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Abstract

The mammalian intestine is a multitasking tissue that is not only responsible for
the absorption of nutrients but also has important immune functions, while being
home to a multitude of commensal microorganisms. The intestinal epithelium is
the most rapidly self-renewing tissue of the mammalian body, with a complete

turnover every five days in the mouse.

The small intestine can be divided in two parts: finger-like structures called villi
cover the surface of the lumen and villi are surrounded by underlying pockets
termed crypts. Both structures are covered with a columnar epithelium.

The crypt base harbors LGR5* stem cells and Paneth cells. Paneth cells are
playing a very important role for stem cell function by secreting essential factors
like Wnt, EGF and Notch ligands, and are also involved in the antimicrobial
response. It has been shown that EGF is an essential survival factor for in vitro
intestinal organoid cultures. However, its precise role for in vivo stem cell

function has not yet been elucidated.

EGF exerts its function by binding to the EGFR, a receptor tyrosine kinase,
belonging to the ErbB family, which plays key roles in cell proliferation and cell
differentiation, which is facilitated by its downstream signaling via the
MAPK/ERK and the Akt-PI3K pathways, respectively. Moreover, crosstalk with
other signaling pathways, e.g. the Hedgehog or Notch pathway have been

described.

The aim of my master thesis is to investigate the role of EGFR in intestinal stem
cells. To this end, | employed mice lacking the EGFR in different cell types of

the intestine namely Lgr5™:

(1) EGFRY LGR5CrefFR™EGFP mice lack the EGFR in LGR5* stem cells
following Tamoxifen injection. The LGR5CreERT?EGFP knock-in allele shows

mosaic expression, therefore the EGFR is not deleted in every crypt.

(2) EGFR" Villin Cre mice lack the EGFR in all epithelial cells of the intestine,
including crypt LGR5" stem cells.



By using these two mouse models | was able to show that the lack of EGFR
does not affect the differentiation of the intestinal epithelium but it impairs the

proliferation in the crypt compartment as well as organoid formation in vitro.



Zusammenfassung

Der Darm der Saugetiere ist ein multifunktionales Gewebe, das nicht nur fur
Verdauung und Absorption von Nahrstoffen verantwortlich ist sondern auch eine
wichtige Immunfunktion besitzt. Gleichzeitig bietet der Darm Millionen von
Bakterien, sogenannten symbiotischen Mikroorganismen, eine Unterkunft. Der
Dunndarm besteht aus zwei Einheiten, namlich aus fingerahnlichen Strukturen,
den Zotten (Villi), und darunter liegenden Gruften (Crypten). Beide Strukturen

besitzen an der Oberflache ein kontinuierliches saulenartiges Epithel.

Das Dunndarm-Epithel ist das schnellste selbsterneuernde Gewebe bei den
Saugetieren. Ein Maus Dunndarmepithel erneuert sich selbst innerhalb von 5

Tagen.

An der Basis der Crypten befinden sich LGRS5 positive Stammzellen. Vermischt
zwischen den Stammzellen sind die Paneth-Zellen zu finden, welche eine
Doppelfunktion erflillen, da sie essentielle Wachstumsfaktoren wie Wnt,
Epidermal Growth Factor (EGF) und Notch Liganden sekretieren um die
Aufrechterhaltung der Stammzell-Nische zu gewahrleisten, wéahrend sie aber
auch durch die Produktion und das Absondern von antimikrobiellen Substanzen
dem angeborenen Immunsystem dienen. Es wurde mehrmals gezeigt, dass
EGF ein sehr essentielles Wachstumsfaktor fur in vitro Experimente mit
Dunndarm-Stammzellen ist, das sogenannte “Organoid‘. Seine genaue

Funktion in vivo ist allerdings noch unklar.

Der EGF Rezeptor gehort zu der ErbB Familie der Rezeptor Tyrosin Kinasen
und spielt eine Schltisselrolle fir Zellproliferation und Differenzierung, was unter
anderem durch Aktivierung von MAPK/ERK und Akt-PI3K
Signaltransduktionswegen erreicht wird. Der EGFR kann allerdings auch

andere Signalwege wie Notch oder Hedgehog aktivieren.

Das Ziel meiner Masterarbeit ist, die Rolle des EGFR in den Stammzellen des
Dunndarms zu zeigen. Dafur habe ich mit zwei Mausmodellen gearbeitet, mit

denen ich den EGFR auf unterschiedliche Weise deletiert habe.

1) EGFR"MLGR5Cre®FRT2EGFP Mausen fehlt der EGFR in Lgr5* Zellen nachdem

Tamoxifen injiziert wird. Da das LGR5CreERT™?EGFP knock-in Allel eine Mosaik-
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Expression hat, ist der EGFR wahrscheinlich nicht in allen Crypten des Darms

deletiert.

2) EGFR"M Villin Cre Mause besitzen keinen EGFR auf den gesamten

Epithelzellen des Darms

Mit diesen zwei Mausmodellen konnte ich zeigen, dass die Deletion von EGFR
die Differenzierung des Dunndarmepithels nicht beeinflusst. Allerdings wird die
die Proliferation in den Crypten sowie die in vitro Organoid Formation

beeintrachtigt.
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1

Introduction

1.1 The small intestine, small bowel

The mammalian intestinal tract is subdivided into two compartments; the small
intestine and the colon. The small intestine is a major member of the
gastrointestinal tract, which is placed after the stomach and followed and
surrounded by the large intestine (colon). In humans the length of the small
intestine differs in gender. The average length for an adult human male is 6.9 m
and for an adult female 7.1 m (Helander HF 2014).

The small intestine has several jobs, which make it a multitasking tissue.
Together with the bile juice and pancreatic juice it is responsible for most of the
digestion of food and absorption of nutrients and water (Leuschacke M. 2012).
Besides this, the small intestine also shows an immune response in protection
against pathogenic microorganisms, while it is containing trillions of microbiota

or also called commensals (Lucia M. Kato 2014) Figurel.

Figure 1: The electron microscopy image of small
intestine. (Adapted from Barker 2013)
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To maximize the absorptive surface area, the small intestine is folded into
millions of finger like structures, protrusion called villus. At the base of the villi,
multiple associated pockets can be found, called crypts, named after the
discoverer Jonathan Nathanael Lieberkiihn. Each villus is surrounded by

multiple crypts.

This villus-crypt junction is like a border between proliferation and differentiation
considering that the crypts harbor self-renewing and proliferative stem cells and
the villi contain differentiated cells types. Since up to 6-8 crypts supply new cells
for one single villus, the villi are polyclonal (Frangois Gerbe 2012) Figurel. Both
structures, villi and crypts, are covered with a columnar epithelium (Clevers H.
2013) Figure2.

Duodenum +  Jejunum lleum

Differentiation
zone

ULy G e

compartment

Figure 2: The scheme of small intestinal morphology and the different compartments.
(Modified from Clevers H. and Batlle E. 2013)

The small intestine consists of three histologically different parts. The first part
right after the stomach is called “duodenum”, second part is termed “jejenum?”,
where the villi have the maximum length and are thinner than in the duodenum,
and the last part before the colon is the “ileum”, which contains the thickest and
smallest villi. Each of these three parts can be subdivided into three different
compartments: Since the stem cells are localized at the crypt base, this
compartment is called after the stem cells the “stem cell compartment”. The
middle part of the crypts above the stem cells is named after the located
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progenitor cells “the transit-amplifying (TA) compartment”. The area from the
top of the crypt to the tip of the villus is the “differentiation zone” (Clevers H.
2013) Figure2.

This epithelial surface harbors six different differentiated cell types, which
provide unique functions (Clevers H. 2009). These cells are the enterocytes,
goblet cells, tuft cells, M cells, enteroendocrine cells, which are placed at the
villi and another differentiated cell type are the Paneth cells at the crypt bottom,
intermingled between the stem cells. Together with the stem cells, Paneth cells

can also be referred to as crypt base columnar cells (CBCs) (Barker 2012)
Figure3.

Enterocytes The small intestine
Nutrients absorption

Translent amplitying cells
oliferation 28,2
Lineage commitment Anoikis
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Mucus secretion
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Figure 3: The scheme of the different cell types and the stem cell niche in small
intestine. (Modified from Clevers H. and Batlle E. 2013)
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1.1.1 Differentiation zone

1.1.1.1 The Enterocytes

The Enterocytes are the mostly present cell type along the villi and are responsible
for the absorption of nutrients and water. The Enterocytes are columnar epithelial
cells and highly polarized. They can synthetize hydrolytic enzymes in order to
enable the absorption (Toshiro Sato 2011). During this procedure the epithelium
is confronted with many invading microorganisms and different antigens from food.
Therefore, the Enterocytes can react as an immune system element in two
different pathways: In the first and the major pathway, they take up antigens by
endocytosis and degrade them in the lysosomal compartment. In the second
pathway there is no lysosomal degradation instead of this they were up taken by
lymphatic vessels from the interstitial space. The Enterocytes exhibit class | and
class Il MHC molecules in order to present the antigens to the T cells (M. W. Smith
1985; Veerle Snoeck 2005).

1.1.1.2 The Goblet Cells
Goblet cells are the mucosa secreting gastrointestinal tract elements. The surface
area of the human small intestinal mucosa is reaching approximately 30 m?
(Helander HF 2014). The goblet cells are providing a protection of the villus
epithelium by the production of mucins, which are made from high molecular
weight glycoproteins. Mucins are the main components of the mucosa layer. To
achieve viscous and protective charactesristics, mucins are oligomerized and
glycosylated. Mucins are rich and filled with MUC2 that are hold in the granules of
the goblet cells. In many studies it has been shown that loss of the mucus layer in
MUC?2 deficient mice causes spontaneous colitis, induced by pathogenic and
commensal flora (Grootjans J. 2013). The goblet cells are belonging to the innate
immunity by organizing a mucosa layer as a physical and a chemical barrier
against the pathogenic bacteria, viruses and parasites. Furthermore the mucus
blanket facilitates a protection from dehydration and mechanical damage (Janice
J. Kim 2013). The goblet cells are not homogeneously distributed along the mouse
small intestine. Their density is increasing from the duodenum to the ileum

(Specian R.D. 1991). Goblet cells can be stained by using a PAS staining Figure4.
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1.1.1.3 M Cells
Microfold or membranous cells, known as M cells, are follicle associated-
epithelial cells of the lymphoid tissue overlying on the Peyer’s patches (PP). The
murine M cells contain microvilli on the surface (T.Kucharzik 2000). They are
antigen presenting cells and their main function is uptake and the transport of
the antigens from the lumen to the underlying immune cells of lymphoid tissue.
In order to facilitate rapid antigen delivery, M cells have some unique properties.
On the basolateral side they are harboring invaginations like pockets, where the
lymphocytes are stored. With this pocket formation the minimal transport
distance is achieved. (Miller H. 2007). Another characteristic feature of M cells
is a reduced glycocalix to allow the internalization of microorganisms and
macromolecules (C Nicoletti 2000). The antigen uptake and the transport is

mediated through phagocytosis and transcytosis (Mabbott 2013).

1.1.1.4 Tuft Cells

Tuft cells are also known as brush cells and can be found in many different
organs of the digestive tract and the respiratory system. They can differ in
shape, depending on the plane of the section, but they are mainly pear-shaped,
barrel-shaped or goblet-shaped (Luciano 1990). Tuft cells can be recognized by
their long and blunt microvilli and granular vesicles along the microvilli in the
apical cytoplasm (Sato 1996). While the exact function of Tuft cells is unknown,
it has been believed that the tuft cells have a role on the inflammation response
by secreting prostaglandins, which are a subclass of eicosanoids and serve as
mediators of inflammatory reactions (C. Benedikt Westphalen 2014). Moreover,
it has been described, that with their unique shape and cytoskeletal components
Tuft cells are important for the tolerance of mechanical stress (Sato A. 2007).
DCAMKL-1 (double cortin calcium / calmodulin kinase-like 1) can be used as a
Tuft cell marker (C. Benedikt Westphalen 2014) Figure4.

1.1.1.5 The Enteroendocrine cells
The Enteroendocrine cells are hormone producing secretory cells. Although the
enteroendocrine cells make up only 1% of the entire intestinal population, they
determine the largest endocrine organ of the human body (Gordon W. 2008).
They synthetize a variety of hormones or signaling molecules, including gastrin

(G cells), ghrelin (P or X cells), somatostatin (D cells), cholecystokinin (CCK) (I
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cells), serotonin (enterochromaffin cells), glucose-dependent insulinotropic
peptide (GIP) (K cells), glucagon-like peptides (GLPs) and peptide YY (PYY) (L
cells) (Catia Sternini 2008). The enteroendocrine cell can be visualized by a

chromogranin A or synaptophysin staining (Sato 2009) Figure4.

