 8A). However, already at day 5 after withdrawal a reduction in
proliferative capacity was detectable by a slight decrease in the overall number of cells
compared to cultures treated with FGF2. This effect on proliferation became more evident after
7 days of FGF2 withdrawal. Beside the effect on proliferation, a relative increase in spontaneous
neuronal differentiation was detectable (Figure 8B-C). The percentage of HuC/D* neurons in the
-FGF2 condition was slightly increased after 3 days with 14.0%+1.2% compared to 9.3%+0.9% in
the +FGF2 condition. The HuC/D* fraction after FGF2 withdrawal further increased to
18.1%+1.6% at day 5 and 26.2%+2.0% at day 7, which was significantly higher than the

spontaneous differentiation observed with FGF2.
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Figure 8: Withdrawal of FGF2 reduces self-renewal capacity and induces neuronal differentiation of NSCs.

(A) Total number of Ctrl#1-NSCs was quantified over the time course of 1 to 7 days after passaging in 10 random
fields of view and normalized to day 1 (n = 3, two-way ANOVA with Bonferroni post-hoc test, mean + SEM).
(B-C) IF staining for SOX2 and HuC/D after withdrawal of FGF2 and respective quantification of SOX2*, HuC/D*
and SOX2*/HuC/D* cells showing proportional increase in neurons over time (n = 3, two-way ANOVA with
Bonferroni post-hoc test, mean + SEM). Scale (B) 100 um. DNA was counterstained with DAPI and depicted in
blue pseudo-colour. *** p < 0.001, n.s. — not significant.
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With their high proliferative capacity and the broad regional identity, rosette-type NSCs are a
versatile tool to analyse global molecular features and pathways of NSC maintenance and
differentiation and a good representation for human brain development. Withdrawal of one of
the essential growth factors for NSC proliferation, can serve as a trigger for a timed spontaneous
differentiation of NSCs to neurons. For the upcoming analysis of potential asymmetry factors in
NSCs, 3 days of FGF2 withdrawal was chosen, since at this time point there is on the one hand
still some remaining proliferation even without FGF2, on the other hand the switch towards

neural differentiation has already started.

6.2 Neural differentiation is associated with an increase in asymmetric
segregation of LAMP1* vesicles

One of the NSC lines (Ctrl#1) was used for an initial screening of different vesicle subtypes that
potentially act as asymmetry factors during cell division. To determine the distribution of
vesicles between the two daughter cells, an unbiased quantification method was established.
The mitotic events in late telophase were identified by DAPI and Phalloidin staining (Figure 9A)
and an asymmetry index A was calculated based on IF staining for the respective vesicle marker
(for technical details see chapter 5.5.5). A mitotic event was considered asymmetric in case one
daughter cell has a 50% higher sum intensity than the other daughter cell (A > 0.2).

This first screen was performed in proliferative conditions (+FGF2), as a certain amount of
spontaneous differentiation was also found under these culturing conditions (Figure 7A).
Neither various endosomal subtypes (marked by EEA1, Rab5, Rab7, Rab11) nor the human Sara
orthologue ZFYVE9 or autophagosomes (marked by LC3) were found to be segregated
asymmetrically in a significant percentage of mitotic events analysed (Figure 9B). CD63, LAMP1
and LAMP2, however, showed an asymmetric distribution in about 14-25% of cell divisions
(Figure 9B-C). CD63 is considered a marker for MVBs and LAMP1/LAMP?2 are typical lysosomal
marker proteins. Due to the overlap in function and localization of LAMP proteins, all further
analyses were concentrated on LAMP1 and CD63 and the asymmetry phenotype was
reproduced using the second independent NSC line (Ctrl#2). Under proliferating conditions
(+FGF2) similar results for the percentage of LAMP1 asymmetries were found, when comparing
the two cell lines: 26.5%+2.8% for Ctrl#1 and 29.7%%2.9% for Ctrl#2 (Figure 9E). For CD63, the
percentage of asymmetric cell division was found to be even higher in Ctrl#2-NSCs with
43.3%+2.2% compared to 38.0%+3.9% in Ctrl#1-NSCs (Figure 9D).

To connect these asymmetric cell divisions with neuronal differentiation, asymmetric

segregation of CD63* and LAMP1* vesicles was quantified under culturing conditions inducing
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differentiation (-FGF2). For CD63" vesicles a withdrawal of FGF2 for 3 days did not change the
percentage of asymmetric cell divisions significantly, 20.71+£1.63% for Ctrl#1 and 29.96%3.25%
for Ctrl#2 (Figure 9D). Conversely, asymmetric distribution of LAMP1 during cell division was
increased when FGF2 was removed from the medium. For Ctrl#1-NSCs percentage was
increased from 26.5312.84% to 38.05£3.92% and for Ctrl#2-NSCs from 30.21£2.62% to
40.21+2.83% (Figure 9E). The reproducibility in two independent cell lines suggests a conserved
underlying mechanism for the targeted segregation of LAMP1* vesicles during mitosis of NSCs,

whereas CD63 asymmetries cannot be associated with neuronal differentiation in this model
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Figure 9: Asymmetric segregation of LAMP1* vesicles during cell division is increased upon FGF2 withdrawal.
(A) Workflow to determine ROIs for daughter cells during telophase of mitosis based on DNA (DAPI) and F-actin
(Phalloidin) staining. For technical details of the analysis see chapter 5.5.5. (B) Quantification of asymmetric
segregation of different vesicle markers in Ctrl#1-NSCs in the presence of FGF2 (n = 3 coverslips, one-sample t-
test, mean + SEM). (C) Representative images of symmetrically and asymmetrically segregated CD63* and
LAMP1* vesicles during cell division. ROIs for daughter cells (yellow line) were determined as depicted in (A).
(D-E) Quantification of CD63- and LAMP1-asymmetry in two cell lines showed a consistent increase in LAMP1-
asymmetries upon withdrawal of FGF2. Whereas, percentage of CD63-asymmetries were not changed
significantly (N = 6 coverslips from 3 independent experiments, two-way ANOVA with Bonferroni post-hoc test,
mean = SEM). Scale (A,C) 10 um. * p < 0.05, ** p < 0.01, *** p <0.001, n.s. — not significant.

To establish how LAMP1* vesicles influence cell fate decisions during neuronal differentiation,
the association of LAMP1 asymmetry with the distribution of Notch receptors was analysed. The
Notch signalling pathway is a well-established cell fate determinant in NSCs maintaining their

proliferative capacity and preventing their differentiation into neurons [Ishibashi et al., 1994;

Ohtsuka et al., 2001]. Besides, it is known that Notch pathway components are segregated
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within vesicles during SOP cell division in D. melanogaster [Coumailleau et al., 2009]. Taken
these facts together, Notch receptors are promising candidates to be cargos of the
asymmetrically distributed vesicles and thereby influencing the fate of the daughter cells. IF
staining of Notch1 and Notch2 receptors with LAMP1 in dividing NSCs showed colocalization in

some vesicle-like structures throughout mitotic phases (Figure 10A-B).
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Figure 10: Distribution of Notch receptors correlate with LAMP1* vesicle segregation during cell division.
(A-B) IF staining of Ctrl#1-NSCs for Notch receptors and LAMP1 in different phases of cell division. Notch
punctae partially colocalize with LAMP1* vesicular structures throughout mitotic phases (white arrowheads in
zoom images). (C) Quantification of Notch distribution in Ctrl#1- and Ctrl#2-NSCs during telophase and
correlation of asymmetry factors A for LAMP1 and Notchl and Notch2, respectively. Correlation factors r are
indicated and the percentage of analysed cells with an asymmetric co-inheritance of LAMP1 and Notch
receptors in the same daughter cell. Scale (A-B) 10 um, zoom 5 um. DNA was counterstained with DAPI and
depicted in blue pseudo-colour.
To get an idea, whether LAMP1 asymmetry is predictive for Notch receptor distribution during
late telophase, receptor signals were quantified analogous to the LAMP1 intensity described
above. Asymmetry indices for Notch1 correlated well with LAMP1 distribution with correlation
coefficients of 0.49 for Ctrl#1 and 0.46 for Ctrl#2 (Figure 10C). In 13.96% and 12.71% of the
analysed cell divisions of Ctrl#1- and Ctrl#2-NSCs, respectively, LAMP1 and Notchl were
asymmetrically segregated into the same daughter cell. Similar results were obtained for the
second Notch isoform, Notch2, with correlation coefficients of 0.44 and 0.49 and co-segregation
in 11.62% and 8.76% of mitotic events analysed for Ctrl#1- and Ctrl#2-NSCs, respectively.
The very similar behaviour of the two analysed cell lines concerning both the increase in LAMP1
asymmetry upon FGF2 withdrawal and the correlation of LAMP1 and Notch receptor

asymmetry, indicates that the processes might be a conserved mechanism of NSCs to switch

from proliferative to neurogenic cell division. Therefore, all upcoming experiments were usually
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performed on both cell lines and the representative results from one cell line are presented and

discussed. The respective cell line is mentioned in each Figure legend.

6.3 Notch receptors are enriched in LAMP1* vesicles rather than in early

endosomal vesicles

Punctured staining of Notch receptors in mitotic cells might hint at a regular endocytic
internalization of the receptors. To narrow down the Notch-containing vesicular subpopulation
and to verify the suggested presence of the receptors within endolysosomal vesicles, rosette-
type NSCs in proliferative conditions (+FGF2) were analysed in more detail by colocalization

analysis and sucrose density gradient centrifugation.

6.3.1 Notch receptors co-occur more with LAMP1* than with CD63* vesicles
IF staining in mitotic cells gave first evidence that LAMP1* vesicle colocalize with Notch receptor
signals. To further verify that result, colocalization was quantified in non-mitotic cells assessing
LAMP1* as well as CD63" vesicles (Figure 11A-B). The Spearman’s rank correlation coefficients

(SRCCs) [Spearman, 1904] revealed a slight correlation between Notchl and Notch2 receptors
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Figure 11: Notchl and Notch2 receptors colocalize D nes:

with vesicles marked by LAMP1 and CD63.

(A-B) IF staining of Notch1 and Notch2 with LAMP1 and
CD63, respectively, in Ctrl#2-NSCs. (C-D) Spearman
colocalization coefficient (SRCC) and Manders’ co-
occurrence coefficients showed slight colocalization
and robust co-occurrence of LAMP1 and Notch
receptors. Individual cells excluding the nuclear area
were analysed (N = 179 cells from 3 independent
experiments, Kruskal-Wallis-test with Dunn’s post-hoc
test, box plot and dots for individual cells). Scale
(A-B) 20 um, zoom 5 pum. DNA was counterstained with
DAPI and depicted in blue pseudo-colour. * p < 0.05,
**p<0.01, ***p<0.001,n.s.—not significant.

Manders'
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and LAMP1 with SRCCs of 0.122+0.010 and 0.074+0.008, respectively (Figure 11C). The
correlation with CD63 is slightly, but not significantly lower for both Notch1 (0.093+0.008) and
Notch2 (0.045+0.006).

The analysis of co-occurrence according to Manders et al., 1993 revealed a co-occurrence of
around 70.0+£0.8% of Notchl" particles and 61.741.1% of Notch2* particles colocalizing with
LAMP1* vesicles (Figure 11D). The reciprocal analysis of LAMP1 co-occurring with Notch
receptors resulted in 43.6:£0.8% and 42.941.0% of co-occurrence with Notchl and Notch2,
respectively. Similar to the SRCCs, the Manders’ co-occurrence of Notch receptors with CD63
was slightly lower compared to LAMP1: Notch1-CD63 64.6+0.9%; Notch2-CD63 60.0+1.0%;
CD63-Notch1 39.8+0.9%; CD63-Notch2 39.6+1.0%.

