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Introduction

1 Introduction

Cancer is the leading cause of death world widergvlieaccounts of approximately 13 % of
all deaths. Amongst others lung, stomach, livelgrectal and breast cancer cause the most
cancer deaths world wide. Next to biological camgiens like infectious agents, physical and
chemical carcinogens are potent effectors of calltansformation. Although most of these
carcinogens like tobacco smoke could be avoidededndation towards prevention of cancer
increases yearly, 30% of all cancer death stilueetecause of environmental factors and
lifestyle influence. Therefore, the scientific unstanding of the development of this disease

is the most important basis in fighting cancer.

1.1 Tumor suppressors

Tumor suppressors either have a dampening or ®peesffect on the regulation of the cell
cycle or promote apoptosis, and sometimes do bbile. functions of tumor suppressor

proteins fall into several categories including tbkkowing (Sherr, 2004):

1. Repression of genes that are essential for cell ¢y@rogression If these genes are
not expressed, the cell cycle will not continuée@ively inhibiting cell division.

2. Maintenance of genomic integrity As long as there is damaged DNA in the cell, it
should not divide. If the damage can be repaiteglcell cycle can continue.

3. Initiation of cell death. If the damagecannotbe repaired, the cell should initiate
apoptosis (programmed cell death) to remove ttemthit poses for the greater good of
the organism.

4. Repression of metastasisSome proteins involved in cell adhesion prevemdr
cells from dispersing, block loss of contact intidn, and inhibit metastasis. These
proteins are known as metastasis suppressors @sinoland Kanai, 2003; Yoshida et
al., 2000).

1.1.1 The Tumor Protein 53 (TP53)

The p53 gene, first described in 1979, was the firsior-suppressor gene to be identified.
The heterozygous loss of p53 in humans causesitheumeni syndrome with an early onset
of cancers in diverse tissues. Similarily, the ibfaof p53 in mice results in tumors of
various tissues. P53 is primarily activated underditions of cellular stress or DNA damage.

Here, the activation of the network is dependenth@enATM kinase (for ataxia telangiectasia
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mutated), which is stimulated by the DNA strandaliseand Chk2, which is in turn stimulated
by ATM (Carr, 2000).

Another route of p53 activation is triggered byrahet growth signals, such as those resulting
from the expression of oncogenes like Ras or Mychis case, activation of the p53 network
in humans depends on the cell cycle inhibtorf14Lowe and Lin, 2000; Sherr and Weber,
2000). The last known p53 pathway is induced byidewange of chemotherapeutic drugs,
ultraviolet light, and protein-kinase inhibitorscais not dependent on intact ATM, Chk2 or
p14”%F and may instead involve kinases called ATR (atéelangiectasia related) and casein
kinase (Meek, 1999). However, phosphorylated aedethy activated by these proteins, p53
can be released from its negative regulator MDMB&jctv binds p53 and marks it for
ubiquitination. Activated p53 can then act as adgcaiption factor of a multitude of genes
involved in cell cycle arrest/senescence, apoptosisprevention of blood vessel formation as

seen in Figure 1.

Ultraviolet light, stress Oncogenes

KILLER/DRS | PS3AIFY
D@D
|
Speciss Prevention of

Heac#lva oxygen

= new blood vessel
Growth arrest Apoptosis formation

Figure 1: Network of p53; p53 gets activated via AWM, ATR or p14 in response to DNA-damage, cellular
stress or oncogenes; released from its negative tégtor MDM2 that marks p53 for degradation, p53
activates the expression of its target genes to inde growth arrest, apoptosis or the prevention of ew
blood vessel formation (Vogelstein et al., 2000).

All aforementioned processes shut down the muttipion of stressed cells, inhibiting
progress through the cell cycle or cause apoptosikefend the organism for a greater risk,

that these cells become cancerous.
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1.1.2 The retinoblastoma gene product (Rb)

The retinoblastoma gene product (Rb) was the fusbhor suppressor identified to be
significantly lost in human cancer. This loss oftdmezygosity in humans causes
retinoblastoma (Friend et al., 1986). In the mouke, germline knockout of Rb results in
embryonic lethality at mid-gestation (Maandag et #994). However, its primary function is
to prevent the unscheduled entry into the mitol cycle (Classon and Harlow, 2002;
Cobrinik, 2005; Liu et al., 2004). In the absence noitogens, Rb inhibits cell-cycle
progression by preventing the transcription of iplét genes required for S-phase-entry
(Blais and Dynlacht, 2004; Blais and Dynlacht, 20Diehl, 2002; Nevins, 2001; Sherr, 2000;
Wang et al., 1994). The best studied targets arélated through the E2F transcription factor
family, the main target of Rb. Unbiased gene exqioesanalyses revealed, that the Rb-E2F
pathway regulates and controls approximately 15D-génes (Figure 2) (Knudsen and
Knudsen, 2008).

V9, W,
{EDKA/EH( CycD p
b v Y

|

@DCDED

| Target gene expression ‘

Figure 2: Simplified scheme of Rb regulation; in cik cycle progression Rb gets inactivated via
phosphorylation by CDK4/6; if the cell cycle is blaked by p16, Rb gets dephosphorylated and thereby
activated to bind E2F. This binding inhibits E2F toactivate the expression of its target genes to stulate
S-phase entry (Burkhart and Sage, 2008).

For the cell cycle to progress, mitogens must cenaict the action of Rb by activating cyclin-
dependent kinases, which attenuate the capaci®bdb induce transcriptional repression by
phosphorylation of Rb (Mittnacht, 1998). Througle ttell cycle, Rb remains in this inactive
stage, until passage through mitosis, at which tpibirs re-engaged through phosphatases
(Vietri et al., 2006).

Next to its main role in arresting cells in G1/Siblibiting the transcription factor E2F (Riley

et al., 1994; Weinberg, 1995), Rb is also assediat various other physiological processes
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like differentiation, regulation of cell death, m&nance of permanent cell cycle arrest
(senescence) and preservation of genomic stafifligure 3) (Dannenberg and te Riele, 2006;
Zheng and Lee, 2001).

& )

o] Gl B
Figure 3: Model of physiological processes that arregulated by Rb; Rb is not only involved in celtycle

arrest, senescence or apoptosis, but also regulatdifferentiation, the integrity of the genome, angbgenesis
and metastasis (Burkhart and Sage, 2008).

1.1.3 Impact of p53 and Rb in human cancer

It is well accepted that tumor cells invoke mukipiechanisms to bypass proliferative
control. As crucial regulators of the cell cycl®3pand Rb confer a proliferative advantage to
tumor cells via their perturbations.

Due to its frequent high expression in cancer tin@or suppressor p53 was originally
believed to be an oncogene, but genetic and fumatidata obtained ten years after its
discovery showed it to be a tumor suppressor. M@edt was found that the p53 protein
does not function correctly in most human canc&eble 1). In about half of these tumors,
p53 is inactivated directly as a result of mutation the p53 gene. In many others, it is
inactivated indirectly through binding to viral pemns, or as a result of alterations in genes
whose products interact with p53 or transmit infation to or from p53However, since
1989, 10.000 tumor associated -mutations were dsed, highlighting the impact and the
importance of p53 inactivation in human cancersliftiin et al., 1999; Hussain and Harris,
1999). The importance of p53 in the inhibition eflalar transfornation is pointed out in p53-
restoration experiments in mice. Here, highly agsitee hepatocarcinoma, lymphoma and

osteosarcoma start to regress if p53 is re-expie3aee et al., 2007)
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Mechanism of inactivating p53

Effect of inactivation

Amino-acid-changing
mutation In the DNA-

Typical tumours

Calon, breast, lung, bladder,
brain, pancreas, stomach,

Pravants p&3 from binding

to spacific DMA sequenceas and

binding dormain oesophagus and many others | activating the adjacent genas
Deletion of the caoxy- Ccoasional lumours Prevents the formation
tarminal domain i at many different sites of tetramers of pb3
Multiplication of the " Extra MDM2 stimulates
MDMZ gene in the genome Sarcomas, brain the degradation of p&3

Viral infaction

Cenix, liver, mphomas

Products of viral oncogenes bind to
and inactivate pS3 in the cell, in soma

cases stimulating p53 degradation
; Breast, brain, lung and Fallure to inhibit MDMZ2
[ahan & tae others, expecially whan and keep p53
P gena P53 itselt is not mutated degradation under control

cytoplasm, outside the nucleus

functions only In the nucleus)

Table 1: Status of the tumor suppressor p53 in vaous human cancers; next to genomic loss, p53 mostly
gets inactivated via mutations or fractional deletbns in human cancers. Furthermore, the deregulatioof
its negative regulator MDM2, viral infections or ddetions of p53 target genes are found to dysregukathe
p53-network. In breast or neuroblastomas p53 oftegets mislocated to the cytoplasm and thereby lacks

function (Vogelstein et al., 2000).

In the case of the retinoblastoma gene productrakubservations support the significant role
of Rb —mediated cell cycle control and moreover lttes in human tumors. First, loss of
heterozygosity of Rb results e.g. in tumor formatio the retina (retinoblastoma) (Cavenee et
al., 1983). Second, mutations that are either ivatihg or facilitate the phosphorylation of
Rb are observed at high frequency like in small-eelg cancer (Kaye, 2002) or moderate
like in breast, bladder or prostate cancer (DigflD2; Malumbres and Barbacid, 2001,
Palmero and Peters, 1996; Sherr, 2000; Sherr ar@omuaick, 2002). Third, the inactivation
of Rb is mediated by and cooperates with oncogémscontribute to human cancers like
HPV-E7 oncoprotein, that is involved in the aetgpiaf cervical cancer (Table 2) (Dyson et
al., 1989; Munger, 2002; Munger et al., 2001).
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Tumour type  Frequency of RB inactivation (genetic Presumed consequence of
or epigenetic) RBinactivation
Lung cancer Germline RB mutations predispose to small cell  SCLC initiation; progression to

lung carcinoma (SCLC), and RB is inactivated in  invasive forms of non-SCLC
>90% of sporadic SCLC cases. In contrast, RB is
mutated in only 15-30% of non-SCLC cases.

Melanoma RB inactivation is rare in sporadic cases, but Initiating event in familial cases
inherited mutation predisposes to melanoma

Prostate cancer  ~20% Progression to invasive carcinoma®

Breast cancer ~20% Progression

Bladder cancer  20-50% Progression to invasive tumours

Leukaemia Reduced levels of expression are frequent, Progression {CML blast crisis)

but mutations in RB are rare in leukaemias,
except in 20% of chronic myeloid leukaemia
(CML) cases

Brain cancer Rb-mutant mice develop pituitary tumours, but  Progression
RB mutations are rare in human cases. 15-30%
of advanced gliomas have RB mutations

Oesophageal RB deletion are found in 15-50% of Early progression
cancer adenocarcinomas or squamous cell
carcinomas

Liver cancer Mutations in RB are found in 15-30% of the Progression
advanced hepatocellular carcinomas®

Table 2: Inactivation of the RB gene in common huma cancer types; Rb gets inactivated through genetic
or epigenetic mechanism and its functional loss & frequent event in human cancers. Via its inactividon
cancers are either initiated or progressed early oto an invasive state (Burkhart and Sage, 2008).

1.2 Cancer barriers and neoplastic transformation of cells

In organisms every cell is embedded and organizets icharacteristic tissue with its specific
duties. To maintain this organisation of an orgamisells are strictly confined in their cell-
cell-interaction ability and behaviour. These riesitins are barriers to cancer and cells must
overcome these barriers to escape the organizedetiand convert to a neoplastically

transformed cell.

1.2.1 Cancer barriers of cells: limited life span, seneence and

immortalisation

Primary cells display a restricted life sgarvitro. These cells enter permanent growth arrest
after a defined number of cell divisions, calleglieative senescence (Harada et al., 2003;
Hayflick, 1965). Senescent cells can be detectaddifferent markers like the expression of
B-galactosidase (Dimri et al., 1995), p16 and p2theractivated of CHK1 and 2 (d'Adda di

{Formatiert: Englisch (USA)

[ Feldfunktion gedndert
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Pre-senescent cell

o8 - Strong mitogenic
_ O [signals

Dysfunctional L =
telomeres B

h

Chromatin perturbations
and cther non-genotoxic
SITESSEs

Nor-telomerie |
DA damage l

Senescent phenotype

Growth arrest |

Altered gene |
EXpression

Apoptosis
N, resistance.

Mature Reviews | Molecular Cell Biology

Figure 4: Senescence in cultured cells; senescermn be triggered by different mechanisms including
dysfunctional telomeres, DNA-damage, mitogenic sigfs or other stresses (Campisi and d'Adda di
Fagagna, 2007).

One of these stresses is the progressive shortefinglomeres. With each cell division
telomeres are reduced by about 50-150 base paygCollado et al., 2007; Shay and Wright,
2000). The achievement of a critical telomere lbriggers a DNA-damage response which
most of the times moves the cells into irrevdesirowth arrest (d'’Adda di Fagagna et al.,
2003). This replicative senescence is finally dnibg the activation of p53 and Rb (Campisi,
2005). If these gatekeepers of tumor suppressiennactivated, loss of telomere function
contributes to oncogenic transformation (Chin gt199).

Next to telomere-associated senescence, permartanhgarrest can be elicited by activation
of oncogenes, a phenomenon that was firstly desttrib 1997 (Serrano et al., 1997). Here,
the overexpression of the mutant H-Rasduces cellular senescence in human and rodent
cells. Activated mutants of RAF, MEK and BRAF weaiso shown to induce cell cycle arrest
(Lin et al., 1998; Michaloglou et al., 2005; Zhu &t, 1998). These oncogenes trigger
senescence by induction of a DNA-damage responisiehveontributes to cell cycle arrest
(Bartkova et al., 2006; Di Micco et al., 2006).

This permanent growth arrest is suggested as artsuppressive mechanism and one of the
main barriers to tumorigenesis (Reddel, 2000; Wragid Shay, 2001).

The first step to a malignant phenotype of cellshis ability to bypass this senescence, a
process called immortalisation where cells aquiréndefinite life span. As telomeres act as a
“molecular clock” of the cellular life span, immalized cells have to stabilize their telomeres
to escape the definite growth capacity. Therefargancerous cells have to reactivate the
expression of telomerase or maintain them throdggrrative telomere lengthening (ATL)

(Counter et al., 1992; Kim et al., 1994). Furthevgesses that contribute to immortalisation

7
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are DNA-damage, inactivation of cell cycle regutgtgenes like p53 and Rb, epigenetic gene
silencing or the overexpression of oncogenic aalvyiroteins (Figure 5) (Berube et al., 1998;
Bringold and Serrano, 2000; Itahana et al., 2008)dberg et al., 2000; Neumeister et al.,
2002).

| Senescence signals

Cell

T 4 proliferation
b k
§ L

= Senescence .

‘7 growth arrest. :5:

Mature Reviews | Molecular Cell Biology

Figure 5: Implication of p53 and Rb in cellular semscence; as the cell triggers senescence signais§ gets
released from HDM2 and induces senescence via pRb governs the cell into permanent growth arrest
through the permanent inhibition of E2F (Campisi ard d'Adda di Fagagna, 2007).

1.2.2 Cell transformation

The basis of neoplastic cell transformation is #veumulation of genetic and epigenetic
changes (Hanahan and Weinberg, 2000). These charaiely apply to genes involved in the
regulation of the cell cycle and proliferation suahproto-oncogenes and tumor suppressors.
Large scale sequencing, transcriptonal profilind gane expression analysis have implicated
thousands of genetic modifications to be involveaéoplastic transformation of human cells
(Baylin and Bestor, 2002; Golub et al., 1999; Pexbal., 2000).

1.2.3 Invitro transformation systems

Although studies on alterations in human canceivelela never ending number of genetic
changes or combinations of alterations that arehimd in distinct steps of neoplastic
transformation, experimental models of vitro transformation indicate, that just a few
disruptions or amplifications of pathways seem écshfficient to steer cells into a cancerous
phenotype. In the early eighties the malignantdf@mation of bird and rodent cells via

either viral or human oncogenes were the first ilesd models of oncogenesis of primary
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cells (Land et al., 1983; Ruley, 1983). In humafiscthe introduction of viral oncoproteins
like the papilloma simian virus 40 (SV 40) largaiitigen (LT) or the human papilloma virus
(HPV) E6 or E7 fail to induce immortalisation inllsealthough they extend their cellular
lifespan via inhibitory binding to p53 or Rb andeteby perturbating their signalling
pathways. Only the introduction of both tumor s@ggsiors allows pre-senescent cells to
overcome the permanent growth arrest. By a suadesfactivation of telomerase or
alternative mechanisms (ALT) to maintain stableonetre length, immortalisation and
thereby the prerequisite of malignant transformratian be achieved. Further models develop
immortalisation chemically, or with biological agenHere, cells can be immortalized by
addition of mutagens like aflatoxin B (Bond et 4B99; Opitz et al., 2001; Shay et al., 1991).
So far, some defined manipulations are necessacptpletely transform cells. In normal
human fibroblast the induction of the SV40 earlgioa, expression of hTERT and oncogenic
RAS cooperate to induce a malignant phenotype (Hsahal., 2002; Yu et al., 2001). These
genes are further sufficient to transform a widegeaof primary cells like ephithelial cells of
the breast or lung, mesothelial cells, melanocgtes neuroectodermal cells (Elenbaas et al.,
2001; Liu et al., 2004; Lundberg et al., 2002; Rathal., 2001). Other combinations of
introduced genes have shown to be successful withquression of hTERT. In keratinocytes,
the coexpression of CDK4 and RAS appears to bécmirff for transformation. In fibroblasts
the introduction of the adenoviral E1A oncoprotdRAS and MDM2 transformed the cells
without telomerase expression (Brookes et al., 28@8er et al., 2002).

However, with few exceptions so far, the transfdioma of human cells requires the
introduction of viral oncoproteins and thereby doesfully reflect the situation of malignant

cell transformationn vivo.

1.3 Receptor Tyrosine Kinases

Protein tyrosine kinases are important regulatbiatoacellular signal transduction pathways
mediating aspects of multicellular communicatiod development (Ullrich and Schlessinger,
1990). Tyrosine kinases play an important rolehia tontrol of most fundamental cellular
processes including cell cycle, migration, metadoliand survival, as well as proliferation
and differentiation. There are currently more ttedh known tyrosine kinase genes in the
human genome; 58 encode transmembrane receptsintyrbinases (RTKs). The epidermal
growth factor receptor (EGFR) was the first RTKb cloned and characterized by Ullrich
and colleagues in 1984 (Ullrich et al., 1984). 8itlten, RTKs have been distributed into 20

subfamilies based on their structural characteesRTKs are type | transmembrane proteins



Introduction

and contain an extracellular ligand-binding donthiat is usually glycosylated (Hubbard and
Till, 2000). The structural diversity of RTK ectadains is due to the presence of one or
several copies of immunoglobulin-like domains, dibectin type Ill-like domains, EGF-like
domains, cysteine-rich domains, or other domaihe. ligand binding domain is connected to
the cytoplasmic domain by a single transmembratig. Aghe cytoplasmic domain contains a
highly conserved protein tyrosine kinase core addit®nal regulatory sequences that are
subjected to autophosphorylation and phosphorylatiy heterologous protein kinases
(Blume-Jensen and Hunter, 2001).