™ ™\ =
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= cell e ’\kt e
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'., ’ '° e |
: .. é .. 2
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Figure 4: The epithelial cell types of small intestine. (A) Hematoxylin and eosin staining of
the intestinal epithelium. (B) Periodic acid-Schiff-stained (purple) goblet cells on villus. (C)
Lysozyme (brown)-stained Paneth cells at crypt bottoms. (D) Chromogranin-stained
(brown) enteroendocrine cell. (E) Alkaline phosphatase-stained (blue) enterocytes. (F)
DCAMKL1-stained tuft cell. (G) Spi-B expression in microfold (M) cells. (Adapted from
Clevers 2013)

1.1.2 Transit Amplifying (TA) Compartment

Other than the terminally differentiated cells among of the villi, the cell
population of transit amplifying compartment consists of proliferating
progenitors. These progenitor cells are located in the crypt above the crypt base
columnar cells. Progeny born at the crypt base moves upwards in direction to
the villus tip and start to differentiate during this migratory process. Within 2 days
they leave the crypt-villus junction and continue their migration to the villus tip,
where they die (Anoikis) and are shed into the intestinal lumen. (Barker 2012)
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Proliferating TA cell

+4 stem cell - Crypt

LGR5* stem cell
Paneth cell

Figure 5: Scheme of the stem cell and transit amplifying (TA) compartment; crypt.
(Adapted from Barker 2013)

1.1.3 Stem cell compartment and stem cell niche

1.1.3.1 Paneth cells
In contrast to the other differentiated cell types, Paneth cells are residing at the
crypt base, intermingled between the stem cells, and constitute the stem cell
niche (Clevers H. 2013) Figures. Together with the stem cell they are called crypt
base columnar cells; CBCs. Paneth cells have a unique way of differentiation:
after the passing the TA compartment - instead of moving upwards along the
villus like other cell types - they migrate down from the crypt-villus junction into
the base of the crypt, where they live about 6-8 weeks (Ireland 2005). Like many
cell types of the intestine, Paneth cells are playing a dual function. They produce
and secrete antimicrobial substances such as cyrptdins / defensins and
hydrolytic enzymes like lysozymes in form of granules, which can be also seen
under the light microscope by performing a simple H&E staining (Porter E. M.
2002). Besides of providing an innate immune defense, Paneth cells synthetize
EGF, TGF-a, Wnt3 and the Notch ligand Dll4, which are believed to be required

as essential factors for the maintenance and the proliferation of the stem cells
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(Sato T. 2011). Paneth cells express CD24 and Lysozyme, which can be used

as a marker for histological stainings (Sato 2009, Limberger 2013).

1.1.3.2 Adult Stem cells

Almost a century later in 1974 after the discovery of postmitotic Paneth cells by
Austrian physician Joseph Paneth in 1887, another cycling cell type is proposed
from Leblond at the crypt base, which are the crypt base columnar (CBC) stem
cells. (Clevers 2013). Stem cells are defined by two important characteristics;
longevity and multipotency. This means, that while the stem cells can renew
themselves during the whole lifespan of the organism, they also have the
capacity to produce all other cell types of the small intestine (Barker 2012,
Clevers 2013).

The small intestine is one of the most rapid self-renewing tissues of the
mammalian body. 10! cells (approximately 200 g.) are daily dying on the
surface epithelium of a human being, which requires a high rate of self-renewal.
A mouse small intestine can renew itself almost completely every five days, and
more than 300 million epithelial cells are generating daily (Barker 2013). This
high turnover rate is facilitated by highly mitotic stem cells. Wnt target gene
LGR5 (leucine-rich-repeat-containing G-protein-coupled receptor 5) marks
these cycling columnar stem cells and gave them the name LGR5* stem cells
(Barker 2007). LGR5 belongs to the seven pass transmembrane receptor
protein family, whose task is to serve as a co-receptor for Wnt, which is an R-
spondin-1 agonist (Carmon 2011, de Lau 2011). Every crypt contains about 15
LGR5 expressing cells (Barker 2012, Bjerknes 1999). However not all 15 cells
are working as functional stem cells. The basal LGR5 stem cells are responsible
for the crypt homeostasis, which are called workhorse stem cells. This central
region of the crypt base constitutes the “Goldilocks zone”. The Goldilocks spot
describes the center of this region, which is believed to harbor the highly mitotic,

actively proliferating and irreplaceable stem cells (Walther 2014).

LGR5* stem cells also have some other markers like the transcription factor
Achaete-Scute homologue 2 (Ascl2), Olfactomedin 4 (Olfm4), the RNA-binding
protein Musashi-1, or the cell surface glycoprotein Promininl / CD133 (van der
Flier 2009, He 2007, Zhu 2009). Recently, also the E3 ligases Rnf34 and Znrf3
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were shown to be important for CBC homeostasis, as they are responsible for
the release of Frizzleds from the cell surface, therefore controlling the crypt
niche size (Hao 2012, Clevers 2013).

1.1.3.3 +4 cells
The second stem cell type besides the LGR5" stem cells is the quiescent +4
cell. Approximately 10 % of the stem cell population become a +4 cell (Barker
2007, Barker 2012). Due to their relative position within the crypt they have been
called +4 cells, (Cairnie 1965) since they are mostly located at the fourth position
above the Paneth cells from the crypt bottom Figure5. However, their position is
ranging from +2 to +7 position, the average being +4 position (Potten 1977,
Potten 2002, Mufioz 2012). They are label retaining (LRCs) reserve stem cells
(Li 2010). These damage responsive reserve stem cells have the capacity to
regenerate the LGR5" CBC stem cell compartment in case of an injury (Barker
2013). Although they were first described as radiation sensitive cells by Potten,

they lately have been postulated to be radiation resistant cells (Barker 2012).

Although many markers for the +4 cells were proposed, none of them is distinct
specific for this reserve stem cells. Phospho-PTEN, Wipl phosphatase, bone
morphogenic protein inhibitor (Bmil), Hopx, DCAMKL-1, Leucine rich repeats
and immunoglobin like domain 1 (Lrigl), and mTert are known +4 cell markers.
However, Phosho-PTEN can also label the enteroendocrine cells (Bjerknes
2005), Wipl1 can mark CBCs (van der Flier 2007), DCAMKL-1 can also define
the Tuft cells (Bezencon 2008, Gerbe 2012), Bmil is widely expressed in other
LGR5 stem cells (Itkovitz 2012), mTert is generally found very rarely in cells
(only 1 from the 150 crypts) (Barker 2012), Hopx is present abundantly in LGR5*
stem cells (Powell 2012), and Lrigl (a negative regulator of ErbB) can be found
at the crypt base and in 25% of Ki67 positive TA cells (Barker 2012).
Nevertheless, a transgenic mouse model of LGR5-DTR mice and lineage
tracing of Bmi* cells has demonstrated, that LGR5* stem cells can be
regenerated from the Bmil™* cells (Tian 2011), indicating that there are indeed 2
distinct stem cell populations existing, which have overlapping marking

expression.
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1.1.3.3.1 Homeostasis and the Development of small intestine

1.1.3.3.1.1Intestinal stem cell homeostasis and signaling pathways

A

Wnt BMP EGF

Paneth cell

Figure 6: The scheme of the epithelial surface and the gradients of Wnt, BMP and EGF
(A); the stem cell compartment (B) and the scheme of the stem cell niche the signaling

pathways and the essential factors (C). (Adapted from Sato 2013)

All different kinds of differentiated cell types of the small intestinal epithelium
originate from the LGR5* stem cells at the crypt base. The born progeny
undergoes rapid expansions with a high proliferation rate by the synthetized
factors from the stem cell niche. The progenitor cells continue upwards
migration along the crypt axis and they differentiate into specialized cell types
at the crypt-villus-junction. Terminally differentiated cells lose their proliferative
ability. Only the Paneth cells escape this upwards migration and move
downwards to the crypt base to reside there as crypt base columnar cells (van
der Flier 2009). This unifying theory was proven by a lineage tracing experiment,
in which CBCs which had incorporated 3H-thmidine died and were taken up via
phagocytosis by other CBCs. This process resulted in radioactive phagosomes,
which offered to track the cells. Importantly, these phagosomes were found
within more differentiated cells, suggesting that the stem cells of progenitor cells
had undergone differentiation. (Cheng 1974, Barker 2012, Clever 2013). The
epithelial homeostasis and the specification of different cells is sustained
through some signaling pathways like Wnt, Notch, BMP and EGF (Leushacke
2012, Middendorp 2014) Figures6.
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Wwnt signalling is the main regulator of crypt proliferation, which is driven by the
key effector protein B-catenin. LGR5 and LGR4 are found in Wnt expressed
compartments as a R-Spondin-1 receptor, which can enhance the Wnt
signalling through the interconnection with Frizzled/Lrp, act as Wnt co-receptor.
(de Lau 2011, Peng 2013, Kazanskaya 2004, Koo 2014). After binding of Wnt
protein to the Frizzled/LRP receptors of, B-catenin is stabilized and released
from the APC complex. The activated -catenin translocates to the nucleus,
where it activates by binding Tcf "transcription factors”, which is a nuclear
effector for expression of Wnt target genes. Normally free cytoplasmic 3-catenin
is degraded from the destruction complex APC and Axin by phosphorylating of
Ser and Thr residues of B-catenin, which makes it a target for ubiquitin E3 ligase
Rnf43/Znrf3, but the Wnt binding inactivate this destruction complex, which
make able the accumulation of B-catenin in cytoplasm and subsequently in
nucleus. (Clevers 2013, de Lau 2014). LGRs in interaction to R-Spondin-1 can
control the Wnt-Frizzled initiating signaling pathways. The Wnt agonist R-
spondin-1 with Wnt3a can increase the Wnt signaling by providing a strong
connection to the extracellular domain of LGR4/5 and a specific binding to
Rnf43/Znrf3 with Furin domains of R-spondin-1, which results the membrane
clearance and neutralization of Rnf43/Znrf3. After the inactivation of the
negative controller of Wnt signaling E3 ligase Rnf43/Znrf3 is the expression of
Wnt target genes are enhanced (de Lau 2011). Interestingly, Wnt3a deficient
crypts can show a normal growth in vivo but it is impaired in vitro, because the
Wnts are not only secreted from Paneth cells, but also from the environmental
mesenchyme. The same was also shown for R-spondins and BMP inhibitors
(Farin 2012). Many mutant forms of APC tumor suppressor genes are found in
colorectal cancer. Nonfunctional APC leads to the accumulation of 3-catenin
and transcriptional activation of Wnt target genes; e.g. proliferation initiating
genes like cMyc and cyclin D1. Studies using knock-out mice for these genes
could demonstrate a blockage of the self-renewal of intestinal adult stem cells
(Groden 1991, Kinzler 1991, Muncan 2006).

Wnt receptor antagonist DII1 and DIl4 are Notch ligands expressed on Paneth
cells and contribute the Notch signaling in neighboring cells, which is important

for maintenance of an undifferentiated state of the stem cells. DII1* secretory
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progenitor cells are able to convert into LGR5 stem cells (Van Es 2012, Clevers
2013).In case of the inhibition of Notch signaling, differentiation of stem cells
into secretory lineage cells is favored, showing that Notch signaling is important
for the balance of the enterocyte-secretory fate. (Pinto 2003, Pellegrinet 2011).
The transcription factors Hes1 (a classical notch-induced gene) and Matchl (or
Atohl) can regulate each other for the switching into enterocyte-secretory
lineage. Hesl represses Matchl in proliferative crypt stem cells, whereas
inhibition of Hes1 reveals increased secretory cells and decreased enterocytes
as a result of active Matchl. In contrast, the ablation of Matchl results in

depletion of all secretory cells (Jensen 2000, Yang 2001, and Shroyer 2007).

Besides Wnt3 and DII1 there is also another essential factor, which is produced
by Paneth cells; the epidermal growth factor (EGF). Upon binding of EGF to the
EGF receptor (EGFR) many important signaling cascades are activated, e.g.
MAPK signaling (Wong 2012), which is known to result in important survival and

proliferation signals.

BMP signaling is most dominantly found to be active in the differentiation zone
and in the villi, where it ensures the maintance of proper differentiation. The
ligands are provided from the mesenchyme of the villi (Haramis 2004), whereas
the BMP inhibitors are provided from the mesenchyme of crypt (Kosinski 2007).
In case of the inhibition of BMP through the BMP inhibitor Noggin, crypt-like

structures occur in the villi (Sato 2013).

The Wnt target genes EphrinB and the transcription factor Sox9 are important
for Paneth cell formation, their downwards migration and for location in the crypt
bottom (Battle 2002, Bastide 2007, Sato 2013, Potten 2009). SPDEF (SAM
pointed domain-containing Ets transcription factor) is the transcription factor for
the goblet cells. (Gregorieff 2009, Noah 2010). Neurogenin3 expression is
important for the maturation of enteroendocrine cells (Jenny 2002). Tuft cells
are derived from the DIl-positive progenitors (Bjerknes 2012). The transcription
factor SpiB plays a role for the M cell formation and RANKL cytokine induces

their development (de Lau 2012).
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1.1.3.3.1.2Development of the small intestine

The gut tube is derived from endoderm. At embryonic day (E) 7.5 of the mouse
embryo, the epithelium is squamous. At E8.5, the gut tube epithelium expands
along the anterior-posterior axis. The anterior endoderm builds the foregut tube,
the middle part forms the midgut tube and the posterior endoderm makes up the
hindgut tube. At this time point the epithelium becomes a cuboidal-like structure.
The emergence of the gut tube is concluded at E9.5, which consist of a pseudo-
stratified epithelium and surrounded mesenchyme, which is specified from
mesoderm (Wells 2014, Tan 2014) Figure?7.