Taking co-occurrence and correlation analysis together, Notch receptors often co-occur with
LAMP1* vesicles, but there are quite some LAMP1* vesicles, which do not contain any detectable
Notch receptors. Colocalization of Notch2 receptors with the vesicle markers was in general
lower compared to Notch1l, and Notch1 was more often found in LAMP1* vesicles than in CD63*

vesicles.

6.3.2 Notch receptors accumulate in the same sucrose fractions as LAMP1

Sucrose density gradient centrifugation was used as a second independent method to confirm
results from IF staining. With increasing density along the sucrose gradient different subcellular
compartments can be separated according to their protein content and size. Therefore, it is
possible to analyse the vesicle subtypes containing a protein of interest, here Notch receptors.
Endosomes are usually concentrated in “early” fractions, meaning fractions with a low sucrose
concentration, whereas late endosomes and lysosomes should appear at higher sucrose
concentrations [Araujo et al., 2008].

The protein content of a total of 20 fractions along the Sucrose gradient was analysed by
Western Blot (Figure 12A). The early endosome marker EEA1 was highly accumulated in the
early fractions with its predominant peak in fractions 4-5 (Figure 12B). LAMP1 also showed a
single peak with the highest protein level around fraction 11 of the sucrose gradient. CD63 as
well as the human Sara orthologue ZFYVE9 exhibited two peaks along the gradient. For ZFYVES,
the first peak was shifted slightly in relation to EEA1 towards higher sucrose concentration, and
the second peak coincided with the small EEA1-peak at fraction 12. CD63 accumulated in two
major peaks around fractions 8 and 13, respectively.

The distribution of Notchl and Notch 2 receptors was determined in relation to the vesicle
markers (Figure 12C). Both receptor isoforms showed a single peak with the highest protein

levels in fraction 10 and 11, respectively. Distribution of Notch2 receptors along the sucrose
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gradient showed a small shoulder around fractions 6-9 and a steep incline towards fraction 10,
which was not seen for Notchl receptors. Comparing the Notch distribution to the vesicle
markers the peaks of Notch receptors clearly coincided with the LAMP1 peak. However, Notch
receptors showed a slightly higher presence in early fractions compared to LAMP1, starting from
fractions 4-5.

A % Figure 12: Notch receptor levels
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Together with the colocalization analyses performed, this suggests that Notch receptors are not
exclusively present in LAMP1* vesicles, but certainly accumulate in the endolysosomal
compartment. Interestingly, the y-secretase subunit Presenilinl showed a distribution along the
sucrose gradient very similar to LAMP1 (Figure 12C). This already hints at a possible function of
the transport of Notch receptors towards the endolysosomal compartment, as the last step of

receptor activation, the cleavage by y-secretase might take place within LAMP1* vesicles.

Page | 64



RESULTS

6.4 Notchl receptors are internalized via the endocytic pathway in a Dynamin-
and Clathrin-dependent process together with their ligands

To shed some light on the processes underlying the transport of Notch receptors from the
plasma membrane towards LAMP1* vesicles, the internalization pathway was analysed. Further
it was suggested in the last chapter that Notch receptors might be cleaved within the vesicles.
Therefore, a ligand internalization assay was performed to establish whether ligand binding can

trigger receptor endocytosis.

6.4.1 Notchl receptors are internalized via CME
To pinpoint the exact mechanism of its endocytosis, the ECD of Notchl (N1ECD) at the cell
surface was stained together with Clathrin and a conjugated Choleratoxin subunit B (CTB). The
latter can be used to stain lipid-rafts at the plasma membrane, which are locations of Caveolae-
type endocytosis. Colocalization of N1IECD with Clathrin, rather than with CTB, suggests a
Clathrin-mediated mechanism over a Caveolin-mediated process for the endocytosis of Notch1
receptors (Figure 13).
Figure 13: At the cell surface Notchl receptors
accumulate in Clathrin-coated membrane pits.
IF staining for cell surface Notchl ECD (N1ECD),
Clathrin and lipid rafts via Choleratoxin subunit B
(CTB) in Ctrl#2-NSCs. Colocalization of N1ECD and

Clathrin is marked by arrowheads. Scale 20 um,
zoom 5 um.

One step down the endocytic pathway, the Clathrin-coated membrane pits have to be abscised

by Dynamin to form intracellular vesicles. Therefore, NSCs were treated with the Dynamin
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& (A) IF for Notch1/2 and LAMP1 in Ctrl#2-
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50 uM Dynasore before fixation.
(B) Manders’ co-occurrence coefficients of
LAMP1 and Notch receptors were
determined with and without Dynasore
treatment (see also Figure 11; N = 179
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test, box plot and dots for individual cells).
Colocalization of Notchl and LAMP1 is
significantly decreased with the Dynasore
treatment, whereas Notch2 colocalization
with  LAMP1 is unchanged. Scale
(A) 20 pum, zoom 5 um. DNA was
counterstained with DAPI and depicted in
0.00 blue pseudo-colour. *** p < 0.001, n.s. —

Dynasore - + - + not significant.

+ Dynasore

- Notch1l
I notch2
B tAamr1

Manders'
o
n
o

Page | 65



RESULTS

inhibitor Dynasore and the co-occurrence of Notch receptors and LAMP1* vesicles, as the
proposed endpoint of the endocytic journey of the receptors, was quantified. (Figure 14A). The
Manders’ coefficients were significantly reduced from 70.0%+0.8% to 60.2%+1.0% for Notch1-
LAMP1 and from 43.6%%0.8% to 34.7%%0.8% for LAMP1-Notch1 after 1 h of Dynasore treatment
(Figure 14B). The co-occurence of Notch2, however, was not changed significantly with the
Dynasore treatment.

Taken together, with the different distribution of Notch2 within the sucrose gradient (Figure 12)
and the overall lower colocalization with LAMP1 (Figure 11), this might indicate a different
regulation of Notch2 receptor internalization. Whereas the results are a good indication that
internalization of Notchl receptors is mediated by CME. Therefore, all further analysis were

concentrated on Notchl receptors.

6.4.2 Notch ligands are internalized into LAMP1* and LysoTracker* vesicles
So far, there are contradicting reports on whether proteolytic cleavage of Notch receptors take
place at the plasma membrane or within subcellular vesicles. To get a first idea, whether cleaved
or intact Notch receptor dimers are internalized in the NSC model presented here, the
colocalization of the N1ECD with the ICD (recognized by Notch1 antibody) as well as with LAMP1*
vesicles was assessed. The clear colocalization of N1ECD with Notchl and LAMP1 indicated an
internalization of the uncleaved Notch receptor heterodimer (Figure 15A-B). A colocalization of
N1ECD and LC3* vesicles was not found, speaking against the intercellular degradation of Notch1

receptors by autophagy (Figure 15C).

A

Notch1/ LAMPZ/N

Figure 15: Notch1 receptor heterodimers are present within LAMP1* vesicles.
IF staining for the Notch1 ECD (N1ECD) with the Notch1 ICD (Notch1) (A), LAMP1 (B) and LC3 (C) in Ctrl#1-NSCs.
The colocalization of ICD and ECD indicates internalization of receptor heterodimers and their transport to
LAMP1* vesicles. Autophagy seems to be not involved in this process. Scale 20 um, zoom 5 um. DNA was
counterstained with DAPI and depicted in blue pseudo-colour.
Therefore, it was hypothesized that Notchl receptor endocytosis might be triggered by
receptor-ligand interaction and the activating cleavage to take place intracellularly. This
hypothesis was tested via a ligand internalization assay, where NSCs were treated with

recombinant, soluble forms of the Notch receptor ligands DLL1 and JAG1 (both tagged with a

6xHistidine (His)-tag). IF staining for Notch receptors and the His-tagged DLL1 revealed that after
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10 min the first internalized ligands were detectable and that DLL1-containing vesicular
structures showed nearly complete colocalization with Notchl receptors (Figure 16A). After 30
min a robust internalization of DLL1 together with Notchl receptors was visible. At this time
point, DLL1 was mainly found in LAMP1* structures, but also some EEA1*/DLL* vesicles were
detectable (Figure 16B). Further triple staining of DLL1 with Notch1 and LAMP1, showed partial
colocalization of the three proteins within the same vesicular structure (Figure 16C). Similar
behaviour was seen for JAG1 indicating that the internalization in this context is not dependent

on the type of ligand bound by the receptor (Figure 16D).
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Figure 16: Notch ligands are internalized into LAMP1* vesicles together with Notch1 receptors.
Ctrl#1/#2-NSCs were incubated with 10 ug/ml human recombinant DLL1-6xHis for 0, 10 and 30 min before
fixation. (A-B) IF staining for Notch1 receptors and the vesicle markers EEA1 and LAMP1, respectively, showing
first appearance of internalized His-tagged ligand after 10 min and robust internalization after 30 min with clear
colocalization with Notchl receptors. Partial overlap with EEA1 (green arrowheads) and LAMP1 (red
arrowheads) is visible. (C-D) IF staining for ligands, Notch1 receptors and LAMP1 after 30 min of treatment with
DLL1- and JAG1-6xHis, respectively, showing partially colocalization of internalized ligand-receptor complex with
LAMP1 staining (arrowheads). Scale 20 pm, zoom 5 um.
To get a deeper understanding of the dynamics of ligand internalization, the recombinant DLL1
peptide was tagged with pHrodo. This dye shows increased fluorescence with a decrease in pH
and thereby can be used to track endocytosis in living cells. Already early endosomes have a
slightly lower pH of around 6.5 than the extracellular space with a pH of 7.4 [Maxfield and
Yamashiro, 1987]. The pH drops further along the endocytic pathway to reach 4.5 in
endolysosomal vesicles. The latter can be labelled by the LysoTracker dye, which is cell
permeable and becomes fluorescent in highly acidified environments, like late endosomes and
lysosomes. LysoTracker functionality was confirmed by treatment with the v-ATPase inhibitor

BafilomycinA (BafA), which diminished LysoTracker signal within 1 h (Figure 17A). Further, an IF

Page | 67



RESULTS

LysoTracker/brightfield

+ BafA

LysoTracker

Figure 17: LysoTracker stains acidified, LAMP1* vesicles.
(A) LysoTracker-stained Ctrl#2-NSCs were treated with v-ATPase inhibitor BafilomycinA (BafA) at 100 nM. Live
cell imaging revealed dependency of LysoTracker fluorescence on vesicular acidification. (B) Ctrl#1-NSCs were
stained for 30 min with LysoTracker and subsequently fixed and IF stained for LAMP1 and CD63 showing
pronounced colocalization. Scale (A-B) 20 um. Time scale (A) hh:minmin:secsec.
staining of LysoTracker-stained NSCs revealed almost complete colocalization of LysoTracker
with LAMP1* vesicular structures (Figure 17B).
Live cell imaging of DLL1-pHrodo internalization revealed the first intracellular pHrodo signals to
appear after 20-30 min and a gradual colocalization with LysoTracker* structures (Figure 18A).

In line with the previous results, the internalization can be inhibited by treatment with the
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Figure 18: DLL1-pHrodo is internalized into 60
and traffics alongside LysoTracker* vesicles.

