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1 Introduction

1.1 Definition of cancer

Cancer can be defined as a disease “in which abnormal cells divide without control and are
able to invade other tissues” (National Cancer Institute, 07.03.2014). Although this seems to
be a simple definition, there are more than 100 different types of this disease. Cancer is usually
grouped into categories, based on the organ or cell type they originate from. Carcinomas
(from the greek word karkinos — growth) develop from cells lining inner or outer surfaces of
the body. Sarcoma (from the greek word sarx for flesh) begins in cells originating from the
mesenchyme, like muscle, bones or fat tissue. Another type is called leukemia, a group of
cancers that develop in the bone marrow which can cause high numbers of abnormal blood
cells. Both lymphoma and myeloma describe cancers that arise from cells of the immune
system. The last group harbors central nervous system cancers, which originate from the

tissues of brain or spinal cord (National-Cancer-Institute 2014).

1.2 Epidemiology

1.2.1 Cancer epidemiology

The World Health Organization (WHO) reports, that in 2012 32.6 million people were living
with cancer and that 8.2 million died because of cancer which makes it one of the leading
causes of death worldwide. Figure 1 shows incidence and mortality rates of men/women
clustered into regions. In developed countries, incidence rates are much higher compared to
less developed countries, but there is less regional variation of the mortality rates. The cancer
incidence rate is about 25% higher in males than females, although these rates can vary more
than five-fold in different regions. The most prominent driver of higher incidence rates in

males is prostate cancer (WHO, 2014).
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Figure 1: Global cancer incidence and mortality rates. Estimated age-standardized rates per

100000 (Globocan 2012).

Lung cancer is the leading cause of death for men, followed by liver, stomach and colorectal
cancer (CRC) whereas for women it is breast, lung, colorectal and cervix cancer (WHO,

Globocan 2012).



1.2.2 Epidemiology of Colorectal Cancer

CRC is the second most common cancer in women and the third in men. In 2012, there were
more than 1.3 million cases of CRC. The highest incidence rates were observed in
Australia/New Zealand, Europe and Northern America. Rates were lowest in Africa and South-
Central Asia (figure 2). More than 690.000 people died because of CRCin 2012, accounting for
8.5% of all cancer deaths (WHO, Globocan 2012).

Colorectum: both sexes, all ages

45

40

ASR (W) per 100,000

M Incidence
H Martality GLOBOCAN 2012 (IARC) (22.10.2014)

Figure 2: Regional distribution of mortality and incidence rates of colorectal cancer cases

(Globocan 2012).

1.3 Tumorigenesis of Colon Cancer

A normal cell can acquire cancerous attributes through a process called tumor progression.
This process usually takes place at many sites in the body but rarely develops into a clinically

detectible tumor. The drivers of tumor progression are random mutations and epigenetic



changes that affect genes regulating cell proliferation, survival or genetic stability to mention

just a few (Weinberg 2007).

Epidemiology studies have shown that age plays an important role in tumor progression. For
example, the risk of colon cancer in the USA is more than 1000 times larger for a 70 year old
man than for a 10 year old boy (Weinberg 2007). This fact was found for many other tumors
as well, which indicates that tumor progression is a multistep process that takes decades to
develop (Armitage and Doll 1954, Boland and Ricciardiello 1999, Hanahan and Weinberg
2011).

The link between multiple genetic alterations and the resulting phenotype is best documented
for colon cancer. Because this disease is relatively common in Western industrialized countries
and the colon epithelium is easily accessible via colonoscopy, tissue samples have been

collected from many different stages (Weinberg 2007).

In 1989, Vogelstein et al investigated the genomes of differently sized tumors originating from
the colon. They hypothesized, that tumor progression should lead to increased tumor size and
accumulation of mutations. Vogelstein et al. discovered that many early stage adenomas
showed a loss of heterozygosity (LOH) in the long arm of chromosome 5. About half of the
slightly larger tumors carried in addition a mutated K-Ras oncogene and even larger adenomas

also suffered from LOH on chromosomes 17 and 18 (Vogelstein, Fearon et al. 1989).

Soon after this remarkable discoveries, the genes lost due to LOH on chromosom 5 and 18

were identified as adenomatous poliposis coli (APC) and p53 tumor suppressor genes.

DNA
hypomethylation
activation loss of
f K- 18qTSG
loss of APC ° 1 ras ql loss of p53

normal l hyperplastic early—»intermediate » late l earcinama invasion &

epithelium epithelium adenomas metastasis
Figure 3: Colon carcinoma progression and involved tumor suppressors/oncogenes (Weinberg
2007).

Figure 3 depicts a possible route of tumor progression from normal to cancer cells capable of

sustained growth and metastasis. About 90% of all colon carcinomas suffer from loss of APC,



which seems to be an early step in this process. However, only 40 to 50% develop an activating
mutation of K-Ras and 50 to 70% acquire a LOH of p53 which indicates that after loss of APC,
cancer cells are not restricted on a specific genetic path to evolve towards fully malignant

tumors (Weinberg 2007).

1.4 Hallmarks of Cancer

In order to create an organizing principle to explain the complexities of neoplastic disease,
Hanahan and Weinberg defined 6 hallmarks, 2 emerging hallmarks and 2 enabling

characteristics of cancer which contribute to tumorigenesis (figure 4).

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion

angiogenesis and metastasis

Enabling replicative
immortality

Figure 4: The 6 Hallmarks of cancer (Hanahan and Weinberg 2011).

1.4.1 Permanent Proliferation

Cell number homeostasis is crucial to retain normal tissue architecture and function. One of
the most prominent characteristics of cancer cells is their ability of chronic proliferation. There
are many alternative ways to ensure permanent cell division (Hanahan and Weinberg 2011).
Cancer cells can produce ligands for their growth factor receptors either themselves or
stimulate tumor-associated stroma to supply them with growth factors (Bhowmick, Neilson et
al. 2004, Cheng, Chytil et al. 2008). Moreover, elevation of receptor protein levels can increase
the sensitivity of a cell towards growth factors, which has been shown for fibroblast growth
factor receptors (FGFRs). Alternatively, mutations in growth factor receptors can lead to

permanent activation (Kunii, Davis et al. 2008, Haugsten, Wiedlocha et al. 2010). Growth



factor receptor dependent signaling can also be activated by mutations of downstream
signaling proteins like Ras, Raf and phosphoinositide 3-kinase (PI3-kinase) (Shaw and Cantley

2006, Jiang and Liu 2009, Davies and Samuels 2010).

1.4.2 Evading Growth Suppressors

For a cancer cell, being able to evade growth suppressors is also important. Many mediators
that negatively regulate cell growth and proliferation are encoded by tumor suppressor genes.
Two prominent examples are the retinoblastoma-associated (RB) and p53 proteins which are
mutated or missing in many cancers. In response to extracellular signals, RB protein can arrest
or drive cell cycle. In contrast, p53 integrates intracellular signals and can trigger cell cycle
arrest or under extreme situations apoptosis. Contact inhibition is another important way to

trigger growth suppression (Hanahan and Weinberg 2011).

1.4.3 Resisting Apoptosis

Another crucial point in tumorigenesis is the feature to resist programmed cell death or
apoptosis. Apoptosis can be triggered by 2 main pathways, extrinsically when so-called death
receptors are activated by their ligands or intrinsically induced by intracellular stress. The
latter is regulated by proteins of the anti-apoptotic basal cell lymphoma-2 (Bcl-2) family and
pro-apoptotic Bcl-2 binding proteins (for examples Bax, Bak). Activation of either one of the 2
main pathways results in activation of caspases and ultimately to cell death (Adams and Cory
2007). One way to circumvent programmed cell death is the loss of the damage sensor and
tumor suppressor p53. The same outcome could be achieved by overexpression of anti-
apoptotic factors (e.g. members of the Bcl-2 family) or survival signals, for example due to
FGFR signaling. Alternatively, apoptosis can be avoided by down regulation of proapoptotic
factors (Bax, Bak) or by interruption of the ligand dependent death receptor pathway
(Weinberg 2007, Heinzle, Sutterluty et al. 2011). In contrast, autophagy enables cells to
survive starvation and stress by removal of damaged proteins and organelles. This means, that
although this mechanism has tumor suppressor properties, it can potentially enable cancer
cells to survive extreme situations like starvation or drug treatment in a dormancy like state

(White and DiPaola 2009).



1.4.4 |Immortalization

The end of chromosomes consists of tandem repeats that protect them from end-to-end
joining. Upon cell division, these repeats or telomeres are shortened. This shortening is viewed
as a “molecular clock”, loss of the protective telomeres drives cells into either senescence —
viable but non-proliferating - or crisis/apoptosis and ensures tissue homeostasis and function.
Because cancer cells usually show high proliferation rates, they have to achieve replicative
immortality in order to propagate. About 90% of all tumor cells show telomerase activity, the
rest of them are enabled to divide infinite number of times by a mechanism called alternative
lengthening of telomeres (ALT). It has been proposed, that the majority of cancer cells suffer
from genomic instability due to shortened telomeres which also increase their mutational

potential before rescued by induced telomerase activity (Blasco 2005).

1.4.5 Neo-Angiogenesis

The nourishment of tumors as well as the cleansing away of carbon dioxide and other
metabolic products is ensured by blood vessels. In normal tissue, sprouting of new vessels
from existing ones is a rare process and is only transiently activated for processes like wound
healing or female reproductive cycling (Klagsbrun and D'Amore 1991). In tumorigenesis,
cancer cells influence surrounding tissues in various ways, resulting in neo-angiogenesis and
thereby ensuring tumor growth and progression (Hanahan and Folkman 1996). Recent studies
have demonstrated, that angiogenesis can be regulated through cell surface receptors and
their ligands, for example vascular endothelial growth factor receptor (VEGFR) signaling of
vascular endothelial cells (Weinberg 2007). Besides VEGFR, FGF signaling via FGFRs seems to
play an additional important role in angiogenesis. FGFs can activate essential angiogenesis
pathways in endothelial cells and FGFR inhibitors are tested as anti-angiogenic drugs (Heinzle,

Sutterluty et al. 2011).

1.4.6 Invasion and Metastasis

Cell-to-cell and cell-to-extracellular matrix (ECM) contacts play an important role in tissue
architecture and function. E-cadherin is a prominent example for a cell-to-cell adhesion
molecule. Overexpression of E-cadherin is known to suppress invasion and metastasis,
reduced expression favors these phenotypes (Berx and van Roy 2009). In addition to E-
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cadherin, other adhesion and contact molecules showed altered expression in many invasive
tumors. N-cadherin, for example, is usually expressed early stages of development in
migrating cells like neurons or mesenchymal cells, but also up regulated in many aggressive
cancer cells (Cavallaro and Christofori 2004). Epithelial-mesenchymal transition (EMT) refers
to a regulatory program of cells which makes them capable of increased motility, invading
surrounding tissue and resisting programmed cell death. By acquiring EMT, cancer cells are
enabled to invade and metastasize (Polyak and Weinberg 2009). Various studies observed
EMT related migration of cancer cells stimulated with FGF. FGFR1 signaling can lead to an
invasive phenotype in mouse epithelial cells and the single nucleotide polymorphism (SNP)
variant FGFR4-Arg can stimulate cell migration (Heinzle, Sutterluty et al. 2011). Beside
alterations of cancer cells themselves, crosstalk and composition of the surrounding tumor
stroma seems to be an important factor for invasiveness and tumor progression (Weinberg

2007).

1.4.7 Enabling Characteristic - Muations and Genome Instability

Besides the 6 Hallmarks, Hanahan and Weinberg also describe 2 emerging Hallmarks and 2

enabling characteristics, which all contribute to tumorigenesis (figure 5)

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 5: Emerging Hallmarks and Enabling Characteristics of Cancer (Hanahan and

Weinberg 2011).

Acquiring hallmarks described above depends almost always on alterations of cancer cell

genomes, allowing selection of neoplastic cells that can outgrow their environment.
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Epigenetic changes are one possibility to change the genome and its stability. Back in 1983,
Feinberg and Vogelstein compared normal and tumor tissue and found low level of CpG
methylation for the latter (Feinberg and Vogelstein 1983). Recent studies strongly indicate,
that a combination of both hypomethylation of oncogenes like Wnt and hypermethylation of
tumor suppressors, for example APC plays an important role in multi-step tumorigenesis
(Hammoud, Cairns et al. 2013). Besides epigenetic changes, defects in the DNA maintenance
machinery can lead to undetected or unrepaired DNA damage as well as to increased
sensitivity towards mutagenic agents. Moreover, karyotype and chromosomal deletions are
often observed in different tumors and as a consequence of shortened telomeres in early

tumor stages (see 1.4.4 Immortalization) (Weinberg 2007).

1.4.8 Enabling Characteristic - Inflammation

The vast majority of solid tumors are surrounded by a large variety of immune cells. There are
contradictory reports whether this reflects an anti-tumor reaction of the immune system or is
a result of subversive stimulation of the tumor. However, recent studies strongly indicate that
the resulting inflammation supplies the tumor microenvironment with growth, survival, pro-
angiogenic factors as well as matrix modifying enzymes and signals that can initiate EMT

(Grivennikov and Karin 2010).

1.4.9 Emerging Hallmark - Altered Energy Metabolism

High proliferation rates together with hypoxia and other factors affect the energy metabolism
of cancer cells. In the presence of oxygen, cancer cells can reprogram their metabolic functions
to so-called aerobic glycolysis. This metabolic program is characterized by a ~18-fold lower
efficiency of adenosine triphosphate (ATP) production compared to mitochondrial ATP
synthesis. Tumors benefit from various glycolysis intermediates, allowing them to synthesis
large amounts of nucleosides and amino acids and thereby enable high proliferation rates

(Weinberg 2007).

1.4.10 Emerging Hallmark - Evading the Immune System

The immune system plays an important role in antagonizing tumor formation. Higher cancer

incident rates for viral-associated forms of cancer in immune compromised persons reflect
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the obvious anti-viral role of the immune system (Weinberg 2007). Besides, experiments with
engineered mice showed, that animals with deficiencies in CD8* cytotoxic t-lymphocytes, CD4*
T cells or natural killer cells showed elevated tumor incidence when treated with carcinogens
(Kim, Emi et al. 2007, Teng, Swann et al. 2008). An increasing body of evidence suggests
various interactions between cancer cells and the immune system. Function of immune-cells
can be impaired by immunosuppressive factors, either secreted by the tumor or cells of the

inflammatory stroma (Weinberg 2007).
1.5 Receptor Tyrosine Kinases
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Figure 6: RTK subfamilies. Only 1 or 2 members of each subfamily are shown. The kinase

domains of some of the RTKs are split (Alberts 2008).