Beginning with the discovery that the EGFR and ¢heogene v-erbB are directly related,
RTKs were found to be frequently implicated in candevelopment and progression by
different mechanisms including activating mutatiogene fusions, overexpression or gene
amplification (Ullrich et al., 1984). RTKs may alserve as excellent prognostic factors or
targets of cancer therapy. The first and most pmemti example for a RTK as an anticancer-
target is the human epidermal growth factor reaeptHER?2). In 1985, the HER2 EGFR-
like receptor gene was identified and its amplifma in breast cancer was correlated with
relapse and survival of breast cancer patients §68ns et al., 1985; Slamon et al., 1987).
Herceptin, the humanized monoclonal antibody thegdts HER?2 at the cell surface, is the
first genomic-research based anti-cancer therapedérceptin is approved by the FDA for
the treatment of locally advanced and metastatéadir cancer since 1998 (Fischer et al.,
2003).

1.3.1 Fibroblast Growth Factor Receptors

The fibroblast growth factor receptor (FGFR) fanmigycomposed of four receptors (FGFR1-
4) and more than 20 known ligands and has beenidatetl in the regulation of various
physiological processes including angiogenesispgeitesis, differentiation and development
(Burke et al., 1998; Jeffers et al., 2002). FGFRBBstst of an extracellular ligand-binding
domain, a single transmembrane domain and a cygimidadomain containing the catalytic
protein tyrosine kinase core as well as additioregulatory sequences (Hunter, 2000;
Schlessinger, 2000). The extracellular ligand-bigdiomain of FGFRs is composed of three
immunoglobulin like domains, designated D1-D3;ratsh of seven to eight acidic residues in
the linker connecting D1 and D2, designated thdd“dmox” and a conserved positively
charged region in D2 that serves as a bindingfeiteheparin (Eswarakumar et al., 2005;

Schlessinger et al., 2000).
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1.3.1.1 Signalling of Fibroblast Growth Factor Receptors and their implication in
pathophysiological phenotypes
Signalling via FGFRs is mediated via recruitmense¥eral docking proteins after stimulation
through FGFs. These docking-proteins, called FRShd FRSRB bind to the auto-
phosphorylation sites of the activated receptoralldim et al., 2000; Ong et al., 2000).
Following recruitment of Grb-2 and Sos results e tactivation of the Ras/MAP kinase
signalling pathway (Kouhara et al., 1997). If Grioe2ruits Gab-1, FGF stimulation results in
the activation of the PI3-kinase leading to Akt elegent anti-apoptotis. Moreover,
stimulation of FGFRs results in the expression afjét genes that either trigger further

cellular signals or result in a negative feedbadplof the respective FGFR (Figure 6).
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Figure 6: Signalling pathways of FGF Receptors; FGRs get stimulated and thereby phosphorylated via
binding of their cognate ligands. Upon autophosphgfiation FRS2 proteins are able to bind FGFRs in
order to build signalling platforms that stimulate either the Erk1/2 or the Akt pathway resulting in the
expression of target genes that trigger a physiolagal output or activate negative feedback loops dFGFR
signalling (Mason, 2007).

FGFs and FGFRs are implicated in a variety of ¢alluprocesses with diverse
pathophysiological phenotypes as a result of tiss tuf function of either FGFs or FGFRs.
Table 3 and 4 display the functions of differentHsGand FGFRs investigated in knock-out
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mice. Here, the disruption of either FGFs or FGF&aults in diverse phenotypes ranging

from developmental disorders, which cause embryietinality to no obvious phenoypes.

Gene Survival Phenotype

FGF1 Viable No obvious phenotype

FGF2 Viable Neuronal, skeletal and skin phenotypes

FGF3 Viable Inner ear, tail outgrowth

FGF4 Lethal E5.5 Inner cell mass proliferation

FGF5 Viable Long hair, “Angora™ phenotype

FGF6 Viable Muscle regeneration

FGF7 Viable Hair follicle and kidney deficiency

FGF8 Lethal E8.5 Many phenotypes including gastrulation, brain, heart and craniofacial development
FGF9 Lethal Po Lung, xy sex reversal

FGF10 Lethal Po Many phenotypes including limbs, lungs, kidneys and others

FGF14 Viable Neurological phenotype-ataxia and a paroxysmal hyperkinetic movement disorder
FGF15 Viable No defect in inner ear development; poor survival rate

FGF17 Viable Midline cerebral development

FGF18 Lethal P1 Delayed ossification and increased chondrocyte proliferation; decreased alveolar spaces in the lung
FGF23 Viable Hyperphosphatemia, hy poglycemia, reduced bone density and infertility

Table 3: Summary of phenotypes obtained from FGF kack-out mice; Phenotypes vary from
developmental to regenerative to metabolic syndronse implicating the FGFs in variety of cellular
processes (Eswarakumar et al., 2005).

Receptor/isoform Survival Phenotype

Fgfrl Lethal, E9.5-E12.5 Defective cell migration through primitive streak; posterior axis defect

Fgfrlb Viable No abvious phenotype

Fgfrlc Lethal, E9.5 Defective cell migration through primitive streak: posterior axis defect

Fgfr2 Lethal, E10.5 Defect in placenta and limb bud formation

Fgfr2b Lethal, PO Agenesis of lungs, anterior pituitary, thyroid, teeth and limbs

Fgfrie Viable Delayed ossification, proportionate dwarfism, synostosis of skull base (chondrocranium)
Fegfr3 Viable Bone over growth; inner ear defect

Fgfrd Viable No obvious phenotype; growth retardation and lung defects in FGFR3 null background

Table 4: Summary of phenotypes obtained from FGFR hkock-out mice; Phenotypes vary from
developmental to regenerative syndromes implicatingthe FGFRs in variety of cellular processes
(Eswarakumar et al., 2005)

In humans, the FGFR family is known to play a kelerin skeletal development. Especially
activating FGFR gene mutations are implicated iresad skeletal disorders. Amongst others,
an amino acid subsitution from Tyrosine to Cysteiostly results in a hyperactivated

receptor. This amino acid substitution is presenthe FGFR2 (Y375C) and the FGFR3
(Y373C) and results in the Beare-Stevenson syndr@st&oglophomic dysplasia is linked to

an Y372C mutation in the FGFR1. Furthermore, séwaiteer mutations in the FGFR1 and

FGFR2 gene are linked to the Crouzon, Pfeiffer amkrt syndrome that all cause

craniosynostosis. Dwarfing syndromes such as acbplabtic and hypochondroplastic

dwarfism are associated with mutations in the FGIg@Be. Table 5 summarizes the most
frequent mutations in the FGFR 1-3 and the accgrdimdromes (White et al., 2005; Wilkie

et al., 2002).
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Gene AA-Substitution Syndrome Ref
FGFR 1 Y372C Osteoglophonic dysplasia (White et al., 2005)
N330I
P252R Pfeiffer (Roscioli et al., 2000)
FGFR 2 Y375C Beare-Stevenson (Krepelova et al., 1998)
N331l Crouzon (Rutland et al., 1995)
S252W
P253R
S252wW Apert
(Cohen and Kreiborg,
P253R 1995)
C342R Pfeiffer
W290C (Wilkie et al., 2002)
S351C
FGFR 3 Y373C Beare-Stevenson (White et al., 2005)
P250R Muenke (White et al., 2005)
P250R Saethre-Chotzen (White et al., 2005)
N328I Crouzon (White et al., 2005)
G380R Achondroplastic dwarfism (White et al., 2005)
C1620A Hypochondorplasic dwarfism (Ramaswami et al., 1998)
K650M SADDAN (Bellus et al., 1999)

Table 5: Summary of FGFR 1-3 gene mutations and thaccording phenotypes: FGFR1-3 are implicated
in several skeletal disorders via gene mutations & result in amino acid substitutions. According
phenotypes include the Peiffer, Apert or Crouzon sydrome.

1.3.1.2 Thelmpact of the Fibroblast Growth Factor 4 and itsvariant Arg388 on
human cancer

In human cancer, the FGFRs are implicated eitheo\grexpression like, pancreatic- or
prostate carcinoma (Eswarakumar et al., 2005; Cdivear et al., 2005; Morrison et al., 1994),
or by activating mutations leading to abnormal dasproteins or nucleotide substitutions
(Cappellen et al., 1999; Fioretos et al., 2001gJetral., 2001; Macdonald et al., 1995) .
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The human FGFR4 is known to be involved in the psgion of diverse cancers. In
hepatocellular carcinoma (HCC), FGFR4 promotes turgmowth by regulation cell
proliferation and anti-apoptosis, suggesting that FGFR4 may represent a potential target
for HCC therapy development (Ho et al., 2009). Aibla of FGFR4 and the inhibition of
FGF19, the specific ligand of FGFR4, in human cot@mcer or liver cancer cell lines
resulted in a reduced colony formation and tumomgn in nude mice by negatively affecting
theB-catenin signalling pathway (Desnoyers et al., 2008 et al., 2008; Xie et al., 1999). In
pituitary tumors, the FGFR4 promotes tumor progogsas mutated truncated receptor. Here,
the inactivation of the FGFR4 with an inhibitor vegs the tumor volume with an additional
less invasive behaviour in nude mice (Ezzat et 2006). In addition, in prostate and
medullary thyroid cancer the FGFR4 seems to prormoteor growth by its overexpression
and is thought to be a valid target for prostateceatherapy (Ezzat et al., 2005; Gowardhan
et al., 2005; Shah et al., 2002).

Beside somatic mutations, it has become increasiofgar, that germline alterations like
single nucleotide polymorphisms (SNP) have clinisiginificance for the development and
progression of diseases like cancer as well asthferdefinition of a patients individual
response to therapeutic agents (Ameyaw et al2;2@0rimoto et al., 2003; Przybylowska et
al., 2001).

In the humarFGFR4 genea polymorphic nucleotide change in codon 388 cdsv@iycine
(Gly) to Arginine (Arg) in the transmembrane ragiof the receptor, a hot spot in receptor
tyrosine kinases (RTKs) for disease-relevant secpefariations (Bange et al., 2002). This
single nucleotide substitution in ti&GFR4 was shown to be implicated in progression and
poor prognosis of various types of human cancengBaet al., 2002; Spinola et al., 2005;
Stadler et al., 2006; Streit et al., 2004; Stredle 2006; Wang et al., 2004). Here, Bange and
colleagues could associate tA6FR4 Arg388allele with tumor progression in breast and
colon cancer patients (Bange et al., 2002). Sifgilaoft tissue sarcoma patients, who carried
the FGFR4 Arg388allele had a poor clinical outcome (Morimoto et @D03). In melanoma
the Arg388 allele is associated with increased tumor thickneshile in head and neck
squamous cell carcinoma tle&GFR4Arg388allele correlates with reduced overall patient
survival and advanced tumor stage. Furthermorecant study on prostate cancer patients
strongly associated tHeGFR4 Arg388allele not only with tumor progression but alsahwi

prostate cancer initiation.
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The main conclusion of these studies was thatitheepce of one or twarg388alleles in the
genome of an individual does not initiate cancarettgment but predisposes the carrier to a
more aggressive form if she or he is affected leydisease.

Furthermore, some studies focused on the molecotarhanism oFGFR4 Arg388allele.
Studies on prostate cancer e.g. implicateAtg388allele in FGFR4 stability as the basis of
its tumor promoting effect and further that the rx@ression of Ehm-2 in the presence of the
FGFR4 Arg388 isotype results in the higher invagiogential of Arg-carrying prostate cancer
patients (Wang et al., 2006; Wang et al., 2008).

In summary, the FGFR4 is implicated in various esis@nd the disruption of its signaling via
inhibitors or reduction of the receptor seems toabe&alid approach in cancer therapy.
Moreover, the single nucleotide polymorphism in B@&FR4, which substitutes Glycine with
Arginine at codon 388 is a promoter of aggressiaecer of various tissue origins and seems

to be a more valid target and prognostic facton tine FGFRA4 itself.

1.4 Human breast cancer and modelling mammary carcinoma in vivo

Breast Cancer is the most frequently diagnosedetaincwomen in the United States and
Europe and the fifth leading cause of cancer ded&teast cancers have a huge
histopathological and genetic diversity, that abult in a variety of clinical phenotypes
(Table 6). This diversity is confronted by justeavfprognostic markers that turn breast cancer

into a difficult disease to be cured with a staddherapeutic strategy.

Histopathological type of invasive Frequency 10-year
breast carcinoma survival rate
Invasive ductal carcinoma, not otherwise 50-80% 35-50%
specified

Invasive lobular carcinoma 5-15% 35-50%
Mixed type, lobular and ductal features 4-5% 35-50%
Tubular/invasive cribriform carcinoma 1-6% 90-100%
Mucinous carcinoma <5% 80-100%
Medullary carcinoma 1-7% 50-90%
Invasive papillary carcinoma <1-2% Unknown
Invasive micropapillary carcinoma <3% Unknown
Metaplastic carcinoma <5% Unknown
Adenoid cystic carcinoma 0.1% Unknown
Invasive aprocrine carcinoma 0.3-4% Unknown
Neurcendocrine carcinoma 2-5% Unknown
Secretory carcinoma 0.01-0.15% Unknown
Lipid-rich carcinoma <1-6% Unknown
Acinic-cell carcinoma 7 cases Unknown
Glycogen-rich, clear-cell carcinoma 1-3% Unknown
Sebaceaous carcinoma 4 cases Unknown

Table 6: Histopathological type of invasive breastarcinoma its frequency and the estimated 10-year
survival rate;

15



Introduction

Due to the high diversity of breast cancer tradio prognostic markers can identify
approximately 30% of patients to have a favouraléad prognosis. Table 7 lists the few

factors out of a large number that so far fulfiktrequirements of being a prognostic marker.

Marker Use in clinic Metastatic determinants Details References
Tuimour size Established Indlependant 14-17
;Jr’.!l(_rlt‘,-:l.‘i markear
tumours of 2-8 cm hove
of metasiasis: lumours cver
hawe-a very high rsk of metastasis
Axdiiary lymph- Estabtlished It thera are no lymph-noda Falated to tumour 14,1817
nodé status metastases, the fsk of metastasis e
s bow; if mph-node metastases
are present, the risk of metastasis
is high; the prasence of over
& lymph-node metastases is
associated with very high
metastasis risk
Histological grads  Established Grade 1 tumowrs have a low risk of Feiated to tumour 14,1618
metastasis; grade 2 fumeurs have slize
an intermediate risk of metastasis;
grada 3 tumours have a high risk of
metastasiz
Angialnvasion Established in The presence of tumour embeli in in patients with 19,20
patisnts with owver 3 tlood vessals iz associated lymph-node-
lymph-node- with metastasis negative tumours
negative tumours
UPARAIT protein Mewdy establishad High protein levels of uPA and PAN independant 55-80
hevel markar arg assaciated with high metastasis  prognosis marker
risk
Sterold-receptor  Established for Lew stercld-receptor levels are Short-term 14
expression advant therapy associated with metastasis predictor of
decishon metastasis risk (5
vears), refated lo
histological grade
v for ERBAZ ampliication/overaxprassion 28,3031
W therapy is asscciated with metastasis Byrrygt he-
protern axpres SISO postive tumours
Gane-expreasion  Currently being A 'good signature’ of 7T0'genes is Tested in patients 78
profiling tasted asscointed with low metastasis risk; with lymph-node-
& 'poor signature’ of 70 génes is negative tumours
associnted with high metastasis risk
Fad1. plbaminooan actvalor inhibilor 1: UPA. Urokinase-tvna pladminaoen gathdalon

Table 7: Summary of prognostic factors of breast aacer metastasis and outcome; the best established
factors include tumor size, lymph node status andistological grade;

Therefore, there is still an urgent need of novedgpostic factors to improve existing

therapies and the expansion of the current undetistg to identify novel therapeutics.

1.4.1 The impact of the FGFR4 and its Arg388 variant on beast cancer

It is well known that the FGFR4 is frequently owgreessed in breast cancer and is therefore
implicated in its progression (Jaakkola et al., 39Penault-Llorca et al., 1995). Further
studies implicated the FGFR4 also in resistanceettain therapies. Herbreast cancer cell
lines that were desensibilized to doxorubicin ocloghosphamid, overexpress the FGFR4
compared to the parental cell line. By specific ¢dpwn of FGFR4, this apoptotic

restistance can be rescued (Roidl et al., 20093idBe that, overexpression of the FGFR4
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ligand FGF8b promoted aggressiveness of MCF-7 bre@scer cellsn vitro andin vivo
(Ruohola et al., 2001). Moreover, high expressibthe FGFR4 in patient mammary tumor
samples is associated with a significantly highate rof cancer relapse after usage of
tamoxifen leading to a prognosis for breast capegients. These data involve the FGFR4 as
a prediction marker of failure in tamoxifen treatthéMeijer et al., 2008). Above that, the
single nucleotide polymorphism in tHeGFR4 gene that substitutes Glycin by Arginin at
codon 388 is strongly correlated to increased agiweness of breast candervitro andin
vivo. Here, the overexpression of the FGFR4 Arg388awaraccelerated motility in MDA-
MB-231 cells and altered gene expression towarisre aggressive phenotype (Bange et al.,
2002; Stadler et al., 2006). Above that, breasteastudies correlate tHeGFR4 Arg388
allele not only with accelerated disease progressid also with higher resistance to adjuvant
systemic- or chemotherapies in primary breast cateading to a significantly shorter
disease-free and overall survival (Bange et alg22@hussbas et al., 2006). Unfortunately,
due to the highly complex and heterogeneous gebatikground of the patients, statistical
analysis yielded at times marginal results and lmeaf differences in patient stratification
and statistical evaluation diverging results lec¢dotroversies (Jezequel et al., 2004; Spinola
et al., 2005). Because of that and in spite ofstiheng association of the FGFR4 SNP with
disease progression, this genetic configuratiorotsyet established as progression marker for

clinical outcome or as basis for individual patieatment decisions.