E7.5 E8.5 E9.5
Late gastrula Hindgut Primitive gut tube

7 vy

Squamous epithelium Cuboidal epithelium Pseudo-stratified epithelium

Figure 7: The emergence of the gut tube in mouse embryo. (Modified from Wells 2014)

The inner surface epithelium begins to form about E9.5 and from E13.5 to E18.5
it begins to enlarge and expand the thickness of the epithelium. Between E16.5
and postnatal day 7 the gut gains its self-renewing ability (Grosse 2011,
Gregorieff 2005, Korinek 1998). In a mouse the gut development is
accomplished three weeks after birth (Barker 2013) Figures.
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Pseudostratified Villus Villus morphogenesis Maturation/crypt
epithelium morphogenesis Columnar epithelium emergence

Mouse: E13.5 Mouse: E14.5 Mouse: E16.5 Mouse: P14

Figure 8: The scheme of the murine gut development. (Modified from Wells 2014)

1.2 The large intestine; colon
The architecture of the colon differs from that of the small intestine. Instead of
carrying villi, the colon has a flat surface containing only crypts Figure9, which at
the bottom also harbor stem cells, but lack Paneth cells. Colon crypts are
carrying the absorptive colonocytes and high numbers of the goblet cells that
are specialized for the compaction and excretion of useless materials
(Gregorieff 2005, Barker 2008, and Middendrop 2014).

Figure 9: The electron microscopy image of colon.
(Adapted from Barker 2013)

24



121

Intestinal stem cell and cancer

Despite the development of therapeutic technologies, colorectal cancer (CRC)
is still a one of the major death causing health threats (Fujii 2014). It is the fourth
most common human cancer type worldwide (Siegel 2012, Ferlay 2012, and
Cunningham 2010) and results from a series of mutations which affect the cell
cycle. Since terminally differentiated cells have a short lifespan and lost their
proliferative potential, it is suggested that the long lived crypt base cells can give
rise to cancer (Clevers 2011). Abundant crypt proliferation can cause
hyperplasia and adenoma, which can develop to carcinoma. The depletion of
the tumor suppressor gene APC in the stem cell compartment leads to adenoma
formation in the small intestine and colon via hyperactive Wnt/3-catenin
signaling. Moreover, it results in a reduction of LGR5* stem cell numbers (Powell
1992, Leushacke 2012, Barker 2009). However, the loss of APC in non-stem
cell compartments does not cause adenoma growth (Schepers 2012).
Therefore, intestinal adult stem cells are believed to be the potential candidates

as origin of cancer stem cells (Merlos-Suarez 2011, Ong 2014).

Since the stem cell niche was discovered, the LGR5" stem cells can be
cultivated in vitro on matrigel (which is a basement membrane substitute) upon
addition of essential factors like R-spondin-1, Noggin and EGF for small
intestinal cultures and Wnt for colonic cultures from rodents. The stem cells then
proliferate, differentiate and build “mini guts”, so called orgonoids. Additionally
Wnt3a, p38 inhibitor and ALK 4/5/7 inhibitor need to be included for human

colorectal stem cell (Carmon 2011, Sachs 2014).

This in vitro culturing system of adult stem cells or cancer stem cells can offer
some opportunities for research of disease models, gene therapy and for drug
development (Koo 2014). The CRISPR/Cas9 system represents an example for
therapeutic genome targeting in organoid, which is established via homologous
recombination to correct the mutant cyctic fibriosis transmembrane conductor
receptor (CFTR) gene from patients (Dekkers 2013). The organoid cultures from
tumors with colorectal cancer and the knockdown of target gene expression
using viral vectors give a chance to analyze and to understand the mechanisms

of tumor development and progression and functional analysis of cancer
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associated genes (Tan 2014, Fujii 2014), as well as functional testing of

anticancer therapies.

1.3 Epidermal Growth Factor Receptor (EGFR)
The Epidermal Growth Factor (EGF) Receptor family, also known as ErbB
family, consists of four structurally related tyrosine kinase receptors; EGFR
(ErbBl), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4), which can trigger
an internal signaling pathway via binding of an external peptide ligand like EGF
or EGF-like growth factors (Sibilia 2007, Schneider 2008, Schleissinger 2002).

EGF | BT | NRG1 | NRG-3
LIGAND AR " NRG-2 | NRG+4
TGFa | EPR

. v aly

ErbB

RECEPTOR 1 ﬁ | 3i i4§
¥ v ¥

Figure 10: A scheme of the ErbB family receptors and their ligands. (Adapted from
Olayioye 2000)

EGF, amphiregulin (AR), and transforming growth factor-a (TGF-a) bind to
ErbB1, while betacellulin (BTC), heparin-binding EGF (HB-EGF) and epiregulin
(EPR) show dual binding action to ErbB1 and ErbB4. ErbB4 can recognize
additionally neuregulin 3 (NRG-3) and neuregulin 4 (NRG-4), while ErbB3 has
a binding specificity to neuregulin 1 (NRG-1) and neuregulin 2 (NRG-2). The
receptor ErbB3 does not have kinase activity, because it lacks some important
amino acids on the intracellular domain (Guy 1994). ErbB2 acts as a coreceptor

and heterodimerization partner for the other members of the ErbB family, but it
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does not have known direct ligands, as it does not have a functional ligand-
binding domain (Riese 1995, Chang 1997, Zhang 1997, Thazar 1996) Figurel0.

The EGFR consists of three units: the ligand binding extracellular domain, the
hydrophobic transmembrane domain and the intracellular protein kinase
domain. Ligand binding causes the formation of homo- and heterodimers on
which contribute to autophosphorylation of the intracellular domain of the
receptor (Hunter 1981, Yarden 2012). Although it was believed for a long time,
that the EGFR is expressed on all types of cells except hematopoietic cells
(Salomon 1995), our group was recently able to demonstrate that EGFR
expression is inducible on immune cells upon their activation (Lanaya 2014).
The EGF-like factors can be expressed and act in an autocrine and in a

paracrine manner (Olayioye 2000).

The auto- or transphosphorylation of ErbB receptors can initiate many important
signaling processes from proliferation to differentiation and organogenesis like
activation of PI3K/AKT  (angiogenesis, survival, tumorigenesis),
ras/raff MEK/MAPK (mitogen activated protein kinase)/ ERK (cell cycle, gene
expression), Jun/Fos (cell growth/differentiation, chemotaxis, cell shape) and
JAK/SRC/STAT (cell proliferation and evasion of apoptosis) pathways,
phospholipid metabolism phospholipase C-y (PLC-y), phospholipase D (PLD),
phosphatidylinositol-3-kinase (PI3-K) mediated by cofactors PKC, Rho, and
phosphatidylinositol biphosphate (PIP2). EGFR can activate Ca2* mediated
pathways like Ral and NFkB. EGF is important for motility in a Rho-dependent
manner, a protein which is responsible for cell rounding and cortical actin
polymerization, as well as for Rac-dependent membrane ruffling and
lamellipodia formation (Jorrisen 2003).

EGFR and their subsequently signaling activation is controlled in early steps by
protein modifications and in late stages through the transcription regulation.
There are Tyr-specific phosphates like DEP1 (density enchanced
phosphatase), which can dephosphorylate the EGFR. In this scenario, EGFR
remains at the plasma membrane, but gets inactivated. Another regulatory
mechanism is internalization of the receptor. The ubiquitin-ligase CBL, together
with AIP4 (activation induced phosphatase 4), can target phosphorylated
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receptors to endosomes (clathrin coated vesicles) upon ubiquitylation. This can
lead to lysosomal degradation unless deubiquitylating enzymes (DUBS) target
them for recycling. The vesicle, which contains ligand bound receptor as
targeted for lysosomal degradation, is called multivescular body (MVB). Lrigl
can interact with all four members of RTKs and recruit the enchanced
ubiquitylation (Gur 2004, Mellman 2014).

Although the adaptor protein Grb2 can recruit Ras and SOS and thereby
activate kinase cascades like RAF/MEK/ERK/MAPK and PI3-K/PDK/AKT
pathways, they are controlled by intrinsic and extrinsic negative feedback. ERK
can negatively regulate RAF, moreover it has been shown that AKT, activated
by another kinase cascade, can suppress RAF activation downstream of EGFR
(Avraham 2011).

Besides the ligand binding activation of EGFR, the receptor can also be
transactivated by cytokines like growth hormone and prolactin. This
transactivation is achieved by phosphorylation of tyrosine residues by Jak2
(Janus tyrosine kinase 2) and by G-protein coupled receptor stimulation such
as endothelin-1, bombesin, thrombin and lysophosphatidic acid. All these kinds

of transactivation can occur in an autocrine, paracrine or juxtacrine manner.

Moreover, ADAM (a disintegrin and metalloprotease domain) proteins, which
are anchored at membrane, are serving as metalloproteinases. This means, that
they are responsible for the release of the membrane-anchored ligand-
precursors by shedding them from the membrane (Carpenter 2000, Yamauchi
1997, Normanno 2006).

EGFR and cancer

The initiation of the signaling pathways play a role on tumor pathogenesis,
angiogenesis and on cancer progression by providing the interaction of tumor
cells with surrounding microenvironment to form metastasis (de Luca 2008).As
EGFR is very crucial for cellular processes like proliferation, differentiation and
survival during the different organ development and epithelial cells and tissue
homeostasis, the overexpression or hyperactivation of EGFR results in

malignancy involving different organs like breast, lung, pancres, colon, stomach,
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and skin (Olayioye 2000). Many of these organs are strongly affected, upon

deletion of EGFR, showing developmental defects.

Loss of EGFR leads to growth retardation and various organ abnormalities in
mice (Miettinen 1995, Sibilia and Wagner 1995), resulting in death at different
time points during development in different genetic backgrounds (Sibilia and
Wagner 1995). EGFR-/- mice in a 129/Sv background already die in utero at
E11.5, while in a C57BL/6 background mutant mice can survive until birth. The
longest survival can be seen in a MF1/C3H background, where EGFR-/- mice
survive up to postnatal day 20. If the mutants die in utero, they mainly die due
to placental defects. In case they survive until birth, death is mainly due to lung
immaturity. However, all mutants have several organ defects and abnormalities

in brain, heart, skin, bone and eyes (Miettinen 1995, Sibilia and Wagner 1995).

The overexpression of EGFR was observed in 100% of human head and neck
cancers, and was also detected in other cancer types such as pancreatic,
colorectal, breast, ovarian, prostate, bladder, non-small-cell lung cancer and
glioblastomas (Salomon 1995). 50% to 70% of colon carcinoma show an EGFR
or ErbB3 overexpression, whereas 30% of human breast carcinomas have
ErbB2 aberrations (Normanno 2003). 22% of human primary colon carcinomas
demonstrate ErbB4 expression. The research group of Spano (2005)
investigated EGFR expression in 143 patients colon carcinoma samples from
148 patients and found overexpression in 143 of them (97%). Moreover, they
describe highest EGFR expression in stage 3, but not in stage 4 (according to
the International Union against cancer TNM staging system), which can mean
that there is a correlation between EGFR overexpression and tumor invasion
(Spano 2005a). Interestingly, the expression of the EGFR was not found to be
homogeneous within the tumor, as the group also postulated that the EGFR

expression is highest in the deepest regions of tumors (Spano 2005b).

Several EGFR inhibitors were invented for therapeutic purposes, like tyrosine
kinase inhibitors “gefitinib” and “erlotinib”, monoclonal antibodies (C225) and

antisense approaches (Baselga 2002).

C225 associates with the ligand-binding domain of EGFR and thereby competes

with the natural EGFR ligands, leading to reduced intracellular signaling. This
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can subsequently reduce CDK2, 4 and 6 expression resulting in cell growth

arrest in G1 phase (Huang 1999).

It has been shown that gefitinib can inhibit the cell growth of the TGF-a and
EGFR expressing colon cancer cell line GEO. Gefitinib interacts with the
intracellular domain and inhibits the tyrosine kinase, thereby also blocking
intracellular signaling. Moreover, at high doses, gefitinib can also induce

apoptosis (Ciardello 2000).

Since EGFR is important for tumor proliferation in colon carcinoma, application
of an EGFR inhibitor can reduce the tumor progression, and can even be more

effective in combination with chemotherapy and radiation (Spano 2005b)

1.4 Mouse models

In my studies, | made use of two different knock-out mouse models to
investigate the effect of EGFR deletion on intestinal stem cells.