Soluble recombinant human Notch ligand DLL1 was labelled with pHrodo and internalization was imaged in
living Ctrl#2-NSCs. (A-B) Internalization of DLL1-pHrodo is detectable after 30 min and can be blocked by pre-
treatment for 30 min with 50 UM Dynasore. (C-D) Live cell confocal microscopy with a frame rate of 30 sec and
two representative kymographs of LysoTracker and pHrodo dynamics along the lanes (1) and (2) indicated in (C).
Scale (A-B) 20 um, (C-D) 10 um. Time scale (A-C) hh:minmin:secsec.
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Dynamin-inhibitor Dynasore (Figure 18B). An additional confocal live cell imaging of the
internalization brought the opportunity of a high frame rate and a simultaneous imaging of
pHrodo and LysoTracker signal. Thereby, the high mobility of the vesicles within the cells was
made visible. Kymographs show both the appearance and increase in the pHrodo signal as well
as the trafficking of the pHrodo signal in parallel to the LysoTracker stained vesicles (Figure 18C-
D). Some pHrodo* structures remained or turned LysoTracker’, which is probably due to the fact
that LysoTracker only stains highly acidified vesicle, hence representing only a subfraction of all
vesicles marked by LAMP1 (Figure 17B) and not staining endosomal vesicles.

Summing up, the internalization assay confirmed the Dynamin-mediated Notch receptor
endocytosis, and suggests that the internalization is initiated before the S2 cleavage, which leads
to the release of the ligand binding ECD of Notch receptors. This gives a good hint that the

activating cleavages of Notch receptors occur after endocytosis.

6.5 Acidification of vesicles is necessary for activation of Notch signalling by
receptor cleavage

The main open question, which is also highly controversially discussed in the literature, is
whether internalization of Notch receptors and more specifically the pH drop within the vesicles
is essential for the release of the NICD. A second conceivable outcome of trafficking Notch
receptors towards lysosomes is the degradation of the receptors and thereby decreasing the

Notch receptor availability at the cell surface. Both hypotheses were addressed by Western Blot
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Figure 19: Cleavage of Notchl receptors and activation of
downstream signalling is dependent on vesicular acidification.

(A-C) Ctrl#1-NSCs were treated with y-secretase inhibitor DAPT (20
uM), v-ATPase inhibitor BafA (100 nM) or lysosomal protease
inhibitor Leu (200 uM) for 2 h and Notchl receptor cleavage was
analysed by Western Blot (n = 4, one-way ANOVA with Bonferroni
post hoc test, mean + SEM). Cleaved Notchl ICD (N1ICD) level was
normalized to total Notchl level and total Notchl receptor to actin
showing decreased Notch activation for DAPT and BafA treatment.
(D) Expression of Notch target genes were analysed by gPCR in
Ctrl#2-NSCs treated with 20 uM DAPT or 100 nM BafA revealing
downregulation of HES1, HES5 and HEY1 (n = 3, one-way ANOVA with
Bonferroni post hoc test, mean + SEM). * p < 0.05, ** p < 0.01,
*** p<0.001.
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analysis of NSCs treated with y-secretase inhibitor DAPT, the v-ATPase inhibitor BafA and the
lysosomal protease inhibitor Leupeptin (Leu). The ratio between cleaved Notchl1 ICD (N1ICD)
and uncleaved Notchl receptors was significantly decreased to 0.71+0.08 by DAPT treatment
and to 0.67+0.05 by BafA treatment compared to the DMSO control (Figure 19A-B). Leu
treatment, however, does not influence the N1ICD/Notch1 ratio. The amount of total Notch1l
was also not changed significantly by any of the treatments (Figure 19C). These results indicate
that the acidification of the endolysosomal vesicles is necessary for Notch receptor cleavage and
hence Notch signalling activation. Further, the proteolytic function of lysosomes neither seems
to have an impact on Notch receptor cleavage, nor on its degradation.

To verify that the reduced release of N1ICD by DAPT and BafA has an impact on signalling output,
the expression of Notch downstream targets, HES1, HES5 and HEY1, was quantified by gPCR. In
line with the Western Blot results, DAPT and BafA treatment significantly reduced the expression
of all three analysed target genes to less than the half of the expression in the DMSO condition
(Figure 19D).

Therefore, it can be stated that Notch signalling activation in human NSCs is dependent on Notch
receptor internalization and cleavage of the receptors in the increasingly acidic environment of

endolysosomes.

6.6 Expression of Notch downstream target HES1 can be visualized in HES1-
tdTomato reporter cell line

In the further experiments, Notch pathway activity shall be analysed in living cells to establish
whether asymmetric segregation of endolysosomes during mitosis induces a Notch signalling
bias in the daughter cells. To this end, a reporter cell line was established using the CRISPR/Cas9-
technology to edit the endogenous locus of one of the Notch downstream target genes, namely
HES1. The construct, which was introduced, tagged the endogenous HES1 with the sequence
coding for the fluorescent protein tdTomato. The two proteins were linked via a T2A site leading
to separation of tdTomato from the HES1 protein after translation facilitating normal HES1
function. For better visualization and quantification of tdTomato-fluorescence the protein was
targeted to the nucleus by addition of a NLS. Further a PEST sequence was added to target
tdTomato for fast proteasomal degradation and to be able to visualize dynamic changes in HES1

expression (Figure 20A-B).
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6.6.1 Generation of HES1-tdTomato reporter cell line
The described reporter construct (tdTomato-NLS-PEST) was cloned into a vector holding two
homology arms corresponding to the sequence around the stop codon in the last exon of the
endogenous HES1 locus. This HDR-template was introduced into Ctrl#2-iPSCs together with the
respective HES1 gRNA-plasmid by nucleofection (Figure 20A). The latter, additionally, encodes
for hSpCas9 and a Puromycin resistance for selection. After nucleofection, cells were seeded in
clonal density and successfully nucleofected cells were selected by Puromycin treatment. Clones

were picked and expanded as clonal cell lines for further validation. Screening of the different
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Figure 20: Generation of HES1-reporter cell line via CRISPR/Cas9-mediated tagging of the HES1 locus.

(A-B) Plasmids cloned for CRISPR/Cas9-mediated gene editing and strategy for targeting of the endogenous
HES1 locus. Indicated by grey arrows are the primers used for genotyping PCR. (C-D) Genotyping PCR of the two
wild-type cell lines and the HES1-reporter line indicating homozygous integration of the T2A-tdTomato-NLS-
PEST construct (C) and no random integration of the HES1 gRNA-plasmid (D). (E) SNP analysis of HES1-reporter
line. (F) Sequencing of the HES1 locus after gene editing showing scarless integration of the reporter construct.
(G) IF of HES1-reporter-iPSCs for pluripotency markers, OKT3/4, SSEA4 and SOX2. Scale (G) 100 um. DNA was
counterstained with DAPI and depicted in blue pseudo-colour.
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clonal lines was performed by genotyping PCR, which amplifies either the wild type, unedited
allele or the edited locus (Figure 20B-C). In a second PCR, the possibility of a random integration
of the HES1 gRNA-plasmid was excluded (Figure 20D). One of the successfully edited clonal cell
lines, from now on termed HES1-reporter, was further quality controlled by SNP analysis and
sequencing of the edited locus. SNP analysis revealed a duplication of the p-arm of chromosome
12, which is a common cell culture artefact [Laurent et al., 2011] and is probably introduced
during clonal expansion (Figure 20E). As no genes associated with the Notch signalling pathway
are located on that chromosome arm, the cell line was considered suitable for the following
analyses. Further, sequencing of the HES1 locus showed a scarless integration of the tdTomato
construct and no point mutations within the 5" homology arm, encoding for the C-terminus of
HES1 (Figure 20F). The pluripotency of the HES1-reporter line was confirmed by homogenous

expression of typical pluripotency markers, OKT3/4, SSEA4 and SOX2 (Figure 20E).

Figure 21: Characterization of rosette-
type NSCs generated from HES1-
reporter-iPSCs.
(A-B) Brightfield images and
18S tdTomato-signal before and after
neural induction. Notch signalling
Nestin activity is mostly inactive in iPSCs (A),
whereas, rosette-type NSCs are highly
FOXG1 dependent on Notch signalling, which
is reflected by  HES1-reporter
PAX6 expression (B). (C) HES1-reporter-NSCs
express typical NSC markers (Nestin
FOXA2  and SOX2) and show some
spontaneous, neuronal differentiation
PAX5 marked by TUBB3 and HuC/D.
(D) Regional identity of HES1-reporter
HOXB2 NSCs were analysed by RT-PCR and
indicate a mixed regional identity of
NSCs across fore-, mid- and hindbrain.
Scale (A-C) 100 pm. DNA was
counterstained  with  DAPI  and
depicted in blue pseudo-colour.
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IPSC proliferation and the maintenance of their stem cell character is known to be mostly
independent of Notch signalling [Yu et al., 2008], which was confirmed by the absence of
tdTomato and hence HES1 expression in the HES1-reporter-iPSCs (Figure 21A). Induction of the
neuroectodermal fate by dual-Smad- and Wnt-inhibition, however, induces a robust expression
of tdTomato and fluorescence was, as expected, located in the nucleus of HES1-reporter-NSCs
(Figure 21B). The HES1-reporter-NSCs expressed typical NSC markers, such as Nestin and SOX2,
and showed similar spontaneous neuronal differentiation, marked by TUBB3 and HuC/D, as the

respective wild-type Ctrl#2-NSCs (Figure 21C and Figure 7A-B). The expression of different brain
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region markers was also comparable with the parental Ctrl#2-NSCs and indicated a mixed NSCs

population from diverse brain regions (Figure 21D and Figure 7D).

6.6.2 Stability of tdTomato protein and sensitivity towards inhibition of Notch signalling
To establish the functionality of the HES1-reporter and the dependency of tdTomato expression
on active Notch signalling, HES1-reporter-NSCs were treated with the y-secretase inhibitor
DAPT. Long term treatment of NSCs with DAPT is known to push neuronal differentiation of NSCs
[Elkabetz et al., 2008]. This effect was confirmed in HES1-reporter-NSCs, where a decrease in
tdTomato fluorescence upon DAPT treatment was associated with a shift towards neuronal
morphology (Figure 22A). To determine the half-life of the tdTomato protein, protein translation
was inhibited by Cycloheximide treatment. The decrease in tdTomato signal was quantified in
individual cells and fitted to an exponential decay. The half-life was thereby estimated to be

around 3.5 h (Figure 22B).
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Figure 22: TdTomato expression is dependent on active Notch signalling and has a half-life of around 3.5 h.
(A) HES1-reporter NSCs were treated with y-secretase inhibitor DAPT (10 uM) for up to 48 h. Imaging of cellular
morphology and the tdTomato signal over time showed appearance of cells with neuronal morphology
(arrowheads) and simultaneous fading of the tdTomato fluorescence. (B) Cycloheximide (100 uM) chase was
combined with live cell imaging and individual cells were tracked. The decay in the sum intensity density was
analysed and fitted to an exponential decay revealing a half life of 193 min (N = 22 cells from 3 independent
experiments). Scale (A) 50 um. Time scale (A) hh:minmin:secsec.
Corresponding to the experiments presented in chapter 6.5, HES1-reporter-NSCs were treated
with DAPT, BafA and Leu and HES1 expression was traced by tdTomato fluorescence. In line with
the previous results, tdTomato signal is decreased over time by DAPT and BafA, but not by Leu
treatment (Figure 23 and Figure 19). DAPT treatment showed a slightly stronger and faster
reduction compared to BafA treatment. This indicates that the HES1-reporter is able to visualize
Notch signalling dynamics as well as slight differences in Notch signalling activity, making it a

versatile tool for the upcoming experiments.
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6.7 Asymmetric segregation of acid vesicles during cell division leads to
differences in Notch signalling activity in the daughter cells

So far, it was shown that Notch receptors are internalized into LAMP1*/LysoTracker* vesicles
upon ligand binding to induce the release of the ICD and activation of downstream signalling.
Besides, LAMP1* vesicles were asymmetrically segregated during mitosis and this asymmetry
was correlated with NSCs in neurogenic culturing conditions. To establish whether the
asymmetric segregation of these vesicles can influence the cell fate of the daughter cells by
biasing Notch signalling, live cell imaging with the HES1-reporter cell line was utilized (Figure
24A). NSCs were treated with Nocodazole to synchronize the cells at the beginning of mitosis
and to ensure a timed entry into mitosis upon Nocodazole removal. Imaging of LysoTracker
during mitosis was used to identify symmetric and asymmetric cell divisions (Figure 24B,D)
analogous to the IF staining in fixed cells (Figure 9). A total of 124 symmetric and 31 asymmetric
cell divisions were analysed (Figure 24D). In the second part of the imaging HES1 expression in
the daughter cells was tracked by tdTomato fluorescence (Figure 24C). The signal intensity was
quantified starting 1.5 h after telophase up to 6 h after mitosis and the differences of HES1
expression within daughter cell pairs was calculated for each time point (Figure 24E). Daughter
cells arising from an asymmetric cell division showed a tendency towards a higher HES1
expression in the LysoTracker"®" daughter cell (daughter cell 1). However, the variation between

the mitotic events analysed was high and this trend was not significant at any time point.
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Figure 24: Asymmetric segregation of LysoTracker predicts a bias in HES1 expression after cell division.