1.4.2 The TGFa-EGFR signalling cascade and its impact on human
breast cancer

The epidermal growth factor receptor (EGFR) plays iafluential role in initiating the
signaling that directs the behavior of epitheliall and tumors of epithelial origin (Herbst,
2004). Its overexpression is present in the majaritsolid tumors, including breast cancer,
head and neck cancer, non-small-cell lung cancdr colon cancer (Herbst and Langer,
2002). For example in breast cancer the expressimeases from 40.000 to 2X18GFR
molecules per cell (Carpenter and Cohen, 1979;satral., 1991; Kondapaka et al., 1997).
Multiple ligands can bind the EGFR, but among thseepidermal growth factor (EGF) and
the transforming growth factar- (TGFa) are the most important ligands among these
(Salomon et al., 1995). Upon ligand binding, ti&HR either forms a homo-or heterodimer,
which subsequently gets autophosphorylated at timraciytoplasmatic tyrosine
phosphorylation domain. These phosphorylated tgesesidues serve as binding sites for

diverse docking proteins (Franklin et al., 2002)e Ras-Raf mitogen-activated protein kinase
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pathway and the phosphatidylinositol 3' kinase &id pathway are the major signalling
routes of the EGFR to regulate multiple processelsiding proliferation, or survival by target
gene expression (Alroy and Yarden, 1997; Burgeand Coffer, 1995; Liu et al., 1999;
Muthuswamy et al., 1999). In cancer, the EGFR &mfthily initiates the expression of target
genes responsible for cell migration, adhesion mmedastasis. In addition, angiogenesis, a
process required for maintenance of tumor growdin, loe regulated by the EGFR-signalling
cascade by stimulation of the vascular endothegiialvth factor (Figure 7) (Engebraaten et
al., 1993; Goldman et al., 1993; Petit et al., 1¥*bata et al., 1996).

TGF-alpha
') (%)

=

Cell cycle progression,
1 |

ICeII proliferation ] [Inhibition of apoptosis]

[Angiogenesis | Migration, Adhesion, Invasion|

Figure 7: The TGFa-EGFR signaling cascade; Upon TGE stimulation, the EGFR gets activated by
dimerization and followed by autotyrosine-phosphorjation. After binding of diverse docking proteins,the

EGFR can activate either the Akt or the Erk-pathway, which results in the transcription of target gens

that are implicated in proliferation, survival, angiogenesis, migration, adhesion or invasion; Deregatiion

of this pathway and following dysregultated intracdlular signaling results in various diseases likeancer.

http://commons.wikimedia.org/wiki/lmage:EGFR _signaing pathway.png

Valid models of carcinogensi® vivo are an important and necessary tool to investigate
cancer progression and the participating componentlucidate not only mechanisms of
tumorgenesis but also to find and test appropriatgs of therapy. In recent years more than a
few mouse models of every possible cancer was dpedl to study the initiation and
progression of this disease in the background atidthe impact of a whole organism and to
overcome the heterogeneity of patient cohorts @~sesd Tuveson, 2007). For breast cancer
numerous mouse models are available to study tpadtrof diverse influences in different

oncogenetic backgrounds that trigger mammary tunitiation (Hennighausen, 2000).
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As the EGFR has a role in a variety of cellulargesses and is often overexpressed in human
breast cancer, modelling of breast cancer in mi@econstitutive tissue-specific activation of

the EGFR can be a very elegant and orthotopic mafdebmmary carcinogenesis.

1.4.3 The WAP-TGF @ mouse mammary carcinoma model

The WAP-TGFRr model is a routinely used mouse mammary tumor in@deius et al., 1988;
Sandgren et al., 1995). In this model, TGdverexpression is controlled by the whey acidic
protein (WAP) promoter which specifically activatéege transgene in mammary epithelial
cells in mid-pregnancy. Thus, the process of mamgncarcinogenesis is promoted by the
constitutive overexpression of T@F a ligand of the epidermal growth factor receptor.
Overexpression of TGFin mammary epithelial cells results in acceleratalideolar
development and impaired cell differentiation leadito failures in female lactation.
Moreover, mammary involution is delayed and someedahr structures fail to regress
completely. As a consequence these hyperplasiolalveodules increase in number with
successive pregnancies, and in some cases prdgréssiors of variable histotype. These
tumors have an onset of about 8 month and disple§-differentiated carcinomas and
adenocarcinomas (Sandgren et al.,, 1995). WhereasC8/BL/6 background requires
continuous matings to get tumors established, rmraesgenic folWAP-TGRr in the FVB

background do not need be pregnant to establishnmaayntumors.

1.4.4 The MMTV-PymT model

Since the Polyoma Virus was discovered to be aogemein vitro some 50 years ago, mice
transgenic for the Polyoma Middle T (PymT) becamiast and efficienin vivo model to

study cancer of various tissue origins. Two of prencipal signalling pathways that are
stimulated by the middle T antigen are the mitogetivated protein kinase (MAPK) and
phosphatidylinositol-3-kinase (PI3K) with the fallng activation of the respective
downstream molecules. These pathways contributeittter activation of proliferation,

survival and transformation or inactivation of celycle arrest or apoptosis (Figure 8)
(Dilworth, 2002). Under the transcriptional control the mouse mammary tumor virus
(MMTV) promoter, the PymT is exclusively expressedthe mammary gland. Here, the
expression of Middle T results in synchronous apgreze of multifocal tumors involving all

mammary glands. This rapid conversion of the mamgneghithelium appears in several
transgenic strains after 3 weeks of age. Moreaware transgenic for PymT develop multiple

pulmonary metastases after 3 month (Guy et al.2)199
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Figure 8: Signalling pathways of the Polyoma MiddleT Antigen; PyMT activates the mitogen-activated
protein kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K) whereas SRC is the main target of
PyMT. The following downstream targets result in ehanced proliferation or survival leading to

transformation of cells rapidly and very efficiently (Dilworth, 2002).

1.5 Liver Metabolism and Cancer

The liver has a wide range of important functiomsluiding detoxification, protein synthesis,
and production of biochemicals necessary for digesin addition, the liver plays a major
role in metabolism and control processes like ghgostorage, decomposition of red blood

cells and plasma protein synthesis (Maton, 1993).

1.5.1 The impact of FGFR4 signalling on the hepatic bileacid synthesis,
hyperlipidemia, insulin resistance and hypercholegtrolemia

One major function of the liver is the productiohbde acids. This cholesterol metabolite is
then stored in the gall bladder and is releasedppardially in the small intestine for the
emulsification of lipids (Chiang, 2004; Russell03). The regulation of bile acid synthesis is
tightly regulated by a negative feedback loop tevpnt the damage of the enterohepatic
tissue. Here, the cholesterak-hydrolase, the catalyzer of bile acid expressisnepressed
by circulating bile acids itself (Jelinek et al99D). Responsible for this feedback loop is the
regulation of the FGFR4/FGF15/FGF19 pathway by &dligls (Inagaki et al., 2005). Here, the
nuclear bile acid receptor FXR, a key regulatobité acid homeostasis, is activated by the
binding of bile acid together with cholic acid addenodeoxy-cholic acid (Kok et al., 2003;
Sinal et al., 2000). After heterodimerization withe retinoid X receptor (RXRs) this
transcription factor induces the expression of sdvearget genes (Edwards et al., 2002).

Amongst others FGF19/15 is expressed via FXR/RXEhesmall intestine (Inagaki et al.,
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2005). FGF19/15 binds selectively to the FGFR4 ih#tte primarily expressed FGF receptor

in the liver (Kan et al., 1999; Nicholes et al.020 Stark et al., 1991). The activation of the

FGFR4 results in repression of CYP7A and followirduction of bile acid synthesis via the

suppression of c-Jun N-terminal kinase (Holt et2003; Xie et al., 1999). Mice lacking the

FGFR4 have an increased bile acid pool size, acexlINK activity and enhanced expression
of CYP7A (Yu et al., 2000). Along these lines, gganic mice expressing a constitutively
active form of the FGFR4 display increased actiafyJNK and decreased expression of
CYP7A (Yu et al., 2005). Hence the FGF19/15-FGFRéhyway is involved in gut-liver

signalling to maintain bile acid homeostasis (F&y8y.

------

A .,

a

A \
@ Enterocyte

Terminal ileum

Duodenum

Large
intestin

Figure 9: Molecular action of the FGFR4 in gut-live signalling; circulating bile acids in the intestne
activate the expression of FGF15 via FXR/RXR signlihg. FGF15 mediated activation of the FGFR4 in
the liver results in JNK-dependent downregulation ® CYP7A and following reduction in bile acid

synthesis (Angelin, 2005).

In maintaining homeostatsis, FGFR4 and the FGFbgasuily members additionally play an
important role in systemic lipid and glucose hontasis. Here, the hepatic activity of FGFR4
serves to prevent systemic hyperlipidemia and edietolemia under normal conditions as
shown in mice deficient for FGFR4 display increasedite adipose tissue as well as
triglyceride levels, free fatty acids and cholestdevels (Figure 10). Furthermore, mice
lacking FGFR4 displayed increased levels of blotwtgse and a decreased glucose and
insulin tolerance. Contrarily, hepatic FGFR4 indu&atty liver after high-fat diet and obesity
in mice. In summary, the hepatic FGFR4 seems ta lpetential target for intervention in
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systemic cholesterol/bile acid and lipid and glecosetabolism (Huang et al., 2007; Ishikawa
and Fidge, 1979; Yu et al., 2002; Yu et al., 2000).

wr FGFR4*

WAT-Normal

WT  FGFR4™

WAT-High Fat

BAT-Normal

BAT-High Fat

Figure 10 : Mice lacking FGFR4 display an increasén white adipose tissue under normal conditions; ta
absence of the FGFR4 causes a 1.5-2-fold increasereproductive white adipose tissue in males and
females under normal conditions, whereas high fatidt fed mice display no difference in white adipose
tissue regarding the phenotype (Huang et al., 20Q7)

1.5.2 The impact of FGFR4 on hepatic carcinogenesis

Next to the metabolic function of FGFR4 in confirail bile acid synthesis, insulin resistance,
hyperlipidemia and -cholesterolemia, this FGF remegeems to be implicated in the
progression of hepatocellular carcinoma. Mice deficin FGFR4 display an accelerated
DEN-induced carcinogenesis and the restorationGFR4 increases apoptosis in tumor cells
suggesting a tumor suppressive function in HCC (iduet al., 2008). In contrast, the FGFR4
was not suggested to regulate cellularity of nororalegenerating liver or cell proliferation
during the response to liver injury (Hu et al., 39%u et al., 2000). Interestingly, mice
ectopically overexpressing FGF19 displayed hepatiikealesions and the inhibition of
FGF19 by specific antibodies is reported to contebto tumor reduction (Desnoyers et al.,
2008; Nicholes et al., 2002). Additionally, aftefjdction of xenobiotics, FGFR4 deficieny
accelerates liver injury and liver fibrosis (Yu at, 2002). Taken together, these data

demonstrate that the FGFR4 critically contributebépatic carcinogenesis.
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2 Specific Aims

Malignant transformation of cells is mostly basedspecific alterations in the expression of
oncogenes, tumor suppressors, tumor promotive asdfipressive factors. The first aim of
this study was to investigate the involvement ahdu suppressors and tumor promoting
factors in oncogenesis in a humanvitro cell system. To this end, we intended to create a
primary cell model in which the tumor suppressd8 pnd Rb were downregulated. As the
loss of p53 and Rb is a frequent and early evemiaminogenesis we hypothesized that the
deletion of p53 and Rb would potentially initiatgpeocess that mimics “natural” malignant
transformation. Such a model system would offermbesibility to investigate the distinct and
especially early steps of oncogenesis. This hyighe supported by Meuwissen et al. (2003)
that could induce non-small cell lung cancer byabeditional loss op53andRbin mice.
Another approach towards the understanding of tifieence of genetic factors in cancer
progression focused on a single nucleotide polyfierp (SNP) in the human gene of the
fibroblast growth factor receptor 4 (FGFR#)at substitutes a Glycin (Gly) with an Arginin
(Arg) at codon 388 HGFR4 Arg388. Since its discovery in 2002, the “abnormal” and
frequent (50% of the human populatioRlsFR4 Arg388allele was correlated with the
progression and poor clinical outcome of variousian cancers. Due to the heterogeneity of
patient cohorts, the correlation of tl&GFR4 Arg388with cancer progression and poor
clinical outcome sometimes led to controversiaultss We therefore aimed to ultimately
clarify the role of this SNP in breast cancer pesgion. Here, we hypothesized that a “knock
in” (KI) FGFR4 Arg385 (corresponding to human codon 388) inbred mouseldcou
unequivocally demonstrate the involvement of thg388 allele in breast cancer progression
by intercrossing thesd=-GFR4 Arg385KI mice to mouse mammary tumor models.
Furthermore we intended to use this mouse modéaiuvestigate the molecular mechanism
that underlies the cancer progression accelereaffiegt of theFGFR4 Arg388soform and to
possibly identify novel interaction partners of tR&SFR4 and especially the FGFR4
Arg385/388.
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3 Materials and Methods
3.1 Materials

3.1.1 Laboratory Chemicals

Acrylamide

Agar

Agarose

Ampicillin

Aprotinin

APS (Ammonium peroxodisulfate)
ATP (Adenosine triphosphate)
Basic FGF

Bisacrylamid

BSA (Bovine serum albumin)
Chloroquine

Coomassie G250

Crystal Violet

Deoxynucleotides (dG/A/T/CTP)
DTT (Dithiothreitol)

EGF

Ethidium bromide

FGF19

Formaldehyde

Geneticin (G418, GibCo)
Hemalaun

Hemalaun-Eosin

HEPES (N-(2-Hydroxyethyl)piperazine-N"-
(2-ethanesulfonic acid))
Hoechst33324 dye
Humaninsulin® Normal 40
Hydrogenperoxide

Kanamycin

L-Glutamine (GibCo)

Leupeptin

Lipofectamine® (GibCo)
Lysozyme

MTT (3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H
tetrazolium bromide)
Oligofectamine®
Paraformaldehyde
Penicillin/Streptomycin

Phenol

PMSF (Phenylmethanesulfonyl fluoride)
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Serva, Heidelberg
Difco, USA
BRL, Eggenstein
Roche, Mannheim
Sigma, Taufkirchen
Bio-Rad, Munchen
Amersham Pharmac&bérg
Peprotec
Roth, Karlsruhe
Sigma, Taufkirchen
Sigma, Taufkirchen
Serva, Heidelberg
Sigma, Taufkirchen
Roche, Mannheim
Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen
Peprotech
PolySciences, Eppenstein
Invitrogen, Eggenstein
Fluka, Schweiz
Fluka, Schweiz
Serva, thdberg

Hoechst, Frankfurt am Main
Lilly, Giessen

Aldrich, Steinheim

Gibco, Eggenstein
Invitrogen, Eggenstein

Sigma, Taufkirchen
Invitrogen, Eggenstein

Sigma, Taufkirchen
Sigma, Taufkirchen

Invitrogen, Eggenstein
Sigma, Taufkirchen
Gibco, Eggenstein
Roth, Karlsruhe
Sigma, Taefien
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Polybren

Ponceau S

SDS (Sodium dodecyl sulfate)

Sodium azide

Sodium orthovanadate

TEMED (N,N,N',N'-Tetramethylethylenediamine)
TPA (Tetradecanoyl-phorbol-13-acetate)

Triton X-100

Tween 20

Xylol

Sigma, Taufkirchen
Sigma, Taufkirchen
Roth, Karlsruhe
Serva, Heidelberg
Sigma, Taufkirchen
Serkieidelberg
Sigma, Hiectien
Serva, Heidelberg
Sigma, Taufkirchen

Merck, Darmstadt

All other chemicals were purchased in analyticaldgrfrom Merck (Darmstadt).

3.1.2 Radiochemicals

[y-*P]-dATP
[a-*P]-dATP

3.1.3 Enzymes

Calf Intestine Alkaline Phosphatase
DNAse |, RNAse free

LysC

Proteinase K

Restriction Endonucleases

RNase A

T4-DNA Ligase

Taq DNA Polymerase
Trypsin/EDTA

3.1.4 “Kits“and Other Materials

BigDye® Terminator v1.1 Cycle Sequencing Kit
Cell culture materials

Cellulose nitrate 0.4pm

DNA-Ladder

Enhanced Chemi Luminscent (ECL) Kit
Glutathion-Sepharose

Hyperfilm MP
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PerkinElmer, France
PerkinElmer, France

MBI Fermengis| eon-Rot
Roche, Mannheim
Woka chemical, Hong Kong
Sigma, Taufkirchen
NEB, Frankfurt/ Main
MBI Fermentas, St. Leon-Rot
Boehringer, Mannheim
Biolabs, New England
Sigma, Taufkirchen
Roche, Mannheim
MBI Fermentas, St. Leon-Rot
Invitrogen, Eggenstein

Applied Biosystems /Foster City
Greiner, Solingen
Nunclon, Danemark
Falcon, UK
Corning Incorporated, USA
Schleicher & Schill, Dassel
Eurogentec, Belgien
PerkinElImerfNEKSIn
Amersham Pharmacia, Freiburg
Amersham Pharmacia, Freiburg
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Matrigel

Micro BCA Protein Assay Kit
Parafilm

Poly Prep® Chromatography columns
Protein A-Sepharose

Protein G-Sepharose

QIAGEN Dneasy

QIAquick Gel Extraction Kit (50)
QIAquick PCR Purification Kit (50)
QIAGEN Plasmid Mini Kit

QIAGEN Plasmid Maxi Kit

QIAGEN RNeasy Mini Kit
Ready-to.go PCR beads

slides and cover slips

Sterile filter 0.22um, cellulose acetate
Sterile filter 0.45um, cellulose acetate
Vectastain Elite ABC Kit

Whatman 3MM

3.1.5 Growth factors and ligands

EGF (murine)
EGF(human)
TGFRa

Basic FGF

3.2 Media

3.2.1 Bacterial media

BD Biosciences, Pharmingen
Pierce, Sankt Augustin
Dynatech, Denkendorf
Bio-Rad, Miinchen
Amersham Pharmacia, Freiburg
Amersham Pharmacia, Freiburg
Qiagen, Hilden
Qiagen, Hilden
Qiagen, Hilden
Qiagen, Hilden
Qiagen, Hilden
Qiagen, Hilden
Amersham Pharmacia, Freiburg
Menzel
Nalge Company, USA
Nalge Company, USA
Vector Laboratories (USA)
Whatman, Rotenburg/Fulda

Toyoba, Japan
Peprotech
Peprotech
Peprotech

LB or 2xYT media were used for cultivation of ab&herichia coli strains. If and as required
100ug/ml Ampicillin, 70ug/ml Kanamycin or 100g/ml Chloramphenicol were added to the
media after autoclavation. For the preparation®plates 1.5% Agar was added.

LB-Medium

2x YT-Medium
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1.0% Trypton

0.5% Yeast Extract
1.0% NaCl

pH 7.2

1.6% Tryptone
1.0% Yeast Extract
1.0% NaCl

pH 7.2
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3.2.2 Cell culture media

Cell culture media and additives were obtained ftowitrogen (Eggenstein). Media were
supplemented to the requirements of each cell kreeze medium contained 90% cell media
and 10% DMSO.