1) EGFR" LGR5Cre®RT?’EGFP mice

Transgenic mice, in which the promoter and exonl of the EGFR are flanked by
loxP sites, were crossed to LGR5CreER™?EGFP knock-in mice Figure11. Hereby,
expression of Cre recombinase is driven by the LGR5 promoter, which in the
intestine is exclusively expressed by the stem cells. Importantly, CrefER'2 is a
Cre recombinase fused to the ligand binding domain of the estrogen receptor.
In order to achieve Cre translocation to the nucleus, an estrogen receptor
homolog needs to be applied, which in my case was done by intraperitoneal
injection of tamoxifen. This results in EGFR-deleted LGR5* stem cells
(EGFRALCRS), In addition, the knock-in allele also encodes for enhanced green
fluorescence protein (EGFP) as a tracing marker. In the intestine, this construct
shows a mosaic expression (Koo 2014).

+TX
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Figure 11: The scheme of the EGFR floxed allele crossed to the LGR5CrefR"?EGFP
allele. EGFR ALCRS
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The mosaic expression is traceable with GFP immunofluorescence staining on
prefixed frozen sections Figure12A. Since the villi are surrounded by multiple
crypts and up to 10 crypts supply new cells for one single villus epithelium, the
villi will always be supplied by some crypts, which still express EGFR. This can

also be visualized by a GFP staining of an intestinal whole mount Figure12B.

LGR5:GFP Hoechst

Figure 12: (A) The GFP immunofluorescence staining of on 6um thick prefixed frozen
small intestinal sections of EGFR"LGR5Cre®*R™?EGFP mice. (B) The whole mount
staining of GFP; circles with c indicate crypts and dotted circles with v indicate villi.
Green=GFP; blue=Hoechst

2) EGFR"VillinCre mice

In this constitutively active mouse model, Cre is expressed under the control of
a 9 kb regulatory region of the murine villin gene. The Villin-Promotor is active
at E9.5 but the activation of Villin-Cre in the whole intestinal epithelium
(including the stem cells) occurs first at E12.5. The deletion of EGFR by this

strategy is termed as delta intestinal epithelial cells (EGFRA'EC) (El Marjou 2004)
Figurel3.

EGFRA'EC

P EGFRexontpx _ villincre

Figure 13: The scheme of the EGFR floxed allele crossed to the VillinCre allele. EGFRAEC
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1.5 The Aim

Since it is mentioned in many studies that EGF is one of the important essential
factors for the stem cell niche in vitro, my study aimed in investigating the role
of the EGFR in intestinal stem cells.

For this purpose, | employed mice lacking EGFR in different intestinal epithelial

cells and in vitro organoid cultures derived thereof.

| investigated all three compartments of the small intestine, as well as the colon,
by performing histological analysis of differentiation and proliferation. Moreover,
| performed organoid culture ex vivo with isolated crypts from both mouse
models, EGFRACRS and EGFRA'EC mice, respectively.
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2 Results

2.1 Establishment of a EGFR deletion protocol in EGFR™
LGR5CreERT2EGFP mice

6-8 weeks old mice were intraperitoneally injected with 50 pl of tamoxifen (20
mg/ml) for five consecutive days, followed with a tamoxifen injection once a
week Figure14. As the EGFR is a very stable protein (Yarden 2001) and usually
several cell divisions are necessary in order to dilute out residual EGFR protein,
| performed analysis of the intestine for successful deletion at 4 weeks and 1

week after the first 5 day treatment with Tamoxifen.

6-8 weeks old

Brmr Lot K,

Figure 14: Time scale of tamoxifen injection (4 weeks) to EGFR"LGR5Cre®R™?EGFP mice.

Analysis of EGFR deletion after 4 weeks of tamoxifen injection was performed
by an EGFR immunohistochemistry (IHC) staining on 4um thin paraffin sections

of the intestine Figure15.

EGFR flfl EGFR ALGRS

Figure 15: (A) & (B) The microscopic image of EGFR IHC staining after4 weeks of tamoxifen
injection in crypts of EGFR™ (control) mice, where the EGFR is detectable. (C) EGFR is still
present in the crypt of the EGFRASRS mice, (D) EGFR protein is absent in some crypts of
EGFRALCRS mice. Blue=Hematoxylin; brown=EGFR
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EGFR IHC staining shows, that the EGFR can be deleted in LGR5* stem cells
4 weeks after tamoxifen injection. However, the deletion cannot be observed in
every crypt, as the Lgr5-Cre transgene has a mosaic expression (Wong 2000,
Kim 2011, Tian 2011).

Moreover, staining for EGFR 1 week after tamoxifen treatment Figure16 showed,
that the EGFR was absent in several crypts even within this short time period.
As expected, the deletion was detectable only partially and not in every crypt

due to the mosaic expression Lgr5-Cre transgene Figurel?.

6-8 weeks old

ﬂ i, 1 5

Figure 16: Time scale of tamoxifen injection (1 week) to EGFR"'LGR5CrefR™?EGFP mice.

EGER fif EGFR ALGR5

Figure 17: The EGFR IHC staining of small intestinal samples after one week of tamoxifen
injection. (A) Control mice contain EGFR. (B) Tamoxifen treated EGFR"LGR5CRERT?EGFP
mice do not exhibit EGFR in the crypt. (C) Tamoxifen treated EGFR"GR5CRE®RT?EGFP

mice are still showing EGFR protein in the crypt. Blue= Hematoxylin; brown=EGFR
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The colon, which also harbors LGR5" stem cells, showed a similar deletion

pattern as the small intestine Figure18.

EGFR fir

Figure 18: EGFR IHC after one week of tamoxifen injection on colon sections. (A) Control
mice have normal EGFR expression. (B) Tamoxifen injected mice do not show EGFR
expression in some crypts of colon. (C) Some crypts in colon of tamoxifen injected mice

still show a positive EGFR staining. Blue=Hematoxylin; brown=EGFR

2.2 Analysis of EGFR mutant Gastrointestinaltract

2.2.1 The morphology of small intestine from control and EGFRALCR5
To characterize EGFRACR5 intestines, | first evaluated the basic morphology by
a Hematoxylin & Eosin (H&E) staining and measured the length and the width
of the villi from control and EGFRACRS mice within the three small intestinal
compartments duodenum, jejenum and ileum. There were no morphological
differences detectable between control and EGFRACRS mice. Both, villus length

and width showed similar results Figure19.
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Figure 19: Length and width of villi from control and EGFRA-®R5 mice. Each diagram
shows another compartment of small intestine; duodenum, jejenum and ileum. The light
bars are for the length and the dark bars are for the width of villi. Control n=4; KO n=6

2.2.2 The effect of the EGFR deletion on the differentiation of EGFRALCRS
intestines
I next investigated the capacity of EGFR deficient stem cells to give rise to the
different terminally differentiated cell types, by staining for all different post
mitotic cells: enterocytes, goblet cells, tuft cells, paneth cells, which are
originated from LGR5™" stem cell at the crypt base. The mucosa secreting “goblet
cells” were visualized by a combined PAS & Alcian blue staining, which also
identifies the different pH value between the goblet cells. According to the PAS
& Alcian blue staining, the blue color shows the acidic goblet cells, pink is for
neutral, magenta for slightly acidic and deep purple represents the mixture of

neutral and acidic goblet cells Figure20.
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EGFR

Figure 20: The microscopic image of Pas & Alcian blue staining of small intestinal
samples from (A) control mice, (B) EGFRA-CR® mice (C) crypt of control mice (D) crypt of
EGFRALCRS Blue=acidic; pink=neutral; lila=lightly acidic; deep purple=the mixture of

neutral and acidic. (Magnification of A,B 20x and C,D 60x)

The PAS & Alcian blue staining did not differ between control and EGFRALCRS
mice and it is quantified by counting the numbers of different pH value goblet
cells on villi in a microscopic field of a 20x objective. Again, | separated the
guantification into the three compartments duodenum, jejenum and the ileum.
The graphical representation can be seen in Figure21. The number of mucosa

secreting cells in each compartment is similar in control and EGFRACR5 mice.
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Figure 21: Average numbers of different pH value goblet cells on villi from the intestinal
compartments; duodenum, jejunum and ileum. Each diagram shows the results in different
compartment. The y-axis gives the numbers of the cells for each microscopic field of 20x
magnification. Each color represent a different pH value; blue=acidic; pink=neutral; lila=lightly

acidic; deep purple=the mixture of neutral and acidic. Control n=4; KO n=6

2.2.3 The effect of the EGFR on the proliferation of ALGR5 mice
Since EGFR deletion seems not to be important for the normal morphological
appearance of the small intestine and for the differentiation of the intestinal
epithelial cells, | next wanted to investigate, whether the stem cell proliferation
was normal. Therefore, | chose the 1 week deletion time point and pulsed the
mice with 70yl Bromodeoxyuridine (BrdU) (12.5 mg/ml), which can detect the
proliferating cell in vivo by incorporating into the newly synthetizing DNA strand
in S-phase via replacing thymidine during replication, either 24h or 4h prior to
sacrificing the mice. Paraffin sections were stained with a-BrdU to detect cells

which incorporated BrdU (red) and with a-B4Integrin (green) to see the epithelial
cell borders Figure22.
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Figure 22: Microscopic images of BrdU staining on small intestinal samples from (A)

control mice and (B) EGFRALCR® mice, the BrdU staining in crypts of (C) control mice and
(D) EGFRALCRS mijce. Magnification of A, B 20x and C, D 40x.

The quantification of BrdU positive epithelial cells 24h after pulsing shows, that
the number of BrdU* cells is significantly reduced in each crypt of EGFRALCRS

mice (Figure 23B) and also reduced in each villus (Figure 23A) of these animals
Figure23.
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Figure 23: BrdU* cells (A) per villus from control and EGFRA-CR5 mice and (B) per crypt

from control and EGFRALCRS mice. Control n=5; KO n=3, based on TTEST * < 0.05; ** <
0.01; ***<0.001
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Reduced BrdU incorporation was also observed in colon epithelial cells of
EGFRALCRS mice at the 24h time point. The number of BrdU* cells in colon crypts

of EGFRALCRS mice were significantly reduced in comparison to the control mice
Figure 24.
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Figure 24: The microscopic image of the BrdU staining on colon sections (A) from
control mice, (B) from EGFRALCRS mice. (C) The statistical analysis of the BrdU* cell
numbers average per colon crypt between control and EGFRACR® mice. Green=4
Integrin; red=BrdU; blue=Hoechst, control n=5; KO n=3; based on TTEST * < 0.05;
**<0.01; ***<0.001

Reduced BrdU labeling in the villus could also mean, that the cells are not
perfectly migrating after deletion of EGFR. By pulsing 4h with BrdU | checked
the early proliferation before the cells exit the crypt. The number of BrdU* cells
was significantly decreased in small intestinal crypts of EGFRALCRS mice as
compared to control mice 4h after BrdU pulsing. However, in the colon

comparable numbers of BrdU+ cells were observed 4h after pulsing Figure25 .
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Figure 25: Microscopic images of the BrdU staining at 4h (A) in crypts from control mice,
(B) from EGFRALCRSmice. (C) Average of BrdU* cell numbers per crypt between control and
EGFRALCRS mice. (D) Microscopic images of the BrdU staining at 4h in colon from control
mice (E) from EGFRALCRS mice. (F) Average BrdU* cell numbers per colon crypt between
control and EGFR2L6R5 mice. Green=B4 Integrin; red=BrdU; blue=Hoechst, control n=5; KO
n=3; based on TTEST * < 0.05; **<0.01; ***<0.001

This data indicate that the EGFR deletion has an effect on the proliferation of
intestinal cells despite of the mosaic expression of Lgr5-Cre transgene,
suggesting that the BrdU* cell numbers would be more reduced, if EGFR could

be deleted in every crypts.

Constitutive deletion of EGFR; EGFR" VillinCre
Because of the mosaic deletion pattern of Lgr5-Cre, | employed an additional
mouse model (Villin-Cre) to investigate the effect of the EGFR on differentiation

and proliferation of the intestinal epithelium.

In Vil-Cre, Cre is active from E12.5 in every gut epithelial cell (El Marjou 2004)
resulting in EGFR deletion in the whole intestinal epithelium. Therefore |
analyzed the small intestine and colon of 6-8 week old mice in order to have an

age-matched comparison to my previous experiments with the EGFRALCRS mice.
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Complete deletion of EGFR was confirmed in small intestine and colon samples
of EGFR of EGFRA'EC mice by EGFR IHC stainings Figure26.

small intestine
EGFRAIEC

colon

EGFRAEC

Figure 26: EGFR IHC (A) in the crypt compartment of small intestine from control mice,
(B) from EGFRAEC, (C) in the colon from control mice and (D) from EGFRAEC mice.