(A) Schematic representation of the experimental work flow, with the synchronization of proliferating NSCs by
treatment with 75 nM Nocodazol and a two-part live cell imaging to track LysoTracker signal during mitosis (B)
and HES1-reporter expression in the respective daughter cells 1 and 2 (C). (D) Percentage of LysoTracker-
symmetric and -asymmetric cell divisions analysed (N = 155 from 10 different experiments) (E) Quantification of
the mean intensity differences between the two daughter cells starting 1:30 h to 6:00 h after division
(N = 124/31 for symmetric/asymmetric divisions from 10 different experiments, mean + SEM). LysoTracker-
asymmetric mitotic events showed increasingly biased HES1 expression in the daughter cells. Scale (B) 20 um,
(C) 50 um. Time scale (B-C) hh:minmin:secsec.

Therefore, HES1 expression dynamics for individual daughter cell pairs were clustered by their

Euclidean distance (Figure 25A, for technical details see chapter 5.6.3). Six clusters were

identified and grouped into clusters with (1) symmetric HES1 expression (clusters 3 and 5), (2)

asymmetric HES1 expression that opposes the LysoTracker distribution (clusters 4 and 6), (3)

slightly asymmetric HES1 expression in line with LysoTracker segregation during mitosis (cluster

1) and (4) highly asymmetric HES1 expression (cluster 2) (Figure 25B-C). When analysing the

distribution of these different clusters separately for LysoTracker-symmetric and -asymmetric

mitotic events, an increase in the cluster frequency of highly asymmetric HES1 expression was

detected from 12.1% to 25.8% (Figure 25D). This increase went along with a drop in the group
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of symmetric and opposed asymmetric HES1 expression of 4.1 and 9.7 percentage points,

respectively.

Taken together, an asymmetric segregation of LysoTracker® vesicles shifts HES1 expression

towards the LysoTracker"e" daughter cell. This is in line with the assumption that acidic vesicles

act as asymmetry factors during mitosis and as signalling hubs for Notch receptor activation. The

directed shuttling of endolysosomes, therefore, represent one mechanism how Notch signalling

can be biased and the cell fate of the daughter cells can be predestined during NSC division.
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Figure 25: Clustering of HES1 dynamics reveals a shift towards highly asymmetric HES1 expression after

asymmetric segregation of LysoTracker during mitosis.

(A) Heatmap of tdTomato intensities in daughter cell pairs after clustering with the R package time course
inspector. The number of clusters were assigned after visual inspection. (B) The mean intensity dynamics for the
two daughter cells in each cluster are depicted (N = 35/23/41/9/29/18 for clusters 1-6, mean + SEM). (C) Clusters
were assigned to 4 groups representing daughter cell pairs with symmetric, opposed asymmetric, slightly and
highly asymmetric HES1 expression (mean = SEM). (D) Heatmaps of tdTomato intensities and cluster distribution
in daughter cell pairs originating from symmetric and asymmetric cell division based on LysoTracker segregation
during mitosis (see Figure 24). A shift towards asymmetric HES1 expression is seen in LysoTracker-asymmetric

mitotic events.
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6.8 Asymmetric distribution of LAMP1 and Notchl during cell division in 3D
forebrain organoids

In the developing brain, NSCs are engrafted in a 3D environment, which cannot be modelled in
the so far used 2D cell culture system. Therefore, the organoid system was employed to verify
LAMP1* vesicles as asymmetry factors in a 3D context, which resembles the in vivo situation
more closely. To generate forebrain organoids, the neural fate was induced in iPSC-derived EBs
and NSCs self-organize into cortical loop-like structures (Figure 26A-B). NSCs within the

developing loops were identified by SOX2 expression and the onset of neurogenesis was visible

A
LDN
AB3
XAV
iPSCs EBs forebrain
organoids
B
C
Notch1
E

Figure 26: Neural induction protocol and basic characterization of 3D forebrain organoids.

(A) Human iPSCs were aggregated to form embryoid bodies (EBs), which were induced to neuroectodermal fate
by dual-Smad- and Whnt-inhibition (LDN193189, A83-01 and XAV939) for 5 days. (B) Respective brightfield
images show EB formation and developing loop structures (arrowheads) in 20 day-old organoids obtained from
Ctrl#2-iPSCs. (C-F) IF staining in consecutive organoid slices from 20 day-old organoids, loops are marked by
dotted lines. (C) NSC marker SOX2 is expressed homogenously within the cortical loops. Neuronal marker TUBB3
marks the first neurons of the developing CP around the loops. (D) Expression of PAX6 confirming forebrain
identity of NSCs. (E) Polarity factor PKCA and tight junctions marked by ZO-1 showing accumulation at the apical
membrane of each loop. (F) IF staining for LAMP1 and Notchl counterstained with Phalloidin marking cell
structures and actin accumulation along the apical membrane. Scale (B) 100 um (white), 300 um (black),
(C-D) 300 um, (E-F) 50 um. DNA was counterstained with DAPI and depicted in blue pseudo-colour.

Organoids were generously generated, fixed and sectioned by Ammar Jabali and Helene Schamber.
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by the appearance of the first TUBB3* neurons around the loop structures (Figure 26C). The
forebrain identity was confirmed by the expression of the forebrain marker PAX6 throughout
the organoid (Figure 26D). Internal polarization of NSCs within the loops was verified by the
apical localization of polarity complexes and tight junctions, marked by PKCA and ZO-1,
respectively (Figure 26E). This apical membrane was further characterized by the accumulation
of actin stained by Phalloidin (Figure 26F). In the following, mitotic NSCs at the apical lining were
analysed for their intracellular distribution of LAMP1 and Notch1.

Dependent on the orientation and the attachment of the dividing cell to the apical membrane,
the mitotic events were grouped into different division modes: planar, intermediate and

delaminating cell divisions (Figure 27A). A division was considered planar, in case both daughter
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Figure 27: Delaminating cell divisions in forebrain organoids are associated with asymmetric distribution of
LAMP1 and Notch1 between the daughter cells.

(A) Schematic representation of a cortical loop structure within forebrain organoids with planar/proliferative,
delaminating/neurogenic and intermediate NSC divisions at the apical membrane. (B) Total number of planar,
intermediate and delaminating cell divisions analysed (N = 107 from 3 independent batches of organoids). (C) IF
staining for LAMP1 and Notchl counterstained with Phalloidin. ROIs (yellow lines) for daughter cell pairs were
determined based on the Phalloidin staining and the mode of cell division was determined in relation to the
apical membrane (yellow dashed line). Shown is the LAMP1 and Notchl staining within the ROls.
(D) Quantification of the asymmetry indices for LAMP1 and Notchl showing an increasing asymmetric
segregation to the apical daughter cell during intermediate and delaminating cell divisions (N = 60/28/19 for
planar/intermediate/neurogenic division from 3 independent batches of organoids, Kruskal-Wallis-test with
Dunn’s post-hoc test, box plot and dots for individual mitotic event). Scale (C) 5 um. ** p < 0.01,
n.s. — not significant.
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cells showed a similar level of contact to the apical membrane. A delaminating cell division was
defined as a division where only one of the daughter cells is attached to the apical membrane,
whereas the second daughter cell is completely delaminated. Finally, an intermediate cell
division was presumed, if the contact surface area to the apical membrane is clearly unequally
distributed between the daughter cells. Mitotic events were identified by DAPI staining and the
described modes of cell division were distinguished by Phalloidin staining (Figure 27B-C). The
asymmetry indices A for LAMP1 and Notchl1 were calculated, similar to the 2D experiments (see
Figure 9 and Figure 10). Planar cell divisions exhibited a mostly symmetric distribution of LAMP1*
vesicles and Notch receptors with asymmetry indices of A(LAMP1) = 0.005+0.014 and
A(Notch1) =-0.012+0.015 (Figure 27D). Already in intermediate cell divisions, a trend towards a
more asymmetric segregation of both proteins was seen, with A(LAMP1) = 0.037+0.024 and
A(Notch1) = 0.031+0.018. In delaminating divisions, both A(LAMP1) and A(Notchl) were
significantly increased to 0.130+0.036 and 0.098+0.031, respectively. This shows a biased
segregation of endolysosomes and Notch1l receptors towards the daughter cell located closer
to the apical membrane. Together with the knowledge that these delaminating divisions
probably represent neurogenic division [Kosodo et al., 2004], where the apical cell retains its
NSC properties and the more basal cell matures into a neuron, this further supports the
proposed mechanism:

LAMP1* vesicles act as asymmetry factors during the division of human NSCs and represent one
pathway to establish a bias in Notch receptor signalling. The LAMP1"e"- and Notch1"&"-daughter
cell remains a stem cell, whereas the LAMP1'°%- and Notch'°"-daughter cells is pushed towards

neuronal differentiation.
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7 Discussion

In the first part of this thesis LAMP1* vesicles were established as asymmetry factors in human
iPSC-derived NSCs and the asymmetric segregation during mitosis was associated with
neurogenesis. In a second step, the accumulation of Notch receptors in endolysosomes and the
impact of lysosomal acidification on Notch receptor cleavage was revealed. At last, 2D live cell
imaging and 3D forebrain organoids were employed to link vesicle asymmetries with a bias in

Notch signalling activity and neurogenic cell divisions, respectively.

7.1 Human iPSC-derived NSCs as a model system for asymmetric cell division

Studying human embryonic brain development is a tough subject due to the lack in specimen
material to study. Human iPSCs and their derivatives are a possible solution to this issue. In this
thesis, iPSC-derived NSCs were assessed as a potential model system for human
neurodevelopment, more specifically to study asymmetric cell division.

In other model systems, e.g. in D. melanogaster, the process of asymmetric cell division is highly
dependent on cellular polarization [Kuchinke et al., 1998; Wodarz et al.,, 2000]. Also, in
mammalian RGCs apical-basal polarity is established and influences the switch from symmetric
to asymmetric cell division [Konno et al., 2008; Postiglione et al., 2011]. Therefore, the basis for
all further analyses in this thesis was to confirm cellular polarization of the NSC cultures used.
Previously, polarization of rosette-type NSCs, but not of SM-NSCs [Reinhardt et al., 2013], was
observed, with an accumulation of apico-junctional complexes at the centre of each neural
rosette [Koch et al., 2009]. This was replicated by IF staining for the PAR complex component
PKCA and tight junctions, which were similarly located apically within the analysed NSCs (Figure
7).