Dulbecco’s Modified Eagle Medium(DMEM) with 4,5 mg/ml Glucose, 10% FCS, 2 mM L-
Glutamine, 1 mM sodiumpyruvate, 1% Penicillin/Stoepycin

RPMI 1640, 10% FCS, 2 mM L-Glutamine, 1% Penicillin/Strepteim

The media for normal dermal fibroblasts (NHDF) web¢ained from PromocCell
(Heidelberg) and supplemented with 4% FCS, 1% REniStreptomycin, basicFibroblast
Growth Factor 1ng/ml and human Insulin 5pg/ml

3.3 Stock solutions and commonly used buffers

Acrylamide solution (30/0.8%) 30.0% (w/v) Acrylagni
0.8% (w/v) Bisacrylamid

Citratbuffer 100mM Citronensauremonohydrat, pH
6,0

HBS (2x) 46mM HEPES, pH 7,5
274mM NacCl
1,5mM NaHPQy, pH 7,0
HNTG 20mM HEPES, pH 7.5
150mM NacCl
0.1% TritonX-100
10% Glycerol
10mM Na4P207

DNA loading buffer (6x) 0.05% Bromphenol blue
0.05% Xylenogh
30% Glycerol
100mM EDTA @D

Laemmli buffer (2x) 65mM Tris/HCI pH 6.8
2% SDS
30% Glycerol
0.01% Bromphenoléeblu
5% RR-Mercaptoethanol

Laemmli buffer (3x) 100mM Tris/HCI pH 6.8
3% SDS
45% Glycerol
0.01% Bromphenoléeblu
7.5% RR-Mercaptoetiian
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MOPS (10x)

NET

PBS

RIPA Lysis Buffer

SD-Transblot

SSC (20x)

“Strip” buffer

TAE

TE10/0.1

Tris-Glycine-SDS

Triton X-100 lysis buffer

28

200mM Morphoinopropansulfunsiure
80mM Natriumacetat
10mM EDTA, pH 7,0

50mM Tris/HCI pH 7.4
5mM EDTA

0.05% Triton X-100
150mM NacCl

137mM NacCl

27mM KCI

80mM Na2HPO4
1.5mM KH2PO4 pH 7.4

50mM Tris/HCI, PH8,0
150mM Nacl

1% Nonidet-P40

0.5% Desoxycholat
0.1% SDS

50mM Tris/HCI pH 7.5
40mM Glycine
20% Methanol
0.004% SDS

3,0M NaCl
0.3M Sodiumcitrate

62.5mM Tris/HCI pH 6.8
2% SDS
100mM pB-Mercaptoethanol

40mM Tris/Acetate pH 8.0
1mM EDTA

10mM Tris/HCI pH 8.0
0.1mM EDTA pH 8.0

25mM Tris/HCI pH 7.5
200mM Glycine
0.1% SDS

50mM HEPES, pH 7.5
150mM NacCl
1mM EDTA
10% Glycerin
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3.4.1 Eukaryotic cell lines

Cell Line

Cos-7

MCF10A
HaCat
HEK293
Phoenix A
Phoenix E
NHDF
HMEC
Kg-la

MDA-MB-231

(expressing empty

pLXSN vector)

MDA-MB-231

(expressing pLXSN
vector-FGFR4 Gly388)

MDA-MB-231

(expressing empty

PLXSN vector
FGFR4Arg388)

MDA-MB435 S

Description Origin

Kidney fibroblast€ercopithecus

aethiops

1% Triton X-100
10mM NaP,O,

2mM VaG,

10mM NaF
1mM PMSF
100ug/l Aprotinin

Reference

human mammary epithelial cells

human lung keartinocytes

human embryonic kidney fibroblasts

ATCC,USA

ATCC, USA

ATCC, USA

ATCC, USA

HEK?293,packaging cell line ampotrophic @Qd, USA

HEK?293,packaging cell line ecotrophic

normal human dermal fibroblasts

human mammary epithelial cells

human acute myelobastic leukemia

Human mammary carcinoma

AT TCSA
PromoCell,reaamy
Lonza, Germany

ATCC, USA

ATCC, modified by

Johannes Bange

Human mammary carcinoma

ATCC, modified by

Johannes Bange

Human mammary carcinoma

ATCC, modified by

Johannes Bange

human mammary carcinoma
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All cell lines used in this study were grown asomenended by the supplier.

3.4.2 E. coli strains

E. Coli strain

DH5aF

XL1-Blue

DH10bpirl16

3.5 Antibodies

Genotype Reference

F' endAl hsd17 (rk-mk+) supE44 recAl gyrAenentech, USA
(Nal) thi-1 A(lacZYA-argF196)

relAl lac [F'proAB laclqAM15 Tn10 (Tetr)] Stratagene, NL
recAl endAl gyrA96 thi-1 hsdR17 supE44

DH1BUmcC::pir116-Frt Open Biosystems, USA

3.5.1 Primary Antibodies

Antibody
Akt1/2

p-Akt/PKB

R-actin

CD34

CD44

Cyclin A

Cyclin B1

Cyclin D1

EGFR (1005)

EGFR

Immunogen Origin Reference

Rabbit, polyclonal; AA 345-480 of human
Aktl
Rabbit, polyclonal; phospho-Akt (Ser-473
recognizes p-Akt of human, rabbit and rat
origin

Santa Cruz, USA

NEB, Frankurt/M.

Rabbit, polyclonal; directed against a C-
terminal peptide

Sigma, Taufkirchen

Mouse, monoclonal, FITC labelled against Abcam,USA
human, CD34

Mouse monoclonal, FITC labelled against Abcam, USA
human CD44

Rabbit, polyclonal; recognizes the fulhtggh  Santa Cruz, USA
human Cyclin A protein

Mouse, monoclonal; peptide of murine @ycl Cell Signalling, MA
Bl

Mouse, monoclonal; protein fragment Transduction Labs

corresponding to AA 1-200 of human

Rabbit, polyclonal against mouse, mat a
human EGFR

Santa Cruz, USA

Sheep, polyclonal; part of cytoplasmic domalsBI, Lake Placid
of the human EGFR
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EGFR (108.1)

p-EGFR
(Y-1173)

ERK2 (C-14)

p-ERK

KI-67

p-Rb

Tubulin

p-Tyr (4G10)

Rb

p53 (FL-393)

actin
Bcl-xl (clone 44)

Src (N-16)

Bad

FGFR4 (C16)

FGFR4 (H-121)

hTERT (H-231)

Ras (259)
Bcl-2 (clone 4D7)

FGFR4 GST(Ex)

yH2AX (phospho

Mouse, monoclonal/ ectodomain ottinman (Daub et al., 1997)
EGFR

Rabbit, monoclonal; recognizes endogenousCell Signalling, MA
EGFR phosphorylated at Y1173

Rabbit, polyclonal; peptide at C-temg of  Santa Cruz, USA
rat ERK2

Rabbit, polyclonal; recognizes phospho-  NEB, Frankurt/M.
p44/p42

Mouse, monoclonal; peptide between AA  Transduction Labs
1547-1742 of human KI-67

Rabbit, polyclonal; recognizes phospho-S780ell Signalling, MA
of human Rb

Mouse, monoclonal; ascites Sigma, Tauflérch

Mouse, monoclonal; recognizes phosiBp UBI, Lake Placid
tyrosine residues

Mouse, monoclonal, against human residue€ell Signalling, MA
701-928 of human Rb

Rabbit, polyclonal, against human feitigth  Santa Cruz, USA
p53 (1-393)

Rabbit, polyclonal, against N-terminus ofiracSigma, Taufkirchen
Mouse, monoclonal, against hurBahxl as  Transduction Labs
18-233

Rabbit, polyclonal, against N-terminfis o0 Santa Cruz, USA
human src

Rabbit, polyclonal, against human Bad Stressgen, Canada
phosphorylated on S-139

Rabbit, polyclonal, against cytoplasmic
domain of FGFR4 (25-145)

Rabbit, polyclonal, against extradal Santa Cruz, USA
domain of FGFR4 (25-145)

Rabbit, polyclonal, against as 9030 bf Santa Cruz, USA
human TERT
Mouse, monoclonal, Santa Cruz, USA

Mouse, monoclonal, against hufBak2 as  Transduction Labs
61-76

Rabbit, polyclonal, FGFR4 (ExX)GST, Homemade, Christiane
expressed in HEK293 Stadler
Rabbit, polyclonal, against human H2AX Abcam, USA
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S139)

phosphorylated on S-139

3.5.2 Secondary Antibodies

For immunoblot analysis corresponding secondarmpadies conjugated with horseradish
peroxidase (HRP) were used.

Antibody

Goat anti-mouse-HRP

Goat anti-rabbit-HRP

Goat anti-sheep-HRP

Sheep anti-goat-HRP

Dilution Origin
1:10000 Sigma, Taufkirchen
1:25000 BioRad, Miinchen
1:10000 Jackson ImmunoRédsearc
Labs, USA
1:10000 Jackson ImmunoResearch
Labs, USA

3.6 Plasmids and oligonucleotides

3.6.1 Primary Vectors and Constructs

Vector

pcDNA3

pSuper

PRETRO Super

pSM2c

PLXSN

Origin Reference

Mammalian expression vector, Invitrogen, USA
Ampr, CMV promoter, BGH
pA,high copy number plasmid

Mammalian expression vector forOligoEngine,USA
short interfering RNA

Mammalian expression vector fo©ligoEngine,USA
short interfering RNA for retroviral
infection

Mammalian expression vector forOpen Biosystems, USA
short hairpin RNA for retroviral
infection

Mammalian expression vector for Clontech,USA
retroviral infection

3.6.2 Oligonucleotides

RT-PCR Primers (mouse specific)

Gene

| Primer Sequence
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GAPDH fwd 5'- CCAATATGATTCCACCCATGG -3’
GAPDH rev 5'- CCTTCTCCATGGTGGTGAAGA -3’
HPRT-LC fwd | 5'- ATAAGCCAGACTTTGTTGGA-3'
HPRT-LC rev 5'- ATAAGCCAGACTTTGTTGGA-3
FGFR4-LC fwd | 5'- GCTTATGGATGACTCCTTACCCT -3’
FGFR4-LCrev | 5- AATGCCTCCAATACGATTCTC -3’
Cyclophilin fw | 5- GACGCCACTGTCGCTTTTCG -3’
Cyclophilinrev | 5- CTTGCCATCCAGCCATTCAGTC -3’
FGFR4 fwd 5'- CGTGGACAACAGCAACCCCTG -3
FGFR4 rev 5'- GCTGGCGAGAGTAGTGGCCACG -3’
E-Cadherin fw | 5- GCTGGACCGAGAGAGTTA -3’
E-Cadherinrev | 5- TCGTTCTCCACTCTCACAT -3’
MMP13 fw 5'- TCCCTGGAATTGGCAACAAAG -3
MMP13 rev 5'- GGAATTTGTTGGCATGACTCTCAC -3’
MMP9 fw 5'- CCCTGGAACTCACACGACA -3’

MMP9 rev 5'- GGAAACTCACACGCCAGAAG -3
CD44 fw 5'- TTGAATGTAACCTGCCGCTACGCA -3
CD44 rev 5'- TCGGATCCATGAGTCACAGTGCG -3’
flk-1 fw 5'- TCGTGCGTGACATCAAAGAG -3’

flk-1 rev 5'- TGGACAGTGAGGCCAGGATG -3’
Cox-2 fw 5'- CTGGTGCCTGGTCTGATGATG -3’
Cox-2 rev 5'- GGCAATGCGGTTCTGATCTG -3’
CDK4 fw 5'- TGGCTGCCACTCGATATGAAC -3’
CDK4 rev 5'- CCTCAGGTCCTGGTCTATATG -3’
p21 fw 5'- CGTTTTCGGCCCTGAGATGTT -3’

p21 rev 5'- ACCCGGGTCCTTCTTGTGTTTC-3
cyclin D1 fw 5'- TCCCGCTGGCCATGAACTACC -3
cyclin D1 rev 5'- GGCGCAGGCTTGACTCCAGAA -3’
CDK1 fw 5'- CCATGAACTGCCCAGGAG -3’

CDK1 rev 5'- CGGTGTGGTGTATAAGGGTAGA-3'
CDK?2 fw 5'- CGATAACAAGCTCCGTCCAT -3’
CDK2 rev 5'- AGAAGTGGCTGCATCACAAG -3’

p53 fwd 5'- AACCGCCGACCTATCCTTACCATC -3’
p53 rev 5'- AGGCCCCACTTTCTTGACCATTGT -3’
N-Cadherin fw | 5- CCACAGACATGGAAGGCAATCC -3’
N-Cadherin rev| 5- CACTGATTCTGTATGCCG CATTC-3’
Rb fwd 5'- CATCTAATGGACTTCCAGAG -3

Rb rev 5'- CATAACAGTCCTAACTGGAG -3’
MMP14 fw 5'- CGTTCGCTGCTGGACAAGG -3’
MMP14 rev 5'- GACTGAGAAGGGAGGCTGGAG -3

LC: primer for RT-PCR analysis via Light Cycler©

RT-PCR Primers (human specific)

Gene

Primer Sequence

36B4 fwd
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36B4 rev 5- CAGCAAGTGGGAAGGTGTAATCC-3’
Telo fw 5- GGTTTT(TGAGGG]T-3'

Telo rev 5- TCCCGA(CTATCCICTACTA-3'

MMP9 fw 5'- GACGCAGACATCGTCATCCAGTTT -3’
MMP9 rev 5- GCCGCGCCATCTGCGTTT -3’

MMP?2 fw 5'- ATGGCAAGGAGTACAACAGC -3’
MMP?2 rev 5- GCTGGTGCAGCTCTCATATT -3’

MMP 14 fw 5'- CGCTACGCCATCCAGGGTCTCAAA -3’
MMP 14 rev 5- CGGTCATCATCGGGCAGCACAAAA -3’

AuroraKinaseA fw

5’- GAGAAAGCCGGAGTGGAGCATCAG -3

AuroraKinaseA rey

5'- CATTTCAGGGGGCAGGTAGTCCAG -3

AuroraKinaseB fw

5'- GGCGGCCGGGAGAGTAGCA -3

AuroraKinaseB rey

5'- ACCTTGAGCGCCACGATGAAATG -3

Mad1 fw

5- TGTGAGCGACTCTGACGA-3'

Madl rev 5'- GTGGGACACTGAAGTTACG-3’

Mad2 fw 5-CTCTTCCTGTTCCCGTCCTT-3

Mad2 rev 5'- CACCTTTAGCTGGCTGT-3

GAPDH fwd 5'- CCAATATGATTCCACCCATGG-3
GAPDH rev 5- CCTTCTCCATGGTGGTGAAGA-3

p16 fwd 5- AGCATGGAGCCTTCGGCTGACT-3'
pl6rev 5- CTGTAGGACCTTCGGTGACTGA-3
p21 fwd 5- AGTGGACAGCGAGCAGCTGA-3
p2lrev 5'- TAGAAATCTGTCATGCTGGTCTG-3
p27 fwd 5- AAACGTGCGAGTGTCTAACGCGA -3’
p27rev 5- CGCTTCCTTATTCCTGGGCATTG-3
p53 fwd 5'- CCGCAGTCAGATCCTAGCG-3

p53 rev 5'- AATCATCCATTGCTTGGGACG-3

Rb fwd 5- TGGCGTGCGCTCTTGAGGTTGTAA-3
Rb rev 5- CTGGGTCTGGAAGGCTGAGGTTGC-3'
Rb —-LC fwd 5'- GAATCATTCGGGACTTCTGAG-3
Rb-LC rev 5-TTCCTTGTTTGAGGTATCCA-3
p53-LC fwd 5-TGCAGCTGTGGGTTGATTCC-3
p53-LC rev 5'- AAACACGCACCTCAAAGCTGTTC-3

Genotyping Primers FGFR4 KI mice)

Gene Primer Sequence

FGFR4 1 5-CGTGGACAACAGCAACCCCTG-3’

FGFR4_2 5-GCTGGCGAGAGTAGTGGCCACG-3'

neoR-1 5-AGGATCTCCTGTCATCTCACCTTCCTCCTG-3’
neoR-2 5'-AGAACTCGTCAAGAAGGCGATAGAAGGCG-3’
PymT_3 5-TCGCCGCCTAAGACTGC-3’

PymT 3 5'- CCGCCCTGGGAATGATAG -3’

TGFa fw 5-TGTCAGGCTCTGGAGAACAGC-3'

TGFa rv 5'-CACAGCGAACACCCACGTACC-3'

Cre-1 5-AACATGCTTCATCGTCGG-3’
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| Cre-2 | 5-TTAGGATCATCAGCTACACC-3

3.7 Methods of Molecular Cloning

3.7.1 Plasmid preparation
Small amounts of plasmid DNA were prepared usiregQiagen Plasmid Mini Kit, larger
amounts of DNA were obtained with the Qiagen Plasktéxi Kit following the
manufacturer’'s recommendations.

3.7.2 Enzymatic manipulation of DNA

3.7.2.1 Specific digestion of DNA samples by restriction etonucleases
The ratio of Enzyme/DNA, the temperature, the bufied the time of incubation were
adjusted according to manufacturer's recommendstitdsually, incubations for 2 hours at
37°C with a calculated 5-fold overdigestion and Ibiuéfers as supplied by the manufacturer
were chosen.

3.7.2.2 Dephosphorylation of 5'-termini with calf intestine alkaline phosphatase
(CIAP)
For dephosphorylation,udy of cut vector DNA was incubated with 5 units Cl&Padequate
reaction buffer (e.g. 50mM Tris/HCI pH 8, 0.1mM ERPH 8.5) at 37°C for 10 minutes.
Either reactions were stopped by heat inactivatbr85°C for 10 minutes or DNA was
directly purified using the QIAquick PCR Purificati Kit.

3.7.2.3 Ligation of vector and insert DNA
Purified, digested and dephosphorylated vector O##ng), the designated insert DNA4l1
10x T4 DNA Ligase buffer (0.66M Tris/HCI pH 7.5, i MgCI2, 50mM DTT, 10mM
ATP) and 1 unit T4 DNA Ligase were combined. A nngktio between insert and vector of 3
to 1 was usually chosen. Reactions were eitheoleft6°C overnight or at 37°C for 2 hours
and subsequently transformed into competent bacteri

3.7.2.4 Agarose gel electrophoresis

Depending on the size of the fragments of inte€e8t2% agarose gels were prepared in
horizontal chambers. TAE buffer was used for tleetebphoresis. Voltage was usually set to
4-10 V per cm width of the gel. After separation SNragments were stained by gently
agitating gels in TAE containing u§/ml ethidium bromide and were subsequently viewed
under UV light.

3.7.2.5 Isolation of DNA fragments from agarose gels

Following gel electrophoresis gel slices bearingDikagments of interest were cut out of the
gel. Agarose was dissolved and DNA was purifiechgigshe QIAquick Gel Extraction Kit
according to manufacturer’'s recommendations.

3.7.3 Introduction of plasmid DNA into E.coli

3.7.3.1 Preparation of competent cells

The preparation of competent cells was accordinth¢oprocedure described by Chung and
Miller (Chung and Miller, 1988). Competent cells reeshock frozen in liquid nitrogen and
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stored for up to one year at —70°C. Transformafi@guency ranged between >1@nd
10’coloniesfig DNA.