Blue=Hematoxylin; brown=EGFR

Furthermore | performed the same morphological analysis as before by
measuring the length and width of the villi on H&E stained paraffin sections of
the small intestine. Surprisingly, the gut showed no gross morphological
alterations and villus length and width were comparable between control and

EGFRAEC mice within the different small intestinal compartments Figure27.
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Figure 27: Length and width of villi from control and EGFRA®C mice. Each diagram shows

another compartment of small intestine; duodenum, jejenum and ileum. The light bars are for

the length and the dark bars are for the width of villi. Control n=2; KO n=6
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2.2.5 The effect of the EGFR deletion on the differentiation of EGFRAEC intestine
2.2.5.1 Mucosa secreting goblet cells
The combined PAS & Alcian blue staining shows mucosa secreting goblet cells,
which are a differentiated cell type of small intestinal epithelium. Comparable
goblet cell numbers were detected between control and EGFRA'E mice Figure2s.
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Figure 28: Average numbers of different pH value goblet cells on villi from the intestinal
compartments; duodenum, jejunum and ileum. Each diagram shows the results in
different compartment. The y-axis gives the numbers of cells on a microscopic field of
20x objective. Each color represent a different pH value; blue=acidic; pink=neutral;

lila=lightly acidic; deep purple=the mixture of neutral and acidic. Control n=6; KO n=2

2.2.5.2 Enteroendocrine cells & Paneth cells
For further analysis of the effect of EGFR deletion on differentiation in small
intestinal epithelium, other differentiated cell types were visualized like
enteroendocrine cells and paneth cells, which are the essential cells of the stem
cell niche by providing important factors for the maintance of proliferation and
differentiation while secreting antimicrobial substances. Hormone producing

enteroendocrine cells are observable with a synaptophysin IHC staining and the
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paneth cells were detected with a lysozyme IHC staining. For the quantification

of the Enteroendocrine cell staining, the numbers of the synaptophysin positive

cells were counted from 80 villi for each mouse. Also, the average of Paneth

cells per crypt from 30 crypts for each mouse were calculated. The analysis

revealed that the numbers of both cell types, enteroendocrine and Paneth cells,

are comparable between the control and EGFRA'EC mice Figure29.
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Figure 29: Microscopic images of the synaptophysin staining on villi (A) from control

mice, (B) from EGFRAEC mice. (C) Graphical representation of enteroendocrine cell

numbers from control and EGFRA'®C mice. (D) Microscopic images of the lysozyme

staining on crypts of control mice and (E) of EGFRA®C mice. (F) Graphical

representation of Paneth cell analysis from control and EGFRAE® mice. Control n=2;

KO n=6
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2.2.5.3 Crypt characterization
As | have a constitutive deletion of EGFR, | performed some additional
experiment to determine the crypt size and to check the Lrigl expression, which

is predicted as a marker for +4cells.

2.2.5.3.1 Crypt size
The Ki67 protein marks cycling cells, which in the case of the small intestine
marks the whole crypt compartment (the stem cells and the rapidly proliferating
progenitor cells from the TA compartment). Therefore the number of Ki67
positive cells is a measure for the crypt size. According to this, sections of the
small intestine were stained with Ki67 and the crypt length was measured. The

results show comparable crypt sizes between control and EGFRAEC mice
Figure30.
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Figure 30: Microscopic images of Ki67 staining in crypt compartment (A) from control
mice, (B) from EGFRAEC mice. (C) Diagram of the crypt length in um between control and
EGFRAEC mice. Control n=2; KO n=6, blue=Hematoxylin; brown=Ki67
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2.2.5.3.2 Lrigl expression
Leucine rich repeats and immunoglobin like domain 1(Lrigl), which is a negative
regulator of ErbB signaling by forming complexes with all ErbB proteins on the
surface and inducing their degradation (Wong 2012, Barker 2012), is predicted
as a marker for +4 cells. However, its expression can also be found in LGR5*
stem cells at the crypt base and in the whole crypt compartment. Lrigl
expression appeared normal and comparable in crypts of control and EGFRAEC

Figure3l.

EGFR fifl EGFR AIEC
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Figure 31: Microscopic images of immunofluorescence staining Lrigl antibody from (A)
control and (B) EGFRAEC mice. Red=Lrig1; blue=Hoechst

2.2.6 The effect of EGFR on the proliferation of AIEC mice
As the gut morphology, crypt size and quantification of distinct differentiated cell
types showed comparable results between EGFRAEC and control mice, |
conclude that the presence of EGFR on intestinal epithelial cells does not seem

to be important for the differentiation of the gut epithelium.

Analysis of cell proliferation was performed analogous to EGFR"ILGR5CrefRT
mice: BrdU incorporation was quantified 4h and 24h after pulsing, respectively.
| injected 70ul BrdU (12mg/ml) 4h or 24h before sacrifice to 6-8 week old
EGFR" VillinCre mice. Again, in the small intestine, BrdU* cells were counted
separately on villi and crypts, or for the whole colon. Surprisingly, analysis of the
24h time point showed, that there were comparable numbers of BrdU+ cells in

the villi of control and EGFRA2'EC mice. In the crypts of the small intestine as well
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as in the colon there was a trend towards reduced numbers of BrdU
incorporation in EGFRA'E€ mice Figure32&33. However, as the sample number of

control mice was too low, statistical analysis could not be performed.
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Figure 32: Microscopic images of BrdU staining of small intestinal samples (A) from control
mice (B) from EGFRAEC mice. BrdU staining on crypts of (C) control mice, (D) EGFRAEC
mice. (E) The diagram shows the average of BrdU* cell numbers per villus and (F) per crypt
between control and EGFRAEC mice. Control n=2; KO n=6; green=BrdU, red=B4 Integrin;

blue=Hoechst
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Figure 33: Microscopic images of BrdU staining on colon samples from (A) control and
(B) EGFRAEC mice. (C) The diagram of the BrdU positive cell numbers in colon crypt
from control and EGFRAEC mice. Control n=2; KO n=6; green=BrdU, red=B4 Integrin;

blue=Hoechst

| next checked the early proliferation before the cells exit the crypt by pulsing
with BrdU 4h prior to analysis. The number of BrdU* cells was comparable in
small intestinal crypts and in the colon of EGFRA'EC mice 4h after BrdU pulsing

Figure34.
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Figure 34: Microscopic images of BrdU (4h) staining (A) in crypts from control mice, (B)
from EGFRAEC mice. (C) Quantificaiton of BrdU* cell numbers per crypt in control and
EGFRA2EC mice. (D) The microscopic image of the BrdU (4h) staining in colon from
control mice (E) from EGFR2EC mice. (F) Quantification of BrdU* cell numbers per colon
crypt in control and EGFRAEC mice. Green=B4 Integrin; red=BrdU; blue=Hoechst,
control n=5; KO n=3; based on TTEST * < 0.05; **<0.01; ***<0.001

These data show that EGFR2'EC mice have comparable proliferation levels with
control mice. EGFRA'EC mice, whose EGFR is deleted from E.12.5 in every gut
epithelial cells, should have figured out a compensatory mechanism for EGFR
deletion, which could be the main reason, why EGFRAEC mice have unimpaired
proliferation, while EGFRACR> mice show reduced proliferation despite of the

mosaic expression of Lgr5-Cre transgene.

Although several studies showed that EGFR signaling is very important for
development and growth of the intestine and has a direct effect on stem cell
proliferation and crypt size (Miettinen 1995, Barker 2013, Wong 2012) my
studies using conditional knock-out mice were able to show that EGFR-deficient
intestine has an intact morphology and normal differentiation, despite reduced

proliferation within the stem cell and TA zone. | therefore speculate, that
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compensatory effects are responsible for my observations. Thus, | aimed to
investigate the abundance of the second population of intestinal stem cells, the
+4 cells, and the potential alteration of the expression levels of other ErbB family
members.

2.2.6.1 +4 cells expression

As “+4 cells” are damage responsive reserve stem cells, they were first
addressed as a possible compensation source. According to the publication of
Umar 2012, the slow cycling +4 cell were stained with DCAMKL-1 antibody and
the staining was quantified through counting the DCAMKL-1 positive cells from
150 crypts for each mouse. +4 cell distribution is not homogeneous and cannot
to be found in every crypt, however some crypts have more than one. Therefore,
the average of the DCAMKL-1 positive cells per crypt was calculated.
Comparison of the number of +4 cells between control and EGFRAEC mice
showed comparable results, suggesting that EGFR-deficient intestine does not
increase the number of reserve stem cells in order to ensure proper
differentiation and function Figure35.
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Figure 35: Microscopic images of the DCAMKL-1 staining showing the +4 cells in (A)
control and (B) EGFR2EC mice. (C) The diagram of the average +4 cell numbers per crypt
from 150 crypts between control and EGFRA®C mice. Control n=2; KO n=6,
blue=Hematoxylin; brown=DCAMKL-1
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It is of note, that a publication of Gerbe et al 2009, showed that DCAMKL-1 is
not an exclusive marker to identify +4 cells, as the protein is also postulated as
a marker for early progenitors of Tuft cells. Moreover, DCAMKL-1 positive cells
are irradiation resistant but they do not show an increase in number in response
to damage (ltzkovitz 2012, Westphalen 2014). In either case, it can be
concluded that there is no compensatory overrepresentation of +4 cells or no
effect on Tuft cell differentiation in the absence of EGFR in the intestine.

2.2.6.2 Expression of EGFR ligands and ErbB family members

To investigate potential compensatory upregulation of ligand expression as a
consequence of EGFR deletion, crypts were isolated with 2mM EDTA and RNA
was extracted. mRNA levels of ErbB receptors and EGFR ligands EPR, HB-
EGF and BTC, which can bind to the ErbB receptor HER4, were quantified by
guantitative real-time PCR (qRT-PCR). Thereby | wanted to find out if there are
changes in their RNA expression detectable between crypt cells that harbor
EGFR and crypt cells that lack EGFR.

As a control, I used RT-PCR for EGFR, demonstrating the deletion of the EGFR
and valid integrity of my isolated RNA and cDNA. TBP (TATA Box binding
protein) served as housekeeping gene and particular fluorescence intensity of
ligands and receptors are related to the house keeping gene TBP. My results
show comparable mRNA levels of the ligands EPR, HB-EGF, and BTC, as well
as of the ErbB family members HER2 and HER3 between control and EGFRAEC
mice Figure36. As the threshold cycle of HER4, NRG1 and NRG2 immerged after
cycle number 30, | considered as undetectable the expression of HER4, NRG1

and NRG2 in isolated crypts (data not shown).
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Figure 36: Q-PCR analysis of the ErbB receptors EGFR, HER2, and HER3 and the EGFR
ligands BTC, EPR and HB-EGF. Control n=3, KO n=5; except for HB-EGF control n=1 and
KO n=2; p-value BTC= 0.189; p-value EPR= 0,191

Although mRNA levels of HER2 and HER3 exhibited comparable levels in my
gRT-PCR analysis, | wanted to confirm these results on protein levels by
performing IHC stainings. | did so in order to exclude effects by posttranslational
regulations. Indeed, it appeared that there were higher protein levels of HER2
and HER3 in the small intestinal crypts of EGFRAEC mice in comparison to

control mice Figure37.
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Figure 37: Microscopic images of (A) HER2 staining on control mice and (B) EGFRAEC

mice; (C) HER3 staining on control mice and (D) EGFRAEC mice.
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Interestingly, increased HER2 and HER3 protein levels were not observed in
IHC stainings from small intestines from EGFRA-CR® mice Figure38.
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Figure 38: The microscopic image of the (A) HER2 staining on control mice and (B)

EGFRALCR® mice; (C) HERS3 staining on control mice and (D) EGFRACRS mice.

The transcription factor cMyc, which is a Wnt target and serves as a proliferation

initiating gene, is necessary for crypt formation (Bettess 2005), also showed a
higher protein expression in EGFRAEC mice in comparison to control mice as
detected by IHC staining Figure39.
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Figure 39: The microscopic image of cMyc IHC staining (A) on control and (B) EGFRAEC
mice. Blue=Hematoxylin; brown= cMyc

However, it was difficult to determine HER2 and HER3 protein levels on IHC

staining that is why | next performed western blot analysis from protein lysates
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of isolated crypts to see the expression levels of HER2 and HER3 in crypts of

EGFRAEC mice. Figure40.

| Tubulin

Figure 40: Western blot analysis of EGFR, HER2, HER3 and Tubulin. (A) As the liver
does not express HER2, the liver lysate was a negative control for HER2. (B) As a

positive control for EGFR 40ug liver and for a negative control EGFR knock out MEFs

(-/-) were loaded.

The quantification of Western Blot analysis were performed at Image Studio lite

(version 4.0): Figure4l
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Figure 41: (A) HER2 intensity related to the Tubulin between control and EGFRAEC

mice. (B) HER3 intensity related to the Tubulin between control and EGFRAEC mice.
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In spite of on IHC showing trend for increased HER2 expression in EGFR-
deleted intestine, it couldn’t confirmed with Western Blot analysis. These results

show no upregulation of other receptors.

2.2.6.3 In vitro organoid cultures
| also performed in vitro experiments using organoid cultures. Therefore, |
isolated small intestinal crypts from control, EGFRA-CR5 and EGFRA'EC mice with
2mM EDTA and cultured them on matrigel (basement membrane substitute)
with a growth medium including the essential factors EGF (500 ng/ml) R-
spondin-1 (500 ng/ml) and Noggin (100 ng/ml) in a 24 well plate. As a control |
used growth medium without EGF. Mice were 6-8 weeks of age and the

EGFRALCRS mice were treated with Tamoxifen 1 week prior to crypt isolation.