Advantages of in vitro culturing of NSCs are on the one hand the scalable expansion of the cells
in the presence of growth factors, and on the other hand the timed induction of neurogenesis,
which is especially important for the scope of this thesis. Withdrawal of growth factors is usually
used to generate mature neuronal cells within several weeks (Figure 7). In the first days of
withdrawal, however, NSCs are characterized by their remaining proliferative capacity, which is
gradually overturned by neuronal differentiation (Figure 8). This time window was exploited
here to investigate asymmetric cell division and identify potential asymmetry factors.

As a second model system, forebrain organoids were used to verify asymmetry factors identified
in 2D cultured NSCs. The apical-basal polarity of the cortical loop structures as the basis for

asymmetric cell division was confirmed in a number of publications [Kadoshima et al., 2013;
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Lancaster et al., 2013], including the protocol that was applied to generate the organoids
analysed in this thesis (Figure 26 and lefremova et al., 2017; Krefft et al., 2018). Additionally, the
3D setting allows the identification of mitotic events with potentially different cell fates by
spindle orientation and apical membrane attachment. The latter was here determined by
Phalloidin staining (Figure 26), as actin is known to accumulate around adherens junctions
representing the contact points to the apical membrane. Using high resolution microscopy,
Marthiens and ffrench-Constant, 2009 found that actin accumulates between the apical PAR
complex and the slightly more basal N-Cadherin-containing tight junctions, both of which are
implicated in cell fate decisions [Kosodo et al., 2004; Marthiens and ffrench-Constant, 2009].
Therefore, the asymmetric distribution of actin between daughter cells during mitosis serves as
a good proxy for the distribution of polarity as well as junctional complexes in the organoid
system. The time point of the analysis (day 20 after EB formation) was chosen briefly after
neurogenesis sets in and the first neurons appear within the developing CP (Figure 26).
Therefore, a majority of cell divisions were still grouped as proliferative (56% planar), and a
percentage of 44% were identified as being potentially neurogenic cell divisions (18%
delaminating and 26% intermediate) (Figure 27). This makes it possible to analyse the different
cell division modes and the distribution of potential asymmetry factors within the same
organoid.

Combining these two cell culture systems, makes iPSC-derived NSCs a powerful tool to study
human neurodevelopment, including asymmetric cell division. The scalable 2D system is
especially useful for screening and molecular analyses as well as live cell imaging. Whereas the
3D organoid model can be used to tackle questions like spindle orientation and the influence of

the tissue context on cell fate.

7.2 Vesicles as asymmetry factors in human NSCs

The role model of vesicles as asymmetry factors are Sara® endosomes, which are mainly studied
during asymmetric cell division of D. melanogaster SOP cell. In this model system, Sara* vesicles
are thought to represent a specified subpopulation of endosomes, which are asymmetrically
segregated, whereas the overall population of Rab5* endosomes show no asymmetry during
mitosis [Coumailleau et al., 2009]. A similar mechanism has been established in the spinal cord
and recently also in the brain of zebrafish [Kressmann et al., 2015; Zhao et al., 2020]. As this
suggests a conserved underlying mechanism in NSC division, different vesicle subtypes were

analysed here as potential asymmetry factors in the human NSC model systems.
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Based on published studies on asymmetric cell division [Kressmann et al., 2015; Loeffler et al.,
2019; Zhao et al., 2020], equivalent standards were used to identify asymmetric segregation of
proteins in this thesis. Mitotic events are considered asymmetric, in case one daughter cell
inherits 1.5 times or 50% more vesicles than the other daughter cell. Applying this cut-off
revealed, however, no asymmetries of classical endosomal markers in the performed screening,
including the human Sara orthologue ZFYVES. In contrast, the here presented data suggests
different vesicular compartments to be asymmetrically distributed during human NSC division,
namely CD63* and LAMP1/2* vesicles (Figure 9). These are considered typical markers for MVB
and lysosomes, respectively [Hunziker et al., 1996; Escola et al., 1998]. Therefore, it seems that
in the human context rather late stages within the endolysosomal pathway are segregated
during cell division compared to early endosomal stages in D. melanogaster and zebrafish.
Although this is the first evidence from NSCs, it is in line with findings from mammalian
hematopoietic stem/progenitor cells, where CD63 and lysosomes were described as asymmetry
factors [Beckmann et al., 2007; Loeffler et al., 2019]. Interestingly, also in the hematopoietic
system no direct link between asymmetric distribution of CD63 and any cell fate decision has
been described, similar to the missing link of CD63 asymmetry and neuronal differentiation
found in this thesis (Figure 9). Lysosomes, on the contrary, influence the metabolic state of
hematopoietic stem cells and thereby their cell fate [Loeffler et al., 2019].

In general, the work with marker proteins to identify vesicular subpopulations should be taken
with caution, as there are no sharp borders but rather a gradient of these proteins along the
endocytic pathway [Rink et al., 2005]. Several studies show overlap of different endosomal
marker proteins at subcellular structures, e.g. presence of LAMP1 on endosomal vesicles
[Akasaki et al., 1996; Peden et al., 2004; Ebrahim and Thilo, 2011; Humphries et al., 2011; Cheng
et al., 2018; Shearer and Petersen, 2019]. Co-staining of LAMP1 and CD63 also showed a
considerable co-localization in NSCs (Figure 17) as well as in other mammalian cell lines [Rous et
al., 2002; Shapiro et al., 2007; Baba et al., 2020]. Recent studies underline a highly dynamic
equilibrium especially between late endosomes and endolysosomes [Bright et al., 2016; Bissig
et al., 2017]. Also, the localization of Sara to Rab5* early endosomes [Di Guglielmo et al., 2003;
Coumailleau et al., 2009] can be discussed, as Sara was also described to colocalize with
hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) [Bokel et al., 2006] which is
associated with MVB formation [Kobayashi et al., 2000; Bache et al., 2003]. The results from the
here presented sucrose density gradient centrifugation hint in a similar direction (Figure 12).
Here, the human Sara orthologue ZFYVE9 and CD63 showed a similar distribution with two
peaks, so ZFYVE9 in human NSCs also seems to be associated with rather late endosomes and

MVBs. This might indicate that asymmetry in D. melanogaster is indeed also mediated by a
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vesicular compartment further down the endolysosomal pathway, closer to LAMP1* vesicles
identified in the human context.

The study design here had the advantage that it not only focussed on fixed and stained cells,
where the separation of vesicle markers might be unclear, but the results were additionally
confirmed in living cells by LysoTracker imaging (Figure 24). Its fluorescence is solely dependent
on the pH, therefore underlines that late, highly acidic stages of endolysosomal vesicles act as
asymmetry factors in human NSCs in about 20% of mitotic event in proliferative conditions
(Figure 24). Besides, the use of IF staining together with LysoTracker imaging circumvents the
necessity to use fluorescently tagged proteins, which are commonly utilized in studies of
asymmetric cell division [Coumailleau et al., 2009; Loeffler et al., 2019]. It is sufficiently well-
known that fluorescent fusion-proteins for the visualization of protein dynamics have to be
carefully designed not to affect protein function and localization [Snapp, 2005]. Indeed, this
issue was also addressed in the most recent study on asymmetry in hematopoietic stem cells,
where mCherry-Numb fusion protein showed clear asymmetry, whereas Numb-Venus did not
[Loeffler et al., 2019].

To conclude, endolysosomal vesicles were identified as asymmetry factors in human NSCs by
two independent techniques based on the localization of endogenous vesicle markers and the

intrinsic acidification of endolysosomal vesicles.

7.3 Acidified vesicles as signalling hubs for Notch receptors

Independent of the vesicular compartment and the cell type involved, vesicles identified as
asymmetry factors were regularly found to be biased towards the daughter cell with high Notch
signalling activity [Coumailleau et al., 2009; Kressmann et al., 2015; Loeffler et al., 2019; Zhao et
al., 2020]. Even if the type of vesicles facilitating the asymmetry might not be identical, the
downstream mechanism deciding over the cell fate of the daughter cells is potentially conserved
across species and stem cell populations.

The importance of Notch signalling for mammalian NSC maintenance not only in vivo, but also
in vitro is well-established. Blocking Notch cleavage by the y-secretase inhibitor DAPT is
commonly used to induce rapid neuronal differentiation of NSCs in vitro [Crawford and Roelink,
2007; Elkabetz et al., 2008; Woo et al., 2009; Borghese et al., 2010]. This was confirmed for the
NSCs used in this thesis, as DAPT treatment for two days diminished Notch signalling and pushed
a majority of cells to adopt a neuronal morphology (Figure 22). This intrinsic dependency on
Notch signalling is on the one hand a great advantage over other human cell lines often used to

study molecular aspects of Notch signalling. In NSCs no exogenous expression of Notch pathway
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components is necessary, therefore, it is possible to study the pathway without potential
disturbances by overexpression artefacts. Especially in this tightly controlled pathway, which
also exhibit elaborate cell-type specific regulatory mechanisms, it is important to study the
signalling in the endogenous setting. On the other hand, any disruption or manipulation of Notch
signalling activity can trigger differentiation and the loss of the stem cell population. This makes
it hard to perform loss-of-function analysis in this system and is a potential drawback.

In the steady-state, endogenous Notch receptors were found predominantly in LAMP1* vesicles
in human NSCs, which was verified not only by IF staining but also by sucrose density gradient
centrifugation (Figure 11 and Figure 12). Therefore, the endocytic route of Notch receptors was
analysed in more detail. On the one hand, to provide a potential functional link between Notch
signalling and LAMP1 asymmetries during NSC division. On the other hand, to shed some light
on still controversially discussed questions about the importance of endocytosis for Notch
pathway activity: (1) is the endocytosis of Notch ligands necessary for inducing receptor cleavage
(2) is the endocytosis of the Notch receptors necessary for the activation (3) is Notch receptor
cleavage in intracellular vesicles mediated by ligand binding?

First, the endocytosis of Notch ligands is thought to apply a pulling force on the Notch receptor
heterodimers leading to its disassembly and S2/S3 cleavages [Parks et al., 2000; Gordon et al.,
2015; Lovendahl et al., 2018]. However, there is also evidence that the signal-receiving cell might
provide this pulling force by transendocytosis of the ligand [Klueg and Muskavitch, 1999;
Varnum-Finney et al., 2000; Chapman et al., 2016]. Additionally, soluble variants of Notch
ligands were found to activate the signalling pathway in non-vertebrates as well as human
keratinocytes [Qi et al., 1999; Aho, 2004; Chen and Greenwald, 2004], which suggests Notch
signalling to be at least in part independent of a mechanical force separating the receptor
heterodimer. The latter view, can be supported by a series of data presented in this thesis. Co-
staining of Notch1ECD with the Notchl antibody, targeting the ICD, suggests the presence of
intact heterodimers within the same vesicular structures (Figure 15). Also, the internalization of
the Notch ligands DLL1 and JAG1 in complex with the receptor (Figure 16), hints into the
direction that Notch receptors are internalized before S2 cleavage occurs and the ECD bound by
the ligand dissociates from the receptor.

Concerning the second point, the internalization of Notch receptors itself was already described
almost 25 years ago [Seugnet et al., 1997]. The functional outcome of this process, however, is
still controversially discussed with evidence suggesting receptor degradation or receptor
activation, respectively. The former is supported by several studies that show Notch receptor
targeting for lysosomal degradation by ubiquitination or association with B-arrestin [McGill and

McGlade, 2003; Mukherjee et al., 2005; McGill et al., 2009; Puca et al., 2013]. Also, disruption
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of lysosomal biogenesis was recently found to enhance Notch signalling due to lower
degradation rates [Gomez-Lamarca et al., 2015; Zhou et al., 2016]. Notch receptor degradation
via the autophagic pathway was further reported to play a role in starved cells [Wu et al., 2016;
Tao et al., 2018]. In these studies, Notch receptors were both recycled from the plasma
membrane and redirected already on their way to the cell surface in form of the uncleaved full-
length protein [Wu et al., 2016]. However, taking all results presented here together, they point
into another direction. Treatment with lysosomal protease inhibitor does neither alter Notch1
protein level, nor Notch1 receptor cleavage (Figure 19). Autophagy also seems to be not involved
in the shuttling of Notchl receptors towards lysosomal vesicles in human NSCs, as no
colocalization between NotchlECD and LC3* autophagosomes was observed (Figure 15).
Redirection of the full-length receptor pro-form for degradation within LAMP1* vesicles can also
be excluded, as Western Blot analysis of sucrose fractions clearly showed accumulation of S1
cleaved Notch1 in LAMP1* fractions (Figure 12).