3.7.3.2 Transformation of competent bacteria

A 50ul aliquot of competent bacteria was added tod BOxture of DNA usually ligation
cocktails, 1@l 5x KCM solution (500mM KCI, 150mM CacCl2, 250mM g#) and water.
After thoroughly mixing, samples were incubatedi@a for 20 minutes, 10 minutes at room
temperature and after addition of 30QB broth at 37°C for 1 hour while constantly shrak
Bacteria were streaked out on appropriate agaeplaintaining ampicillin for the selection of
the transformants.

3.7.4 Enzymatic amplification of DNA by polymerase chain reaction

(PCR)

Amplification of DNA was done via Ready-to-go bed@& Healthcare). Following has to be

added to the beads

1-5ul template cDNA or genomic DNA, 1-10ng

1ul "forward" oligonucleotide, 10pmall

1ul "reverse" oligonucleotide, 10pmal/

Ad 2511 H20

PCR reactions were carried out using an automatadial cycler (Eppendorf).
The following standard protocol was adjusted tchesaecific application:
3 min  95°C (initial denaturation)

30 cycles:

1 min 95°C (denaturation)

1min x°C (appropriate annealing tempeggtur
1-3 min 72°C (extension)

5min 72°C (final extension)
4°C hold

PCR products were either separated by agarosdegtiophoresis, excised and subsequently
purified or directly purified with QIAquick Gel Erdction or PCR Purification Kit,
respectively.

3.7.5 DNA sequencing

Sequencing of DNA was performed following the “Biye Terminator Cycle Sequencing
Protocol” (ABI). Pellets were dissolved in @dQemplate suppression reagent, briefly boiled
and analysed on a 310-Genetic Analyzer (ABI Prism).

3.8 Methods of mammalian cdll culture

3.8.1 Calcium-Phosphate transfection

Cells were maintained in appropriate culture meati&.5% CQ and 37°C. Transfections
were carried out using a modified calcium phosphatthod. Briefly, 2x10 cells were
incubated overnight in 3ml of growth mediunug2of plasmid DNA was mixed with water
and 0.25M CaGlsolution in a final volume of 5@0. The mixture was added to the same
volume of 2x transfection buffer (HBS) and inculshfer 15 minutes at room temperature
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before it was added dropwise to the cells. Afteubmation for 12 hours at 37°C, the medium
was replaced.

3.8.2 Transfection of plasmid DNA using lipofectamine®

Target cells were transiently transfected usingoféptamine® (Gibco-BRL) as described
previously (Daub et al., 1997). Briefly, cells weseeded in 6cm plates. 350ul of serum-free
medium containing (A of Lipofectamine and &g of total plasmid DNA per well were used.
After 4 hours the transfection mixture was suppletee with an equal volume of medium
containing 10% FCS. Then, cells were either stitedglar left untreated, lysed and subjected
to Western Blot analysis.

3.8.3 Transfection of siRNAs using oligofectamine®

SiRNAs were transiently transfected in cells usiggofectamine® (Gibco-BRL) according
to the manufacturer's recommendations. Briefly, rB0p siRNA was mixed with the
appropriate amount of OPTI-MEM medium, mixed withe toligofectamine reagent and
incubated for 20 minutes at room temperature. Téiks evere washed once in OPTI-MEM
containing 0% FCS. The mixture was put on the dellst hours and thereafter the medium
was changed to normal growth medium containing F®8. Silencing efficiency was tested
at different time-points after transfection by Wéstblot analysis.

3.8.4 Infection of cells
In order to generate cell lines with a stable esgign of a target gene cells were infected as
previously described (Pear et al., 1993). Brie@yl( cells of the packaging cell line Phoenix
E or A were seeded in 6-well dishes and transfeatighll Calcium-Transfection Method on
the next day. Target cells were further seeded-imelb dishes on the day of Calcium-
Transfection. After 24 hours target cells were ¢tde with the viral supernatant of the
packaging cell lines

3.8.5 Stimulation of cells
Cells were seeded in cell culture dishes of apjeitgsize and grown overnight to about 80%
confluence. After serum-starvation for 24 to 48 isocells were stimulated with appropriate
growth factors, washed with cold PBS and then \fsed 0 minutes on ice.

3.9 Methods of Biochemistry and Cell Biology

3.9.1 Lysis of cells with Triton X-100 lysis buffer

Cells were washed with cold PBS and then lysedl@®@minutes on ice, tissue was directly
lysed for 30 minutes on ice in buffer containingra® HEPES, pH 7.5, 150mM NacCl, 1%
Triton X-100. 1mM EDTA, 10% glycerol, 10mM sodiunyrpphosphate, 2mM sodium
orthovanadate, 10mM sodium fluoride, 1mM phenylmistiifonyl fluoride, and 1f@g/mL
aprotinin. Lysates were precleared by centrifuga#it13000 rpm for 10 minutes at 4°C.

3.9.2 Lysis of cells with RIPA lysis buffer
Cells were washed with cold PBS and then lysed @ominutes on ice, tissue was directly
lysed for 30 minutes on ice in buffer containingr®® Tris/HCI, pH 8.0, 150mM NacCl 1%,
Nonidet-P400 5%, Desoxycholat 0.1% SDS, 2mM sodigtmovanadate, 10mM sodium
fluoride, 1mM phenylmethylsulfonyl fluoride, and dgymL aprotinin. Lysates were
precleared by centrifugation at 13000 rpm for 1@utes at 4°C.
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3.9.3 Determination of total protein concentration in lysates

The overall protein concentration was determineidgushe Micro BCA Protein Assay Kit
(Pierce, Sankt Augustin) according to the suppdishdard protocol.

3.9.4 Immunoprecipitation

An equal volume of HNTG buffer was added to theclmared cell lysates that had been
adjusted for equal protein concentration. Protehmterest were immunoprecipitated using
the respective antibodies and 2Q:4®f protein A- or G-Sepharose over night at 4°C.
Precipitates were washed three times with 0.5mHNTG buffer, suspended in 3x SDS
sample buffer, boiled for 5 minutes, and subjetted/estern Blot analysis.

3.9.5 SDS-polyacrylamide-gelelectrophoresis (SDS-PAGE)

SDS-PAGE was conducted as described previously ian1989). The following proteins
were used as molecular weight standards:

Protein MW (kD)

Myosin 205.0
R-Galactosidase| 116.25
Phosphorylase 97.4
BSA 66.2
Ovalbumin 42.7
Carboanhydrasd 29.0
Trypsin-Inhbitor | 21.7
Lysozym 14.4

3.9.6 Transfer of proteins on nitrocellulose membranes

For immunoblot analysis proteins were transferpeditrocellulose membranes (Gershoni and
Palade, 1982) for 3 hours at 0.8mA/cm2 using a 'I8efBlot device in the presence of
Transblot-SD buffer. Following transfer proteinsrevestained with Ponceau S (2g/l in 2%
TCA) in order to visualize and mark standard proteands. The membrane was destained in
water.

3.9.7 Immunoblot detection

After electroblotting the transferred proteins &und to the surface of the nitrocellulose
membrane, providing access for reaction with imna@tection reagents. Remaining binding
sites were blocked by immersing the membrane iNEX, 0.25% gelatine or 5% milk, TBS-
T for at least 4 hours. The membrane was then pralia the primary antibody overnight at
4°C. Antibodies were diluted 1:500 to 1:2000 in NET25% gelatine or 1% BSA, TBS-T.
The membrane was washed 3x 20 minutes in 1x NEZR%.gelatine or TBS-T, incubated
for 1 hour with secondary antibody and washed agsibefore.

Antibody-antigen complexes were identified usingdeoadish peroxidase coupled to the
secondary anti-lgG antibody. Luminescent substratese used to visualize peroxidase
activity. Signals were detected with X-ray filmseMbranes were stripped of bound antibody
by shaking in strip-buffer for 1 hour at 50°C. §ped membranes were blocked and reprobed.
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3.9.8 RNA isolation and RT-PCR analysis

Total RNA was isolated using the RNeasy Mini Kitig@en, Hilden) and reverse transcribed
using AMV Reverse Transcriptase (Roche, Mannhei¥)Qug of RNA and 1l of random
primer in a volume of 1@ were incubated for 2 minutes at 68°C, followed 1y minutes
incubation at room temperature. After addition diud RNase inhibitor, ¢l 5x AMV RT
buffer, 4 dNTPs (2.5 mM each) andllAMV RT the volume was adjusted to 120 The
reaction mix was incubated at 42°C for 1 hour aretaafter cONA was purified using the
Qiagen PCR purification kit (Qiagen, Hilden). FoiICR amplification Light Cycler
Technology© or PuReTaq Ready-To-Go PCR Beads (AmersBiosciences, Piscataway,
NJ) were used. HeraulLRT-PCR products were used for PCR amplificationoading to the
manufacturer’'s recommendations. PCR products wésgested to electrophoresis on 1.5-2%
agarose gels and DNA was visualized by ethidiunmie staining.

3.9.9 Southern Blot analysis

For analysis of the telomere length in p53/Rb deutsiockdown cells genomic DNA was
subjected to standard protocol of southern blottiaffer PCR amplification of the
telomeres(Southern, 1974). Loading of DNA samples werified by the single copy gene
36B4.

3.9.10Proliferation assay

5.000 or 15.000 cells were seeded in 6cm plates. CEtls were grown in the presence of
medium containing 10% FCS or. The cell number wasnted (Coulter counter, Beckton
Dickinson) at the indicated time points and the ylafion doubling rate was calculated.
Furthermore, cell proliferation in response to thhkibitors Gefitinib and Cetuximab was
measured by MTT assay. Briefly, 5.000 cells weredsd in 48 well plates. The cells were
allowed to grow for 72 hours and at that time poMT T (3-[4,5-dimethylthiazol-2-ylI]-2,5-
diphenyltetrazolimbromide; thizolyl blue, Sigma,ufi@rchen) was added to each well at a
final concentration of 1mg/ml. The plates were inated for 2 hours. The yellow MTT dye is
reduced by mitochondrial dehydrogenase activityat@urple formazan, which was then
solubilized(SDS, 2-Butanol and HCBnd absorbance was measured at 570nm on a mat-pl
reader. All data are shown as mean = SDM.

3.9.11Migration assay

15.000-20.000 cells seeded on to a membrane with @Bures of a modified Boyden chamber
(Schubert and Weiss) containing 400ul serum-fre®.2% FCS medium with or without
inhibitors. The lower chamber was filled with 600medium containing 4-10% fetal calf
serum. The cells were allowed to migrate for 16khBdirs through the pores and were then
stained by crystal violet. Stained cells were wdshePBS and pictures were taken on a Zeiss
Axiovert 300 microscope (Carl Zeiss, Jena). Forcspphotometric measurement of stained
cells the membranes were incubated for 1 hour inAS#iic acid to dissolve the crystal violet
and thereafter measured in an ELISA reader (BioRa#y0 nm.

3.9.12Anchorage independent growth

50.000 cells were seeded in uncoated culture digh@sevent adherens of the cells. After
72hours cells were analysed under the microscapecfurrence of cell-clusters that indicate
anchorage independent growth of the cells. Furtbezmanchorage independent growth was
calculated by Soft Agar Assays. Here, cells (Pxl@ere added to 3 ml of DMEM
supplemented with 10% FBS and 0.3% agar and layared6éml of 0.5% agar beds in 60mm
dishes. After 24-96hours anchorage independenttbroficells was calculated and quantified
microscopically.

39



Materials and Methods

3.9.13Focus formation assay

The Focus Formation Assay was performed by infactth mouse embryonic fibroblast

(MEFs) with pLXSN (Clontech, Palo Alto, USA) basexiroviruses containing the oncogenes
v-scr (positive control) HER2, EGFR or v-Kit. 24heuwafter infection cells were starved in

medium containing 4% FCS and maintained for 21 dAfterwards cells were stained with

crystal violet and foci were counted macroscopycall

3.9.14Karyotyping

5.000-15.000 cells were seeded on cover slips iwéliplates. On the next day, cells were
treated with 10nM Nocodazol to arrest cells in m@® After 24hours cells were washed with
prewarmed PBS and swollen with 0.075M KCI for 30ut@s on 37°C. After the treatment
with 0.075 M KClI cells burst and the released cloeomes were fixed with acetate/methanol
(1:3) 3x5minutes. Afterwards cover slips were drieder night and then stained with
mounting media containing DAPI. Mitotic spreads &ernalysed for karyotypical
abnormalities microscopically.

3.9.15Cell branching assay

For cell branching assays 96-well plates were cbfie at least 3 hours with 50ul Matrigel
(contains laminin, collagen type IV, heparan selfgiroteoglycan and entactin; BD
Biosciences) diluted in according cell medium. TR&rDOO cells were seeded in triplicates on
to the Matrigel in medium containing 0-10% FCS wathwithout inhibitors. The cells were
allowed to invade the matrix for one week. The mediwas changed every second day
during the assay. Bright field pictures were takena Zeiss Axiovert 300 microscope (Carl
Zeiss, Jena).

3.9.16Apoptosis assay and cell cycle analysis by propidiulodide staining

5.000-15.000 cells were seeded into 12-well plgdisnc). 24 hours later apoptosis was
induced by adding chemotherapeutic drugs or intigitn DMSO to the medium. After 48

hours the supernatant of each reaction was cotlleatel the cells were trypsinized. After
centrifugation the cells were incubated for 2 hoars Propidium-lodide buffer (0.1% Na-

Citrate, 0.1% Triton X-100, 20uM Propidium-lodidend thereafter subjected to flow
cytometric analysis (Beckton-Dickinson Biosciencas)escribed previously (Nicoletti et al.,
1991). Cell cycle profiles and apoptosis were deteed using the Cell Quest Pro software
(Beckton Dickinson Biosciences).

3.9.17Senescence assay

Senescence assays (Cell Signalling, USA) were peeid on 1x 19 cells seeded in 6cm

dishes. After 24hours cells were stained fbigalactosidase expression according to
manufactures recommendation and analysed undegh& riicroscope (Visitron Systems,

Zeiss).

3.9.18Indirect flow cytometry

Cells in the logarithmic growth phase were colldctsing 10mM EDTA and dissolved in
1ml 3% FCS in PBS. The cell number was adjusted5@.000 cells per reaction and cells
were incubated for 30 minutes with 10ug/ml of e&thC-labeled primary antibody at 4°C.
The cells were washed 3 times and resuspended iFG$PBS and fluorescence intensity
was measured in a flow cytometer (Beckton DickinBamsciences) and analyzed using the
Cell Quest Pro software.
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3.9.19 Stable isotope labelling by amino acidé vivo and in vitro (SILAC)
and mass spectrometry

Livers from all FGFR4 genotypes,FGFR4 knockout (kindly provided by Wallace L.
McKeehan, PhD, Center for Cancer and Stem Cellogigl Institute of Biosciences and
Technology, Texas, Houston, USA) or SILAC mice wereparated and washed in 0.9%
NaCl to get rid of the excess blood. Then evergrliwas snap frozen in liquid nitrogen and
stored at -80°C until use. Here, the liver wasidgd in liquid nitrogen and lysed for 30
minutes in Triton-X 100 Lysis buffer containing pemase and phosphatase inhibitors. The
lysate was centrifuged for 10min 3000rpm and thgesuatant was filtered using a sterile
45um filter to preclear the lysate. MDA-MB-231 eellexpressing empty pLXSN,
pLXSNG388 or R388 were subcultured in RPMI mediataming 10% dialyzed FCS, 1%L-
Glutamine and 1%Penicillin/Streptomycin. To incaiqte appropriate isotope labeled amino
acids cells were grown in the corresponding mediiaaf least six cell doublings. MDA-MB-
231 cells expressing empty pLXSN vector were grawRPMI containing 13Cg] arginine an
[4,4,5,5-D4]lysine (=Ar§Lys"). MDA-MB-231 cells expressing pLXSN G388 or R388re
either in native amino acids (=A¥gys®) or [*Cs, *N4] arginine an ¥Cs, ®N;] lysine
(=Arg"/Lys®) to perform a “lable switch”. Labeled arginine afysine was added in
62.8ug/ul and 105.3pg/ul, respectively. Cells weashed witch pre-chilled PBS and lysed
in Triton-X 100 Lysis buffer containing proteinaged phosphatase inhibitors. The lysate was
then centrifuged for 20min 3000rpm.

Next, FGFR4 from liver or cell lysates was immuragpitated (80-100mg) using a
homemade-FGFR4 antibody. Next to tHeEGFR4 KOlivers, specific blocking peptides were
used as a further control to identify proteins tbaid unspecifically to the beads or the
antibody. The samples were pooled and preparednfass spectrometry as described
previously (Selbach and Mann, 2006). The samplesewanalyzed by online liquid
chromatography—tandem mass spectrometry (LC-MS/MB) a LTQ-Orbitrap mass
spectrometer (Thermo Electron). The identified joyst were assigned to proteins using
Mascot (Matrix Science) and quantified with MSQuant

3.10 Methods of mouse genetics

3.10.1Mice and gene targeting

The animals used in this study were kept in a bafecility at the Max Planck Institutes in
Martinsried, Germany. ThEGFR4 Arg385 Kimice were generated using standard ES cell
homologous recombination and blastocyst injectiechhiques as described previously
(Seitzer et al., 2009).

3.10.2Genotyping and intercrosses to oncomice

Genotyping was done by PCR of genomic tail-DNA asedl using the Qiagen Blood &
Tissue DNeasy Kit according to manufacture’s recemdation. The removal of the selection
cassette was detected using neoR-specific prinfeesnoval of the Cre transgene was
determined by Cre-specific primers. Primer for detg the genotype of thEGFR4 allele
were specific for amplifying a 168bp band spannthg FGFR4-SNPwith subsequent
restriction of the amplification product Mval restriction enzyme to distinguish the different
FGFR4alleles. The presence of th&Fa andPymTtransgene was confirmed by performing
PCR analysis with TGd Primers as mentioned above.
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3.10.3Isolation of mouse embryonic fibroblasts (MEFs)

Mouse embryonic fibroblasts were isolated from Bl8mbryos as described previously
(Conner, 2001). The cells were cultured in DMEMhhiglucose containing 10% fetal calf
serum, 1% L-Glutamine and 1% Penicillin/Streptomy@odaro and Green, 1963).

3.10.4Tumor analysis

To analyse the occurring tumors, mice were saexdfiby cervical dislocation and opened
ventrally. Al mammary glands were excised for tumteasurement. Tumor size and mass
were analysed by metrical measurement and weighlfiiige tumor tissue and the mammary
gland tissue independently. Raw-data were nornthlisdbodyweight. All data are shown as
mean + SDM. All p-values were calculated usingghalents T-Test and values < 0.03 were
considered statistically significant.

3.10.5Analysis of lung metastases

For pathological analysis and quantitation of ntetses, preparated lungs were sectioned and
analysed at 800 to 1000um intervals. Sections staiged with hematoxilin and eosin (H&E,
Fluka, Switzerland) to identify lung metastasesarritie light microscope. Metastatic burden
was calculated based on number and size of métalgisibns.