There are 58 genes encoding receptor tyrosine kinases (RTKs) which can be assigned to 20
structural families (figure 6). They consist of an extracellular, a transmembrane and an
intracellular domain. Upon ligand binding to the extracellular domain, two RTKs dimerize,
bringing the kinase domains in close proximity. Next, adjacent kinase domains phosphorylate
each other on various tyrosines, a mechanism referred to as transautophosphorylation.
Phosphorylated tyrosines can act as binding sites for many different signaling proteins. After
binding, those signal molecules are activated either by phosphorylation or via induced
conformational changes. In many cases, binding to the phosphorylation scaffold and close

proximity to the protein next in the signaling cascade is sufficient for downstream signaling.
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RTKs and its signaling through ligands can activate numerous downstream signaling pathways,
regulating important functions including cell survival, proliferation and migration (Alberts

2008).

1.6 Fibroblast Growth Factor Receptors

1.6.1 Structure

Important members of the RTK family are the FGFRs, regulating cellular functions like
embryogenesis, cell survival, proliferation and neoangeogenesis. There are four FGFR genes
consisting of up to 20 exons and encoding FGFR1-4. The resulting proteins are composed of
an extracellular FGF binding, a single-pass transmembrane and an intracellular kinase domain

(figure 7).

The extracellular domain of a typical FGFR consists of three immunoglobulin (Ig)-like loops (Igl,
Igll and Iglll). The linker between Igl and Igll comprises a 4-8 amino acids long stretch and is
referred to as acidic box (AB). Igl and linker containing the AB have auto-inhibitory functions
but do not contribute to FGF binding (Olsen, lbrahimi et al. 2004). Instead, FGFs can bind to a
pocket formed by Igll and Iglll whereby this complex is stabilized by heparin. Diversity of FGFR
is achieved by varying ligand specificity but also by alternative splicing. One example is splicing
of Iglll to Iglllb or Igllic isoforms of FGFR1-3, which happens in a tissue specific manner. lllb is
predominantly expressed in epithelial tissues, whereas llic is usually found in mesenchymal

tissues (Beenken and Mohammadi 2009, Turner and Grose 2010).

Autoinhibition Ligand binding
N C
D D2 D3
== Acid box Heparin binding site == ||Ib or lllc == Kinase domain

Figure 7: Structure of FGFRs. D2 (Igll) and D3 (Iglll) bind specific FGFs which leads to
dimerization and autophosphorylation. For FGFR1-3, the lower part of D3 (green) is spliced to
either FGFRIlIb or llic, which affects ligand specificity (Beenken and Mohammadi 2009).
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1.6.2 Interaction between FGFR and FGF

There are 18 FGFs that contribute to FGFR signaling. They can be distributed to two different
subgroups: hormone like FGFs (FGF 19, FGF21 and FGF23) and canonical FGFs. The latter can
further be divided into five different groups: FGF1- (FGF1, FGF2), FGF4- (FGF4, FGF5, FGF6),
FGF7- (FGF3, FGF7, FGF10, FGF22), FGF8- (FGF8, FGF17, FGF18) and FGF9-group (FGF9, FGF16,
FGF20). All FGFs with the exception of FGF group 1 are secreted, the latter is only released

upon cell death. For a detailed list of FGFs and their receptor affinities see table 1.

Receptor Ligands

FGFR1-1l1b FGF1, FGF2, FGF3, FGF10, FGF22

FGFR1-llic FGF1, FGF2, FGF4, FGF5, FGF6, FGF8, FGF9, FGF16, FGF17, FGF18, FGF20,
FGF21, FGF23

FGFR2-111b FGF1, FGF3, FGF7, FGF10, FGF22

FGFR2-llic FGF1, FGF2, FGF4, FGF5, FGF6, FGF8, FGF9, FGF16, FGF17, FGF18, FGF20,
FGF21, FGF23

FGFR3-111b FGF1, FGF9, FGF16

FGFR3-llic FGF1, FGF2, FGF4, FGF5, FGF6, FGF8, FGF9, FGF16, FGF17, FGF18, FGF20,
FGF21

FGFR4 FGF1, FGF2, FGF4, FGF5, FGF6, FGF8, FGF9, FGF16, FGF17, FGF18, FGF19,
FGF20, FGF21, FGF23

Table 1: FGFs and their receptors (Heinzle, Sutterluty et al. 2011).

After canonical FGFs are secreted or released from decaying cells, they are stored in the ECM
based on their affinity for heparansulfateproteoglycanes (HSPG), an abundant molecule in this
microenvironment. Upon proteolytic cleavage or action of FGF binding proteins, FGFs are
released and able to activate FGFR signaling by binding to a specific receptor (Heinzle,
Sutterluty et al. 2011). Although FGFs show high affinity for FGFRs, HSPG and its analogue
heparin can increase this affinity by more than 10-fold (Ibrahimi, Zhang et al. 2004). Thereby,
heparin is obligatory for FGF mediated signaling by binding to both FGF and FGFR, forming a
ternary complex. Two of those complexes are able to dimerize, bringing the intracellular
kinase domains in close proximity leading to conformational changes, transphosphorylation

and downstream signaling (Schlessinger, Plotnikov et al. 2000).
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1.6.3 FGFR downstream signaling

After dimerization and phosphorylation, tyrosine residues of the kinase domains function as
binding sites for adaptor proteins. Those adaptor or scaffold proteins can be phosphorylated
by the activated FGFR, resulting in the activation of various downstream signaling pathways
(figure 8). FGFR substrate 2 (FRS2) is one of the main adaptors, binding almost exclusively to
FGFR. It binds to FGFR close to the membrane via its phosphotyrosine binding (PTB) domain
and upon activation recruits Src homology 2 (SH2) domain of growth factor receptor bound 2
(GRB2) which in turn binds son of sevenless (SOS). The latter activates Ras and its downstream
pathways, including mitogen-activated protein kinase (MAPK) and PI3K/Akt pathway.
Recruitment of GAB1 by GRB2 via Src homology 3 (SH3) domain leads to Ras-independent PI3K
activation (Knights and Cook 2010, Turner and Grose 2010).

Another main substrate for FGFR is phospholipase Cy (PLCy) which binds close to the carboxyl
terminus via its SH2 domain. When phosphorylated, PLCy activates protein kinase C (PKC)
which in turn elevates MAPK pathway signaling by phosphorylating Raf (Turner and Grose
2010).

Moreover, experiments using cells overexpressing FGFRs 1, 3 and 4 showed activation of the
signal transducers activators of transcription (STAT) downstream of the receptor (Heinzle,

Sutterluty et al. 2011).

Activation of MAPK and PI3K pathways promote cell survival and cell cycle progression. In the
MAPK pathway, ERK1/2 can cause degradation of pro-death protein B-cell lymphoma 2
interacting mediator of cell death (BIM) (Ley, Balmanno et al. 2003) whilst protein kinase B
(PKB) of the PI3K pathway can decrease intracellular levels of pro-apoptotic protein Bcl-2-
associated death promoter (BAD) (Datta, Dudek et al. 1997). In addition, both pathways can
also activate pro-survival pathways by elevating protein levels of basal cell ymphoma-extra-

large (Bcl-x.) and myeloid cell leukaemia-1 (MCL-1) (Balmanno and Cook 2009).
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Figure 8: FGFR downstream signaling (Knights and Cook 2010).

1.6.4 Termination of FGFR signaling

In healthy cells, activation of FGFRs and their downstream targets goes hand in hand with
initiation of negative feedback loops and mechanisms to regulate duration and intensity of
the signal. One of the most important negative regulators of FGF signaling are Sprouty (Spry)
proteins. They are expressed in response to FGF signaling, although the exact inhibitory
mechanism remains unclear (Heinzle, Sutterluty et al. 2011). Other regulators are MAPK
phosphatases or proteins of the Sef family, both inhibiting ERK phosphorylation (Turner and
Grose 2010). Autoinhibition is another way to prevent uncontrolled FGF signaling. A

compelling body of evidence suggests, that the alternatively spliced Igl together with the AB
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domain electrostatically engages the heparin binding site on Igll and thereby inhibiting FGF
binding (Kalinina, Dutta et al. 2012). Overexpression of co-receptor of FGFR — klotho- —seems
to be another strategy to inhibit FGFR signaling, as previously shown for FGFR4 (Poh, Wong et
al. 2012). Similar to other RTKs, FGFRs and their signaling can be attenuated by receptor

internalization and subsequent degradation (Heinzle, Sutterluty et al. 2011).

1.6.5 Deregulation of FGFR-signaling in cancer

Deregulated FGFR signaling can communicate a powerful combination of increased
proliferation, survival, migration and neoangiogenesis, which all contribute to the Hallmarks
of cancer. Therefore, it is not surprising that FGF signaling plays an important role in

tumorigenesis once its regulatory mechanisms fail (Heinzle, Sutterluty et al. 2011).

Amplification of FGFR genes, as most commonly observed for FGFR 1-2, leads to increased
sensitivity towards their ligands and finally to stimulation of cell growth (Heinzle, Sutterluty et
al. 2011). Alternatively, FGFR gene translocation under the control of strong promoters result
in FGFR overexpression and thereby deregulation of FGF signaling (Avet-Loiseau, Facon et al.

1999).

SNPs are able to alter FGFR activity and/or function impacting on cancer risk and
aggressiveness. So far, the best studied SNP for FGFRs results in a glycine to arginine
substitution at position 388 of the transmembrane domain of FGFR4 (Haugsten, Wiedlocha et
al. 2010). The FGFR4-Arg isoform is related to increased migratory behavior and more
aggressive tumors as observed, for example, for tumors of breast, prostate and colon (Bange,
Prechtl et al. 2002, Wang, Stockton et al. 2004, Spinola, Leoni et al. 2005, Heinzle, Gsur et al.
2012).

Splicing of FGFR1-3 happens in a tissue specific manner, as described above. In cancer cells,
switching of lllb to llic enables a cell to be stimulated by factors intended to activate the
mesenchyme, contributing to tumorigenesis (Yan, Fukabori et al. 1993, Carstens, Eaton et al.
1997). FGFR2llIb variants are characterized by anti-tumorigenic attributes, which is converted
to pro-tumorigenic by switching to lllc (Ricol, Cappellen et al. 1999). Experiments with CRC
cells showed, that Inhibition of FGFRIllc decreased growth as well as survival and blocked

migration (Sonvilla, Allerstorfer et al. 2010).
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Enhanced autocrine stimulation by FGFs is a common characteristic of malignancies.
Overexpression of FGF2, for example, has been observed in breast or lung cancer (Berger,
Setinek et al. 1999, Smith, Fox et al. 1999). Besides, there are reports about autocrine loops
fueled by FGF5 in lung, esophagus, prostate and colon cancers (Hanada, Perry-Lalley et al.
2001). The latter is also commonly influenced by overexpression of FGF18 stimulating
FGFR3Illc (Sonvilla, Allerstorfer et al. 2010) and FGF19 mediated FGFR4 activity (Desnoyers,
Pai et al. 2008).

Deregulation of signal termination is another effective way to alter FGF signaling. Decreased
Spry expression is linked to tumorigenesis and has been observed for many tumors, for
example lung (Sutterluty, Mayer et al. 2007), prostate (Kwabi-Addo, Wang et al. 2004), breast
(Lo, Yusoff et al. 2004) and liver cancer (Fong, Chua et al. 2006). In addition, disruption of
ubiquitinating proteins like c-Cbl or mutated ubiquitination sites on FGFRs can cause
prolonged FGF signaling or recycling of the receptor instead of degradation (Cho, Guo et al.

2004).

1.7 Fibroblast Growth Factor Receptor 4

So far, FGFR4 is the least studied FGFR. In contrast to FGFR1-3, there are no splicing variants
of Iglll that can effect ligand specificities as described above. Moreover, knockout of FGFR4
does not result in an embryonic lethal phenotype in mice. In addition, ICso values of small
inhibitors targeting FGFRs for FGFR4 are multiples of FGFR1-3, suggesting differences in its

kinase domains (Heinzle, Erdem et al. 2014).

1.7.1 Structure of FGFR4

The FGFR4 gene spans more than 11kb on chromosome 5qg. GeneBank lists two different full-
length entries of FGFR4 consisting of 762 and 802 amino acids. In the absence of alternative
splicing of the Ig-loop 1l FGF binding characteristics are very similar to those of 3llic receptors
(table 1) (Heinzle, Erdem et al. 2014). In addition to FGF1 and FGF2, FGFR4 ligands include
members of FGF4, FGF8 and hormonal FGF19 subfamilies (Zhang, Ibrahimi et al. 2006).
Alternative splicing of FGFR4 may result in soluble FGFR4 (sol4) variants that contribute to

negative regulation of FGFR4 signaling (Ezzat, Zheng et al. 2001), either by functioning as
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ligand traps, cause non-functional dimerization (Vorlova, Rocco et al. 2011) or auto-inhibition

(Kalinina, Dutta et al. 2012).

1.7.2 Physiological role of FGFR4

FGFR3 and FGFR4 are both the highest expressed FGFRs in mouse pre-implantation stage
(Rappolee, Patel et al. 1998). In addition, studies showed an increase in FGFR4 expression until
day E14-E15 before they begin to attenuate (Korhonen, Partanen et al. 1992). FGFR4
expression was observed during organogenesis in muscles, liver, the gut, pancreatic ducts,
lungs and kidney but not in the brain or the spinal cord (Stark, McMahon et al. 1991,
Korhonen, Partanen et al. 1992, Rappolee, Patel et al. 1998). Nonetheless, knockout of the
FGFR4 gene did not cause any developmental abnormalities, but induced changes in the

cholesterol metabolism of adult mice (Yu, Wang et al. 2000).

Recent studies suggest, that muscle cell differentiation and regeneration is mainly regulated
by FGFR1lllc as well as FGFR4 and stimulated via FGF6 (Armand, Laziz et al. 2006). In
regenerating muscles, FGF6 induces FGFR 1 down regulation while at the same time enhances

FGFR4 expression, leading to de-differentiation (Armand, Launay et al. 2003).