On the contrary, results from this study are more in line with the idea that Notch receptor
activation occurs within the increasingly acidic endolysosomal vesicles [Gupta-Rossi et al., 2004;
Vaccari et al., 2008; Yan et al., 2009; Windler and Bilder, 2010] upon CME [Windler and Bilder,
2010; Chapman et al., 2016]. Consistently, Notchl receptor were found to accumulate in
Clathrin-coated membrane pits on the cell surface (Figure 13) and their internalization
dependent on Dynamin (Figure 14 and Figure 18). Notch2 receptor localization to LAMP1*
vesicles, however, seemed to be independent of Dynamin. Although the transcriptional activity
of Notch1 and Notch2 ICDs was found to be equivalent [Liu et al., 2015], a newly described Notch
regulator in human NSCs, namely the Notch2 paralog Notch2NL [Fiddes et al., 2018; Suzuki et
al., 2018], might be an explanation for a divergent regulation of Notch2 in this cell type. Further,
the sucrose density gradient centrifugation showed a clear accumulation of Presenilin 1 along
with Notch receptors in LAMP1* fractions (Figure 12). This is in line with findings that
components of the y-secretase complex are located at lysosomal membranes [Bagshaw et al.,
2003; Pasternak et al., 2003]. Additionally, the sole possibility to stain for Notch receptors
colocalizing with LAMP1* vesicles (Figure 11) indicates that the transport of receptors to these
vesicles has to take place before S3 cleavage. Release of the ICD from the membrane would lead
to the loss of the antigen recognized by the Notch1 and Notch2 antibodies from the surface of
the LAMP1* structures. This can also explain the high variance in colocalization found between
individual cells (Figure 11), as dependent on the stage of a cell within the signalling pathway the
ICD might already be released into the cytosol and translocated to the nucleus. Supporting this
mechanism, the cleavage properties of the involved proteases have to be mentioned. ADAM

family proteases as well as the y-secretase complex were found to have higher affinities to target
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proteins and more efficient protease activity in acidic environment compared to the neutral pH
of the extracellular or cytosolic space [McLendon et al., 2000; Carey et al., 2005; Carey et al.,
2011]. This was confirmed here by inhibition of v-ATPase, which is necessary for the acidification
of endolysosomal vesicles [Trombetta et al., 2003; Lafourcade et al., 2008] and was already
found to be important for Notch signal activation [Yan et al., 2009; Valapala et al., 2013; Tognhon
et al,, 2016]. Treatment with the v-ATPase inhibitor BafA reduced Notch1 receptor cleavage and
repressed transcription of downstream targets (Figure 19). Interestingly, a study by Tagami et
al., 2008 showed that cleavage of Notch receptors can indeed occur both at the plasma
membrane and in endocytic vesicles, generating two distinct ICD variants. Whereas cleavage of
Notch receptors at the plasma membrane generates a longer, more stable ICD, the ICD produced
after Notch receptor internalization is three amino acids shorter and also showed an increased
turnover. Taken into account that the oscillation of Notch signalling was found to be essential
for the proliferation and maintenance of NSCs [Shimojo et al., 2008], endocytosis prior to
receptor cleavage and hence the release of an unstable ICD variant might facilitate a faster
shutdown of Notch signalling in this context.

The last controversial point is whether Notch receptor activation after endocytosis is triggered
by ligand interaction. The internalization of recombinant Notch ligands shown in this thesis
demonstrates that soluble ligands bound on the cell surface can be internalized together with
the receptor (Figure 16 and Figure 18). Whether such ligand variants can trigger Notch receptor
cleavage is, however, unclear with several studies supporting [Qi et al., 1999; Aho, 2004; Chen
and Greenwald, 2004] and contradicting Notch activation by soluble ligands [Sun and Artavanis-
Tsakonas, 1997; Masuya et al., 2002; Urs et al., 2008; Klose et al., 2015]. However, also
membrane bound Notch ligands can undergo endocytosis into the signal-receiving cell. One
model suggests that ligands from the neighbouring signal-sending cell can undergo
transendocytosis, but the molecular mechanism behind these observations remains elusive
[Seugnet et al., 1997; Klueg and Muskavitch, 1999; Chapman et al., 2016]. A second potential
mechanism is the internalization of receptors and ligands from the plasma membrane of the
same cell. Usually, this cis-interactions of receptors and ligands located at the same membrane
leads to a parallel binding and hence inactivation of the Notch pathway [Fiuza et al., 2010;
Sprinzak et al., 2010]. However, after endocytosis and the maturation of endosomes to MVBs it
is thought that an antiparallel trans-interaction is facilitated by the localization of ligands and
receptors to ILVs and the limiting vesicle membrane, respectively [Coumailleau et al., 2009;
Kressmann et al., 2015]. This might be supported by the partial colocalization of Notch receptors
and CD63, as a MVB marker (Figure 11). Further support for intravesicular interaction can be

seen in the affinity increase between Notch and Delta in an acidic environment [Pei and Baker,
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2008], e.g. found along the endocytic pathway. Another completely different model is supported
by several studies in D. melanogaster and suggests that Notch receptor activation can be
facilitated by endocytosis and shuttling to endolysosomal vesicles alone [Wilkin et al., 2008;
Yamada et al., 2011; Schneider et al., 2013]. Here, the activation is independent of ligand-
receptor interaction and seems to be dependent on a specialized ADAM protease, namely
ADAM17 [Bozkulak and Weinmaster, 2009].

Summing up, it was verified that endogenous Notch1 receptor heterodimers are endocytosed
in human NSCs. This process is mediated by CME and rather triggers receptor activation due to
the drop in pH, than receptor degradation and shutdown of Notch signalling. It remains to be
determined whether receptor cleavage is independent of ligand binding, induced by ligand
binding on the cell surface and transendocytosis or receptor-ligand-interaction within
subcellular vesicles. During asymmetric cell division Notch receptor transport in endolysosomal
vesicles is supposed to generate a bias in Notch signalling activity by the spatially restricted

release of the ICD in one of the daughter cells.

7.4 Asymmetry of vesicles predicts cell fate decision

This proposed bias in Notch signalling activity and the downstream cell fate decision was
therefore analysed in the concluding experiments of this thesis.

Active Notch signalling results, amongst others, in expression of HES1 which is crucial for the
maintenance of NSC fate by repressing neuronal differentiation [Ishibashi et al., 1994; Ohtsuka
et al., 2001]. Therefore, HES1 expression was used as a marker for Notch signalling activity and
a predictor of cell fate after a mitotic event. The reporter line generated and characterized in
this thesis is based on the expression of a fluorescent protein from the endogenous locus of the
HES1 gene. Commonly used reporters for Notch signalling activity are often based on the
exogenous delivery of synthetic plasmid reporters by transfection or transduction. Similar to the
overexpression of Notch pathway components these reporters might disrupt the signalling
activity by sequestering Notch ICD at the exogenous CSL motifs influencing the expression of
endogenous Notch target genes. As the signalling pathway is not further amplified within the
cell this could significantly alter downstream gene expression, including e.g. feedback loops
important for Notch signal oscillation in NSCs [Takebayashi et al., 1994; Hirata et al., 2002;
Shimojo et al., 2008].

The HES1-reporter line presented is the first human reporter cell line described that is based on
the expression of a fluorescent protein from the endogenous HES1 locus (Figure 20 and Figure

21). With this strategy, a maximum of two copies of the reporter construct can be inserted
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within the genome, making it necessary to use a bright fluorophore to detect expression. The
tdTomato protein was therefore chosen due to its brightness and relatively low maturation time
of about 60 min [Shaner et al., 2004]. With its excitation and emission wavelength within the
red spectrum, 554 nm and 581 nm, respectively, autofluorescent background in the green
spectrum is avoided, which makes it useful for live cell and even in vivo imaging [Winnard et al.,
2006; Wu et al., 2017; Syverud et al., 2018]. However, as the name indicates tdTomato is a
dimeric and hence relatively big protein (54.2 kDa). Therefore, the fluorophore was uncoupled
from the HES1 protein by a self-cleaving T2A site [Donnelly et al., 2001; Szymczak and Vignali,
2005] to avoid functional impairments. The nuclear localization of tdTomato was facilitated by
the fusion to a NLS sequence, which made it easier to quantify the total tdTomato signal within
individual cells. The efficient transport of the fluorescent protein into the nucleus can be
observed after mitosis. Whereas the protein was detectable throughout the cytoplasm during
mitosis, the fluorescence signal was restricted to the nucleus within a few minutes after cell
division, when the nuclear envelop was re-established (Figure 24). To capture dynamic changes
in HES1 expression, the half-life of tdTomato, which is estimated to be longer than 24 h
[Verkhusha et al., 2003], needed to be reduced. This was achieved by an additional PEST
sequence, which is known to increase fluorophore turnover in reporter constructs [Li et al.,
1998; Corish and Tyler-Smith, 1999], including a Notch signalling reporter used in chicken
embryos [Vilas-Boas et al., 2011]. The fusion of PEST sequences to fluorescent proteins can
reduce their half-life down to 2 h [Li et al., 1998]. Such a reduction was not observed in the
present HES1-tdTomato reporter, however, the half-life of around 3.5 h (Figure 22) was
sufficient to track changes in HES1 expression within a time frame of several hours after mitosis.
With this half-life even slight oscillations of HES1 expression known to be important for NSC
maintenance [Shimojo et al., 2008] were observed in individual cells (data not shown). However,
quantification of Notch signalling activity was performed on randomly selected cells located
throughout the cell culture vessel. Therefore, a synchronization, which was described in
neighbouring cells [Delaune et al., 2012], was not to be expected in this subset of analysed cells
and the oscillation effects cannot be seen after averaging the intensity values. Besides, the
effects of disrupting the Notch pathway by DAPT and BafA, which were seen in Western Blot
and gPCR (Figure 19), were reproduced in live cell imaging (Figure 23).

Taking the maturation time and half-life of tdTomato into account, the quantification of HES1
dynamics after cell division was started around 1.5 h after the final stages of mitosis. This should
enforce that HES1 expression directly after mitosis is analysed. The restriction of the imaging
window to 6 h after mitosis should prevent that later signalling events, e.g. induced by

differences in cell density and lateral inhibition, have an impact on the results. It has to be
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mentioned that HES1 expression is not solely dependent on Notch signalling. There are reports
that HES1 expression in mammalian NSCs is e.g. also dependent on FGF2 signalling [Sanalkumar
et al., 2010; Sato et al., 2010; Lahti et al., 2011]. As FGF2 is used as a growth factor for the
maintenance of rosette-type NSCs, there is the possibility that the expression of tdTomato is in
part influenced by FGF2. This was ruled out by the decrease of reporter expression by DAPT
treatment, that diminishes tdTomato fluorescence even in the presence of FGF2 in the medium
(Figure 23). Further, the changes between daughter cells after mitosis are unlikely caused by
FGF2 signalling as the medium conditions provide a global abundance of the growth factor to all
cells in culture.