3.10.6lmmunohistochemistry on murine organs and tumor seions

Tumor samples and tissues were fixed in 70 % Ethand°C overnight. On the next day
samples were embedded in paraffin and sections-&iM were cut on a microtome

(HM355S, microm). The sections were subjected t@adafinisation in xylene and

rehydrated in a graded series of ethanol. Antigtrieval was achieved by cooking in citrate
buffer (pH 6) in a microwave. Immunohistochemictlirsing was done with the Vectastain
Staining Kit (Vector Laboratories, Burlingame) faNing the manufacture’s protocol. After
blocking with 10% horse serum in PBS buffer coritajn3% Triton-X for one hour, the

sections were incubated with the primary antibodfGFR4 Hs121, Santa Cruz) at 4°C
overnight. The secondary antibody-i@abbit, VectorLabs, USA) was incubated for onerhou
in PBS buffer containing 3% Triton-X. Mayer’'s Herogylin (Fluka, Switzerland) was used
as counterstain.

3.10.7 Injection of nude mice
For injection 6-8 week old female Balb/C Nu/Nu migvere used. Here 7x1OIHDF cells
(p53/Rb double knockdown or mock transfected) ot@®xXVIDA-MB-435S (as a positive
control) cells were injected subcutaneously inftaek of the mice. The state of health of the
injected mice was controlled repeatedly per wekkhdre was a visible tumor growth mice
were sacrificed by cervical dislocation and the dugrowth was monitored.
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4 Results
4.1 Establishment of an in vitro transformation system

4.1.1 Knockdown strategy of p53 and Rb; physiological oyut on
proliferation and G2 Arrest upon p53 and Rb reducton in non-
cancerous human primary cells

In order to establish an vitro transformation system, two strategies were testedficiently
knockdown the tumor suppressors p53 and Rb. Ooribehand, several siRNAs against p53
and Rb were tested for their knockdown capacitye st efficient ones were then cloned in
the pPRETRO Super vector and transfected in HEK29I3 to obtain stable knockdown cells.
Unfortunately, these constructs had a low or nockdown efficacy due to a possibly
ineffective structure of the siRNAs.

On the other hand plasmids containing shRNAs agab® and Rb that were available at the
core facility of the MPI of Biochemistry in Martiried were tested. As shown in Figure 11
both contructs displayed a sufficient knockdowrelaftansfection into HEK293 cells. Hence,
these contructs were further used to generate kdeskmockdown of p53 and Rb in non-
cancerous immortalized cell lines HEK293, HaCaT ahdF10A. As a negative control
HEK293, HaCaT and MCF10A cells were stably trarnsf@aovith a construct expressing a

non-silencing shRNA.
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Figure 11: Knockdown strategy of the tumor suppressrs p53 and Rb; The knockdown strategy on the left
hand displays the use of the siRNA approach; afteanalyzing the knockdown efficacy of several siRNAs
the most efficient sSiRNAs were cloned into pRETROSper for stable transfection. Transient transfection
of the constructs displayed an insufficient knockdan of the target genes; on the right hand p53 and iR
were downregulated by a miRNA approach in HEK293, ldCaT and MCF10A cells; transient knockdown
displayed sufficient efficacy, so that stable doubtknockdown clones were established.

As p53 and Rb are key regulators of the cell carld the main guardians of the integrity of
the genome (Classon and Harlow, 2002; Vogelsteial.et2000), the impact of a stable
knockdown of these two tumor suppressors was adshyea proliferation and cell cycle

arrest assay via FACS analysis. As seen in Figisk the knockdown of p53 and Rb resulted
in an accelerated proliferation of all tested tiaekks. Accordingly, the cell lines displayed a
decreased growth arrest after treatment with ddiomu for 24 hours, a chemotherapeutic
drug that causes DNA damage which guides cellsgnavth arrest or apopotosis (Figure 12
B). Hence the knockdown of p53 and Rb in HEK293CH& and MCF10A cell lines

displayed the expected cell biological output tanipalate cells into uncontrolled cell growth

by loss of cell cycle control even in the preseoica DNA-damaging agent.
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Figure 12: Increased cell proliferation and decreasd G2-Arrest in p53/Rb knockdown cell lines A) The
knockdown of p53 and Rb facilitates proliferation h HEK293, HaCat and MCF10 A cells (n=3); B) The
knockdown of p53 and Rb decreases the number of &elarresting in G2 after 24 hours of doxorubicin-
treatment (0.5 pM) in HEK293, HaCat and MCF10 A ces (n=3);
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4.1.2 Reduction of p53 and Rb in primary normal human demal
fibroblasts (NHDF)

Routinely used non-cancerous cell lines are aidific immortalized and thereby released
from senescence and primed for the establishmemnebplastic phenotype. Furthermore, the
perpetual subculturing of these cells enables toeiraulation of mutations. For that reason,
typical non-cancerous cell lines do not reflect stegus of real primary cells. Therefore, the
stable knockdown of the tumor suppressors p53 amdvBs established in normal human
dermal fibroblasts as seen in Figure 13 (furthé&rred as NHDFdk). As a negative control
NHDF cells were stably transfected with a constrexpressing a non-silencing shRNA

(further referred NHDFscr).

NHDF

{normal human dermal fibroblasts)

‘J." s /

WB:Rb

-

Y whips3

T — AR tubulin
NHDF*"  NHDF

Figure 13: Stable knockdown of p53 and Rb in normahuman dermal fibroblasts (NHDF); NHDFscr cells
were stably transfected with a non-silencing shRNAonstruct; knockdown verification via Western Blot

Analysis; tubulin served as a loading control

4.1.2.1 Increased proliferation, morphological changes andlecreased senescence
in NHDF cells deficient for p53 and Rb

As a proliferative advantage should be also obsemweNHDF deficient for p53 and Rb the
population doubling rate (PDR) was monitored in panson to mock transfected NHDFscr.

Moreover, the calculation of population doublingesadisplays a possible prolonged life span
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and immortalisation of the manipulated cells. Thesiesses are necessary to take place and
are one of the first anti-cancer barriers to beramme in the process of oncogenesis (Ha et
al., 2008; Prieur and Peeper, 2008). As shown gurei 14A NHDFdk cells display an
increased PDR compared to mock transfected cetlledting a loss of cell cycle control
induced by the knockdown of p53 and Rb. Furtheenafter 15 population doublings (PDs)
NHDFs normally enter replicative senescence, aga®@ctivated by diverse intrinsic and
extrinsic stresses e.g. telomere shortening (Piéear Peeper, 2008). In contrast NHDFdk
overcome this permanent growth arrest and displayomnal growth rate even after 30
calculated population doublings. Therefore, NHDFsikem to be immortalized as the
doubling of a normal growth rate is expected touoamly in immortalized cell lines (Gray-
Schopfer et al., 2006).

Under the microscope, NHDFdk cells display a mata phenotype than NHDFscr cells and
show a smaller cell volume. This phenotype is @imib transformed NIH 3T3. As the
knockdown cells exhibited accelerated proliferatidime expression of typical cell cycle
progressors, like Cyclin A or D were analyzed in Ditlk cells (Figure 14B). Whereas
NHDFscr show downregulation of Cyclin A and D ahereby decelerate their proliferation
over time, at least Cyclin D gets upregulated inDNRdk indicating increased proliferation.
Furthermore, the mMRNA expression level of the tvedl cycle promoting kinases Aurora
Kinase A and B were analyzed as shown in Fugure $#@ilar to Cyclin A and D, NHDFscr
cells display a decrease in Aurora Kinase A and/& dime indicating a deceleration of the
cell cycle. In contrast, NHDFdk cells exhibit arciease of both Aurora Kinase A and B over
time. Along these lines, the overexpression of éhego cell cycle kinases is an common

event in transformed cells (Keen and Taylor, 2004).
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(n=2); C) NHDFdk cells overexpress Aurora Kinase Aand B indicating an increased proliferation (n=2);
PD=population doubling

48



Results

Next to the analysis of cell cycle progression iHDNdk cells, the occurrence of senescence
was analyzed via staining pfgalactosidase, an enzyme which is predominantbyessed in
senescent cells (Bandyopadhyay et al., 2005). As seFigure 15A senescence in NHDFscr
cells occurs after 9 PDs whereas NHDFdk cells dispb senescence even after 15 PDs. The
occurrence of senescence was further quantifie&ncel the NHDFdk display increased
proliferation with a decreased onset of senesceli$,ca prolonged life span and seem to
overcome senescence and enter an immortalized pipend o further analyze the occurrence
of permanent growth arrest the expression pattériNkdDFdk regarding the senescence
inducing and thereby tumor suppressive proteing p21 and p16 were monitored (Figure
15B). On mRNA level all investigated tumor suppogsglisplayed a clear downregulation or
no upregulation in high population doubling ratesnpared to NHDFscr cells. Here the
expression of tumor suppressors is acceleratedcdtidg the induction of senescence

visualized by thg-galactosidase staining (Herbig et al., 2004).
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Figure 15: Decreased senescent phenotype in NHDFd@klls and downregulation of tumor suprressors A)
B-galactosidase staining of senescent cells; Seneseein NHDFscr occurs after 9PDs, NHDFkd cells
display only a slight positive B-galactosidase staining even after 15 PDs; the pemtage of positively
stained cells was quantified (n=3); B) tumor suppresors p27, p16 and p21 are downregulated in NHDFdk
cells compared to NHDFscr cells indicating the alesice of senescence (n=2); expression were quantlfie
on GAPDH expression level; PD= population doubling

4.1.2.2 Reduction of contact inhibition, anchorage independnce and invasion in
NHDF deficient for p53 and Rb

Transformed cells acquire or loose specific charatics associated with a malignant
phenotype of cancer cells. An important propertgelfs of the multicellular organism is their
ability to stop proliferating when the space a#dttto them has been filled. Also vitro,
normal cells fill the surface of the culture dislit Istop in the G1/GO phase of the cell cycle,
when a dense monolayer has been formed. For tumnmafionin vivo or focus formationn
vitro it is essential for a single cell to overcome sachontact inhibition (Herrlich et al.,
2000). For that reason, NHDFdk cells and NHDFstls agere seeded on subconfluency and
grown for 72 hours. As seen in Figure 16A, NHDFéK<clearly continue proliferating in a
confluent culture compared to NHDFscr controls dating the reduction of contact
inhibition. If this confluent cell culture was staid with crystal violet, NHDFdk cells display
a disordered cell layer compared to the typicalbofittastic layer of NHDFscr cells. A further
characteristic of a malignant cell is the ability grow anchorage independently. By
acquisition of anchorage independence, cancer aaisble to disseminate from the primary
tumor and enter the lymphatic or blood stream Far invasion of distant organs. For that
purpose, NHDFdk and scr cells were seeded in natedcculture dishes to prevent adherence
of the cells. The prevention of adherence shouldiée anoikis in the NHDFscr cells, a form
of apoptosis induced by the loss of cell-cell di-o®atrix interactions. As seen in Figure 16B
NHDFdk cells are able to build cell clusters by lifesating over 72 hours. In contrast,
NHDFscr cells display a reduced number of cellgerait2 hours indicating apoptosis by
anoikis. Hence, NHDFdk cells acquired the abil@ygrow without adherence (Chiarugi and
Giannoni, 2008; Simpson et al., 2008). To furthwaracterize the malignant phenotype of the
NHDFdk cells the expression of known oncogenes arayzed. As seen Figure 16C the
oncogene H-RAS is not expressed in NHDFdk cellgolntrast, the oncogenic kinase SRC is
overexpressed in NHDFdk over time. That overexpoespossibly contributes to the pre-
malignant phenotype of NHDFdk cells namely the lossontact inhibition and the ability to

grow anchorage independently.
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Figure 16: NHDFdk display loss of contact inhibition and increased anchorage independent growth; A)
NHDFdk cells display cell proliferation in confluert subculture indicating the loss of contact inhibiion;
NHDFdk cells stained with crystal violet display adisordered cell layer compared to NHDFscr (n=3); B)
NHDFdk display anchorage independent growth in noreoated cell culture dishes and form typical cell
clusters compared to NHDFscr cells (n=3); expressio analysis of kown oncogenes shows an
overexpression of SRC in NHDFdk cells over time; HRAS is not expressed (n=2); PD= population
doubling

A further indication for a cancerous and invasivgeptial is the branching in Matrigel by
deconstructing the pseudo-extracellular matrix pyegulation of Matrix-Metalloproteinasen
(Stahtea et al., 2008). As seen in Figure 17A NHD¢ells display cell clusters when grown
for 10 days on Matrigel. In contrast, NHDFscr cellere not able to grow under these
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conditions. This proliferation is the first hintrfan invasive potential of cells. Furthermore, as
seen in the magnification of Figure 17A NHDFdk seflisplay a slight branching ability
compared to mock transfected cells. Hence, the N#kDfells seem to be able to degrade the
Matrigel. To further analyze the invasive potentia® m-RNA expression of the Matrix-
Metalloproteases (MMP) 14, 9 and 2 was analyzetti@sctivation of MMPs is essential for
the decomposition of Matrigel. As seen in Figur® MMP 14 is not upregulated in NHDFdk
cells. In contrast, MMP9 and 2 are clearly upretpdan NHDFdk cells when compared to
NHDFscr cells. Thus, MMP9- and 2-overexpressionNIHDFdk cells may explain the
observed slight invasive phenotype.

Taken together, these results indicate that thekdmwvn of p53 and Rb in NHDF enables the
acquisition of typical properties of cancer celtalalisplay distinct hallmarks of progressing

oncogenesis in NHDFdk cells.
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(n=3); B) NHDFdk cells overexpress MMP2 and 9 ovetime; MMP14 is not overexpressed when
compared to NHDFscr cells (n=2)

4.1.2.3 NHDFdk cells display karyotypic abnormalities and blerate extended
telomere shortening

The acquisition of typical properties of canceldsdepends on aberrations of the destabilized
genome. Uncontrolled cell division cycles can resal chromosomal aberrations and
progressing genomic instability. Once the genomealtsred through aberrant fusions,
translocations or deletions, malignant cells casnge their gene expression pattern and their
physiological behaviour. Hence, genomic instabiityd DNA-damage are one of the most
prominent processes in cellular transformation (@ige and Deng, 2008; Hanahan and
Weinberg, 2000; Jeggo, 2005; Li and Li, 2006; Léngt al., 2005).

To analyze NHDFdk cells for the occurrence of geiwamstability, the expression of several
markers for DNA-damage and uncontrolled cell disisivere monitored over time. As seen
in Figure 18A NHDFdk cells upregulate the activenioof H2AX, the so calledH2AX,
which gets activated by damaged DNA, thereby itiitgaa signalling cascade that results in
either growth arrest and DNA-repair or apoptosidlifigham et al., 2006; Halicka et al.,
2005). The upregulation of this Histone in its aetform occurs at high population doubling
rates, indicating that the DNA damage takes placa eesult of the prolonged life span and
uncontrolled cell proliferation induced by the lasfsp53 and Rb. Furthermore, the m-RNA
expression of Mad (mitotic- arrest-deficient-likeand Mad 2 were analyzed. These two cell
cycle checkpoint proteins prevent cells of entelim@naphase if the chromosomes are not
properly organized for cell division. Several steglshowed that the loss of Madl and 2 in
cancer cells results in chromosomal instabilitye Tverexpression of Madl and 2 results in
suppression of proliferation or the malignant phgpe of cancer cells (Chen et al., 1995;
Vastrik et al., 1995; Zou et al., 2006). As seerFigure 18A the expression of Mad2 is
comparable between NHDFdk and NHDFscr cells. Irtres, Mad1 is lost in NHDFdk cells
over time and gets clearly upregulated in NHDF®tlsc These data indicate an elevated cell
cycle rate in NHDFdk cells and possible chromosomstability as a result of a defective
checkpoint control.

Because of these results, the number of chromosdmeé$HDFscr and NHDFdk was
analyzed over time to investigate if there are kerated chromosomal alterations with
increasing population doublings. Accordingly, thember of chromosomes in NHDFscr cells
was kept stable till senescence occurs. In conparidHDFdk cells lost their integrity of the

genome after about 25 PDs with an increasing nurobaneuploid cells displaying more or
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less than 46 chromosomes. These results indicatetie of the most prominent hallmarks of
cancer, the genomic instability and the accumutatibchromosomal aberrations, takes place
after the loss of p53 and Rb in normal human definaiblasts.

As telomere shortening is a barrier of tumorigendsi initiating permanent growth arrest,
reactivation of telomerase is a common event irceaprogression. As seen in Figure 18C
NHDFdk cells do not reactivate telomerase expressi® analyzed by Western Blotting.
These data indicate the possibility of another raaigm of telomere-stabilizing, so called
ATL (alternative telomere lengthening) that shopitdvent cells from entering a mitotic crisis
(Cesare and Reddel, 2008; Shay and Wright, 200§)NAIDFdk cells do not reexpress
telomerase it was important to analyze the len@ttelomeres in these cells as another mark
of chromosomal aberration. For that purpose, antetc PCR was performed as seen in
Figure 18C. The single copy gene 36B4 served agirlgacontrol. Here, NHDFdk cells
display an augmented telomere shortening comparédHDFscr cells. Human embryonic
lung cells (HEL), Melanocytes and mammary epithefa745 cells served as a control
regarding the telomere length of primary cells. MD#B435S and MDA-MB-231 cells
served as a positive control regarding telomergthaming via telomerase reactivation. This
result indicates that the loss of p53 and Rb esathle cell to tolerate an extended telomere

shortening that may result in the aforementionathipility of the genome.
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Figure 18: NHDFdk cells show accelerated DNA damagand chromosomal aberrations and tolerate an
extended telomere shortening; A)yH2AX gets upregulated in NHDFdk cells as an indicatr of DNA
damage; wheras the expression of Mad2 display noftérence the expression of Madl is lost in NHDF dk
cells over time compared to NHDFscr cells (n=2); Bkaryotypical analysis of NHDFscr cells display a
normal genome whereas NHDFdk cells accumulate anelgid cells over time; C) NHDFdk cells display no
reactivation of telomerase expression; NHDFdk cellfolerate extended telomere shortening compared to
NHDFscr cells (n=10); PD= population doubling
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4.1.2.4 NHDFdk cells do not establish a stem cell-like caec cell subpopulation

In recent years, more and more attention has beawndo stem cells and their implication in
tumor progression. Cancer-stem cells seem to behied in tumor initiation and progression
and seem to be responsible for resistance cettaiapies (Bjerkvig et al., 2005; Dean et al.,
2005; O'Brien et al., 2007). Further, recent pwtians show, that a lot of routinely used
cancer cell lines and tumors contain a subpopulaifacancer stem cells that display a highly
aggressive malignant phenotype when isolated fioair toriginal culture (Ho et al., 2007,
Huang et al., 2008; Sung et al., 2008). For thaésoa, two experiments were performed to
analyze, if NHDFdk cells developed a cancer sterth sgbpopulation. As stem cells
upregulate the ABCG2 transporter, a Hoechst 333@4adsay was performed (Scharenberg
et al., 2002). If the ABCG2 transporter is upretpdathe dye should be transported out of the
cell. As seen in Figure 19A there is no differermtween NHDFscr or NHDFdk cells
demonstrating that this stem cell marker is nos@né to accelerate the efflux of Hoechst
33324. Furthermore, there was no stem cell-likgpephlation detectable microscopically, as
stem cells display a roundish, barely attached piype.