The organoid formation was monitored every 2 days and documented by taking
images with a cell culture light microscope. At day 3 the crypts isolated from
control mice with EGF in their growth medium could maintain the U-shape of the
crypt and were already able to expand in the surrounding matrigel environment
in order to build a cloud-like structure Figure42A. Crypts isolated from control
mice, which were cultured without EGF, stayed a little bit smaller and could not
expand as much into their environment as the crypts with EGF, but the crypts

still maintained their U-shape Figure42B.

In contrast, the crypts isolated from EGFRALCRS mice, which were cultured with
EGF began to lose the U-shape of the crypt and form circles Figure42C. Living
epithelial cells were still detectable around the circle while the crypts isolated
from EGFRALCRS mice cultured without EGF built bigger circles with an apoptotic
appearance of the epithelial cells Figure42D. Organoids derived from crypts
isolated from EGFRA'EC mice, either cultured with EGF or without EGF mainly

contained deformed crypts and apoptotic like structures Figure42E&F.

From day 3 after putting the crypts on matrigel, growth differences between
control and both EGFR-deleted genotypes could be observed. At day 5, the
organoids from control mice cultured with EGF had built many more crypts arms,
while the controls without EGF remained small like at day3, with some of them
already showing apoptotic like structures Figure42G&H. Interestingly, organoids

from EGFRALCRS mice cultured with EGF were able to maintain their organoid
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growth, however they harbored less crypt arms than organoids from control
mice and the possible explanation for this is the mosaic expression of Lgr5-Cre
transgene Figure42l. Some of them showed apoptotic circles, while organoids
from EGFRALCRS crypts cultured without EGF showed only big apoptotic
structures Figure42J. All organoids from EGFRA'EC crypts, cultured with or without

EGF, shrank to a circle and looked like cell debris Figure42K&L.

At day 7, organoids from crypts of control mice cultured with EGF formed big
organoids consisting of many surrounding crypts Figure42M, whereas the control
crypts cultured without EGF form circles, where the epithelial cells are still viable
Figure42N. This appearance is the same in organoids derived from EGFRALGRS
crypts, cultured either with or without EGF. Some of the EGFRALCR5 grganoids
cultured without EGF built even bigger apoptotic-bodies Figure420&P. Organoids
derived from EGFRAEC crypts with or without EGF could not show normal
growth, as they did not appear to have an intact basement membrane anymore

and showed only vesicles Figure42R&S.

Successful organoid formation was only detected in crypts isolated from control

mice, which formed “mini-guts” consisting of multiple crypts.
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Figure 42: Microscopic images of organoids at day 3 (A-F) from control mice with EGF(A),
without EGF (B); from ALGR5 mice with EGF (C), without EGF (D); from AIEC mice with
EGF (E) and without EGF (F). Organoids at day 5 (G-L) from control mice with EGF (G),
without EGF (H); from ALGR5 mice with EGF (1), without EGF (J); from AIEC mice with EGF
(K), without EGF (L). Organoids at day 7 (M-S) from control mice with EGF (M), without EGF
(N); from ALGR5 mice with EGF(O), without EGF (P); from AIEC mice with EGF (R), without
EGF (S).

With this ex vivo organoid experiment | was able to prove that the EGFR is
important for the proliferation of intestinal stem cells and moreover for a normal
gut morphology. Only crypts isolated from control mice cultured with EGF were
able to form and maintain organoids. Although in early stages EGFRACR5 crypts
were able to survive better than the crypts derived from EGFRA'EC mice, both

genotypes were not able to form an organoid in vitro.

As mentioned before the Paneth cells have a longer life span than the other
differentiated cell types found in the villi. They exit the upwards migration at the
crypt-villus-junction and move back down into the crypt base, where they reside
6-8 weeks. This means that one week after tamoxifen treatment isolated crypts
of EGFRALCRS mice still contained Paneth cells harboring EGFR. These Paneth

cells could be the answer why the crypts derived from EGFRALCRS mice can
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survive a little bit better than the crypts derived from EGFRAEC mice. But it
should not be forgotten that the Lgr5-Cre transgene has the mosaic expression
and in organoid cultures there are EGFR expressing and deleted crypts. In case
of EGFRAEC mice the entire epithelial cells including the Paneth cells do not
exhibit EGFR expression. While crypts from EGFRA'EC mice could not succeed
in organoid formation in vitro but provide normal gut morphology in vivo, showing
a regular differentiation and proliferation, the mesenchymal niche may be a
possible explanation as compensatory element. The mesenchyme is closed to
the crypt base and was already described to secrete important factors for stem
cells and their proliferation (Barker 2013, Smith 2012).
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3 Discussion

The EGFR takes part in many cellular processes from proliferation to survival
and differentiation. Therefore it serves very important functions, which need to
be tightly regulated and controlled. EGFR expression is found in many cancer
types, such as brain and epithelial tumors. Many studies could show, that the
receptor homo- and heterodimerization initiates many signaling cascades,

which are playing a role on cancer pathogenesis and cancer progression.

It is generally believed, that adult stem cells, which have the capacity to give
rise to other differentiated cell types, while they can also renew themselves
during the life span, could also be the originating cells for tumors. Cancer stem
cells could take over some characteristics of adult stem cells in order to supply

the cancerous structure with more cells (Sachs and Clevers 2014).

Neither EGFRACRS nor EGFRAEC showed abnormal gut morphology upon
EGFR deletion. EGFR deletion did not affect the differentiation of the distinct

intestinal epithelial cells.

However, analysis of proliferation by measuring the incorporation of BrdU 24h
after BrdU injection showed significantly reduced numbers of BrdU* cells in
both, crypt and villus compartments in EGFRALCRS mice. Similarly, EGFRAEC
mice, also showed a trend towards reduced BrdU incorporation. Early
proliferation is measured 4h after BrdU injection, when the cells are still in the
crypt, showed that EGFRA'CR5 mice have a significantly reduced proliferation,

while the EGFRA'EC mice were comparable to the control.

A possible explanation for the observed results could be provided by the fact, in
EGFRALCRS mice,the EGFR is deleted in adult stage (6-8 weeks old). The mice
therefore suffered a sudden loss of EGFR protein in the intestine. In contrast,
constitutive deletion of EGFR from VillinCre mice occurs from the E12.5, which
means that EGFRA'EC mice might have developed a compensatory mechanism
in order to ensure proper gut development (eg. Upregulation of myc). This
question should be addressed by analysing intestines of 6-8 week old EGFR/

VillinCreERT mice, which harbor a Tamoxifen-inducible form of Cre.
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Using EGFR™ VillinCre®R™ mice could also rule out potential differences of
mosaic expression of the LGR5CreER™2EGFP construct. Nevertheless, the
proliferation of intestinal crypts and also BrdU labeled cells in the villi were
significantly decreased in EGFRALCRS mice. However, one cannot rule out the
possibility that the differentiation was normal, because one villus is surrounded
by multiple crypts (up to 10). This means, that when the inducible EGFR deletion
is not taking place in every crypt (as given by the mosaic expression), each villus

always has some “back-up” crypts which still express EGFR.

Sato and colleagues were able to establish a protocol to culture the crypts ex
vivo on a matrigel, which is a basement membrane substitute, with the minimal
requirement of the growth factors EGF, R-spondin-1 and Noggin. The cultured
isolated crypts create so called organoids, or mini-guts, in vitro.

To analyze the effect of the EGFR deletion in different cell types of the crypt
base in vitro | isolated crypts from control, EGFRALCRS and EGFRA'EC mice and
cultured them on matrigel with R-spondin-1 and Noggin in the presence or
absence of EGF. Without EGF, neither organoids could grow. While the crypts
isolated from control mice, cultured with EGF, formed large organoids with
several surrounding crypt arms, the crypts from EGFRAEC mice presented only
apoptotic structures, characterized by encircled crypts and disaggregated
vesicles. Crypts derived from EGFRALCRS mice only formed very small organoids
with few crypts, which were possibly those crypts, where the EGFR was not

deleted due to the mosaic expression of the Cre construct.

These in vitro experiments revealed that the EGFR is important for the
proliferation and survival of intestinal epithelial cells. Although EGFRAEC mice
show a normal gut differentiation and slightly reduced proliferation in vivo, they
are absolutely not able to survive and form a mini-gut in vitro. A possible
explanation for this could be that the stromal cells of the sub-epithelial tissue,
which constitute the mesenchymal niche close to the crypt compartment,
secrete factors, which help the EGFR-deficient stem cells niche to maintain the
gut morphology in vivo. It was shown, that the pericryptal stromal cells also
secrete Wnt, EGF, Noggin and Notch ligand DIl4 (Barker 2013). These stromal
cells could be the compensatory solution as response to the lack of EGFR. As
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these cells are not present within the organoid culture, this could explain why
crypts from EGFRAEC mice could not grow ex vivo. Moreover, this could also
give an answer to the question, why EGFR”- mice show defects in the intestinal
epithelium, since there also stromal cells lack the EGFR, which might prevent

them from the initiation of compensatory signaling (Miettinen 1995).

61



4 Materials and Methods

4.1 Materials

4.1.1 Buffers
Tail buffer:

50 mM Tris-HCI pH 8
100 mM EDTA

100 mM NacCl

1% SDS

TE buffer:

1M Tris pH 8
0.5MEDTApH 8
Alcian blue solution:
1% Alcian blue

In 3% aqg. Acedic acid
PBS 10X 1L:

80g NaCl

2g KCl

18.05g Na2HPO4.2H20
2.49 KH2PO4

in dH20

pH 7.4

Blocking solution:
5% Horse Serum
0.1% Triton

1% BSA in PBS



TBS 10X 1L:

100ml 2M Tris pH 7.5
300ml 5M Nacl

in dH20

TBS-T 1X 1L:

100ml 10X TBS
899ml H20

1ml Tween-20

PAGE buffer 5X:
759 Tris base

360g Glycine

pH 8.3 (HCI)

add H20 to 1000ml
Running buffer 1X:
200ml 5X page buffer
5ml 20%SDS

795ml H20

Transfer buffer 1X:
200ml 5X page buffer
200m| methanol
600ml H20

Stripping buffer 500mL:
31.5ml 1M Tris pH 6.8

50ml 20% SDS, Add 360pul B-mercaptoethanol prior to use



Bradford solution:

10mg Coomassie BBG 250
5ml abs. EtOH

10ml 85% Orthophosphiracid
Add to 100ml H20

Basal culture medium:
2mM GlutaMax 100

10mM HEPES

100U/ml penicillin/100mg/ml streptomycin
In Advanced DMEM/F12
Growth medium:

1X N2 supplement

1X B27 supplement

1mM N-acetylcysteine
50ng/ml EGF

100ng/ml mNoggin

500ng/ml R-spondin-1

In basal culture medium
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4.1.2 Reagents and solutions

Ladder

Phospahte Buffered Saline D8537- Sigma Aldrich

w/o Ca&Mg 24X500ML

Proteinase K 3115852001 |Roche

dNTPs U1240 Promega Freezer

DreamTaqg DNA Polymerase |EP0704 Fermentas Thermo Fisher

Scientific

Dimethyl sulfoxide DMSO 1.096.780.100 | Merck

Tag-Polymerase 11435094001 |Roche

GeneRuler 1kb DNA Ladder |SM0311 Fermentas Freezer 707

Serva DNA Stain Clear G, 39804.02 AL-Labortechnik Serva

5ml

Dako Target Retrieval S1699 Dako

Solution (10x)

Tri Reagent T9424-200ML | Sigma Aldrich

Trichlormethan/Chloroform 3313,4 Carl Roth

ProtoScript® Il Reverse MO368L NEB

Transcriptase

Power SYBR® Green PCR 4368708 Applied Biosystems Life

Master Mix Technologies

cellculture water W3500- Sigma Aldrich
24X500ML

Rotiphorese® Gel 30 3029.1 Roth

Acrylamid - und Bisacrylamid-

stammldsung

2-mercaptoethanol M3148-25ML | Sigma Aldrich

SDS ultra pure 2326.2 Roth

PageRuler Prestained Protein | 26616 Fermentas Freezer
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Amersham Hyperfilm ECL triple |28-9068- VWR
pack 37BOM3P
SuperSignal West PICO 10445685 Thermo Scientific/Pierce
Chemiluminescent Substrate-
Trial Kit, 50 mL
Albumin from bovine serum A3059 Sigma Aldrich
Isopropanol 1.096.341.011 |VWR
Sucrose BioXtra, 299.5% S7903-1KG Sigma Aldrich
Acetone, 34850-2.5L Sigma Aldrich
Alcianblau 8 GS (C.I. 74240) 3082.3 Roth
Schiff's Reagent 3952016- Sigma Aldrich
500ML
Periodic acid P7875-25G Sigma Aldrich
Hydrogen peroxide contains 216763- Sigma Aldrich
inhibitor 100ML
Endogenous Biotin-Blocking Kit | E21390 life technologies/Invitrogen /
Fisher Scientific
EGF biotinylated E3477 Life Technologies
SignalStain Boost IHC 8114 P NEB

Detection Reagent HRP, Rabbit

ImMmPACT DAB substrate kit SK-4105 SZABO-SCANDIC
Idetect Universal Mouse 31101 Labs Biotechnology
KIT,HRP