With the combined live cell imaging of HES1-reporter NSCs and LysoTracker it was possible to
support the working hypothesis: an asymmetric segregation of acidic vesicles during mitosis
leads to a HES1 expression bias in the daughter cells and clustering of HES1 expression pattern
made the picture even more clear. Similar to the study in hematopoietic stem cells which applied
a comparable clustering approach [Loeffler et al., 2019], certain amount of HES1 asymmetries
after LysoTracker-symmetric divisions and vice versa were reported. Beside the fact, that vesicle
segregation is very likely not the only process involved in Notch signal regulation and hence HES1
expression, some experimental issues may also add to these variations. LysoTracker only stains
a subset of LAMP1* vesicles (Figure 17) [Johnson et al., 2016], which might create a technical
limitation for the precision of live cell imaging compared to IF staining. However, a comparable
percentage of LysoTracker and LAMP1 asymmetries in mitotic NSCs (20% and 26-30%,
respectively; Figure 24 and Figure 8) showed that this effect is probably negligible in this setting.
The sharp, arbitrary threshold set to differentiate between LysoTracker-symmetric and
-asymmetric cell divisions might also add some inaccuracy to the system. As mentioned in
chapter 7.2, the threshold is set based on several publications on asymmetric cell division
[Kressmann et al., 2015; Loeffler et al., 2019; Zhao et al., 2020]. However, it is possible that
especially with the linear Notch signalling pathway, where the signal is not further amplified,
gradual effects may have a greater influence in the current paradigm. And still, a clear shift of
HES1 expression patterns from symmetric and opposing asymmetric to highly asymmetric was
observed upon LysoTracker asymmetry supporting the working hypothesis (Figure 25).

Thus, the segregation of acidic vesicles can be considered at least one part of the explanation
for a Notch signalling bias between daughter cells after asymmetric cell division. Especially in a
mammalian context this is one of the few pathways so far described to generate this kind of
Notch signalling bias, whereas e.g. the role of the most important Notch regulator in D.
melanogaster, namely Numb, remains highly controversial [Petersen et al., 2002; Li et al., 2003;

Klezovitch et al., 2004; Petersen et al., 2004; Rasin et al., 2007]. In line, Numb distribution with
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2D NSCs showed no clear polarization within the neural rosettes (Figure 7 and data not shown).
A study by Chapman et al., 2006 gives a potential explanation, as mammalian Numb and Nbl are
degraded in the presence of high levels of cleaved Notch ICD. The highly active Notch signalling
in mammalian NSC might therefore reduce Numb and Nbl protein level so that they cannot
pursue their function as asymmetry factors during asymmetric cell division.

Therefore, a connection between the upstream processes, like mitotic spindle orientation and
differential inheritance of polarity factors which are also fairly well-understood in mammals
[Kosodo et al., 2004; Konno et al., 2008; Marthiens and ffrench-Constant, 2009; Postiglione et
al.,, 2011], and the downstream cell fate decision by Notch signalling remains vague. The
asymmetric segregation of Notch1 receptors as a cargo of LAMP1* vesicles described here might
be one of the missing links. Confirming the results obtained from 2D cultures of NSCs in human
forebrain organoids further hints in that direction (Figure 27). Asymmetry of both proteins
seems to be dependent on the attachment of the daughter cells to the apical membrane and is
increasing from planar to intermediate and delaminating cell divisions. This gradual increase is
in line with findings that polarity as well as junctional complexes can influence cell fate [Kosodo
et al., 2004]. However, the asymmetric distribution of polarity complexes was also found to be
sufficient to induce differences in cell fate, and both daughter cells retain their contact to the
apical membrane [Marthiens and ffrench-Constant, 2009]. Therefore, a closer look on the
distribution of polarity factors might give some further insides into the pathway upstream of
vesicle segregation.

Reproducing LAMP1 and Notch1 asymmetry in this 3D context adds the last step to the proposed
mechanism, as the asymmetric distribution can thereby not only be linked to an immediate
change in Notch activity after division, but also to a downstream commitment to a neuronal cell

fate.
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8 Conclusion and Outlook

Taken together, iPSC-derived NSCs were established as a versatile tool to study asymmetric cell
division and cell fate decision in a highly controlled cell population in vitro. Together with the
fast evolving field of human brain organoids, this opens up the possibility for the first time to
study human-specific aspects of early neurodevelopment on a detailed molecular level.
The main findings presented in this thesis can be summarized as follows (Figure 28):

1) Acidic, LAMP1* vesicles are asymmetry factors linked to neuronal differentiation

2) Notch receptors are internalized as heterodimers by CME

3) Accumulation of Notch receptors in acidic vesicles triggers their cleavage

4) Asymmetry of endolysosomal vesicles predict a bias in Notch signalling activity and is

associated with neurogenic cell divisions

symmetric asymmetric
cell division cell division
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Figure 28: Proposed role of endolysosomes as signalling hubs for
Notch receptor signalling and cell fate decision.

This elevates endolysosomes to new signalling hubs for the Notch pathway and their asymmetric
segregation to one of the evolutionary best conserved asymmetry mechanism to bias the activity

of Notch signalling.
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One of the open question concerning Notch activation in acidic vesicles remains whether this
signalling might be independent of ligand interaction with the receptor or how the ligand
binding is achieved within the vesicular compartment.

Also, the mechanistic details regulating the suggested pathway upstream of the asymmetric
vesicle segregation have to be elucidated further. It is tempting to speculate that the classical
polarity factors mediating apical-basal polarity are involved. Some published findings give first
indications in this direction: aPKC can recruit ADAM10 protease necessary for S2 cleavage
[Britton et al., 2017] and triggers transport of Notch receptors towards lysosomes [Sjoqvist et
al., 2014]. The CRB complex is also found to be involved in Notch receptor endocytosis and
activation [Ohata et al., 2011; Nemetschke and Knust, 2016]. The asymmetry of Sara* vesicles in
D. melanogaster of course provides substantial indications that cellular polarity triggers vesicle
segregation, either directly [Loubéry et al., 2014] or indirectly via the asymmetric assembly of
the mitotic spindle which Sara* vesicles use for trafficking [Derivery et al., 2015]. In zebrafish,
however, Sara distribution was found to be independent of Par3 [Kressmann et al., 2015] and
recent findings suggest a bias of Sara® vesicles in an anterior-posterior manner [Zhao et al.,
2020]. This might indicate that similar to D. melanogaster SOP cells, not only apical-basal
polarity, but also PCP can influence vesicle asymmetry in vertebrates. In contrast to the findings
in mammals [Kosodo et al., 2004; Marthiens and ffrench-Constant, 2009] and the evidence
provided in this thesis, components of the Par complex in the developing zebrafish brain
accumulate in the differentiating daughter cell [Dong et al., 2012].

Therefore, further research is necessary to reveal the connections between asymmetric
inheritance of polarity factors, vesicles as asymmetry factors and cell fate decision, which
probably vary in their molecular details between species. The human-specific aspect can now be

unravelled using iPSC-derived NSC model systems, with a starting point set by this thesis.
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APPENDIX

Appendix

HES1 HDR-template:

T2A

tdTomato

-
|

TAAATTCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGC - 100
CTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTATACGTACGGCAGTTTA ~ 200
201 - AGGTTTACACCTATAAAAGAGAGAGCCGTTATCGTCTGTTTGTGGATGTACAGAGTGATATTATTGACACGCCGGGGCGACGGATGGTGATCCCCCTGGC - 300

-

o

ft
1

301 - CAGTGCACGTCTGCTGTCAGATAAAGTCTCCCGTGAACTTTACCCGGTGGTGCATATCGGGGATGAAAGCTGGCGCATGATGACCACCGATATGGCCAGT — 400
401 - GTGCCGGTCTCCGTTATCGGGGAAGAAGTGGCTGATCTCAGCCACCGCGAAAATGACATCAAAAACGCCATTAACCTGATGTTCTGGGGAATATAAATGT - 500
501 - CAGGCATGAGATTATCAAARAAGGATCTTCACCTAGATCCTTTTCACGTAGAAAGCCAGTCCGCAGARACGGTGCTGACCCCGGATGAATGTCAGCTACTG - 600
601 - GGCTATCTGGACAAGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACATGGCGATAGCTAGACTGGGCGGTTTTATGGACAGCA - 700
701 - AGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGGCGCA - 800
801 - GGGGATCAAGCTCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCT - 900

901 - ATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGAC ~ 1000
1001 - CTGTCCGGTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTG ~ 1100
1101 - AAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGC ~ 1200
1201 - AATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTT ~ 1300
1301 - GTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGATCTCGTCG ~ 1400
1401 - TGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCA ~ 1500
1501 - GGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAG ~ 1600
1601 - CGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAATTATTAACGCTTACAATTTCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTT ~ 1700
1701 - CACACCGCATCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGATTAT ~ 1800
1801 - CAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATCCTT - 1900

1301 - AATCAGTGAGGCACCTATCTCAGCGATCTGICTATTICGTICATCCATAGTIGCCTGACTCCCCGTCGTGTAGATARCTACGATACGGGAGGGCTTACCA ~ 2000
2001 - TCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATARACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTG ~ 2100
2101 - GTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGITGCCAT - 2200
2201 - TGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGRTATGGCTICATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGE ~ 2300
2301 - ARAABAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTA - 2400
2401 - CTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGAC — 2500
2501 - GTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGARAACGTTCTTCGGGGCGARAACTCTCARGGATCTTACCGCTG - 2600
2601 - TTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTICACCAGCGTTICTGAGTGAGCARARACAGGAAGGCARA ~ 2700
2701 - ATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCAT - 2800
2801 - GACCAARATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATC ~ 2900
2901 - TGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAG —- 3000
3001 - CGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTT - 3100
3101 - ACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGT ~ 3200
3201 - TCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGARAGG - 3300
3301 - CGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCA ARACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCG - 3400

3401 - CCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAARRAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTT ~ 3500
3501 - TGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCC ~ 3600
3601 - GAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTG ~ 3700
3701 - GCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTT — 3800
3801 - CCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTCAGAATTAACCCTCACTAAA - 3900

3901 - GGGACTAGTCCTGCAGGTTTANACGAATTONEEEEETCAOTCE N AGCACT T TCC0C aCACARaCCARATCACEOTTCCATCATEEATIGEER ~ 4000
4001 GECATTGTCCAAGETCACATCGCGCECGEGGETGEGGETCACAGATCTGRGGCTCAGATAGETTTAATGCAGCTACAGEGARTCAGGAAGEAGTGECTC ~ 410
4101 - GGCTTTTGGCAGCAACGCTAGTGTGEAGAGGTGGCTGGTTTTTTCTARACCCATCTCACCCTCOCTGOCGRAGRCAGTTTCACGRGCGCATGRTCAGGER ~ 4200
4201 GGCGOGCCACAGGGACCTCOCAGGGCGGAGGCAGTGRCCACGGEGCCAGGECCGTTCGRTGACCCRTCTRTCTCTTTCTGRCCCGCAGCTCGCTEAGCA — 47300
1301 CAGACCCAAGTGTGCTGGGEAACTACCGAGCCGGCTTCAGCGACTGCATCAACGACGTEACCCGCTTCCTETCCACETGCGACGGCGTTARTACCGAGET — 4401
4201 GOGCACTCGGCTGCTCGECCACCTGRCCARCTGCATGACCCAGATCAATGCCATGACCTACCCCGEECAGCCGCACCCCGECTTECAGECGECGCCACCE — 4500
1501 CCOCCACCGGEACCCGECGECCCCCAGCACGCaCCaTTCaCaCCaCCaCCaCCACTCaTGCCCATCCCCGEEEECCaECaCCCCCTCECGECGECEECE — 4Lt
4601 CCTGCAAGCTGGGCAGCCAGGCTGGAGAGECGECTAAGGTCTTTGCACGCTTCCAGGTEOTACCGECTCCCGATGGCCAGTTTGCTTICCTCATTCCCAR — 4700
1101 CEGGECCTTCECGCACAGCEGCCCTETCATCCCCETCTACACCAGCAACAGCEGCACCTCCETGEGCCCCAACGCACTGTCACCTTCCAGCEGCCCCTCE — 4200
4801 - CTTACGGCGGACTCCATCTGGAGGCCCTGGCEEARCGTCGACGAGGGCAGAGGAAGTCTTCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTACCG ~ 4900
eI\ REEbiA TG GTGAGCAAGGGCGAGGAGGTCATCAAAGAGT TCATGCGCT TCAAGGTGCGGATGGAGGGCTCCATGAACGGCCACGAGT TCGAGATCGAGGGCGA I
5001 - - 5100
5101 - - 5200
5201 - - 5300
5301 - - 5400
5401 - - 5500
5501 - - 5600
LM C GGCAGCGGCAGCTCCGGCACCGCCTCCTCCGAGGACARCAACATGGCCGTCATCAAAGAGT TCATGCGCTTCAAGGTGCGGATGGAGGGCTCCATGAACITI