Another interesting feature of FGFR4 is its stimulation — all members of the hormone-like
subfamily (FGF19, FGF21 and FGF23) show high mitogenic activity for this receptor (Zhang,
Ibrahimi et al. 2006). The rather low activation potential of this subfamily is compensated by
co-receptors consisting of klotho proteins, which boost hormone-like FGF mediated signaling
(Heinzle, Erdem et al. 2014). Experiments with mice showed, that the interplay between
FGF19 and FGFR4 seems also essential for regulating the cholesterol metabolism (Yu, Wang et
al. 2000), filling of the gallbladder (Choi, Moschetta et al. 2006) and tissue homeostasis in the
liver (Yu, Wang et al. 2002).

1.7.3 FGFR4 and cancer

Mutated FGFR4 is a potential candidate oncogene. Alterations in this gene have been
observed in embryonic rhabdomyosarcomas (RMS) which correlated with more aggressive
tumors (Taylor, Cheuk et al. 2009, Shukla, Ameur et al. 2012). The underlying mechanism was
traced back to activating mutations in the kinase domains of FGFR4, strongly inducing
downstream STAT3, while attenuating ERK and Akt signaling (Taylor, Cheuk et al. 2009). In
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addition, mutations in the extracellular or transmembrane domain can result in altered FGFR4
signaling, for example ligand-independent dimerization through disulfide bonds (Roidl, Foo et

al. 2010, Heinzle, Erdem et al. 2014).

Similar to FGFR1-3, upregulation of FGFR4 or its ligands seems to play an important role in
multiple tumor types, for example liver, RMS, breast, prostate, thyroid, and colon cancer. The
interplay between FGFR4 and FGF19 is best characterized in tumors of the liver as well as the
colon (Heinzle, Erdem et al. 2014). In vitro studies with colon cancer cells showed, that

inhibition of FGFR4 resulted in reduced proliferation and migration (Heinzle, Gsur et al. 2012).

1.7.4 SNP of FGFR4 at position G388R

The discovery of the SNP at position G388R in the transmembrane domain of FGFR4 (figure 9)
by Axel Ulrich and his group moved FGFR4 into the focus of interest. Glycine at position 388
was found in the majority (about 60%) of the population, the wild-type FGFR4 is referred to
as FGFR4-Gly. About 30% of the population are heterozygous for the Gly/Arg allele, while
approximately 10% are FGFR4-Arg homozygous (Bange, Prechtl et al. 2002).

Similar mutations on other RTKs are correlated with increased kinase activities or prolonged
signaling due to slowed receptor internalization. The role of FGFR4-Arg seems to be more
subtle. This is reflected by many contradictory reports about the role of FGFR4-Arg in various
tumors. Some studies found evidence for increased aggressiveness and tumor progression for
patients hetero- or homozygous for FGFR4-Arg, others failed to detect any impact. In vitro
studies with cell lines derived from breast, prostate and colon cancer showed increased
migration and invasion when overexpressing FGFR4-Arg (Heinzle, Erdem et al. 2014).
Expression of FGFR4-Gly in FGFR-Arg expressing colon cancer cells attenuated migration

(Heinzle, Gsur et al. 2012).
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Figure 9: SNP of FGFR4 at position 388 of the transmembrane domain (Heinzle, Erdem et al.
2014).

The mechanism behind FGFR4-Arg and its correlation with increased motility is unclear. It
seems possible, that the altered amino acid in the transmembrane domain results in a more
stable receptor with prolonged signaling or an increased kinase domain activity (Wang,
Stockton et al. 2004, Wang, Yu et al. 2008). Sugiyama et al showed, that FGFR4-Arg reduced
lysosomal degradation of membrane type 1 matrix metalloproteinase (MT1-MMP) thereby
stabilizing this metastasis enhancing protein. In addition, prolonged MT1-MMP activity
increased FGFR4-Arg auto-phosphorylation. In contrast, FGFR4-Gly and MT1-MMP had
inhibitory effects on each other (Sugiyama, Varjosalo et al. 2010). Besides these pro-
metastatic effects, there are also various reports about a tumor suppressive function of
FGFR4-Arg in certain tumor types. This could indicate diverging roles of FGFR4 in different
tissues and should be considered when targeting this receptor for cancer therapy (Heinzle,

Erdem et al. 2014).
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1.7.5 Blocking strategies for FGFR4

So far, there are only few studies targeting the FGFR4 for cancer therapy. This might be
explained by the rather small subgroup of patients affected by mutations or amplifications of
FGFR4 compared to other receptors. In addition, underlying mechanisms of FGFR4 and all the
consequences of its signaling are not fully understood yet. The low sequence homology to the
other three FGFRs seems to affect the efficiency of developed small molecule tyrosine kinase
inhibitors (TKI). Although no FGFR TKI are approved for cancer therapy so far, several drugs
targeting VEGFRs or platelet-derived growth factor receptors (PDGFRs) show inhibitory effects
on FGFRs (Heinzle, Erdem et al. 2014).

The TKI PD173074 has recently been used to successfully inhibit FGFR1 (Nguyen, Tsunematsu
et al. 2013), FGFR2 as well as FGFR3 (Beenken and Mohammadi 2009). PD173074 is also used
to inhibit FGFR4, although the inhibitory potential for FGFR4 is weaker compared to FGFR1-3.
Therefore, effects caused by PD173074 in cells (over)-expressing (mutant) FGFR4 may not be
solely caused by FGFR4-blockade (Heinzle, Erdem et al. 2014).

Specific targeting of FGFR4 can be achieved by using anti-FGFR4 antibodies. French et al
investigated LD1, a FGFR4 monoclonal antibody, using in vitro studies as well as a
hepatocellular cancer (HCC) mouse model. They showed, that LD1 blocked FGF1 and FGF19
binding to FGFR4 which resulted in attenuated FGFR4 signaling, colony formation and
proliferation. Additionally, tumor growth in LD1 treated HCC mice was reduced compared to

control groups (French, Lin et al. 2012).

Expression of autoinhibitory fragments of FGFR4 or dominant negative FGFR4 (dn4) constructs
are alternative approaches to inhibit FGFR4 signaling and downstream functions. As described
above (Termination of FGFR signaling), a construct expressing Igl and AB is able to engage the
heparin binding site of FGFR and therefore inhibit FGF binding and signaling (Kalinina, Dutta
et al. 2012). Dominant negative (dn) FGFR constructs lack a functional kinase domain and
dimerization with a functional receptor will not result in autophosphorylation (Alberts 2008).
Mouse studies have shown, that dnFGFR constructs are able to attenuate tumor growth
(Turner and Grose 2010). Grasl-Kraupp and her group showed, that inhibition of FGFR4 by
expression of dn4 and sol4 constructs in HCC cells resulted in decreased clonogenicity and
anchorage-independent growth in vitro, as well as reduced tumor growth rates when injected
into Severe Combined Immuno-Deficient (SCID) mice in vivo (Gauglhofer, Paur et al. 2014).
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1.8 Ba/F3 model system

Targeting and inhibiting one specific FGFR is crucial for some experiments, but difficult to
achieve. TKI are not specific enough, especially when working with cells expressing
endogenous levels of FGFR4 as well as several other RTKs (Heinzle, Erdem et al. 2014). Even
highly specific dnFGFR constructs could form heterodimers and thereby falsify the results
(Turner and Grose 2010). Ba/F3 cells are perfectly suitable for inhibiting one receptor out of a
large subfamily of receptors due to their lack of endogenous RTKs. The response after
transfection with one specific receptor and treatment with an inhibitor can be directly
measured, without the interference of unrelated down-stream signaling (Warmuth, Kim et al.

2007).

Ba/F3 is an interleukin 3 (IL-3) dependent, murine bone marrow-derived cell line.
Identification of surface antigens and configuration of their Ig loci classifies them as early B-
cells of the lymphoblastoid lineage (Palacios and Steinmetz 1985). Although large numbers of
experiments failed to induce spontaneous IL-3 independency (Daley and Baltimore 1988),
there are numerous studies which observed transformed Ba/F3 cells after transfection with
RTKs (Daley and Baltimore 1988, Smedley, Demiroglu et al. 1999, Jiang, Paez et al. 2004, Jiang,
Greulich et al. 2005, Ceccon, Mologni et al. 2013). By identifying IL-3 independent cells, the
transforming potential of a transfected receptor can be easily tracked. This strategy was used
to demonstrate the oncogenic potential of the bcr/abl fusion protein (Daley and Baltimore
1988), the FGFR1/ZNF198 fusion protein (Smedley, Demiroglu et al. 1999), the FLT3 receptor
(Jiang, Paez et al. 2004) and mutated epidermal growth factor receptors (EGFRs) (Jiang,
Greulich et al. 2005).

Jiang et al observed, that IL-3 independent Ba/F3 cells expressing either mutated EGFR-G719R
or EGFR-L858R differed in their sensitivity to the TKI Gefitinib (Jiang, Greulich et al. 2005). A
similar strategy was used to find potential inhibitory drugs for fusion protein NPM-ALK, which
is responsible for up to 80% of all anaplastic large cell ymphomas (ALCL). Recently, Ba/F3 cells
expressing different mutated NPM-ALK proteins were used to identify potential drugs for ALCL

treatment (Ceccon, Mologni et al. 2013).
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2  Aim of the study

Previous results obtained in the group indicates that blocking of FGFR4 could help to improve
cancer therapy of patients with deregulated FGFR4 background. For blocking, genetic
strategies as well as small molecule compounds are available. However none of these are
highly specific. For dn genetic constructs co-inhibition with related receptors has been
discussed and chemicals are generally not specific (Heinzle, Erdem et al. 2014). Usually the
impact of a blocking strategy on a specific target is assessed by analyzing down-stream events.
For FGFR4 this is difficult, because most cells express several FGFRs and FGFR4 is the weakest
in terms of signaling. Using a model system that does not express any other FGFRs should help
to avoid interference of other receptors and permit the identification of FGFR4-specific

events.

Part one of this master thesis therefore aims to produce and characterize Ba/F3 cells stably
overexpressing FGFR4. To ensure, that these cell lines express the correct receptors, PCRs will
be performed. Sorting using FACS will allow us to work with cell lines which express their

respective receptors at same levels.

Then the cell lines will be used to test the inhibitory potential and toxicity of each blocking

strategy by

a. monitoring the viability via MTT and CellTiter-Glo assays

b. signaling activity by phospho-specific western blot

Part two of the thesis will determine the impact of dominant-negative genetic constructs on

tumor growth rates in vivo.
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3  Material and methods

All used materials and their distributors are listed at the end of this chapter in table 2.

3.1 Cell biology

3.1.1 Cell lines and passaging

In Table 2, all used cell lines and their specifications are listed.

Alias/ATCC Tissue  Type Culture Media Split Mutations
properties ratio
HCT116/CCL-  Colon Colorectal adherent MEM  with 1:10- Codon 13
247 (human) carcinoma 10% FCSand 1:20 of ras
4% Penstrep proto-
oncogene
HT29/HTB-38 Colon Colorectal adherent MEM  with 1:10- -
(human) adenocarcinoma 10% FCSand 1:20
4% Penstrep
SW480 Colon Colorectal adherent MEM  with 1:10- Codon 12
(human) adenocarcinoma 10% FCSand 1:20 of ras
4% Penstrep proto-
oncogen
Ba/F3 Bone immortalized suspension RPMI-1640  1:10-
marrow murine bone with 10% 1:20
(mouse) marrow-derived FCS, 10%
pro-B-cell WEHI-3 and
4% penstrep
(BaF-media)

Table 2: Cell lines and their characteristics.

All adherent cell lines were split at 80-90% confluence using PBS/EDTA and trypsin/EDTA. In
addition, stable transfectants were incubated with either 30ug/mL (SW480) or 50ug/mL
(Ba/F3) G418.

Trypsin/EDTA

Trypsin/EDTA  5mL
1x PBS 45mL
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3.1.2 Viability assays
3.1.2.1 MTT assay — EZ4U

This assay is based on the reduction of yellow/orange tetrazolium salt to red/purple formazan
derivatives. Since this reduction requires functional mitochondria, it is possible to indirectly

measure the viability of cells.

2500 to 15000 cells were seeded into 96-well plates in a volume of 100uL BaF-media and
incubated for 3 to 5 days at 37°C. For viability evaluation, EZ4U substrate was added
according to the protocol. After 2h to 4h, absorption was measured at 450nm wavelength

with a 620nm reference wavelength using a Tecan Infinity 200 PRO device.

3.1.2.2 CellTiter-Glo assay — Luminescent cell viability assay

With a CellTiter-Glo assay, one can measure the ATP production of cells which is highly
correlated with cell viability. Luciferin is oxygenated by luciferase in the presence of Mg?*,

oxygen and ATP and the resulting luminescence signal is analyzed.

Similar to the MTT assay, we seeded 2500 to 15000 cells in 96-well plates and incubated them
for 3 to 5 days at 37°C. After that, cells were pipetted onto opaque 96-well plates and mixed
with the CellTiterGlo assay. Luminescent signal was measured with a Tecan Infinity 200 PRO

and an integration time of 1000ms.

3.1.3 Transfection of Ba/F3 cells

One of the most straight forward methods for transformation of eukaryotic cells is
electroporation. An externally applied electrical field causes a temporal increase of the

permeability of the cells plasma membrane and plasmids can enter the cell.

For electroporation, 1*107 cells were washed and resuspended in 700uL 1xPBS together with
20ug plasmid DNA. After 10min incubation at room temperature, cells were electroporated
at 350V / 975uF in a Bio Rad Gene Pulser. In the next step, electroporated cells were incubated
at room temperature for 10min and then transferred into 10mL flask containing RPMI-1640,

10% FCS, 10% WEHI-3, and 4% penstrep. For a list of all used plasmids, see table 3.
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Vector backbone Gene of interest Mutation Selection  Selection
bacteria mammalian

1 pMSCV-puro FGFR4 Gly Ampicilin ~ Puromycin
2 pMSCV-puro FGFR4 E550 kinase active  Ampicilin ~ Puromycin
3 pMSCV-puro FGFR4 K535 kinase active  Ampicilin Puromycin
4 pMSCV-puro empty Ampicilin Puromycin
5 pcDNA3 FGFR4 K645E kinase active  Ampicilin ~ Neomycin (G418)
6 pcDNA3 FGFR4 K504M kinase dead =~ Ampicilin ~ Neomycin (G418)
7 pcDNA3 FGFR4 Gly Ampicilin ~ Neomycin (G418)
8 pcDNA3 FGFR4 Arg G388R Ampicilin Neomycin (G418)
9 pcDNA3 FGFR3Illb Ampicillin ~ Neomycin (G418)
10 pcDNA3 FGFR3Illc Ampicillin  Neomycin (G418)

Table 3: List of all plasmids and their characteristics. Vectors 1 to 4 were kindly provided by
Javed Khan, 5/6 by Daniel Donoghue and 7/8 by Axel Ullirich.