Target Antigen Retrieval S1699 Dako

Solution 10x

Antigen Retrieval Solution pH6 | S2369 Dako

Antigen Retrieval Solution pH9 | S2367 Dako

AEC Substrate Buffer 28719 Idlabs

AEC Chromogen 28935 Idlabs

Horse Serum 16050-122 Gibco

Goat Serum 16210-064 Gibco

66


http://www.sigmaaldrich.com/ProductLookup.html?ProdNo=34850&Brand=SIAL

861405-

Hoechst 33258 Sigma Aldrich
500MG

M.O.M. Blocking Kit FKM-2201 Szabo Scandic/
Vectorlaboratories

Tween 20 4859.1 Carl Roth

Cover glass 24x50mm 631-1574 VWR

Mounting medium S3025 Dako

Aquatex 1.085.620.050 | Merck

2-Propanol 299,5 9866,1 Carl Roth

Ethanol absolute EMPLURA |8.187.602.500 | VWR

HCI 32 % X896.2 Roth

Corning® Matrigel® Growth

Factor Reduced (GFR) _

Basement Membrane Matrix, 306231 Coming

Phenol Red-Free, 10mL

Human Recombinant -

Spondini 4645-RS-025 |R&D

Recombinant murine Noggin |250-38 Peprotech

EGF E4127 Sigma Aldrich

N2 Supplement 17502-048 Life Technologies

B27 Supplement 17504-044 Life Technologies

2mM GlutaMax 35050-038 Life Technologies

DMEM/F12 12634-010 Life Technologies

Hepes buffered HBSS 14175-053 Fisher/Invitrogen

Foetal Bovine(Calf) Serum 7.01LES Source BioScience

Cell Strainer,70 pm BDL352350 |Szabo-Scandic-Corning
Falcon/BD Becton Dickinson

BD Falcon™ Petri dish, steril |391-2002 CDC/
VWR
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Sunflower Seed Oil S5007-250 Sigma Aldrich
Tamoxifen citrate salt T9262-5G Sigma Aldrich
5-Bromo-2'-deoxyuridine 10280879001 | Roche
Trizma® base, 299.9% T1503-5KG | Sigma Aldrich
EDTA 34103 Calbiochem
Sodium Chloride 31434-1KG-R | Sigma Aldrich
Paraformaldehyd 0335.3 Roth
Triton X 100 3051.3 Roth
Glycine for electrophoresis, . .
G8898-1KG | Sigma Aldrich
299%
Kaliumchlorid P017.2 Roth
Glucose HNO06.0 Roth
Ortho-Phosphoséaure 6366.1 Roth
peqGOLD Universal Agarose |35-1020 Peglab
di-Sodiumhydrogenphospate
. Roth
dihydrate 4984.1
Potassium dihydrogen
Roth
phosphate 3904.2
Tetramethyl-ethylenediamine | T9281-50ML | Sigma Aldrich
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4.2 Methods

4.2.1 Optimization of sample embedding for histology
To interpret the experiment results efficiently the whole intestine should have
been observed on a one staining. Therefore an alternative swiss rolls like
Clevers is established by using the basic lab tools like pipet tip. The small
intestine is cut longitudinally and wrapped carefully around a pipet tip. After
fixation of the tissue in 4%PFA over the night the rolls can be corrected easily,
because the tissue is not slippery any more. During the embedding it is
important that all layers are placed on a one plane to have the optimal cutting
angle. After the fixation and the dehydration the samples are ready for paraffin

embedding Supplementary figure 1.

Supplementary figure 1: (A) Macroscopic picture of for paraffin embedding prepared small
intestinal sample. (B) Microscopical image of the immunohistochemistry staining using a

1x objective and. (C) a 10x objective.
4.2.2 PCR

4.2.2.1 DNA isolation

According to the mouse number the tip of the adequate finger of 5-10 day old
mice was cut off with a scissor and put into 500ul of tail buffer. For the digestion
0.5mg/ml Proteinase K. was added and the tubes were incubated at 55°C over
night. 200ul of saturated 6M NaCl were added and tubes were shook 5 min with
1050 rpm at RT on Eppendorf Shaker and centrifuged for 10 min at 13,000 rpm
at RT. Supernatants without top phase and pellet were transferred to a new tube
and 500pl of isopropanol were added. And mixed by inverting with hand 2 min.
After centrifugation for 10 min at full speed, the supernatant was removed and
pellet was washed with 1ml 70% EtOH and spined 15 min with full speed and
the pellets were air-dried. Finally the pellet were resuspended in 500ul TE buffer
and shook 2 h at 37°C.
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4.2.2.2 PCR protocols

Villin CRE PCR

One sample (24pL)

2.5ul 10X Dream Taq Buffer (Roche)
0.5ul ANTP (10mM)

Sul primer VillinCre_for (1.2 uM)

Spl primer VillinCre_rev (1.2 yM)

0.1ul Taq polymerase (5U/ul)
10.9ul H20

Thermal cycling conditions
94°C — 2 min.

94°C — 30 sec.

59.6°C — 1 min.

72°C — 45 sec. _39x

72°C -3

4°C —

LGR5 PCR

One sample (24uL)

2.5ul GB Buffer

2.5u DMSO

2.5ul dANTP (10mM)

2.5l primer Lgr5_ for (1.25 pM)
2.5ul primer Lgr5_rev (1.25 uM)
0.3ul Taq polymerase (5U/ul)
12.5ul H20

Thermal cycling conditions
94°C — 2 min

94°C — 30 sec

53°C — 45 sec

65°C —1min ___ 35x

65°C — 5 min

4°C —

70



EGFR PCR
One sample (24 ul)

2.5 pl 10x Dream Taq buffer
0, 25 yl dNTP’s (10 mM)

5 ul primer R4 (1.2 uM)

5 pl primer R6 (1.2 uM)
0.15 pl Taq polymerase

11, 1 pl H20

Thermal cycler conditions
95 °C — 2 min.

95 °C - 30 sec.

54 °C - 40 sec.

72 °C — 1 min. 30 sec. _39x
72°C — 5 min.

15°C -

4.2.2.2.1 PCR primers
VillinCre_ for: CAAGCCTGGCTCGACGGCC

VillinCre_rev: CGCGAACATCTTCAGGTTCT
EGFR_for_R4: GCCTGTGTCCGGGTCTCGTCG
EGFR_rev_R6: CAACCAGTGCACCTAGCCTGGC
LGR5_for: CACTGCATTCTAGTTGTG

LGR5_rev: CGGTGCCCGCAGCGAG



4.2.3

4231

4.2.3.2

Histological stainings
Paraffin embedded samples were cut 4um thick at a microtome (with Feather
microtome blades type A35) and applied to DAKO IHC glass slides.

H&E staining

The glass slides were incubated minimum 30min at 55°C. The sections were
deparaffinized in Xylol for 2 x 1min, and rehydrated with alcohol serial 100%;
70% EtOH 2 times for 1min for each cases and washed 2x with distilled water
for 1 min each. Slides were incubated in freshly filtrated Hematoxylin for 7min
and washed in 3 cuvette tap water, followed the incubation in SOTT solution
for 45 sec. After incubation in warm tap water for 5min, slides were
differentiated with flowing tap water for 3min and then in distilled water.
Afterwards the slides were incubated in Eosin for 1min, and washed in 2
cuvettes of distilled water, followed by a dehydration alcohol series: 70%;
2x96% and 2x 100% EtOH, 1min for each and put finally in n-Butyl acetate

(EBE) until mounting with the mounting medium Entellan.

PAS & Alcian blue staining

The glass slides were incubated minimum 30min at 55°C. The sections were
deparaffinized in Xylol for 2 x 1min, and rehydrated with alcohol serial 100%;
70% EtOH 2 times for 1min for each cases and washed 2x with distilled water
for 1 min each. Deparaffinized and rehydrated sections were stained 15min in
Alcian blue solution (1% Alcian blue in 3% aq. acetic acid), followed washing
in running tap water for 2min and rinsed in distilled water. After treating with
0.5% ag. Periodic acid for 5min, the slides were washed in distilled water and
stained in Schiff’'s reagent for 10min. and washed well in running tap water for
5min. Nuclei were stained with Hematoxylin and washed in tap water for 2min.
The slides were differentiated with acid alcohol and washed in SOTT solution
and in water, followed by a dehydration alcohol series: 70%; 80%; 2x96% and
2x 100% EtOH, 1min for each and put finally in n-Butyl acetate (EBE) until

mounting with the mounting medium Entellan.
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4.2.3.3 Immunohistochemistry (IHC) staining
The glass slides were incubated minimum 30min at 55°C. The sections were
deparaffinized in Xylol for 2 x 1min, and rehydrated with alcohol serial 100%;
70% EtOH 2 times for 1min for each cases and washed 2x with distilled water
for 1 min each. The deparaffinized and rehydrated slides were cooked for 2
hours with the proper antigen retrieval solution in an antigen retrieval pressure
machine and afterwards washed 3x 5min with 1X PBS at RT. For the inhibition
of endogenous peroxidase the slides were incubated 10min in 3% H20:2 in
methanol. After washing the slides 3x 5min with 1X PBS, the staining area was
delineated using a hydrophobic pen (Dako pen). The slides were incubated
20min in reactive A from endogenous blocking kit and after washing 3x 5min
with 1X PBS, 20min in reactive B from the endogenous blocking kit. The slides
were blocked for 1h with 100ul blocking solution and stained with 100pl first
antibody over night at 4°C. Next day the slides washed 3x 5min and incubated
1h with 100l second biotinylated antibody. After washing 3x 5min with TBS-
T (1% Tween in 1X TBS) slides were incubated 30 min in solution A+B in TBS-
T (1 drop of each reactive of KIT in 2.5 ml 1X TBS-T), followed after washing
DAB reaction (ImmPACT DAB 1 drop for 1 ml diluent). The reaction should
be observed under the light microscope for the detection of optimal reaction
time. The reaction was stopped by putting slides in tap water and rinsed in
distilled water. After the nuclei were stained with Hematoxylin for 30 sec. and
washed in distilled water, the slides were dehydrated with alcohol series: 70%;
80%; 2x96% and 2x100% EtOH, 1min for each and put finally in n-Butyl

acetate (EBE) until mounting with the mounting medium Entellan.

Please find at the table the antibodies with proper antigen retrieval solution and

DAB reaction times:
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4.2.3.4 Immunofluorescence staining (IF)
In OCT tissue tek embedded and on dry ice frozen samples were stored at -20°C
or -80°C until sectioned at -20°C in a cryo-microtome. 6um thick sections were cut

and stored at -20 or -80°C until further usage for staining.

The sections were dried at RT for 15min and fixed in 4% PFA for 10min. After
washing 3x 5min in 1x PBS the staining area was delineated with a hydrophobic
pen and incubated for 1h in 100ul Blocking Solution, followed by incubation with
primary antibody over night at 4°C. Next day the slides were washed with 1X PBS
3x 5min and incubated with 100ul of secondary antibody (1:500 dilution) with
Hoechst for 1h at RT. After washing 3x 5min with 1X PBS, the slides were

embedded using DAKO mounting medium.

Please find at the table the fluorescence antibodies and the proper dilutions:
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Antibody Firma Number | Dilution | Isotypes
goat pAB GFP-FITC Abcam ab6662 | 1:200 goat
purified anti-CD104 beta4 o
] BD Biosciences 553745 | 1:200 rat
Integrin
_ 861405-
Hoechst 33258 Sigma 1: 1000
500MG
Anti-BrdU
_ Abcam ab6326 | 1:50 mouse
antibody [BU1/75 (ICR1)]
Goat anti mouse LRIG 1 R&D Systems / RD-
o _ _ 1:20 goat
Affinity Biomedica AF3688
_ Life technologies/
Alexa Fluor® 594 Donkey Anti- _
) Invitrogen / A-11058| 1:500 | donkey
Goat IgG (H+L) Antibody _ S
Fisher Scientific
Alexa Fluor® 594 Donkey Anti- Molecular Probes /
_ _ A-21209| 1:500 | donkey
Rat IgG Life technologies
Alexa Fluor® 488 Goat Anti-Rat Molecular Probes
_ _ A-11006| 1:500 goat
IgG (H+L) Antibody (Invitrogen)
Alexa Fluor anti mouse A488 Invitrogen Fisher A11011 | 1:500 goat
Alexa Fluor anti mouse A594 Invitrogen Fisher A11005 | 1:500 goat

4.2.3.4.1 Prefixation

The samples were put into the plastic histo cassette and incubated 4h at 4 °C

in 4% PFA. They were washed 3x5min with 1X PBS and incubated over night
at 4 °C in 30 % Sucrose (in 1x PBS with 0.1% NaNz). After washing with 1X

PBS the samples were taken out of the histo cassette, dried quickly on a sheet

of kitchen roll and embedded in O.C.T tissue tek on dry ice.