Next, a surface expression assay of stem cell mankas performed via FACS analysis.
Here, the expression of CD34 and CD44 were analy@ed7 cells and KG1la cells served as
negative and positive control, respectively. Asvemdn Figure 19B CD34 is not expressed in
NHDFdk cells. In contrast, CD44 is upregulated iHDNdk cells. However, this elevated
surface expression of CD44 seems to be ratheu#t oéghe loss of p53 than an indication for
the presence of a stem cell subpopulation (Godair,e2008).

In summary, NHDFdk cells neither overexpress ABGBR express typical stem cell surface
markers. Hence, NHDFdk cells seem not to devela@arecer stem cell subpopulation as a

result of p53 and Rb deficiency.
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Figure 19: NHDFdk cells do not develop a stem-celike cancer cell subpopulation; A) NHDFdk do not
express the Hoechst 33324 efflux pump and stem ceflarker ABCG2 (n=3); B) NHDFdk cells do not
express the stem cell surface marker CD34, but dxgress CD44 (n=3); PD= population doubling

4.1.2.5 The malignancy of NHDF cells deficient for p53 andRb is not potent

enough to induce tumor growth in nude mice

All aforementioned experiments display a distindhthfor the succesful malignant
transformation of NHDF cells deficient for p53 afb. Nevertheless, it is essential to
investigate the malignancy of cells in a so caflmtmal culture” that examines subcutaneous
tumor growth in nude mice. For that purpose, NHDFdkl NHDFscr cells were injected
subdermally in the flanks of female Balb/C Nu/Nweto monitor tumor growthn vivo. The
injection of the highly aggressive MDA-MB-435S eeflerved as a positive control for tumor
growth. As seen in Figure 20A only the MDA-MB-4388lIs display visible tumor growth
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after 3 month. In contrast, even after 9 monthyisible tumors could be detected in mice
injected with NHDFdk cells (Figure 20 A/B). As exgted, mice injected with the negative
control NHDFscr cells displayed no tumor growtreaf® month. These data suggest that the

knockdown of p53 and Rb just partially transformd D cells, but this level of malignancy

is not potent enough to promote tumor grouvthvivoa. Furthermore, the used Balb/C nude
mice just partially lack their immunesystem, whigtay explain the relatively poor tumor
growth. The use of other nude mice strains possibiyyd overcome this limitation and may

result in tumor growth of the NHDFdk cells.

cell line tumorsfinj .mice | time [month]
NHDFdk 0/5 9
NHDFscr 0/3 9
MDA-MB-
4358 _ 3

Figure 20: NHDF cells deficient for p53 and Rb disfay no tumor growth in vivo (NHDFdk); A) injected
NHDFdk cells display no tumor growthin vivo; NHDFscr cells served as negative control, MDA-MB435S
cells served as positive control and display obvisutumor growth indicated by the white arrow; B) nine
month after cell injection wether NHDFdk (0/5) nor NDHDscr (0/3) cells display visible tumor growth;
MDA-MB-435S cells display visible tumor growth afte 3 month (2/2)
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4.2 The impact of the FGFR4 and its variant Arg385 onwmor progression

Since an impact of the hum&GFR4 Arg388&allele on tumor progression was only shown in
correlative studies on patient populations with atherwise heterogeneous genetic
background, there was an urgent need to ultimapebwe the influence of this single
nucleotide polymorphism (SNP) on tumor progressiorvivo. Here, the defined genetic
background of a mouse model overcomes the probliegeicetic heterogeneity of patient
cohorts and thus the cause of diverging conclusidiie generated &GFR4 Arg385
(corresponding to human codon 388) knock-in (Kl)deloin the genetic background of
SV/129 mice, which represents the first directlsgéted KI mouse model to investigate the
impact of a single nucleotide polymorphism on thegpession of cancer. In order to generate
the FGFR4 Arg385allele, the Glycine in exon 8 was changed to agirne by site-directed
mutagenesis. A nheomycin selection cassette flableldxP sites was cloned between exons
10 and 11 (Figure 21A). After gene targeting, ngcmresistant ES-cell clones were
analyzed by southern blotting and PCR-RFLP of tle@ogiic DNA (Figure 21B 1-2)
(Southern, 1974).
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Figure 21: A) FGFR4 Arg385 K| gene-targeting construct: FGFR4 wt locus spanning exons 2 to 12 of the
murine FGFR4 genomic sequence; targeted locus: exon 8 containket SNP established via specific
mutagenesis, selection-cassette flanked by loxPestfor Cre-deletion is introduced between exon 10nd
11;

B) 1) Southern Blot analysis of ES-cell clones aft@ene targeting: positive clones display an addiinal
10kb fragment detected by a 5'external probe 2) geryping of ES-cell clones via PCR-restriction
fragment length polymorphism (RFLP): positive clone contain an additional fragment of 93 bp afteMva

| restriction enzyme (S. Streit, 2004)

Gly385: Glycin at codon 385; Arg385: Arginin at codn 385; Neo: Neomycin-resistance; TK: thymidin-
kinase-cassette

Next, positive clones were injected into blastosyst pseudo-pregnant mice to generate
chimeras. These mice were then backcrossed to @67Bice to raise the first generation of
FGFR4 Arg385KI mice. In order to delete the neomycin selectaassette, th&GFR4
Arg385mice were crossed to mice transgenic forGhe-recombinaséDeleter-Cre).

FGFR4 Arg385KI Cre-deleted mice were analyzed by segregatialyais of a statistically
significant number of mice for Mendelian inheritanof the FGFR4 allele (Table 8). In
backcrosses tBGFR4 Gly/Gly385mice, the offspring displayed the expected distidn of

1:1 fromFGFR4 Gly/Gly3850 FGFR4 Gly/Arg385Heterozygote intercrosses displayed the
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expected distribution of 1:2:1 fromGFR4 Gly/Gly3830 Gly/Arg385to Arg/Arg385 Hence,
theFGFR4 Arg38llele is inherited in the correct Mendelian ratio

Backeross: FGFR4 Gly/Gly385 x FGFR4 Gly/Arg385

Gly/Gly Gly/Arg Arg/Arg total
mice 65 55 0 120
[%] 54 46 0 100
exp [%] 50 50 0

Intercross: FGFR4 Gly/Arg385 x FGFR4 Gly/Arg385

Gly/Gly Gly/Arg  Arg/Arg total
mice 25 57 25 107
[%] 23 54 23 100
exp [%] 25 50 25

Table 8: Segregation analysis oFGFR4 Arg385 Kl mice: The FGFR4 Arg385 allele is inherited in the
correct Mendelian ratio; progeny of backcrossesRGFR4 Gly/Gly385 x FGFR4 Gly/Arg385) is distributed
1:1, progeny of intercrossesHGFR4 Gly/Arg385 x FGFR4 Gly/Arg385) is distributed 1:2:1.

4.2.1 Characterisation of the FGFR4 Arg385 KI mouse

In humans, th&GFR4 Arg388allele is expressed in various tissues without diffgrences
compared to thEGFR4 Gly388and has yet no known impact on the healthy orgaiitiself
(Bange et al., 2002). Similarly, tHeGFR4 Arg385KI mouse model displays no obvious
phenotype that distinguishes it fro’fGFR4 Gly385carrying mice (data not shown). To
analyze if the generatdeiGFR4 Arg385KI mice display a pathological phenotype matching
human patients with the same SNP genotype and shmwiar characteristics of FGFR4
expression, localization and distribution, we fastalyzed FGFR4 mRNA- and protein- levels
and analyzed the localization and distribution @mious tissues of 3 month old female mice
with different FGFR4 genotypes.

As shown in Figure 22A and B FGFR4 is expressedaiious tissues including mammary
gland, lung, brain or liver. The investigate6FR4 Gly/Gly385 FGFR4 Gly/Arg385and
FGFR4 Arg/Arg385mice displayed no altered expression of the FGR&ither on mRNA
nor on the protein level in the presence of FB@FR4 Arg385allele. Next, we analyzed the
expression and localization of the FGFR4 in différéssues immunohistochemically. Figure
22C displays the FGFR4 expression and localizatiotme lung and the mammary gland of
FGFR4 Gly/Gly385and FGFR4 Arg/Arg385mice. Here, the lung tissue, displays a clear
FGFR4 staining in smooth muscles, blood vessels ladchial epithelial cells. In the

mammary gland tissue, blood vessels and ductahedjgt cells show distinct FGFR4
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expression. The magnification shown further indisa membranous and cytoplasmatic
localization of the FGFR4. Figure 22D summarizes iimmunohistochemical analysis of
FGFR4 expression and quantifies the levels of FG&®ihing in the different compartments
of the investigated tissue. Similar to the obsiows on mRNA-level and protein-level
neither localization, distribution nor the level eXpression changes in the presence of the
FGFR4 Arg385allele. Here, FGFR4 is detectable in various tissared, as with mRNA or
protein expression levels; there is no differeneavieen the differenfEGFR4 allele carriers.
These results indicate that tR&FR4 Arg385allele has not altered expression, localization or
distributionin vivo. These conclusions match previously published datdauman samples
(Partanen et al., 1991).

Hence theFGFR4 Arg385KI mice display the same characteristics as theimdn

counterparts in mMRNA and protein expression levdsalisation and -distribution.
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Figure 22: Characterisation of theFGFR4 Arg385 Kl mice; A) mRNA expression levels in different tisues
of 3 month old female mice carrying the=GFR4 Gly/Gly385 (n=3), Gly/Arg385 (n=3) or Arg/Arg385 (n=3)

locus quantified by LightCycler® analysis: Expresson levels are normalized to HPRT gene expression
and blotted relatively to the expression inFGFR4 Gly/Gly385 mice which was set to 1; FGFR4 is equally

expressed in various tissues regarding the FGFR4oig/pe; all data are shown as mean + SDM.

B) Protein-expression levels in different tissuesfo3 month old female mice carrying the FGFR4
Gly/Gly385 (n=3), Gly/Arg385 (n=3) or Arg/Arg385 (n=3) locus analysed by immunoprecipitation and
Western Blotting of FGFR4: Actin served as a loadig control and as normalization value of FGFR4
expression levels; FGFR4 is equally expressed inn@us tissues regarding the FGFR4 isotype; all datare

shown as mean

66



Results

C) Lung and mammary gland tissue of 3 month old femle mice carrying theFGFR4 Gly/Gly385 (n=3) or
Arg/Arg385 (n=3) locus: FGFR4 expression was analyzed immunistochemically and evaluated
microscopically (20x); the higher magnification ofthe lung and mammary gland shows membranous and
cytosolic localization of the FGFR4 as well as FGFRnegative cells as a staining control; FGFR4 is
equally expressed regarding the FGFR4 isotype.

D) Table of FGFR4 expression pattern in differentissues of 3 month old female mice carrying thEGFR4
Gly/Gly385 (n=3) or Arg/Arg385 (n=3) locus: FGFR4 was analyzed immunohistochemilta and quantified
for expression level and localization of the FGFR4rotein; FGFR4 is expressed in various tissues wita
cytosolic and membranous localization; FGFR4 is elly expressed in various tissues regarding the
FGFRA4 isotype; cell types with negative FGFR4 staing are not listed.

MG: mammary gland; SM=skeletal muscle

4.2.2 The impact of the FGFR4 and its variant Arg385in vitro

4.2.2.1 The impact of the FGFR4 Arg385 on fibroblast transbrmation

Mouse embryonic fibroblasts (MEFs) display an gaaiailablein vitro system to investigate
the impact of genetically altered loci in mice. Téfere, we analyzed the impact of the
FGFR4 Arg385allele on biological mechanismis vitro using isolated E13.5 mouse
embryonic fibroblasts. Previous reports of clinicdalidies do not implicate thEGFR4
Arg388 allele in tumor initiation, but rather associatenvith enhanced disease progression
once cancer has been initiated (Bange et al., 2802it et al., 2004). Thus, we firstly
investigated the impact of this SNP on the trams&dgion of MEFs by focus formation assays.
Here some primary cells loose contact inhibitioma@®nsequence of overexpression of proto-
oncogenes and grow in local multilayers that resuthe formation of cell foci . In order to
study the impact of th&GFR4 Arg385allele on focus formation we initiated neoplastic
transformation ofFGFR4 Gly/Gly385 FGFR4 Gly/Arg385 and FGFR4 Arg/Arg385MEFs

via infection with viruses carrying overexpressimodules for several oncogenes. We used
the human proto-oncogenes HER2, EGFR and the felilmeoncogene v-kit to determine if
either one of theFGFR4 alleles would influence the transformation capacind the
progression of MEFs in cooperation with differeeteptor tyrosine kinases acting as the
initiating oncogenes. Infection of MEFs with virgseontaining expression modules of the
oncogene v-src served as a positive control as twiggers cell transformation at very early
time points. Infection of MEFs with viruses coniaip expression modules of the empty
pLXSN-vector served as a negative control to cakeuthe spontaneous transformation rate of
the infected MEFs. In Figure 23A the number of faci FGFR4 Gly/Gly385 FGFR4
Gly/Arg385andFGFR4 Arg/Arg389MEFs is plotted against the investigated oncogeiftes

21 days of focus formation. MEFs heterozygouslieRGFR4 Arg385display a significantly
increased focus formation in cooperation with thiiating oncogenes HER2 (p=0.00033)
and EGFR (p=0.017). MEFs homozygous for #@FR4 Arg385show a significantly
enhanced focus formation with all three investiabacogenes (HER2-p=0.00016, EGFR-
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p=0.0000095, v-kit-p=0.00012). These results suggbhat the FGFR4 Arg385 allele
significantly promotes cell transformation in coog@n with classical oncogenes.
Remarkably, cell transformation by the EGFR or tyakihich are commonly regarded as weak
oncogenes, led to an unusually high number of fdbiese results indicate yet unknown
crosstalk between FGFR4 Arg385 and other receptosine kinases similar to the known
crosstalk between FGFR4 and HER2 (Koziczak and bly?@04).

Further, we wanted to monitor the progression afgformation ilFGFR4 Gly/Gly385and
FGFR4 Arg/Arg385MEFs over time. Therefore, we performed the focasnhtion by
terminating the assay at different time points &y 14 days and 21 days). As it is clearly
shown in Figure 23BFGFR4 Arg/Arg385carrying MEFs not only transform considerably
faster, but also generate an increased numbercof These results indicate that the FGFR4
Arg385 is clearly involved in the progression oansformed cells initiated by different
oncogenes. Furthermore, tR6FR4 Arg385allele seems to facilitate the transformation of

MEFs resulting in a higher number of foci that foatrearlier time points.

FGFR4  FGFR4 FGFR4  FGFR4 FGFR4  FGFR4
- **p=0.000095 GIWGly Argrg GI¥Gly ArgArg GlyGly ArgArg
d p~0.00016 1 n=3) (n=3) m=3) (@=3) m=3) (n=3)

-89 @
! d‘vg QQ ..

HER2 EGFR

FGFRY FGFR4
GIVGly ArglArg
(@=3) (n=3)

o (:,_qqgf.! Wdays |

*p=0.017 *p=0.00012

number of foci

Her2 EGFR v-kit [ ? 3 empty pLXSN
21 days

oncogenes s -
G R Gly/Gly (n=5)
[0 FGFR4 Gly/Arg (n=5) | V=STC
B FGFR4 Arg/Arg (n=5) 4

Figure 23: The FGFR4 Arg385 allele promotes cell transformation in MEFs A) Foas Formation Assay in
FGFR4 Gly/Gly385 (n=5), FGFR4 Gly/Arg385 (n=5) and FGFR4 Arg/Arg385 (n=5) carrying MEFs: MEFs
transformed by the overexpression of HER2, EGFR ow-kit display a statistically significant increasein
the formation of foci in the presence of théGFR4 Arg385 allele after 21 days (HER2: Gly/Arg-p=0.00033,
Arg/Arg-p=0.00016; EGFR: Gly/Arg-p=0.017, Arg/Arg-p=0.000095; v-kit: Arg/Arg-p=0.00012);
overexpression of the empty vector served as negadicontrol; transformation by v-scr served as posite
control; all data are shown as mean + SDM; all p-vilmes were calculated using the students T-test and
values< 0.03 were considered statistically significant.

B) Focus Formation Assay inFGFR4 Gly/Gly385 (n=3) and FGFR4 Arg/Arg385 (n=3) carrying MEFs
monitored over time: Foci growth was determined a#r 7, 14 and 21 daysfFGFR4 Arg/Arg385 MEFs
show an earlier onset of transformation and a higheprogression of foci growth over time; overexpressn
of the empty vector served as negative control; tressformation by v-scr served as positive control.

68



Results

4.2.2.2 Impact of FGFR4 Arg385 on proliferation, life span, migration and
apoptosis of MEFs

To support these observations by molecular analytiethods, we determined, whether the
molecular action of the FGFR4 Arg385 itself is msgible for the accelerated transformation
rate in FGFR4 Arg385carrying MEFs. Therefore we analyzed the expressind the
activation status of the FGFR4 iRGFR4 Gly/Gly385 FGFR4 Gly/Arg385 and FGFR4
Arg/Arg385 MEFs. The Western Blot Analsyis in Figure 24A d&s neither an
overexpression nor a hyperactivation of the FGFR#B85 in MEFs.

Next, we wanted to investigate the involvement b tFGFR4 Arg385 on several
physiological processes that could be responsible the facilitated and accelerated
transformation rate iFGFR4 Arg385carrying MEFs. To exclude the dependence of an
enhanced transformation rate from a higher praltfee potential or a prolonged life span of
FGFR4 Arg385carrying MEFs, we compared the population doubliate of FGFR4
Gly/Gly385 FGFR4 Gly/Arg385 and FGFR4 Arg/Arg385MEFs. Here,FGFR4 Arg385
carrying MEFs display no increased proliferativpaecity compared to FGFR4 Gly/Gly385
carrying MEFs as seen in Figure 24B. Further, westigated the impact of tHeEGFR4
Arg385allele on senescence to determine if the FGFR4 85 gtends the life span of the
cell and thereby facilitates neoplastic transfdairama(Collado et al., 2007). To do that, we
stained MEFs, subcultured for 30 days, for the esgipn off3-galactosidase to visualize
senescent cells. As shown in Figure 2BGFR4 Arg385carrying MEFs do not display a
prolonged life span or aobvious difference in the initiation of senescenwdther by
microscopic anaylsis nor by the quantification loé fpercentage of senescent cells between
the FGFR4Gly385andFGFR4 Arg38mlleles (Figure 24C).