3.1.4 Selection of transfected Ba/F3 cells

For stable transfections, the gene of interest together with the selection marker has to be
inserted into the cells gnome. This can be achieved by treating those cells with a chemical

which kills untransfected cells.

24h after electroporation, cells were split 1:2 but no selective reagents were added. 48h after
transfection, cells were split again and selected by incubation with 50ug/mL G418 at 37°C for
another 48h. These splitting and selection steps were repeated for 7 to 10 days, until the cells

showed a normal proliferation rate and no signs of apoptosis.

3.1.5 Fluorescence activated cell sorting (FACS)

1*10° cells were washed twice with 1xPBS, resuspended in 100uL 1xPBS and incubated with
30uL FCS for 20min at room temperature. Afterwards, the Phycoerythrin (PE) or
Allophycocynanin (APCy) labeled antibody was added in a concentration of 1:10 and incubated
for 2h at room temperature and in darkness. After an additional washing step, cells were

resuspended in 300 to 400 pL 1xPBS and fluorescence was recorded.

3.1.5.1 Cell sorting

Cells were washed and incubated with a PE or APCy labeled antibody similar to the FACS

approach described above. Instead in 1x PBS, cells were resuspended in 1mL serum free RPMI-
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1640 media and sorted in our FACS sorting facility. Positive cells were centrifuged at 1600rpm
for 5min, transferred into 10mL flasks containing RPMI-1640, 50ug/mL G418, 10% FCS, 10%
WEHI-3, 4% Penstrep, 10ug/mL Ciprofloxacin as well as 0.5pug/mL Amphotericin B and
incubated at 37°C for 3 to 5 days.

3.1.6 Viral transduction of cells

When working with adenoviruses, additional safety protocols were used. The generation of
aerosols was prevented and in addition, all used materials and the work benches were cleaned
with proline after their use. Adenoviruses were kindly provided by Bettina Grasl-Kraupp. 24h
after seeding, the cells were infected with an adequate dilution of the virus and experiments

were performed.

We used 2 different adenoviral constructs in this project. The dn4 construct consists of a
transmembrane domain, 3 Ig-like loops and an AB (figure 10 A), while its cytosolic tyrosine
kinase domain has been replaced by a cyan-fluorescence-protein (CFP) tag thereby preventing

dimerization and autophosphorylation (Alberts 2008).

The second construct expresses a sol4 mutant consisting of an AB linked to Ig-like loop |, as
depicted in figure 10 B. Binding to FGFR4 and causes inhibition of its heparin binding

properties, thereby blocking FGF mediated signaling (Kalinina, Dutta et al. 2012).
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Figure 10: Design of inhibitory FGFR4 constructs. A: Schematic inhibition of FGFR4 by dn4
construct. The TK domain was substituted by a CFP-tag. B: Auto inhibitory construct sol4. The

construct consists of an AB linked to Igl (Adapted from Christine Heinzle).

3.2  Working with RNA

3.2.1 RNA Isolation

Before RNA isolation, benches were cleaned with 70% ethanol (EtOH) to minimize the risk of
RNAse contamination of samples. In addition, scrapers were incubated 10min in 0.1M NaOH

followed by 10min in 70% EtOH.

After the culture supernatant was aspired, we added 1mL Trifast per 6cm petri dish and
incubated them on ice for 5min. Next, cells and Trifast were scrapped off the plates using
RNAase free scrapers and transferred into Eppendorf tubes. After adding 200uL chloroform,
the tubes were vortexed for 30sec and incubated on ice for 10min. Afterwards, the tubes were
centrifuged at 15000 rpm for 15min at 4°C. The RNA containing transparent phase was
collected in a new tube. After adding 500uL isopropanol and vortexing for 30 sec, the tubes

were incubated on ice for 10 min. In the next step, precipitated RNA was centrifuged at
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12200rpm for 10 min at 4°C. Next, we discarded the supernatant and the RNA pellet was
washed with 1mL 70% EtOH. After a last centrifugation step at 15000 rpm for 15min at 4°C,
the supernatant was discarded and the RNA pellets were dried in a lamina for 15 — 20 min.
Depending on the pellet size, we dissolved it in 30 — 50uL Diethylpyrocarbonate (DEPC) H.O
and stored the RNA at -80°C.

3.2.2 cDNA Synthesis

Complementary DNA (cDNA) synthesis was performed using isolated RNA, reverse

transcriptase (RT) and a thermo cycler.

Quality and concentration of isolated RNA was measured with a Nano drop
spectrophotometer device. 5ug RNA were diluted in 10ul nuclease free water and transferred
into PCR tubes. After adding 2.5ul of random hexamer primer master mix, the samples were
incubated at 70°C for 5min. In the next step we added 6.5ul RT master mix and incubated at
25°C for 5min. Finally, reverse transcription was initiated by adding 1ul Revert Aid M-MulLV
reverse transcriptase to each sample and incubating at 25°C for 10min, followed by an 1h
synthesis step at 42°C and a 10min deactivation at 70°C. The cDNA samples were diluted with

80 pl nuclease free water and stored at -20°C.

Random hexamer primer master mix RT master mix

Random hexamer primer mix (100uM) 1l 5x first strand buffer 4ul

Nuclease free water 1.5ul dNTP mix (10mM) 2ul
RNAse inhibitor 0.5ul
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3.3 Working with DNA

3.3.1 Polymerase chain reaction (PCR)

PCR is used to amplify specific sequences of DNA, e.g. to detect a specific gene of interest. As

control, we always detected the housekeeping gene GAPDH in parallel. Used standard primers

and their characteristics are listed in table 4.

3.3.1.1 Standard PCR

Standard PCR components

DNA XuL (2pg)
Primer 1 (10uM) luL
Primer 2 (10uM) luL

2x PCR Mastermix 12.5uL

DEPC-H,0

Primer Name

FGFR3Illb

FGFR3lllc

FGFR4

GAPDH

xul to a total volume
of 25uL

Sequence 5'> 3’
forward
reverse

AACGGCAGGGAGTTCCGCGGC
CCCGTCCCGCTCCGACACATTG
AACGGCAGGGAGTTCCGCGGC
CCCGGCGTCCTCAAAGGTG
AGCACTGGAGTCTCGTGATG
CATAGTGGGTCGAGAGGTAG
CGGGAAGCTTGTGATCAATGG
GGCAGTGATGGCATGGACTG

Table 4: Standard primer pairs and their sequences.

Conditions
95°C 2min
95°C 40sec
60°C 40sec
72°C 40sec 40x
72°C 10min

Annealing Product size

temperature Inbp

In°C

62 429

58 435

56 525

60 358

After PCR, samples were loaded onto a 6% polyacrylamide (PAA) gel for analysis (see also

chapter 3.3.3 Polyacrylamid gel electrophoresis).

3.3.1.2 Real Time quantitative PCR (g-PCR)

g-PCR approaches are similar to standard PCRs, with the important difference that for each

cycle of amplification, the quantity of the DNA sequence of interest can be measured in real

time. In this project we used the TagMan technique; all assays were measured using ABI 7500

Fast Real Time PCR System from Lifetechnologies.
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3.3.1.2.1TagMan assays

A TagMan probe consists of a fluorescent reporter, a quencher as well as a DNA sequence
which connects both and is complementary to the DNA sequence of interest. Because of the
close proximity of quencher and reporter, there is no detectable signal. After binding of the
probe to DNA and subsequent degradation by polymerase exonuclease activity, the quantity

of probe specific DNA sequences can be measured. Used TagMan probes are listed in table 5.

TagMan assay Conditions

cDNA (2ug) 1ul 95°C 10min
TagMan probe lul 95°C 15sec

5x TagMan Mastermix  4plL 60°C 1min } 40x
DEPC H;0 14uL

TaqMan probe number exon Amplicon lenght

FGFR4 total Hs01106913_g1 7-8 84bp

FGFR4 TK Hs00608744 gl 17-18 134bp

MT-MMP1 Hs01037009_gl1 9-10 92bp

GAPDH Hs99999905_m1 3 122bp

Table 5: List of TagMan probes used in this project.

3.3.2 Restriction Fragment Length Polymorphism (RFLP) for G388R

The SNP at position 388 of the transmembrane domain of FGFR4 can be examined by a

standard PCR and subsequent restriction digestion.

3.3.2.1 RFLP Standard PCR

We performed a standard PCR as described in 3.3.1.1 Standard PCR.

Conditions

94°C 12 min

94°C 30 sec

66°C (first 5 cylce)/62°C 30sec [ 40x
72°C 40 sec

72°C 7 min

RFLP Primer 5 >3
Forward GGCCAGTCTCACCACTGACC
Reverse TGCTGGAGTCAGGCTGTCAC
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3.3.2.2 Restriction enzyme digestion

PCR product, buffer and restriction enzyme Mspl were incubated at 37°C for 1h and analyzed

by gel electrophoresis using a 6% PAA gel (see 3.3.3 Polyacrylamid gel electrophoresis).

Digestion reaction

PCR product 10uL
Mspl 1uL

10x Tango buffer 1.5pL
H20 2.5uL

3.3.3 Polyacrylamid gel electrophoresis

To separate DNA according to its size, we performed a PAA gel electrophoresis.

6% PAA gel | 12% PAA gel 50x TAE
TAE (50%) 150pl 150pl Tris 2M
PAA (40%) 1125yl 2250yl Acetic acid 1M
ddH20 6175ul 5050ul EDTA pH=8 50mM
TEMED Sul Sul in ddH,0
APS (0,1g/mL) 50ul 50ul

After polymerization of the gel, 10uL of the DNA and 2L 6x loading buffer were loaded onto
the gel. As marker, we used 1uL 50bp, 100bp or 1000bp ladder, according to the expected
DNA fragment length. We applied 125V for approximately 1h in 1x TAE buffer. After that, the
gel was stained for 15min using DNA Serva Clear and 5min washed in ddH;0. Fluorescence
was measured with a Typhoon TR O using a laser with an excitation maximum at 488nm and

a 530nm filter.

3.3.4 Transformation of bacterial cells

The uptake of DNA into bacteria is dependent on their competence, a state which is either
natural or induced by laboratory conditions. Competent E. coli JM-109 cells were kindly

provided by the lab of Prof. Michael Grusch.

2uL plasmid DNA (200ng) were incubated with 100uL competent JM-109 cells on ice for
20min. After a 60sec heat shock at 42°C, 1mL SOC media was added and the cells were

incubated for 1h at 37°C under shaking. Then, bacterial cells were centrifuged at 2000g for
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3min and after discarding of the supernatant, cells were plated onto agar plates containing
ampicillin. After incubation at 37°C overnight, 6 colonies were chosen at random and

incubated in 1mL SOB containing 100ng ampicillin.

SOB medium SOC medium

Tryptone 2% Glucose 20mM
Yeast extract 0.5% MgCl2 10mM
NaCl 0.05% Fill up with SOB

KCl 0.0186%

MgSO4 0.24%

in ddH,0

3.3.4.1 PCR analysis of colonies

To check if the correct plasmid was taken up by the bacterial cells, we performed a PCR

analysis with appropriate primers.

5ulL bacterial suspension of the overnight culture were mixed with 30uL DEPC H;0 and 6.5uL

of this dilution were used as template for subsequent PCR (see also 3.3.1.1 Standard PCR)

3.3.5 Glycerol stocks

We used glycerol stocks to store successfully transformed bacterial clones.

Transformed bacterial clones were inoculated in 2mL LB medium containing 0.2mg ampicillin
and incubated under constant shaking overnight. Next day, 700uL of the bacterial suspension

was diluted with 300 pL 80% Glycerol and stored at -80°C.

3.3.6 Preparation of plasmids

Plasmids are small, double stranded, circular and uncoated DNA molecules that can replicate
independently of a cells chromosomal DNA. They are usually found in bacteria and can be
transferred from one bacterium to another via horizontal gene transfer. Plasmids or vectors
have become an easy and powerful tool in molecular cloning which allows the easy and fast
amplification of a gene of interest. Besides the gene of interest, plasmids often contain at least

2 different selective markers to allow selection in both bacterial and eukaryotic cells.

32



For preparation of plasmids, we used Qiagen Plasmid Mega Kits. 500mL LB-media containing
50mg ampicillin were inoculated with a bacterial strain expressing the correct plasmid. After
constant shaking at 37°C for 16 to 18h, plasmid preparation was carried out following the
Qiagen Plasmid Mega Kit protocol. The purified plasmids were dissolved in an appropriate

amount of DEPC-H-0.

3.3.7 Quality control of plasmids

To evaluate the quality of prepared plasmids, we performed a restriction enzyme digestion

and subsequent agarose gel electrophoresis.

0.5ug of plasmid DNA were diluted in 8.5ul nuclease free water and transferred into
Eppendorf tubes. After adding 1ul 10x fast digest buffer and 0.5ul EcoRl restriction enzyme,
samples were incubated at 37°C for 30min under constant shaking. The agarose for the gel
was weight, dissolved in ddH,O and heated up in the microwave. After that, 50x TAE was
added, so the final concentration was 1x TAE. As soon as the gel solidified, samples were
loaded together with 2ul 6x loading buffer and gel electrophoresis was performed in 1x TAE

by applying 100V for 1h.

3.4 Working with proteins

3.4.1 Protein isolation
3.4.1.1 Protein isolation of adherent cells

To inhibit phosphatases, cells were washed with Tris-buffered saline (TBS) containing 1mM
NazVO4 and 10mM NaF. Lysis of the cells was carried out by adding 150ul lysis-buffer and
incubation on ice for 30min. While incubated on ice, lysates were vortexed every 10min.
Afterwards, samples were sonificated 3 times for 1sec using a Bandelin Sonoplus device at

70% of maximum power, centrifuged with 15000 rpm at 4°C for 5min and stored at -20°C.