4.2.3.4.2 Whole mount staining

The biopsies were fixed at 4% PFA for 30min at RT and washed 3x 5min with
1X PBS. After they were incubated in 0.5% Triton X-100 in PBS, were continued
like in the IF staining (IF staining).
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4.2.3.5 BrdU staining
Each mouse was injected in 15 min. interval, which is the estimated required
time for one mouse preparation. After 4/24 hours of first injection the first mouse

small intestine & colon were prepared and followed in correct injection order.

The 5um thick paraffin sections on glass slides were incubated minimum 30min
at 55°C. The sections were deparaffinized in Xylol for 2 x 1min, and rehydrated
with alcohol serial 100%; 70% EtOH 2 times for 1min for each cases and
washed 2x with distilled water for 1 min each. The deparaffinized and rehydrated
slides were cooked with 1x Dako Antigen Retrieval Solution in the pressure
machine. Then they were washed 3x 5min 1X PBS at RT. and the staining area
were definite using the fatty pen (Dakopen). After the 1h blocking in 100pl
Blocking solution the primary antibody (34 Integrin 1:100 in blocking solution)
was incubated overnight at 4° C. Next day the slides were washed 3x 5min with
1X PBS and secondary antibody were incubated for 1h at RT. After washing 3x
5min with PBS the slides were incubated in 1N HCL for 1h at 37° C followed
washing 3x 5min with PBS. The slides were blocked with M.O.M. KIT blocking
solution and a — BrdU antibody (1:50) in M.O.M Diluent was stained at 4° C
overnight. Next day washed slides were incubated with secondary antibody and

Hoechst for 1h at RT and the slides were embedded.

4.2.4 gRT-PCR
4.2.4.1 RNA extraction

100pl isolated crypts were resuspended in 1ml Trizol and centrifuged 5 min at
13000 rpm at 4°C. 1ml of the Trizol phase was taken into 2ml Eppendorf tube
and 240ul ddH20 (DECP water) and 200ul chloroform were added, mixed by
vortexing and incubated 10min at RT and mixed again before centrifuged 15
min at 13000 rpm at 4°C.The aqueous phase was transferred to fresh tube and
1ul Glycoblue and 560ul cold isopropanol were added, followed the incubation
on ice for 30min. The supernatant was removed after centrifugation for 30min
at 13000rpm. They were washed 2x with 75%EtOH and centrifuged 5 min with
full speed. The supernatant was removed and the pellet was dried and dissolved
in 19ul ddH20 (DECP water).
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4.2.4.2 cDNA
For the cDNA synthesis 1ug RNA in 10ul (in DECP water) was required. The
PCR tubes were incubated at 65°C for min after pipetting 2pl 60uM Hexamer
and 2ul 10mM dNTPs. The tubes were put on ice and spined. Additionally 4ul
5X Buffer and 2ul dTT with 0.50ul SS-polymerase were added and put in PCR

machine for following program:

25°C 12min

42°C 50min

70°C 15min

Finally the cDNA was diluted 1:4 in nuclease free water and frozen at -20°C.

4.2.4.3 qRT-PCR
Primer Mix:

5ul for Primer
5ul rev Primer
90ul dH20

For PCR reaction:

1pl Primer Mix
5ul SYBR Green
3ul dH20

1ul cDNA

4.2.4.3.1 Q-PCR primers
ErbB2_for: ATCAACTGCACCCACTCATGT

ErbB2_rev: ATCAGGAACAACAGGACGCC
ErbB3_for: CCCAAGGGTGTAAGGGACCA

ErbB3_rev: CGCTCCAAGTAGCGTCTCAT
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ErbB4_for: GCCAGACCTTGACCAGAACT
ErbB4_rev TTGAGTAACGCAGGCTCCAC
BTC_for: GCTGTCATCCTCTTCGGAAACA
BTC_rev: ATGTCCTGTCCATCTGGGAA
EPR_for: CACCGAGAAAGAAGGATGGA
EPR_rev: TCACGGTTGTGCTGATAACTG
HB-EGF_for: ACCAGTGGAGAATCCCCTATAC
HB-EGF_rev: GCCAAGACTGTAGTGTGGTCA
NRG1_for: ACAGAAACTAATCTGCAAACTGCTC
NRG1_rev: ATCCCAAGATGCTTGTAGAAGCTGG
NRG2_for: ACATCGAGGGCATCAACCAG
NRG2_rev: TCAGCCTTTTGCTTAGGATCTG
TBP_for: GGGGAGCTGTGATGTGAAGT

TBP_rev: CCAGGAAATAATTCTGGCTCAT

4.2.5 Western Blot
The isolated crypts were lysed in 1X lysis buffer (1X RIPA) and the protein
concentration was measured with Bradford (1ml Bradford, 5ul of sample, at
595nm). At least 40ug protein with 6X Loading buffer were loaded in 10% SDS
PAGE and the gel was let to run very slowly in running buffer at 10mA and the
blot was transferred to the membrane at 100mA over night (16h) at 4°C. The
membrane was washed with TBS-T and blocked with 5%BSA in TBS-T,
followed the incubation of primary antibody at 4°C over night and on next day
the membrane was incubated in secondary antibodies with HRP in 5% milk

TBS-T. After washing the blot was developed with the developing agents ECL.
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Please find at the table the Western Blot antibodies and their isotypes:

+Na
: : Clone I .
Antibody Firma Dilution kDa Acid Isotypes
number
(5%)

Cell Signalling 1:500 in 5% _

EGFR D38B1 175 1:250 Rabbit
4267 BSA TBS-T

Cell Signalling 1:1000 in 5% _

HER2 D8F12 185 1:250 Rabbit
4290 BSA TBS-T

Cell Signalling 1:1000 in 5% _

HER3 D22C5 185 1:250 Rabbit
12708 BSA TBS-T

Cell Signalling 1:1000 in 5% _

Hsp90 90 1:250 Rabbit
4894 BSA TBS-T
_ _ 1:5000 in 5%

Tubulin Sigma T9026 55 1:250 Mouse
BSA TBS-T

_ _ 1:1000 in 5% _

Actin Sigma A2066 42 1:250 Rabbit
BSA TBS-T

4.2.6 Invitro culture

4.2.6.1 Cryptisolation

The collected mouse small intestine was cut longitudinally and cleaned and
scraped from the villi using a scissor. After washing with PBS it was cut in to
small 2-4mm pieces and transferred to a 50ml tube. 25ml ice-cold PBS was
added and pipetted up and down a few time with 10ml pipette, removed the
supernatant after settling down and added ice-cold PBSO. This was repeated
until the supernatant is almost clear. After adding 25ml 2mM EDTA they were
incubated for 30min on a roller in icebox. After the incubation they were
centrifuged at 800 rpm for 5min at 4°C and removed the supernatant. 10ml
PBSO with 10%FBS (FBS is only for the in vitro cultivation, not for protein
isolation) was added and pipetted up and down 3 times with 10ml pipette. The

supernatant was collected passing the 70um strainer and it was repeated 3
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times using new strainers. The crypts were collected by centrifuging at 800rpm

for 5min.

4.2.6.2 Organoid culture

After the isolating crypts, they were resuspended with 10ml cold basal culture
medium. 20ul of the suspension was placed in an empty 24 well plate to count
the crypt numbers. 100-1000 crypts were needed for 1 well and 1 ml at 4°C
thawed Matrigel was used for 20 wells, which means 1 well was filled with 50pl
Matrigel. Desired number of crypts were spinned at 800rpm for 5min and mixed
with Matrigel using a pre-cooled 1000ul pipet tip. 50l of resuspended Matrigel
was applied without bubbles into the center of a well from a pre-warmed 24-well
plate. After incubation 1-2min at RT the 24 well plate was transferred to a 37°C
incubator for 5min and subsequently 500ul growth medium was added to each
well. The crypt culture was incubated at 37°C and the growth medium was
changed every 2-3 days. After 7-10 days the organoids have grown so dense
that they need be passaged.

4.2.6.3 Paraffin embedding of organoids
Organoids were washed with PBS and fixed in Matrigel for 4h with 10% neutral
buffered formalin. Matrigel was resuspended in PBS using mechanical
disruption of pipetting. They were centrifuged at 311g for 5min. The lower third
of the 1.5 ml conical tubes was cut using a hot scissors and organoids pellet
was mixed with 1% hot agarose. The agarose/organoid slurry was immediately
added to the cut 1.5 ml tubes and finally agarose plugs were fixed in 10% neutral
buffered formalin overnight at 4°C and embedded in paraffin blocks. The EGFR

expression on organoid-sections can be checked with an IHC staining
Supplemantary Figure2.
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Supplementary figure 2: The microscopic image of EGFR IHC of paraffin embedded
control organoids with 4x, 20x and 60x Magnifications. Blue=Hematoxylin;
brown=EGFR

4.2.7 Tamoxifen preparation

For 20X TX was weighed 0.7g of tamoxifen stock and filled into a 50ml Falcon,
added 3.5ml of 100% pure EtOH and filled up to 35 ml with sun flower seed oil.
The Falcon was put in a beaker, which was filled with ice. The Falcon (inside
the beaker) was put under the sonication for 20min full power. Meanwhile liquid
nitrogen and Eppendorf tubes were prepared. After sonication immediately
(2ml) aliquots of the 20X tamoxifen were froze it in the liquid nitrogen and stored
at -20°C.
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5 List of Abbreviations

ADAM: A disintegrin and metalloprotease domain

APC: Adenomatosis polyposis coli

AR: Amphiregulin

Bmil: Bone morphogenic protein inhibitor

BrdU: Bromodeoxyuridine

BTC: Betacellulin

CBCc: Crypt base columnar cells

DCAMKL-1: Double cortin calcium / calmodulin kinase-like 1
EGF: Epidermal growth factor

EGFR: Epidermal growth factor receptor

EPR: Epiregulin

EtOH: Ethanol

FBS: Fetal Bovine Serum

HB-EGF: Heparin binding EGF like growth factor

Hsp90: Heat shock protein 90

IEC: Intestinal epithelial cells

IF: Immunofluorescence

IHC: Immunohistochemistry

ISC: Intestinal stem cell

LGR5: Leucine-rich-repeat-containing G-protein-coupled receptor 5
Lrigl: Leucine rich repeats and immunoglobin like domain 1
LRP: Lipoprotein receptor-related protein

MEFs: Mouse embryonic fibroblasts
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NRG: Neuregulin

PAS: Periodic Acid Schiff

PBS: Phosphate buffered saline

PBSO: Phosphate buffered saline without calcium and magnesium
PFA: Paraformaldehyde

RT: Room temperature

Tcf4: T-cell factor 4

TGF: Transforming growth factor

TX: Tamoxifen
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immunohistochemistry, microscope analysis (fluorescence-, light and confocal
microscope), western blot, cell culture using primary cells, working with mice

(mouse handling and breeding experience)
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Supervisor: Univ. Prof. Dr. Maria Sibilia (maria.sibilia@meduniwien.ac.at)

05/2013-06/2013 Internship, Medical University of Vienna
Institute of Cancer Research
Project: Spontaneous mutations in yeast
Techniques: working with yeast, pouring plates, PCR, cloning cultures, plating

Supervisor:A.o. Univ. Prof. Dr. Erich Heidenreich

(erich.heidenreich@meduniwien.ac.at)

04/2013 Internship, Medical University of Vienna
Institute of Cancer Research
Project: Telomere maintenance mechanism

Techniques: cell culture (human tumor cell lines), passaging cells,
transfection of cells, restriction fragment analysis of plasmid DNA, microscopy,
MTT assay, gRT-PCR

Supervisor: A.o. Univ. Prof. Dr. Klaus Holzmann

(klaus.holzmann@meduniwien.ac.at)

09/2011-10/2011 Bachelor Thesis, University of Vienna
Project: The influence of non coding RNA” DicF” on the translation of “miaA”

Techniques: working with E.coli, cloning plasmids, PCR, gel electrophoresis,
SDS PAGE

Supervisor: Armin Resch (armin.resch@univie.ac.at)

Personal skills:
Computer skills: Office software, Photoshop, Flow-Jo, Clone Manager
Social skills: 1 like to work with people and | am very good at teamwork. After so

many years as a trainer | know how to work within a group and how to manage
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and motivate them. That is why | am self-confidence to present something in

front of people. | am a very organized person.

Personal interests: Dancing, Jogging, Cooking, Self-Defense & Martial Art

Sport, Travelling, Acting, Making Movies, Singing, Literature and especially
Poetry

Job experience:

2011-2012 — Aerobic trainer in sport centers ,John Harris®, ,Cumberland® ,Club

Danube®, ,Selfness Fitness®

2010-2012 — Self-defense trainer for students
2006 — 2007: In Sport club; as assistant trainer
Studentship:

Monthly support for my study is afforded from my alumni high school St. Georg
College.

Awards:

2013 | helped with the microbiology part of a project for Moscow Biennale
2008 First place at Iron Lens film let competition (in NO)

2007 Two short-stories of mine were published in a Turkish literature book.
2007 Silver medal at karate competition (in Bursa/in turkey)

2006 Bronze medal at karate competition (in Istanbul/in turkey)

2006 First place at poem-competition (in high school)

2004 Second place for a physics project competition

2002 A short story of mine was published in school journal
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