5701 - - 5800
5801 - - 5900
FEINREECTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGTCTGGTGACCGTGACCCAGGACTCCTCCCTCCAGGACGGCACGCTGATCTACAAGGTGAAGEEIN 0]
5001 - - 6100
6101 - - 6200
6201 - - 6300
6301 - - 6400
540_ - T6GCTGCTCAGGATGATGGCACGCTGCCCATOTCCTGTGCCCAGGAGAGCGGGATGGACCOTCACCCTGCAGCCTGTGCTCCTGCTAGGATCAATGTGTA — 5500
5500 G CACCICICTICCCTCCGGACTCTAAACAGGAACTTGAATACTGGGAGAGAAGAGGACTTTTTTGATTAAGTGGTTACT TTGIGTTTTTTTART — -7
550, TICTAAGAAGTTACTTTTTGTAGAGAGAGCTGTATTAAGTGACTGACCATGCACTATATTTGTATATATTTTATATGTTCATATIGGATTGCGCCTTTGT — & 700
©70"  ATTATAAAAGCTCAGATGACATTTCGTTTTTTACACGAGATTICTTTTTTATGTGATGCCAAAGATGTTTIGAAMATGCTCTTAMATATCTTCCTTTGEE 711
590 - GAAGTTTATTTGAGAAMATATAATAAAAGAAMAAAGTAAAGGCTTTTATGICTTCGAACTGATTCTTCCAGRATATGTARARAGGCTTTTGGTGEAATTT — 5900
5900 GAATTACATGTAATTGGTAATTCAGGAATTGACTCTTTTGTTATTAMAAGAACATTTGTARAAATCCATCARACTTTTCACCAATCCTCCATGAACTARA. — 7000
1201 - AAGACTARATTCCATTTACTTTACAAGCAGCCATCTGOTAAGGCTTCCCTGATARACTTGTGOTCACTCTCT TARAGGATTTCCARARARRATGTTTTTA - 7100
7121 AGTTGCAGICGGGTAAGICTGCAGCCCTTGTTCTICTAGCTCCTCCTGAGGAAGAT TGAACAGGACTARAT ICACGAAGCTAATGGATCCARTCCTATTG — 7700
7201 CCCATTGCACOTTAAGGGTGETTCCTGCAGCTCTCCTCTCAGGGTAGCTCACCAGCATCCARAGCARARACACTTCCAACTGCTGCGCCTCCTTCARGAS — 7500
7301 - TTGGGGTCTICATTAATTAGCCAATCCTTTGOTTCARATAAGACOTTCCCTAGCACCCARAAGTTTCCTCTCCGCACCCTCTTARAGCARGCGGECGE — 1395

Page | XXXVII



APPENDIX

HES1 gRNA-plasmid:
U6 promoter

.~ with scaffold
CMV_promoter

T2A

AmpicillinR with promoter

I - GAGGGCCTATTICCCATGATTCCTTCATATTIGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTARACACAAAGATATTAG — 100
{01 - TACAMAATACGTGACGTAGAAAGTAATARTTICTTGGGTAGTTTGCAGTTTTAMAATTATGTTTTARAATGGACTATCATATGCT TACCGTARCTTGARR ~ 200
SO T ENYe¥Eoagoccotagcagaactos - 300

301 - EECCOIAGHCCCHIANOANCIICARRAACHCEONOOEAGHOEETGCTTTTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTA — 400
401 - GCGCGTGCGCCAATTCTGCAGACAAATGGCTCTAGAGGTACCCEITACATARCTTACCETARATCECCOECCTECCTGACCECCCARCEACEOEEEEECE - 500

©71 - TIGACOICAATAGTAACGCCAATAGGGACTTTCCATTGACOTCAATGGGTGGAGTATTTACGGTARACTGCCCACTTGGCAGTACATCARGTGTATCATA — 500
50 - TGCCAAGTACGCCCCCTATTGACGTCAATGACGGTARATGGCCCGCCTGRCATTGTGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACAT — 700
iIL - CTACGTATTAGICATCGCTATTACCATGOTCGAGOTGAGCCCCACOTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCARTTTTGTATTTA - 500
S71 - TITATTTTITAATTATTTTGTGCAGCEATGEEEECEEEEEEEEEEEEEEEECECECECCAGGCEEEECEEEECEEEECEACIEGCEGEGCEREECEAGEE — 100
90 - GGAGAGGTGCGECGECAGCCAATCAGAGCEECECCTCCEARAGTTTCC T T T TATGGCGAGGCGECEECEECEECEECCCTATARARAGCGAAGCGCECS — - 000

1001 - -GCGGGAGTCGCTGCGCGCTGCCTTCGCCCCGTGCCCCGCTCCGCCGCCGCCTCGCGCCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAG - 1100
1101 - GTGAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGCTGAGCAAGAGGTAAGGGTTTAAGGGATGGTTGGTTGGTGGGGTATTAATGTTTAATT — 1200

1201 - ACCTGGAGCACCTGCCTGAAATCACTTTTTTTCAGGTTGGACCGGTGCCACC MG CACOROCACECRCACIACAACCATORNCAANHGRE ~ 1300

1301 - - 1400
1401 - - 1500
IR GAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAAC NI
1601 - - 1700
1701 - - 1800
R (R CAGCACCGACAAGGCCGACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGAGGGCGACCTGAACCCCGACEINRT]
1901 - - 2000
2001 - - 2100
VAL GAGCCTGGGCCTGACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACEIVVAN]

YV CTGCTGGCCCAGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACACCGHEVRINI)
PEINEERAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGCAGCTGCC RN

'GAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGCTACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAA 2500
PAJ R CCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGTGAAGCTGAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCATCC R
CCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGGACAACCGGGAARAGATCGAGAAGATCC 2700
PRI GACCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACIMAIY

TCGAGGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACCAACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGC] 2900
VAT A CAGCCTGCTGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGACCGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCA RSN
EJJ R GAAAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCC NN Y]

[N} N}
o N

o o

= =
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IR GTGGAAATCTCCGGCGTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTATCAAGGACAAGGACTTCCTGGACAATGAGGEEENCYANI]
3201 - - 3300
3301 - - 3400
3401 - - 3500
3501 - - 3600
3601 - - 3700
3701 - - 3800
3801 - - 3900
3901 - - 4000
4001 - - 4100
4101 - - 4200
4201 - - 4300
4301 - - 4400
4401 - - 4500

i~
o
o
ey
|
[2]

TTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGACAAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGG

Q
|

4600

4601 - - 4700
4701 - - 4800
4801 - - 4900
4901 - - 5000
5001 - - 5100
5101 - - 5200
5201 - - 5300
5301 - - 5400
5401 - - 5500
5501 - [ECCNCCORNRNANGARE" "GGAATTCGGCAGTGGAGAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGTCGAGGAGAATCCTGGCC ITNRICNOCEAGE - 5600
157 - ACAAGCCCACGGTGCGCCTCECCACCCGCEACGACETCCCCAGBRCCaTACGCACCCTCGCCECCGCaTTCECCGACTACCCCGCCACGCGCCACACCRT ~ /110
701 CGATCCGEACCGCCACATCGAGCGGETCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCAAGCTCRACATCAACAAGETGIGGRTCAOGEACGACAE ~ &L
401 GOCGOGGTGGCGGTCTGGACCACGCCGOAGAGCETCEAAGCGGEGGCaaTGTTCRCCGAGATCAGCCOGCGCATAGCCGARTTGAGCGRTTCCCGECTGE ~ i
200 CCOCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGRCCCAAGGAGCCCGCRTGRTTCCTGACCACCGTCGGAGTCTCROCCGACCACCAGGGEAR ~ LLL
i20°  GGGTCTGEGCAGCGCCGTCGTGCTCCCOGEAGTGRAGGOGECCGAGCECaCCa06ETCCOGCCTTCCTGRAGACCTCOGCGCCCOGERACCTCCCETTC — & 10

TGAGARATTCTAAC - 6200
6201 - TAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCC ~ 6300
6301 - ACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGG ~ 6400
6401 - ATTGGGAAGAGAATAGCAGGCATGCTGGGGAGCGGCCGCAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGC ~- 6500
6501 - CGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCCTGCAGGGGCGCCTGATGCGGTATTTT ~ 6600
6601 - CTCCTTACGCATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTAC ~ 6700
6701 - GCGCAGCGTGACCGCTACACTTGCCAGCGCCTTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT ~ 6800
6801 - CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGC - 6900
6901 - CCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACTCTATCTCGGGCTA - 7000
7001 - TTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGTCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACG - 7100
7101 - TTTACAATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGG ~ 7200
7201 - CTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACG - 7300
7301 - AAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACC - 7400
7401 - CCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGA - 7500
7501 - GTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGA - 7600
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7601 - AGATCAGTTGGGTGCACGAGTGRSTTACATCGAACTGGATCTCAACAGCGOTAAGATCCTTGAGAGTTTTCGCCCCOAAGAACGTTTTCCARTGATGAGS - 7700
7701 - ACTTTTARAGTTCTGCTATCTGECaCEOTATTATCCCOTATTGACGCCOGGCAAGAGCAACTCOGTCGCCGCATACACTATTCTCAGRATGACTTGOTTG, - 7800
7801 - AGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAAT TATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTT - 7900
7501 - ACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCOCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCOTTGGGAACCOGAGCTGART ~ 8000
8001 - GAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCARACTAT TAACTGGCGAACTACT TACTCTAGCTTCCC. - 5100
8101 - GGCAACAATTAATAGACTGGATGGAGGCGGATARAGTTGCAGGACCACTTCTGCGCTCOGCCCTTCCOGCTGGCTGOTTTATTGCTGATARATCTGGAGE - 5200
8201 - COGTGAGCOTGEAAGCCGCEOTATCATTGCAGCACTGGGGCCAGATGOTAAGCCCTCCCOTATCOTAGT TATCTACACGACGGGGAGTCAGGCARCTATG, - 8300

8301 - GATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAA — 8400
8401 - AACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGA - 8500
8501 - CCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCARACAAAAAAACCACCGCTACCAGCGGTGGTTTGT - 8600
8601 - TTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCC - 8700
8701 - ACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTT - 8800
8801 - GGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTG ~ 8900
8901 - AGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCA — 9000
9001 - CGAGGGAGCTTCCA AAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGG ~ 9100
9101 - GCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGT - 9177
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