3.4.1.2 Protein isolation of suspension cells

First, we added 1mM Nas3VOs and 10mM NaF to each petri dish. Next, suspension cells were

transferred into 15ml falcons and centrifuged with 2500 rpm for 5min. After discarding the
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supernatant, the cell pellets were washed with TBS containing NasVOa4 and NaF. The next steps
of protein isolation were carried out according to the protocol in chapter 3.4.1.1 Protein

isolation from adherent cells.

10x TBS buffer Lysis-buffer

Tris 500mM Tris/HCl pH=7.4 50mM

NaCl 1500mM NaCl 500mM

HCI Adjust pH to .7,6 SDS 0.1%

ddH0 Fill up to 1L Sodium Deoxycholat 0.5%
NP40 1%

1x TBS + Na3VOa/NaF NaNs 0.05%

NazVOs 1mM Complete 2.5%

NaF 10mM in ddH,0

1x TBS Fill up to 1L

3.4.2 Evaluation of protein concentration

We performed a bovine serum albumin (BSA) standard curve by using a 1ug/ul BSA dilution

and the pipetting protocol of table 6.

ug/ul BSA 0 1 2 3 4 5 6 7 8 9
ul ddH.0 9 8 7 6 5 4 3 2 1 0
ul Lysis buffer 1 1 1 1 1 1 1 1 1 1

Table 6: Pipetting protocol for BSA standard curve.

Then we diluted each sample 1:10 (1pul protein lysate + 9ul ddH;0.) and added 150ul of 1:5
thinned down Coomassie reagent. After 10min of incubation at room temperature, we
measured absorption of both protein probes and BSA standard curve at 590nm and calculated

the protein concentrations using EXCEL.

3.4.3 SDS Polyacrylamide gel electrophoresis (SDS-PAGE)
3.4.3.1 Standard SDS-PAGE

First, a separating gel was cast and overlaid with EtOH. After its polymerization (30-45min), it
was overlaid with a stacking gel. Before loading the gel, protein samples were mixed with the

adequate amount of 4x sample buffer and heated up to 80°C for 5min. Samples and 5ul page
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ruler protein ladder was loaded onto the gel. Electrophoresis was carried out in 1x
electrophoresis buffer at 60V for the first 15min (until proteins reached the separating gel)

and then at 100V for about 1.5-2h.

7% Resolving gel | 4% Stacking gel

ddH,0 2.8ml 1.9ml

1M Tris, pH 6,8 - 313ul

1,5M Tris pH 8,8 1.25ml -

10% SDS 50ul 25ul

40% PAA 875l 250

TEMED 2.5l 2.5l

10% APS 25ul 12.5ul

1x Electrophoresis buffer 4x Sample loading buffer

Glycine 200mM Glycerin 40%

Tris 25mM 2-Mercaptoethanol 20%

SDS 1% SDS 8%

in ddH20 Tris, pH=6,8 250mM
Bromphenolblue Traces of
in ddH,0

3.4.3.2 Tricine SDS-PAGE

The main difference between a standard and a tricine SDS-PAGE is the preparation of the gel
and the running buffer. All sample preparation steps were carried out as described in chapter

3.4.3.1 Standard SDS-PAGE.

Separating and stacking gel were casted and overlaid according to the protocol of the standard
SDS-PAGE, after 10 — 15min polymerization was finished. After adding anode (outer tank) and
cathode (inner part —gel) buffer we applied 60V for the first 15min, and then 125V for 85min.

Resolving Gel Stacking gel
10% Gel | 12% Gel | 4% Gel
40% Acrylamid 1.375ml | 1.65ml 0.3ml
3x Tris/SDS pH 8,45 | 1.831ml | 1.831ml | 0.740ml
50% Glycerol 1.1ml 1.1ml -
dd H.0 1.16ml 0.890ml | 1.935ml
10% APS 50l 50ul 30ul
TEMED 2.5l 2.5l 2.5l
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5X Anode buffer 1x Cathode buffer

Tris 1M Tris 100mM

in ddH,0 SDS 0.1%

HCI Adjust pH to 8.9 Tricine 100mM
in ddH,0

3x Tris/SDS

Tris 3M

HCI Adjust pH to 8.45

SDS Filter and add 0.3%

in H,0

3.4.4 Western blot

roteins were - bloted on 2 —+ I <

polyvinylidene fluoride (PVDF) | . 3xfilter papers
. Membrane
membrane using a wet-blot system. . el
Before blotting, the membrane was | | 3xfilter papers
| Sponge

activated with methanol. See figure 11

for order of preparation. Blots were running Figure 11: Design of a western blot.

overnight at 25V and 4°C in 1x blotting buffer.

10x Blotting buffer 1x Blotting buffer

Glycine 2M 10x blotting buffer 10%
Tris 50mM Methanol 20%
SDS 0.2% ddH,0 70%
in ddH,0

3.4.5 Ponceau S staining

Ponceau S is a sodium salt that stains proteins on a PVDF membrane in a light red color. After
the blotting, membranes were incubated in Ponceau S solution for 5 — 10min until protein
bands were visible. Next, membranes were scanned, trimmed and finally destained by

washing them in ddH,0 or washing buffer.
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3.4.6 Detection of proteins

The membranes were blocked in 5% BSA for 30min and then incubated with a primary
antibody solution over night at 4°C. On the next day, blots were washed 3 times over 30min
in TBS containing Tween (TBST) and then incubated with the secondary antibody solution
(either anti-rabbit or anti-mouse) for 1h at room temperature under constant shaking. After
3 — 5 washing steps for 30 — 60min, the membranes were covered with detection solution for
3 — 5min and then exposed to x-ray films. The quantification was performed using Image
Quant 5.0. For a list of used antibodies and their distributors, see table 7.

Primary antibody solution Secondary antibody solution
BSA 3% BSA 3%

Antibody 1:10000 HRP conjugated antibody 1:10000
TBST Fill up to 10ml  TBST Fill up to 10ml
Washing buffer

0,1% Tween in 1xTBS

Antibody monoclonal polyclonal Secondary AB Distributor MW
B-Actin X mouse Sigma 42kDa
Akt X rabbit Cell signaling  60kDa
pAkt (Ser 473) X rabbit Cell signaling  60kDa
ERK 1/2 X rabbit Cell signaling  42/44kDa
pPERK 1/2 X rabbit Cell signaling  42/44kDa
pFRS-2 (Y436) X rabbit Cell signaling  80-85kDa
PLCy1 X rabbit Cell signaling  155kDa
pPLCy1 (Y783) X rabbit Cell signaling  155kDa
S6 rabbit Cell signaling  32kDa
pS6 rabbit Cell signaling  32kDa
Stat3 rabbit Cell signaling  79,86kDa
pSTAT3 X rabbit Cell signaling  79,86kDa

Table 7: Antibodies used in this project.

3.5 Invivo experiments

3.5.1 Xenograft tumors in SCID mice

1*10° cells were infected with adenoviruses expressing sol4, dn4 or a control virus and
injected subcutaneously into the right flank of SCID mice. Tumor size was measured

periodically and the experiments were stopped when tumor size reached a threshold of
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5.000mm?3. Tumor and lungs of the animals were removed and fixed for 24h in 4%
formaldehyde solution at room temperature in darkness. In the last step, tissue samples were
washed in 1x PBS and stored in 70% EtOH at 4°C. Paraffin embedding was carried out as soon

as possible.

3.5.2 Embedding and sectioning

Tumor samples were cut into 2 — 3 mm thick pieces and lobes of the lungs were separated.
For the last fixation and paraffinization step, tissue samples were transferred into caps. Finally,

paraffinization was performed at a Kos Histostation.

Conditions

Ethanol absolute 25min 65°C
Isopropanol 55min 68°C
Melted paraffin 75min 82°C

Fixed tissue was casted into paraffin blocks, sectioned in 4um thick slices and mounted onto

a microscope slide.

3.5.3 Tissue staining
3.5.3.1 Deparaffinization

Microscope slides with mounted tissue were incubated for 10min at 65°C. Afterwards,

following protocol was carried out:

Xylol 2x Imin
Ethanol 100% 2x 1min
Ethanol 70% 2x 1min
ddH,0 2x 1min

3.5.3.2 Hematoxylin and Eosin staining

Nuclei were stained with hematoxylin for 7min. After washing with water, slides were
incubated with Sott’s solution for 45sec. Next, slides were washed for 5min with warm
water, followed by another washing step using floating water. Counter staining with eosin
for 6sec and a last washing step finished the Hematoxylin-Eosin (HE) staining. Finally, water

was removed using the following protocol:
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Ethanol 70% Dipping 3 times

Ethanol 96% 2x 1min
Ethanol 100% 2x 1min
Xylol 1x 1min
Xylol 2x Imin

Slides were sealed with Entellan.

3.5.3.3 Immunohistological staining

Endogenous Peroxidases were inactivated by incubating tissue slides in 0.3% H,0> for 10min
at room temperature. After washing 2 times in 1x PBS for 3min, slides were incubated in
10mM citrate buffer and heated up in a steamer for 30min. Next, we washed the slides 2 times
for 3min using 1x PBS + 0.1% Tween and encircled the tissue on the slide using a fat pen. For
detection an Ultravision LP Detection System HRP Polymer kit was used. Tissue was incubated
with the Ultra V block solution for 5min and then with the primary antibody solution for 30 —
120min. For a complete list of used antibodies and their incubation time see table 8. After
washing the slides 2 times with 1x PBS + 0.1% Tween, they were incubated for 10min with
Primary Antibody Enhancer followed by 2 additional washing steps with 1x PBS + 0.1% Tween.
Afterwards, slides were incubated for 15min with HRP polymere and washed 2 times using 1x
PBS + 0.1% Tween. In the next step, the slides were incubated for 10min with DAB substrate,

washed with ddH,0 and counter stained with hematoxylin for 10sec (6 dippings).

After a last washing step with H,O, the remaining water was removed using the following

protocol:
Ethanol 70% Dipping 3 times
Ethanol 96% 2x Imin
Ethanol 100% 2x Imin
Xylol 1x 1min
Xylol 2x Imin

Slides were sealed with Entellan.

Antibody Distributor Dilution (in TBS-T) Incubation time
Ki-67 Dako 1:100 30min
MT1-MMP Millipore 1:100 60min
FGFR4 Santa Cruz 1:100 120min

Table 8: Immuno-histological staining antibodies.

39



0,3% H,0,

In 1x PBS

Primary antibody
solution

Antibody 1%
Goat serum 1%

in 1xPBS + 0,1% Tween

10mM Citrate buffer
Trisodium citrate

HCI

Tween 20

DAB substrate
DAB chromogen
in DAB buffer

10mM
Adjust pHto 6
0.05%

2%
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Material

1000bp DNA ladder

100bp DNA ladder

10cm and 6cm petri dishes

10x FastDigest Green Buffer

10x Tango buffer

2x PCR-Mastermix (standard PCR)
50bp DNA ladder

5x Hot Fire Pol Probe q-PCR Mix Plus
6well and 96well plates

6x Loading dye

ABI 7500 Fast Real Time PCR System
Acetic acid

Amphotericin B

Ampicillin

APC anti-human FGFR3

APS

Aspirator

Bio Rad Gene Pulser

Bovine serum albumin (BSA)
CellTiter-Glo Luminescent Cell viability assay
Ciprofloxacin

Complete

Coomassie

DAB kit

Dimethyl sulfoxide (DMSO)

DNA Serva Clear

dNTP Mix

EcoRlI FastDigest
Ethylenediaminetetraacetic acid (EDTA)
EZ4U

FACS vials

Fetal calf serum (FCS)

FGFR4 blocking antibodies (in 1xPBS)
FGFR4 TK — TagMan probe

FGFR4 total — TagMan probe
GAPDH - TaqMan probe

Geneticin (G418)

Glucose

Glycerol

Hexamer primer master mix
Incubator

KCl

MgSOa4

Minimum essential media (MEM)
MMP14 — TagMan probe

Mspl
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Distributor
Fermentas
Fermentas
Sarstedt

Thermo Scientific
Fermentas
Fermentas
Fermentas

Solis Biodyne
Sarstedt
Fermentas
Lifetechnologies
Merck

Sigma

Sigma

R&D Systems
Sigma

KNF Laboratories
Bio Rad

Sigma

Promega

Teva

Roche

Bio Rad

Thermo Scientific
Sigma

Serva

Thermo Scientific
Thermo Scientific
Merck
Biomedika

BD Falcon, 5mL
GE Healthcare
U3 Pharma
Applied Biosystems
Applied Biosystems
Applied Biosystems
GE Healthcare
Sigma

Sigma

Thermo Scientific

Haeraerus Function Line

Merck

Sigma

Sigma

Applied Biosystems
Fermentas



NacCl Sigma

Nano Drop Peqlab
PBS/EDTA: 10mM EDTA in PBS Merck
PD173074 (in DMSO) Sigma

PE anti human CD334 (FGFR4) Bio Legend

PE Rat anti-mouse IgG BD Biosciences
Penicillin/Streptomycin (Penstrep) Sigma
Phosphate Buffered Saline (PBS) Sigma

Plasmid Mega Kits Qiagen
Polyacrylamid (40%) Bio Rad
Ponceau S Sigma

Proline Biocontrol Biohit
Puromycin Sigma

PVDF membrane VWR

Revert Aid M-MulV reverse transcriptase Fermentas
RNAse Inhibitor (Ribo Lock RNAse Inhibitor) Thermo Scientific
RPMI-1640 media Sigma

T100 Thermal cycler (PCR) Bio Rad

TagMan Mastermix (5x Hot Fire Pol Eva Green g- Solis Biodyne
PCR Mix Plus)

Tecan Infinity 200 PRO Tecan

TEMED Sigma

Trifast peq Gold Peqlab

Tris Sigma
Trypsin/EDTA GE Healthcare
Tryptone Fluka/Biochemika
Typhoon TRO GE Healthcare
Ultravision LP Detection System HRP Polymer kit Thermo Scientific
Vistra Green Nucleic Acid Stain GE Healthcare
Yeast extract Sigma

Table 9: Materials used in this project and their distributors.



4  Results

4.1 Establishing FGFR overexpressing Ba/F3 cell lines

Ba/F3 cells are murine pro B cells which lack any kind of RTKs on their cell surface. Therefore
they are dependent on IL-3 which needs to be added to the standard cell culture media. The
fact that there are no other interfering RTKs expressed in the background as well as the
dependency on IL-3 makes these cells an attractive tool to study FGFR-signaling. For this
reason Ba/F3 cells were transfected with FGFRs. Cell lines overexpressing FGFR4-Gly (Gly),
FGFR4-Arg (Arg) - Glycin or Arginine at position 388 of the transmembrane (TM) domain - and
the empty pcDNA3-vector (control) were already established in the lab according to the
protocol described in the chapter Material and Methods. In parallel, new Ba/F3 cells were
established while performing experiments with the already existing ones. New transfectants

are referred to as Gly™", Arg"®¥, control™", FGFR3llIc (R3c) and FGFR4-K504M (KD).

4.1.1 Evaluation of purified plasmids

To produce sufficient amounts of the required FGFR plasmids we transformed bacterial cells
and prepared/isolated plasmid DNA as described in Material and Methods. For quality
checking plasmids where digested with a single cutting restriction enzyme and the linearized

as well as undigested plasmid was identified via electrophoresis.

For undigested plasmids different bands representing multimers, nicked/relaxed and
supercoiled formation were expected. Naturally fused plasmids or multimers travel slowest.
Nicked/relaxed DNA is faster but because of its partially open conformation still slower
compared to linearized DNA, which is travelling according to its size. The majority of plasmids
are supercoiled and run faster than predicted on an agarose gel. After restriction enzyme
digestion, plasmids were linearized and we expected bands corresponding to their size (figure

12).
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= | Multimers Figure 12: Possible plasmid
e | Nicked conformations and their
I | Lihcarized visualization on an agarose-gel.
_ Supercoiled

Figure 13 shows EcoRI digested and undigested FGFR4-pcDNA3 and -pMSCV-puro plasmids
after running on a 1% agarose gel electrophoresis. As predicted, undigested DNA was
heterogeneous and we saw 3 different bands according to their size and conformation:
multimer (slowest), nicked/relaxed and supercoiled. The high amount of supercoiled plasmid,
shown by the most prominent band at about 5000bp proves the good quality of our plasmids.
Digested plasmids were successfully linearized and had the predicted size of 8261bp and
9144bp. We observed 2 bands for the digested pMSCV-puro vector without FGFR4-insert. One
at the expected size of 6283bp and the other at about 8500bp as a result of partially digested

plasmid DNA. For size comparisons we loaded a 1000bp ladder onto the gel.
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Figure 13: Quality control of prepared plasmids. A: pcDNA3 vectors. B: pMSCV-puro plasmids.
Majority of undigested plasmids was supercoiled, characterized by a band around 5000bp for
plasmids with insert. Linearized plasmid DNA had the predicted size of 8261bp (pcDNA3 plus
insert) and 9144bp (pMSCVpuro plus insert), respectively. Plasmids without insert were

respectively smaller. Digestion of empty pMSCVpuro vector resulted in 2 bands.
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4.1.2 Transfection of Ba/F3 cells and sorting

Ba/F3 cells were transfected with pcDNA3 vectors expressing Gly™", Arg"®¥, KD, R3c or empty
pcDNA3 control vector (control™%).7 to 10 days after transfection, the protein expression of
FGFRs on the cell surface was measured by FACS using either a directly labelled PE-FGFR4- or
APCy-FGFR3 surface-antibody. As a negative control a PE-labeled Rat surface binding antibody
was used. FGFR-transfected Ba/F3 cultures were found to contain 8-12 % FGFR-expression,

while cells transfected with the control vector remained FGFR-negative (figure 14).

Figure 15 shows the surface FGFR expression by FACS analysis of the final enriched cultures
for FGFR-overexpressing Ba/F3 cells. By sorting the FGFR-positive cultures 2-3 times
consecutively, we generated populations that were 60 — 80% positive for their respective

receptor (figure 15 A, B, C, D) as compared to control transfectants (figure 15 E).

Already established Gly and Arg cell lines were 80-85% positive when treated with directly
labeled PE-FGFR4 surface antibody while the control cells were negative (FACS analysis for

already established cells not shown).
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Figure 14: FACS Ba/F3 cells after transfection using an anti-FGFR4 PE-labeled or an anti-FGFR3
APCy surface antibody. A-E show FGFR surface expression of Ba/F3 transfectants. Gly™",
Argn®, KD, and R3c (A, B, C, and D) were found to contain 8-12% FGFR expression, while
control™" (E) remained FGFR negative. F-J show Ba/F3 transfectants treated with an unspecific

control antibody to visualize unspecific antibody binding.
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Figure 15: FACS plots of newly transfected Ba/F3 cells after 2-3 sorting cycles. A- E: Ba/F3
transfectants and their corresponding FGFR surface expression, measured by using PE- or APCy
labeled specific antibodies. A-D were 60-80% positive for their respective receptor, while
control™ cells did not express FGFRs. F-J: Ba/F3 cell lines treated with an unspecific control

antibody.
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4.1.3 Verification of FGFR overexpressing cells

Because we transfected the cells with different variants of FGFRs, it was important to validate,
that the correct FGFR was expressed in each cell line. For FGFR3IlIb and llic overexpressing
cells, we performed RNA isolation with subsequent cDNA synthesis and standard PCR with
specific primers. Gly and Arg variants were determined by standard PCR and subsequent RFLP

analysis.

4.1.3.1 Standard RT-PCR for FGFR3Illb and lllc variants

We isolated RNA from the corresponding Ba/F3 cell lines and amplified FGFR3IIlb and Ilic from
the cDNA using specific primers followed by PAGE analysis. As an internal control for the PCR

GAPDH expression was additionally determined.

In Figure 16 A, we successfully detected GAPDH (358bp) for FGFR3IlIb overexpressing Ba/F3
cells. They showed no expression for R3c while the FGFR3Illb (R3b) variant could be
determined at 429bp. Cells transfected with the empty vector expressed GAPDH but neither
FGFR3IIIb nor lllc.

In B, R3c transfected Ba/F3 cells are shown. They express GAPDH (358bp) and FGFR3llic
(435bp), but no FGFR3IIIb variant. For size comparison, we used a 100bp DNA ladder.
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Figure 16: Verification of FGFR3IIIb and llic expression in BaF3 transfectants using Standard
PCR. A: GAPDH, FGFR3 Illb andFGFR3 llic expression of Ba/F3 FGFR3lIIb transfectants and
control. B: GAPDH, FGFR3 Illb and FGFR llic expression of Ba/F3 FGFR3llic transfectants.
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4.1.3.2 FGFR4 G388R single nucleotide polymorphism

To evaluate the FGFR4 polymorphism in the Ba/F3 transfectants Gly"™Y, Arg"®¥, KD and
control™", a RFLP was performed. The restriction enzyme cuts the Gly variant into 3 pieces
(85, 50 and 30bp) whereas one cutting side is hidden by the Arg variant resulting in only 2
bands (115 and 50bp). As positive controls, we used pure plasmid DNA with the sequence for

either Gly or Arg.

In figure 17 A, there are no bands for the negative control. The positive Gly control (Gly pos
co) was identified resulting in 3 fragments at 85, 50 and 30bp. The cleaved amplicon of positive
Arg control (Arg pos co) showed 2 fragments with a length of 115 and 50bp. Gly"®¥ and Arg"e¥
cells had the same pattern as their corresponding positive control. At position 388 of the TM

domain of the KD cell line is a glycine. Control"¥ cells do not express any FGFR4.

RLFP data of already established FGFR4 expressing Ba/F3 cells were carried out in another

study and were similar to the result shown here.
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Figure 17: G388R RFLP of FGFR4-Ba/F3 transfectants. Numbers indicate length on fragments
in bp. The cleaved amplicon of Gly™" resulted in 3 fragments, similar to the Gly positive control.
Arg at position 388 of the TM domain altered the restriction pattern. There were only 2
fragments for the amplicon of Arg"™" and the corresponding positive control. Cells expressing
the KD receptor showed a glycine-specific restriction pattern. Control™" cells did not express

any FGFR4. L=50bp+ ladder
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4.2 Inhibition of FGFR4 and its effect on viability

4.2.1 IL-3 (in) dependency of Ba/F3 cells

We started to characterize growth behavior and factor-requirements of already established

Ba/F3 cells as compared to empty vector.

As a first experiment, we wanted to investigate the viability of Ba/F3 cells overexpressing
FGFR4 based on the IL-3 levels. As a positive control we use standard Ba/F3 culture media
which contains IL-3 (1:10 dilution of WEHI-3 supernatant) and 10%FCS. Experimental groups
contained less or no IL-3 supplementation as depicted in figure 18. No FGF was added to the
media. In these factor-reduced media Gly overexpressing cells showed significantly higher
viability compared to Arg or cells expressing an empty vector. Gly transfectant cells were also

growing in absence of IL-3 which shows a required independency on IL-3 due to the FGFR4 wt.
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Figure 18: Viability of Ba/F3 cells using different amounts of IL-3. Concentration of 1:10 is
equivalent to the amount of IL-3 usually used in standard cell culture.

4.2.2 Inhibition of FGFR4

To test if the IL-3 independency of Ba/F3 cells overexpressing Gly could be reversed by
blocking the receptor we used dominant negative genetic constructs or the small molecule

inhibitor PD173074 as detailed below and analyzed cell viability.
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4.2.2.1 Blocking of FGFR4 via PD173074

The TKIPD173074 is a synthetic compound. There are various reports that treating tumor cells
overexpressing or expressing mutant FGFR4 with higher doses of PD173074 (uM range) results
in decreased cell proliferation (St Bernard, Zheng et al. 2005, Ho, Pok et al. 2009, Crose,
Etheridge et al. 2012).

Ba/F3 control and Gly cells were seeded in medium plus or minus IL-3 and treated with
different PD173074 concentrations. After 4 days, MTT assay was performed. In Figure 19,
results of 3 independent experiments are pooled together. Treating control cells plus IL-3 with
0.1uM or 5uM of the TKI had no effect on viability (figure 19 A). Similar results were seen for
Gly tranfectants plus IL-3 (figure 19 B). By contrast, decreased (two tailed t-test, p=0.019)
viability was seen in Gly cells without IL-3 when treated with 5uM PD173074 (figure 19 C).
However, treating any of those cells with a concentration of 10uM or more of the inhibitor
resulted in a dramatic reduction of viability independent of FGFR4-expression (figure 19 A-C).

Control cells without IL-3 showed very low levels of viability (not shown).
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4.2.2.2 Inhibition of FGFR4 via adenovirus constructs

We used 2 different adenoviral constructs in this project. The dn4 construct lacks a tyrosine

kinase domain, resulting in a dn4 FGFR4 dimer without autophorphorylation events, which

inhibits signaling (Alberts 2008, Gauglhofer, Paur et al. 2014).

The second construct expresses a sol4 mutant, as described in 3.1.6 Viral Transduction of cells,
figure 10 B. This construct is able to engage the heparin binding site on FGFR4, thereby
lowering FGF affinity and inhibiting signaling (Kalinina, Dutta et al. 2012).

For the assay, we infected Ba/F3 Gly and control cell line with 5 different adenoviral constructs
at a multiplicity of infection (MOI) of 10. After four days cell viability was measured by MTT

assay. In addition to dn4 and sol4 a control virus (co-v) which did not express a functional
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construct and two FGFR adeonviruses expressing kinase dead mutants of the FGFRs 1 (KD1)

and 3 (KD3) were used.

Figure 20 shows the results of 3 pooled MTT viability assays. No effect due to the infection of
all 5 viruses on cell viability was observed for control (figure 20 A) and Gly (figure 20 B) cells in
the presence of IL-3. We also monitored viability of control cells without IL-3, but due to their
IL-3 depenency the viability was drastically reduced (data not shown). Viability of Gly cells
without IL-3 (figure 20 C) and infected with dn4 was significantly reduced as compared to cells
treated with co-v (two-tailed t-test, p=0.0225). We did not observe an effect for cells infected

with the sol4 construct as well as KD3 and KD1.
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4.3 Viability of FGFR4 overexpressing Ba/F3 cells
stimulated with FGF

Because viral inhibition of FGFR4 with the dn4 construct showed reduced viability of the Ba/F3
cells overexpressing Gly, we wanted to know if stimulation of those cells with FGF1 or FGF2,
which both are strong activating ligands for FGFR4, would result in increased cell proliferation
and viability. The cells were treated with 2pg/ml heparin and different FGF concentrations and

viability assays were performed in presence or absence of IL-3.

The results of 2 independent experiments are pooled together in figure 21. We were not able
to detect any effects on the viability of control cells when stimulated with FGF1 (figure 21 A,
B). Gly cells plus IL-3 (figure 21 C) showed increased viability when stimulated with 5ng/ml
FGF1 (two tailed t-test, p=0.0231). Without IL-3, we observed an increase of viability for Gly
cells treated with 5ng/ml (p=0.024) and 10ng/ml (p=0.0042) FGF1 (figure 21 D).

When FGF2 was used in the same experimental setup, no increased viability was observed for
control cells (figure 21 E, F). We were only able to detect an increased viability for Ba/F3 cells
expressing Gly treated with 5ng/ml (two tailed t-test, p=0.0001) when they were
supplemented with IL-3 (figure 21 G). There were no significant changes in the group without

IL-3 (figure 21 H).
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Figure 21: Viability assays of Ba/F3 transfectant cells stimulated with FGF1 and FGF2. A:
control cells plus IL-3 treated with FGF1. B: control cells without IL-3 treated with FGF1. C: Gly
cells plus IL-3 treated with FGF1. D: Gly cells without IL-3 treated with FGF1. E: control cells
plus IL-3 treated with FGF2 F: control cells without IL-3 treated with FGF2. G: Gly cells plus IL-
3 treated with FGF2 H: Gly cells without IL-3 treated with FGF2.
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4.4 |Impact of Genetic FGFR4 Blockade on the Signaling
of Ba/F3 Cells Overexpressing FGFR4

After observing reduced viability of virally inhibited FGFR4 overexpressing cells but only weak
stimulation effects when treated with FGF, we wanted to investigate the signaling of cells

infected with adenoviruses expressing sol4 or dn4 constructs.

Ba/F3 Gly or control cells were starved with serum-free media without IL-3 containing 1% BSA
and 10ug/ml heparin for 24h. Then they were infected with adenoviruses expressing the dn4,
sol4 or control construct for another 24h. After 10min of stimulation with FGF1, protein
lysates were obtained and western blots with antibodies against PLCy, S6, ERK1/2 and STAT3
were performed using phospho-specific antibodies to assess the activation status of each

protein.

Control (figure 22A) or Gly (figure 22 B) cells without FGF1 showed no or very weak
phosphorylation of PLCyl. pPLCy1 signals could only be detected in FGFR4-overexpressing
cells stimulated with FGF1 and they were sensitive to FGFR4 blocking constructs (figure 22).
Figure 22 D and E show signaling blots for S6 and its phosphorylated forms that did not differ

between the experimental groups
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Figure 22: Effects of sol4 and dn4 constructs on PLCy1 and S6 signaling.A: PLCy1 signaling of

infected control cells with or without FGF1 stimulation. B: PLCy1 signaling of infected Gly cells

with or without FGF1 stimulation. C: quantification of pPLC/PLC signaling of Gly cells. D: S6

signaling of infected control cells with or without FGF1 stimulation. E: S6 signaling of infected
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In figure 23 (top panel), we analyzed STAT3 signaling. There were no differences in the control
group (figure 23 A, B), but a trend of decreased STAT3 signaling for Ba/F3 cells expressing Gly

and sol4 or dn4 was observed, but not significant (figure 23 C, D).

With regard to ERK-activation Ba/F3 cells expressing the empty vector had increased pERK1/2
signals when stimulated with FGF compared to untreated control. In dn4 and sol4 infected
cultures the signal was even higher (figure 23 E, F). Gly cells had higher baseline levels of pERK
as compared to control cultures, but these were not affected by either FGF-addition to the

culture or infection with a blocking virus (figure 23 G, H).
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Figure 23: STAT3 and ERK1/2 signaling of virally inhibited Ba/F3 transfectants with or without
FGF1.A: STAT3 signaling blots of control cells B: Quantification of STAT3 control cell signaling.
C: Gly cells infected with adenoviruses expressing sol4 and dn4 constructs and the effects of
FGF stimulation. D: Evaluation of pSTAT3/STAT3 signaling of Gly cells. E: ERK1/2 signaling blots
of control cells with or without FGF1 and infected with adenoviruses dn4 and sol4. F: ERK
signaling quantification of control cells. G: pSTAT3, STAT3 and B-actin blots of Gly expressing
cells infected with adenoviruses and effects of FGF stimulation. H: Quantified pERK/ERK
signaling of Gly cells. +/- = with or without FGF
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4.5 Establishing new FGFR overexpressing Ba/F3 cell

lines

In parallel to the inhibition and stimulation experiments, new Ba/F3 cell lines were established

by transfecting them with Gly, Arg, empty pcDNA3, KD and R3c as described in Material and

Methods. Similar to the experiments in chapter 4.2.1 IL-3 (in)dependency of Ba/F3 cells, we

treated the cells with different concentrations of IL-3 produced by WEHI-3 cells and performed

viability assays.

The results for these assays are shown in figure 24. “Old” in figure 24 A refers to Ba/F3

transfected cells we used for our inhibition and stimulation experiments. In B, the viability of

newly transfected Ba/F3 cells is shown as comparison. We established a Gly"" cell line that

expressed the receptor but was not IL-3 independent. Moreover, we also obtained cells

overexpressing the empty vector (control™V%) or Arg"" that were more viable at lower IL-3

concentrations compared to Gly™" cells. However, they were not IL-3 independent.
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Figure 24: Comparing viability of Ba/F3 cell lines with different IL-3 concentrations.
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Next, the viability of all 5 new cell lines was tested either with or without IL-3 (figure 25).

Without IL-3, control™¥ and Arg"" cells had a more than 2-fold increased viability compared

to the other cell lines.
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Figure 25: MTT assay of new transfected Ba/F3 cell lines.Plotted data is relative to

untreated control (control™" without IL-3).

To test the stimulatory effect of FGF on those new cell lines, and to reveal possible differences
in the signaling pathways of cells that are more viable without IL-3, western blots were

performed.

4.6 Signaling of FGFR overexpressing cells induced with
FGF

Signaling blots for the “old” IL-3 independent Gly and IL-3 dependent Arg and control cell line
were already performed as part of an earlier project and showed higher baseline levels of
pSTAT3, pS6, pAkt and pERK in IL-3 independent Gly cells compared to the Arg and control cell
line. Now, we wanted to investigate the signaling of newly established Ba/F3 cell lines (Gly"v,
Arg"®¥, control®¥, R3c). For that purpose, equal amounts of cells were seeded into petri dishes
and starved for 24h in serum free medium containing 1%BSA and 10ug/ml heparin. Cultures
were stimulated with 10ng/ml FGF1 for 30min. Then cell lysates were harvested and western
blots were performed using phosphospecific antibodies for STAT3, ERK, S6 and PLCyl as

before. Results from 2 independent experiments are shown.

Detection of the very upstream PLCy1 signaling was hampered by high background which
resulted in large error bars (figure 26). Total PLCy1 protein expression was slightly elevated
for Gly cells stimulated with FGF1, but pPLCy1 levels did not change (figure 26 A). There was a
weak stimulation of pPLCy1 for R3c (figure 26 B).
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Figure 26: PLCy1 signaling of Ba/F3 transfectants stimulated with FGF1.A: pPLCy1, PLCy1 and
B-actin of control™" and Gly™" cells. B: Effects of FGF1 stimulation on Arg™" and R3c
overexpressing cells. C: Quantification of pPLC/PLC. Standardization relative to corresponding

untreated sample. +/- = with or without FGF1

Arg"¥ and control"®¥ cell lines showed a strong increase in S6 phosphorylation compared to
the other 2 cell lines (figure 27 A and B). We were able to detect a weak stimulatory effect of

FGF1 on S6 signaling for R3c cells (figure 27 C).

There was no FGF1 dependent stimulatory effect on ERK phosphorylation, as shown in figure
27 F, but increased baseline levels of pERK for Arg"®" compared to the other three cell lines

(figure 27 D, E).

We were not able to detect any STAT3 phorphorylation for FGF1 stimulated Ba/F3

transfectants (data not shown).
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Figure 27: S6 and ERK signaling of FGF1 stimulated Ba/F3 transfectants. A: S6 signaling blots
of control™" and Gly"™" cells. B: Arg"" and R3c overexpressing cells and their S6 signaling. C:
Quantification of S6 signaling. D: pERK, ERK and B-actin levels of control™" and Gly™" cells. E:
ERK signaling blots of R3c and Arg"™" cell lines. F: Effects of FGF1 stimulation on ERK signaling.

Standardization relative to corresponding untreated sample. +/- = with or without FGF1

4.7 Invivo—-SW480, HCT116 and HT29 xenografts

In an earlier project expression of FGFR4 in colon cancer cell lines has been determined. In the
same project the focus has been laid on the Gly388Arg Polymorphism of FGFR4 and therefore
also the allelotype of the colon cancer cell lines has been established. For further experiments

3 cell lines with different FGFR4 expression levels as well as allelotype have been chosen:
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SW480, HCT116 and HT29. SW480 showed a low Gly expression level and were homozygous
for this receptor. HCT116 were also Gly-homozygous but in contrast to SW480 had a higher
FGFR4 expression level (figure 28). HT29 can be characterized as a heterozygous FGFR4-
Gly/Arg colon cancer cell line that showed high expression level for preferentially Arg allele
(Heinzle, Gsur et al. 2012).
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Figure 28: relative FGFR4 expression of different colon cancer cell

lines.(Heinzle, Gsur et al. 2012)

The 3 CRC lines were infected with dn4 and sol4 expressing adenoviruses. HCT116 and HT29
cells were infected with a MOI=10, SW480 cells with a MOI=1. After 6h virus was removed
from the cells by medium change. 24h after infection, cells were counted and 1*10° cells were
subcutaneously injected into the right flank of SCID mice. Tumor growth was monitored,
measured and before it reached the endpoint, mice were sacrificed. Tumors and lungs were
obtained, fixed and immunohistochemistry was performed. For each experimental group 4

mice were used.

In figure 29 A, the kinetic of tumor growth is depicted for HCT116 cells infected with dn4-,
sol4, and control virus. There was a trend towards reduced tumor growth in the dn4 virus
group, but it was not significant (2-way ANOVA; p=0.5150). HCT116 cells that were infected

with the sol4 virus failed to develop any tumor at all after 24 days (figure 29 A).

Figure 29 B shows the results for HT29 cells infected with the 3 different adenoviruses. Cells
infected with the control virus developed tumors with a volume of about 2000mm?3 after 18
days. HT29 cells treated with the dn4 virus showed reduced growth rate compared to control
(2-way ANOVA, p=0.0021). Moreover, cells infected with the sol4 virus had a significantly

reduced growth rate in comparison to the control (2-way ANOVA, p=0.0285).
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We performed 2 experiments using SW480 cells and the results are pooled in figure 29 C.
Again, mice injected with the control cells developed tumors from about day 20. Infection with
dn4 adenoviruses led to a reduction in tumor growth rate compared to the control (2-way
ANOVA, p=0.0191). Sol4 reduced in vivo tumor growth of SW480 highly significantly (2-way
ANOVA, p<0.0001).

Our experiments showed a reduction or even an inhibition of tumor growth in vivo for 3
different colon cancer cell lines with various FGFR4 expression and genotype when infected

with dn4 or sol4.
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Figure 29: In vivo tumor growth of A: HCT116, B: HT29 and C: SW480 infected with co-v, dn4,

and sol4.

Tumor samples of all in vivo experiments were stained with HE and Ki67. HE staining is used
to get an overview of the tumor structure and to determine eventual necrotic areas. Ki-67 is
a nuclear marker for proliferating cells and shows the growing and apoptotic potential of the

tumor. Figure 30 shows pictures of HE and Ki67 staining of all tumors obtained by SW480
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infected with dn4, sol4, and control virus. We were not able to detect any differences between
the groups. For HCT116 cells, only pictures of dn4 and co-v infected cells were possible due to
the lack of tumors in the sol4 treated group (figure 31). Because the stained tumor tissues of

all 3 tested cell lines looked similar, only tumors originated from SW480 and HCT116 cells are

shown.
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Figure 30: HE and Ki-67 staining of SW480 tumor tissue. HE stained tissue is shown on the

left, Ki-67 immuno-histochemical staining on the right.
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Figure 31: HE and Ki-67 staining of HCT116 tumor tissue.. HE stained tumors are shown on the

left, Ki-67 staining on the right.

Because cells migrate from under the skin into the lung, lung tissue of all animals was obtained
and Ki-67 staining was performed to detect metastasis. Lung tissue in adult animals is non-
proliferative. Consequently all positive stained nuclei belong to the tumor tissue and represent
metastasis. For mice injected with HCT116 cells, 1 micro metastasis in the control and 1 in the
dn4 group were found (figure 32 left column). All other animals of the HCT116 experiment
were negative for metastasis. As an example for metastasis free lungs, see figure 32 (figure 32
right column). Mice injected with HT29 or SW480 cells did not develop any metastasis in the

lungs (data not shown).
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metastasis are indicated by a red arrow. Examples for normal lungs are shown in the right

panel.
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5 Discussion

During this master thesis we established Ba/F3 cells overexpressing FGFRs and tested their
signaling, the inhibitory potential of TKI PD173074 and FGFR4 inhibiting adenoviral constructs.
For the latter, significantly decreased viability as well as altered signaling of inhibited FGFR4
expressing cells was observed. In addition, the inhibitory adenoviral constructs attenuated

tumor growth of colon cancer xenografts in SCID mice.

5.1 IL-3 (in)dependency of Ba/F3 cells

Upregulation of FGFR4 or its stimulating FGFs seems to play an important role in various tumor
types and was observed for RMS (Taylor, Cheuk et al. 2009), liver (French, Lin et al. 2012),
breast (Jaakkola, Salmikangas et al. 1993), prostate (Gowardhan, Douglas et al. 2005), and
colon cancer (Desnoyers, Pai et al. 2008, Heinzle, Gsur et al. 2012) to name just a few. A very
prominent SNP of FGFR4 results in either a glycine or an arginine at position 388 of the TM
domain (Bange, Prechtl et al. 2002). Reports about the role of the SNP G388R are
contradictory. At least some studies showed increased aggressiveness and tumor progression
for patients expressing the Arg allele, whereas others failed to detect significant differences;
for a summary see (Heinzle, Erdem et al. 2014). Findings of Wang et al. indicate that increased
motility of cells expressing the Arg allele is a result of prolonged receptor stability and
phosphorylation (Wang, Yu et al. 2008). In 2012, Heinzle et al. observed stimulation of both
tumor growth and motility by either polymorphic allele of FGFR4 (Heinzle, Gsur et al. 2012).
Identifying signaling events that correlate with Gly- or Arg-activation has been difficult

however.

Ba/F3 cells are IL-3 dependent, murine bone marrow derived B-cells that lack endogenous
RTKs (Palacios and Steinmetz 1985). Transfection with a specific receptor can create an IL-
independent Ba/F3 population whose growth now relies on the transfected signaling
pathway, as shown for FGF and its receptors (Ornitz, Yayon et al. 1992, Zhang, Ibrahimi et al.
2006). This constitutes a powerful tool to test inhibitory strategies using TKIs (Warmuth, Kim
et al. 2007) as well as transforming potential of transfected RTKs (Daley and Baltimore 1988,
Smedley, Demiroglu et al. 1999, Jiang, Paez et al. 2004, Jiang, Greulich et al. 2005, Ceccon,
Mologni et al. 2013).
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Daley et al. failed to induce spontaneous IL-3 independency in Ba/F3 cells, but detected IL-3
independency in cells expressing the bcr/abl fusion protein (Daley and Baltimore 1988). In our
experiments, we observed IL-3 independency for one of the cell lines expressing the Gly
variant of FGFR4. Although we observed a weak stimulatory effect of FGF1 towards increased
viability of Gly cells, their mitogenic potential was strongly elevated compared to control even
without IL-3 or FGF1. However, for a new batch of transfectants (Gly"") this could not be

reproduced.

Furthermore, we established cell lines Arg"™" and control"®¥ that showed increased viability
at all tested IL-3 levels compared to other Ba/F3 cell lines, but were not completely IL-
independent. This indicates that at least in some cases spontaneous decrease of IL-
dependency can be observed. From this the question arose, whether transformation was

dependent on signaling activity.

Alternatively, IL3-independency may have been acquired spontaneously during long-term
cultivation of Ba/F3 cells as indicated by a report from Kazi et al. In their study, long term
cultivation studies of Ba/F3 cells expressing FIt3-ITD and c-Kit-D816V in the absence of IL-3
showed an increase of proliferation compared to cells supplemented with IL-3 (Kazi, Sun et al.
2013). The authors suggested that cells cultured without IL-3 could be selected for stronger
activation of receptors leading to enhanced oncogenic downstream signaling. Alternatively,
chronic absence of IL-3 could alter gene expression patterns and response of cells towards
cytokines like IL-3. Here, all media used for Ba/F3 cell culture were supplemented with IL-3
and we experienced enhanced viability as well as altered signaling also for cells without a
transfected receptor. Further experiments will be useful to understand differential response

of Ba/F3 cells.

5.2 FGF mediated signaling of transfected Ba/F3 cells

We investigated the signaling of Ba/F3 cell lines for further characterization. Western blots for
a first set of Gly, Arg and control cell lines were already performed as part of an earlier project.
Higher baseline levels of pERK, pS6 and pSTAT3 were observed for untreated as well as FGF
stimulated IL-3-independent Gly cells compared to Arg and control. In contrast, equal
phosphorylation levels of cells in the presence of IL-3 were observed (Christine Heinzle,

unpublished data). Here, we investigated ERK, S6, STAT3 and PLCy1 protein expression, as well
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as their corresponding phosphorylated forms, for Gly"V¥, Arg"®¥, R3c and control™" and found

distinct phosphorylation patterns.

PLCy1 binds to phosphorylated FGFRs via its SH2 domain and activates downstream signaling
pathways (Turner and Grose 2010). Thus, PLCy1 plays an important role in cellular processes,
for example, proliferation, survival, migration and death (Yang, Choi et al. 2012) and
deregulation of PLCy1 can promote tumorigenesis (Park, Lee et al. 2012). For R3c treated with
FGF1, we found stimulation of pPLCy1. Furthermore, Gly"®" cells supplied with FGF1 showed
elevated total PLCy1 levels, but no differences in phosphorylation. We did not observe any

stimulatory effects after treatment of Arg"®"¥ and control™®" cells with FGF1.

S6 is a downstream target of various RTKs, which activates multiple cellular processes upon
phosphorylation, thereby regulating protein synthesis, proliferation, splicing and survival
(Fenton and Gout 2011). For R3c, we detected a weak, FGF1 induced stimulatory effect on S6
phosphorylation. In addition to the already discussed increased viability, we observed strongly
increased pS6 baseline levels of control™ and Arg"" compared to Gly™" and R3c. S6 is a
downstream target of the PI3K pathway (Hemmings and Restuccia 2012), suggesting
prolonged growth in IL-3 diminished media of control™" and Arg"®¥ cells which resulted in an
increased S6 phosphorylation. Similarly, Kazi et al. found in their long-term cultivation study
with transfected Ba/F3 cells increased PI13K-and ERK1/2 signaling for cells without IL-3 (Kazi,
Sun et al. 2013).

ERK1/2 is part of the MAPK pathway downstream of FGFR mediated signaling (Knights and
Cook 2010). Activation of ERK1/2 leads to phosphorylation and in turn to degradation of pro-
apoptotic protein BimEL (Ley, Balmanno et al. 2003) as well as increased expression of pro-
survival pathways (Balmanno and Cook 2009). Although we did not observe an FGF1
dependent stimulatory effect on ERK1/2 signaling, we detected increased baseline pERK1/2
levels of Arg"¥ cells, similar to the viability experiments and S6 signaling, again indicating
altered signaling response of this cell line. In contrast to the S6 signaling, we did not find an
increased ERK1/2 phosphorylation of the control™" cells. However, increased ERK1/2
phosphorylation of Arg"®" cells could also indicate a stress response. Ba/F3 cells treated with
hydrogen peroxide, arsenite or incubated at higher temperatures showed dramatically
increased pERK1/2 levels (Ng and Bogoyevitch 2000). In our experiments, all cells were

incubated at 37°C and all manipulations were carried out as fast as possible and in a similar
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manner for all cell lines. Nonetheless, the possibility of differing stress stimuli between

different culture dishes and its impact on ERK phosphorylation cannot be excluded.

The transcription factor STAT3 plays an important role in various physiological processes,
including metabolism, development, immunity as well as differentiation and its altered
expression is linked to cancer (Siveen, Sikka et al. 2014). Moreover, tumor cells overexpressing
FGFR1, 3 and 4 showed elevated STAT signaling (Heinzle, Sutterluty et al. 2011). Here, we were
not able to detect any phosphorylated STAT3 for Gly"¥, Arg"®¥, R3c or control™¥,

5.3 FGFR4 inhibition - PD173074

Jiang et al. observed differential sensitivity of IL-3 independent Ba/F3 cells expressing EGFR-
variants when treated with the TKI Gefitinib. Recently, Ba/F3 cells expressing mutated NPM-
ALK proteins have been used to simulate crizotinib-resistant ALCL and to screen for possible
inhibitors (Ceccon, Mologni et al. 2013). Here, we treated Gly and control Ba/F3 cells with the
TKI PD173074. This small molecule inhibits FGFR1 (Nguyen, Tsunematsu et al. 2013), FGFR2,
FGFR3 (Beenken and Mohammadi 2009) as well as FGFR4, although the inhibition of the latter
is weaker compared to FGFR1-3 (Vainikka, Partanen et al. 1992, Wang, Gao et al. 1994, Shaoul,
Reich-Slotky et al. 1995).

We detected decreased viability (two tailed t-test, p=0.019) of IL-3 independent Gly cells when
treated with 5uM PD173074 in absence of IL-3. Control or Gly cells supplied with IL-3 showed
no effects for the same concentration. This suggests that the IL-3 independency of Gly cells

was at least in part dependent on FGFR4-signaling activity.

In addition, we observed a strong decrease of viability for all cell lines with or without IL-3
when treated with 10uM PD173074, suggesting a general toxicity of this TKI at high
concentrations. In fact, clinical trials with PD173074 have been stopped due to toxicity

problems (Knights and Cook 2010).

5.4 Blockade of FGFR4 by adenoviral constructs

Kalinina et al. described the inhibitory effect towards FGFRs of an adenovirally expressed
construct consisted of an Igl loop linked to an AB by blocking the heparin binding site of FGFRs

(Kalinina, Dutta et al. 2012). In addition, sol4 may compete with FGFRs for ligand binding
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(Ezzat, Zheng et al. 2001) (Chen, Jiang et al. 2011). In contrast to soluble FGFRs, dnFGFRs are
similar to wtFGFR but lack the TK domain, which prevents auto-phosphorylation and therefore
FGFR mediated signaling (Alberts 2008). HCC cells infected with adenoviruses expressing sol4
or dn4 showed altered signaling as well as decreased motility and anchorage-independent
growth (Gauglhofer, Paur et al. 2014). Here, we infected the IL-3 independent Gly cells as well

as control cells with sol4, dn4 and co-v.

As expected, viability of the control cells was not altered by these constructs. Gly cells supplied
with IL-3 also showed no differences in viability. However, IL-3 withdrawal resulted in reduced
viability of cells infected with the dn4 construct, suggesting reacquired IL-3 dependency upon
receptor blockade and therefore successful inhibition of FGFR4. However, we did not observe
any inhibitory effects of cells treated with sol4. Although sol4 should exert its inhibitory
potential by acting as a ligand trap (Ezzat, Zheng et al. 2001, Chen, Jiang et al. 2011) as well as
blocking heparin binding sites (Kalinina, Dutta et al. 2012), recent studies indicated that Igl
loop and AB play an important role in cell-to-cell contacts. Pituitary tumor derived cells
expressing FGFR4 isoforms that lack the N-terminal Igl and AB showed less cell adhesion in
vitro and increased invasiveness in vivo (Ezzat, Zheng et al. 2004). This suggests that the
inhibitory function of the sol4 construct is, at least to some extent, involved in cell-to cell
contacts. Ba/F3 are suspension cells (Palacios and Steinmetz 1985) and lack cell adhesion,

which could explain why there was no impact on the viability of sol4 treated Ba/F3 cells.

However, we observed drastically reduced pPLCy1 levels and a trend to decreased STAT3
signaling of Gly cells stimulated with FGF1 and infected with dn4 as well as sol4, indicating
FGFR4 blockade. We did not detect decreased S6 or ERK1/2 signaling of FGF1 stimulated cells
infected with dn4 or sol4. In contrast to PLCy1 and STAT, S6 and ERK1/2 do not directly interact
with the FGFR (Turner and Grose 2010) and could also be stimulated by another pathway. In
addition, signaling mediated by FGFR4 is weak compared to other FGFRs (Vainikka, Partanen
et al. 1992, Wang, Gao et al. 1994, Shaoul, Reich-Slotky et al. 1995). This suggests, that the
activation of signaling pathways downstream of FGFR4 - S6 and ERK1/2 - was not sufficient to

show inhibitory effects of dn4 and sol4.
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5.5 Impact of FGFR4 Blockade on Tumor Growth

HCC cell lines infected with dn4 and sol4 showed decreased tumor growth rates when injected
into SCID mice (Gauglhofer, Paur et al. 2014). Here, we tested FGFR4 blocking adenoviral
constructs dn4, sol4 as well as co-v in vivo by injecting 3 different virally infected colon cancer
cell lines subcutaneously into SCID mice, measured tumor growth rates and fixed/stained
tumors when they reached the endpoint. The used cell lines SW480, HCT116 and HT29 varied
in FGFR4 expression and allelotype (Heinzle, Gsur et al. 2012). Growth rates of tumors derived
from dn4 infected cells were significantly decreased for HT29 and SW480. HCT116 derived
tumors showed a trend to decreased tumor growth rates and failed to develop any tumors
when infected with the sol4 construct. Attenuation of tumor growth rates was significant for
all cell lines when infected with the sol4 construct. Our data suggest that the dn4 construct
blocks FGFR4, therefore leading to decreased viability and tumor growth rates as well as
variations in FGFR4 signaling. Furthermore, sol4 did not reduce viability in vitro in our Ba/F3
model, but altered signaling and drastically attenuated tumor growth rates in vivo, which
indicates the already discussed role of FGFR4 and the Igl-AB part in cell-to-cell contact. In
addition to measuring tumor growth, we stained the tumors and lungs of the animals.
Investigation of HE and Ki-67 stained tumor tissue slides revealed no differences between the
experimental groups. Because we used non-propagating adenoviruses, the viral genome was
transiently expressed and finally diluted out of the cell during cell division or degraded (Lanza
2013). This implies that tumor growth rates were successfully attenuated by viral treatment,
but changes in tumor architecture, proliferation rates as well as expression of FGFR4 and
invasive markers were already lost at the endpoints. Furthermore, for animals injected with
HCT116 cells infected with dn4 and co-v, we detected 1 micro-metastasis in each of the lungs.
There was no metastasis in the other groups, indicating, that this model is not suitable for

studying invasion and metastasis.

5.6 Summary

In this master thesis, we investigated the impact of FGFR4 blockade towards viability, signaling
and tumor growth. Using the Ba/F3 model system, we were able to show inhibitory effects of
a small molecule inhibitor on viability of FGFR4 expressing cells. Furthermore, adenoviral
constructs effectively altered signaling in vitro and reduced tumor growth rates of colon
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cancer cells in vivo. Although we observed the effects of FGFR4 blockade in different model
systems, the underlying pathways remain hidden. Further experiments to analyze FGFR4-
dependent cellular reactions and their blockade will include gene set enrichment analysis of
various FGFR4 overexpressing colon cancer cell lines. Comparing the expression data of

different cell lines should allow us to identify FGFR4 mediated effects.
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6 Abstract

Overexpression of FGFR4 and/or its stimulating ligands has been observed for various tumor
types. Recently, the SNP G388R of FGFR4 has moved into the focus of interest as both allelic
forms seem to play important roles in tumorigenesis. So far, inhibitory strategies for FGFR4
are limited, mainly because available drugs were initially designed to block other RTK and lack
specificity for FGFRA4. In this study, we were able to show the inhibitory potential of the TKI
PD173074 towards Ba/F3 cells expressing only FGFR4. Using the same cell line, we evaluated
blockade of FGFR4 via infection with adenoviral constructs. Treatment with the dn4 construct
resulted in decreased viability, indicating successful inhibition. In addition, both dn4 and sol4
altered signaling pathways of FGFR4 expressing Ba/F3 cells. Moreover, we performed in vivo
experiments using three CRC cell lines with varying FGFR4 expression and allelotype. Tumor
growth rates for these xenografts were decreased compared to control, whereby efficiency of
inhibition varied between the cell lines. This indicates, that blockade of FGFR4 could play an

important role in cancer therapy of patients with altered FGFR4 background.
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7  Kurzfassung

In verschiedenen Tumoren wurde erhohte Expression von FGFR4 bzw. dessen stimulierenden
Liganden detektiert. Weiters nimmt in immer mehr Studien der Einzelnukleotid-
Polymorohismus G388R von FGFR4 eine besondere Rolle ein. Nach heutigem Wissensstand
dirften beide Allele mit Tumorentstehung und —entwicklung in Verbindung stehen. Um FGFR4
zu blockieren, werden Inhibitoren verwendet die vorwiegend entwickelt wurden um andere
RTK zu blockieren, weshalb es an Spezifizitat fehlt. In dieser Studie wurden Ba/F3 Zellenlinien
verwendet die nur FGFR4 exprimieren, um auf diese Weise die inhibierende Wirkung von
PD173074 auf FGFR4 nachzuweisen. Zusatzlich wurde dieselbe Zelllinie mit Adenoviren
infiziert, um die blockierende Wirkung der genetischen Konstrukte dn4 und sol4 zu
Uberprifen. Eine verringerte Viabilitat nach dn4 Expression bzw. Veranderungen von
phosphorylierten Signalproteinen deutete auf erfolgreiche FGFR4 Blockade hin. Zusatzlich
wurden in vivo Versuche mit drei verschiedenen Kolon-Krebs Zelllinien durchgefiihrt. Die
verwendeten Zelllinien unterschieden sich sowohl im Ausmal der FGFR4 Expression als auch
im Allelotyp. Diese Zelllinien wurden mit dn4 und sol4 infiziert, in Mause injiziert und die
daraus resultierenden Tumore in regelmaRigen Abstanden gemessen. Die Wachstumsrate der
dn4 und sol4 behandelten Tumore war verringert, wobei das AusmaR der Reduzierung
abhangig von der Zelllinie war. Eine gezielte FGFR4 Blockierung kénnte also eine wichtige Rolle
bei der Behandlung von Patienten mit mutierten oder FGFR4 berexprimierenden Tumoren

spielen.
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