Migration of cancer cells contributes to acceletatemor progression. As a maotility
enhancing effect of the FGFR4 Arg388 had alreadsnbghown by Bange and colleagues
with the MDA-MB-231 human mammary carcinoma ceielimodel (Bange et al., 2002) we
further investigated the influence of tR6FR4 Arg385allele on the migratory capacity of
normal MEFs. Therefore, we analyzed the migration Boyden Chamber assays
microscopically and quantified these results vidSA analysis. In contrast to the results by
Bange et al.,, no difference was observed WR&FR4 Gly/Gly385 were compared to
FGFR4Arg/Arg385VIEFs in their migratory behaviour (Figure 24D).
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Figure 24: The FGFR4 Arg385 allele does not promote a prolonged life span or igration in MEFs; A)
Expression analysis of the FGFR4 ir-GFR4 Gly/Gly385 (n=3), FGFR4 Gly/Arg385 (n=3) and FGFR4
Arg/Arg385 (n=3) MEFs: expression and activation of the immunprecipitated FGFR4 was detected via
western blotting; MEFs carrying the FGFR4 Arg385 allele show no altered expression or activity ofhie
FGFRA4.

B) Proliferation and life span in FGFR4 Gly/Gly385 (n=3), FGFR4 Gly/Arg385 (n=3) and FGFR4
Arg/Arg385 (n=3) MEFs: cell number of seeded MEFs was monitoceover time to calculate the population
doubling rate; MEFs display no altered proliferation or a prolonged life span in the presence of the
FGFR4 Arg385 allele;

C) Senescence Assay iFrGFR4 Gly/Gly385 (n=3) and FGFR4 Arg/Arg385 (n=3) MEFs: apparently
senescent MEFs were stained fof-galactosidase expression and the amount of senesceells were
calculated and quantified microscopically (20x); MEs display no altered occurrence of senescence et
presence of the=GFR4 Arg385 allele;

D) Migration Assay in FGFR4 Gly/Gly385 (n=3) and FGFR4 Arg/Arg385 (n=3) MEFs; migratory capacity
of MEFs to 4% FCS was analyzed in Boyden Chamber aays after 16 hours microscopically (20x) and
quantified via ELISA analysis; MEFs display no alteed migratory capacity in the presence of th&-GFR4
Arg385 allele;

All data are shown as mean + SDM.
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The neoplastic transformation of cells can furtherinduced via mutations that accumulate
within an unstable genome. Generally, primary cefisergo apoptosis due to mitotic crisis
that is induced by genomic instability. If the seivercome this mitotic crisis the aquired
mutations can contribute to cancerous transformatitanahan and Weinberg, 2000; Jeggo,
2005). Therefore, we analyzed the responseGiFR4 Gly/Gly385FGFR4 Gly/Arg385and
FGFR4 Arg/Arg385MEFs to treatment with chemotherapeutic drugs thercalate with
DNA. In response to doxorubicin MEFs display a #igantly reduced extent of apoptosis
over 48 hours when they express th&FR4 Arg385allele as homo- or hetrocygotes
(Gly/Arg-p=0.000008, Arg/Arg-p=0.000000001) (FiguP&A). These data suggest that the
FGFR4 Arg385 protects the cell from through DNA-daye-induced apoptosis. Furthermore,
we aimed to investigate the underlying mechanisnhisf effect. It is known, that oncogenic
receptor tyrosine kinases can overcome apoptosimdne efficient DNA-repair (Skorski,
2002). This accelerated repair results in a defathe cell cycle phase G2 in response to
DNA-damaging drugs. Therefore, we analyzed the ositle distribution of FGFR4
Gly/Gly385 FGFR4 Gly/Arg385 and FGFR4 Arg/Arg385MEFs upon treatment with
doxorubicin for 24 hours. As shown in Figure 25BER homozygous for thEGFR4
Arg385allele display a significant increase in the petage of cells in G2 after 24 hours of
doxorubicin treatment compared to MEFs homozygoois the FGFR4 Gly385 allele
(p=0.019). These data suggest that an accelerdtdrBpair mechanism keeps the cells in
G2 to repair the occurred DNA-damage resulting ioveer percentage of apoptotic cells after
48 hours. To analyze the effect of G2 delay and-apuptosis on the molecular level we
determined the expression of several target gemasvied in DNA-damage, apoptosis and
survival after doxorubicin treatment over timeAGFR4 Gly/Gly385andFGFR4 Arg/Arg385
MEFs. As seen in Figure 25@512AX, an indicator of DNA- damage and apoptosikighly
upregulated ilF-GFR4 Gly385MEFs, indicating more intense downstream signgltowards
apoptosis as a result of extended DNA-damage Keaegal., 2006). Caspase-3 cleavage and
the phosphorylation of the pro-apoptotic proteindBdo not differ between thEGFR4
isotypes. The tumor suppressor Rb is upregulatedrGirR4 Gly385 expressing MEFs
whereas the tumor suppressor p53 is downreguldtdd. may lead to a higher DNA repair
response and to the observed G2 delay in FGFR48&rgXpressing MEFs. As the pro-
apoptotic proteins Caspase3 and Bad do not difidwvden the FGFR4 genotypes we
analyzed typical pro-survival genes that may switeh balance towards survival in FGFR4
Arg385 MEFs. The protein p-Akt that is known as @ent pro-survival signal is clearly
upregulated in FGFR4 Arg385 expressing MEFs aftetodubicin treatment compared to
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FGFR4 Gly385 expressing MEFs (Wang et al., 2008kadntrast, p-Erk is equally expressed
between the isotypes. Further, the expressioneptb-survival genes BCL2 and BCLX are
clearly upregulated iF-GFR4 Arg385MEFs, a further hint for increased cell surviva$
these proteins are linked to the inhibition of eaicer-drug induced apoptosis via Akt (Lin et
al., 2008; Woo et al., 2005).

Similarly, the apoptotic response BGFR4 Arg/Arg385MEFs towards cisplatin, that also
induces DNA-damage, is significantly reduced coragato FGFR4 Gly/Gly385MEFs
(p=0.0002). In contrast, after 48 hours of treatimeith taxol, which interferes with the
organization of the mitotic spindle, MEFs do ndeatheir apoptotic response in the presence
of the Arg385 allele(Figure 25D).

In conclusion, th&-GFR4 Arg385allele seems to promote cell survival in respansBNA-
damage via two mechanisms. Firstly, FGFR4 Arg38&mseto support accelerated DNA-
repair and secondly contributes to the upregulatdntypical pro-survival genes as a

counterbalance of apoptotic downstream signalikgiski, 2002).
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Figure 25: The FGFR4 Arg385 allele promotes cellular survival in MEFs; A) Celular survival in FGFR4
Gly/Gly385 (n=8), FGFR4 Gly/Arg385 (n=8) and FGFR4 Arg/Arg385 (n=8) carrying MEFs: MEFs were
treated with 0.5 puM doxorubicin for 48 hours to induce cellular stress by DNA-damage; apoptosis was
measured via FACS Analysis; MEFs display a signifantly reduced number of apoptotic cells in the
presence of the FGFR4 Arg385 allele in response to the treatment with doxorubicin (GlyArg-
p=0.0000008, Arg/Arg-p=0.000000001);
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B) Cell cycle distribution in FGFR4 Gly/Gly385 (n=3), FGFR4 Gly/Arg385 (n=3) and FGFR4 Arg/Arg385
(n=3) carrying MEFs: MEFs were treated with 0.5 pMdoxorubicin for 24 hours to induce cellular stress
by DNA-damage; cell cycle distribution was measurediia FACS Analysis; MEFs homozygous for the
FGFR4 Arg385 display a significantly increased number of cellsni G2-phase in response to the treatment
with doxorubicin; (Arg/Arg-p=0.019);

C) Molecular mechanisms of theFGFR4 Gly/Gly385 (n=3) and FGFR4 Arg/Arg385 (n=3) carrying MEFs
in response to doxorubicin treatment monitored ovetime: Expression of analyzed proteins was detected
by Western Blotting. Actin served as a loading comol and normalization value. MEFs homozygous for
the FGFR4 Arg385 allele display an increased upregulation of pro-swival genes like p-Akt, BCL-XL and
BCL-2

D) Cellular survival in FGFR4 Gly/Gly385 (n=5) and FGFR4 Arg/Arg385 (n=5) carrying MEFs: MEFs
were treated with 3 pM cisplatin and 0.5 pM taxol ér 48 hours to induce cellular stress by DNA-damage
apoptosis was measured via FACS Analysis; MEFs diiy a significantly reduced number of apoptotic
cells in the presence of th& GFR4 Arg385 allele in response to cisplatin treatment but not towardgaxol;
(Arg/Arg-p=0.0002);

All data are shown as mean + SDM; all p-values werealculated using the students T-test and values
0.03 were considered statistically significant

4.2.2.3 Impact of FGFR4 Arg385 on proliferation, migration, invasion and

apoptosis in transformed MEFs

As the transformation oFGFR4 Arg385 MEFs with EGFR displays a unusally high
efficiency in the focus formation assay compare&®-R4 Gly/Gly385MIEFs we wanted to
investigate the involvement of tHe&GFR4 Arg385allele on several physiological processes
after stable transformation with EGFR. As the niigna capacity of MEFs does not alter in
the presence of thEGFR4 Arg385allele in non-transformed MEFs, we further wanted
analyze if these processes are possibly influebgatieFGFR4 Arg385allele in transformed
cells. Therefore, we stably transformE@&FR4 Gly/Gly385and FGFR4 Arg/Arg385MEFs
by the overexpression of EGFR. As a positive canti® stably transformed MEFs through
the overexpression of the oncogene v-src. As ativegaontrol we stably expressed the
pPLXSN vector to calculate spontaneous transformatibMEFs. After selection with G418,
EGFR and v-src were analyzed via western blotting guantification to ensure equal
expression in the infected MEFs. As shown in FigRé&, EGFR and v-src are equally
expressed. Additionally, FGFR4 expression was aealyn transformed cells to investigate if
the overexpression of EGFR or v-src has any impactFGFR4 expression. Interestingly,
FGFR4 is upregulated in EGFR transformed cells am&GFR4 Arg/Arg385MEFs. Above
that, the phosphorylation status of the FGFR4 ABJ3BEFs is enhanced in MEFs
transformed with EGFR indicating a higher activiiy FGFR4 Arg385 compared to the
Gly385 isotype. This finding could be an explanatior the unusually strong transformation
rate in the focus formation assay BIGFR4 Arg/Arg385MEFs infected with EGFR.
Moreover, the upregulation of the FGFR4 is a furthdication of a so far unknown crosstalk
between these two receptors. We further investig#tehis upregulation of thé-GFR4
Arg/Arg385 compared toFGFR4 Gly/Gly385in MEFs transformed with EGFR influences
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cellular processes including proliferation, migoati invasion or survival. Furthermore, we
aimed to show if these processes are possiblynfioenced by th&GFR4 Arg/Arg385n v-

src transformed cells as there was no upregulatidhe FGFR4 expression detectable in the
Western Blot compared to MEFs transformed with EGHRrst, we analyzed the influence
on proliferation by monitoring the cell number owime and calculating the population
doubling rate of MEFs. As shown in Figure 26B MBEFmsformed with EGFR display no
proliferative advantage in the presence of #BFR4 Arg385allele. Likewise, MEFs
transformed with v-scr are not altered in theirlifgcation rate depending on their FGFR4
genotype. Similarily, the non-transformed MEFs Btadxpressing the empty pLXSN also do
not display changes in proliferation behaviour. gksnary MEFs display an anti-apoptotic
effect in response to the DNA-damaging agents ddoin and cisplatin in the presence of
the FGFR4 Arg385allele, we wanted to reproduce these results iF81Eansformed by
EGFR or v-src. Figure 26C displays the percentdgapoptotic cells determined by FACS
analysis after treatment with 0.5uM doxorubicinMBigisplatin and 0.5uM taxol after 48
hours. MEFs transformed with EGFR display a sigaift decrease in apoptosis in the
presense of thEGFR4 Arg385allele in response to the DNA-damaging agents ddxom
and cisplatin (cisplatin-p=0.021; doxorubicin-p=@00046). No difference was apparent for
the response to taxol. In MEFs transformed withiovreeither the chemotherapeutic drugs nor
the FGFR4 isotypes result in an alteration of the anti-aptipt response. The non-
transformed MEFs expressing the empty pLXSN diggglahe same significant results as the
primary MEFs in their response to doxorubicin, Esp and taxol after 48 hours (cisplatin-
p=0.0000039; doxorubicin-p=0.016).
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Figure 26: A) Western blot analysis of transformedFGFR4 Gly/Gly385 (n=3) and FGFR4 Arg/Arg385
(n=3) MEFs: EGFR and v-src are not upregulated in ontrol MEFs infected with empty pLXSN; v-src is
overexpressed in MEFs infected with pLXSN-vsrc; EGR is overexpressed in MEFs infected with
pLXSN-EGFR; actin served as a loading control and armalization value for quantification; FGFR4
Arg385 expression and activation is upregulated iMEFs transformed with EGFR.

B) Proliferation Assay of transformed FGFR4 Gly/Gly385 (n=5) and FGFR4 Arg/Arg385 (n=5) MEFs: cell
number of seeded MEFs was monitored over time to tailate the population doubling rate; the presence
of the FGFR4 Arg385 allele does not influence the proliferation neithein control MEFs (empty pLXSN)
nor in MEFs transformed with v-src or EGFR;

C) Apoptosis in transformed FGFR4 Gly/Gly385 (n=5) and FGFR4 Arg/Arg385 (n=5) MEFs: MEFs were
treated with 0.5 uM doxorubicin, 3uM Cisplatin or 0.5 uM Taxol for 48 hours; amount of apoptotic cells
was calculated via FACS analysis; MEFs transformedvith EGFR and homozygous for theFGFR4
Arg/Arg385 allele display a significantly decreased number ofpoptotic cells compared toFGFR4
Gly/Gly385 MEFs in response to doxorubicin or cisplatin treament (cisplatin-p=0.021, doxorubicin-
p=0.0000046); in response to taxol treatment the psence of theFGFR4 Arg/Arg385 allele does not
influence the apoptotic response in MEFs transforma with EGFR; MEFs transformed with v-src and
homozygous for theFGFR4 Arg/Arg385 allele do not display a decreased number of apopiotcells in
response to doxorubicin, cisplatin or taxol treatmat compared to FGFR4 Gly/Gly385 MEFs; control
MEFs expressing the empty pLXSN and homozygous fothe FGFR4 Arg/Arg385 allele display a
significantly decreased number of apoptotic cellsampared to FGFR4 Gly/Gly385 MEFs in response to
doxorubicin or cisplatin treatment (cisplatin-p=0.0000039, doxorubicin-p=0.016) but not towards taxol;
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All data are shown as mean + SDM; all p-values werealculated using the students T-test and values
0.03 were considered statistically significant

Next we analyzed the differences in cell motility dependence oFGFR4 genotype.
Therefore we analyzed the migrationFE6FR4 Gly/Gly385and FGFR4 Arg/Arg385MEFs
transformed with EGFR and v-src or stably expressie empty pLXSN vector in a Boyden
chamber assay to 4% FCS for 16 hours. Migration avedyzed microscopically after crystal
violet staining and quantified via ELISA analysis. contrast to non-transformed MEFs,
FGFR4 Arg/Arg385(n=3) MEFs transformed with EGFR display a sigmwifitly (p=0.005)
increased migratory capacity comparedRGFR4 Gly/Gly385MEFs (Figure 27A). This
significant difference was not apparent in MEFsi¢farmed with v-src or non-transformed
MEFs stably expressing the pLXSN vector. These dadécate, thatF-GFR4 Arg/Arg385
influences migration only in transformed cells ahdt the involvement of the FGFR4 seems
to be dependent on the oncogenetic background. irfdseased motility of FGFR4
Arg/Arg385 expressing MEFs transformed with EGFRnsg to be one of the contributing
factors of accelerated focus formation. Next tonatign and the loss of contact inhibition that
contributes to tumor progression, cancer cellsracghie ability to survive without anchorage.
This anchorage independent ability to grow in cambon with enhanced motility and
invasivity allows cancer cells to metastasize thgrenaking tumors more aggressive. To
analyze if MEFs transformed with EGFR or v-src tigp more aggressive phenotype in the
presence of theGFR4 Arg38allele we performed a soft agar assay to invetitfee impact
of the FGFR4 Arg3850on anchorage independent growthFBFR4 Gly/Gly385and FGFR4
Arg/Arg385 MEFs transformed with EGFR or v-src. Soft Agar orgl formation was
analyzed and quantified by counting formed colanias shown in Figure 27B MEFs
transformed with EGFR display a significantly enteth anchorage independent growth after
24 and 96 hours if they express tH8FR4 Arg/Arg385(24h-p:0.00004; 48h-p:0.00003). In
contrast, no alterations were apparent betwe@8RR4 Gly/Gly385and FGFR4 Arg/Arg385
MEFs after 96 hours transformed by v-src. The riegatontrol of non-transformed MEFs
expressing the empty pLXSN vector was not ablertavganchorage independently. These
data demonstrate that the FGFR4 Arg/Arg385 is ioapdid in the process of anchorage
independent growth and likewise with migration degent on the oncogenic background.

For successful metastasis, cancer cells aquiralfigy to degrade the extracellular matrix
surrounding them to spread and invade the surrogriiBsue. To determine this activity and
the influence oFGFR4 isotypes on oncogene-primed MEFs we performed aidéh assay
to analyze invasivity and branching B6FR4 Gly/Gly385and FGFR4 Arg/Arg385MEFs
transformed by EGFR or v-src. As shown in Figur€&C 2VIEFs transformed with EGFR
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display significantly enhanced branching in Madtigfter 24 and 96 hours if they express the
FGFR4Arg/Arg385isotype (96h-p:0.0009). In contrast, no alteratiorere apparent between
FGFR4 Gly/Gly385andFGFR4 Arg/Arg385MEFs after 96 hours transformed by v-src. The
negative control of non-transform®&EFs expressing the empty pLXSN vector was not able
to branch in Matrigel. These data demonstrate that FGFR4 Arg/Arg385 is clearly
implicated in the invasive process of branchindviatrigel and likewise in cell motility and
soft agar colony formation dependent on the oncadgackground.

These results demonstrate that in MEFs, FGFR4 Arg38gnificantly influences
physiological processes including motility, invashand survival that all contribute to tumor
progression. These processes are distinct frometladfected by FGFR4 Gly385 and,
furthermore, the impact of the FGFR4 Arg385 is @pendence on the genetic background

that confers cell transformatiaom vitro.

**p=0.0005

migration [AU]

FGFRA Gly/Gly385
(n73)

B pLXSN-EGFR

FGFR4 Arg/Arg38s
genotype (03)
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Figure 27: The FGFR4 Arg385 allele promotes migration, soft agar colony formadbn and invasion in
EGFR-transformed MEFs; A) Migration assay of stably transformed FGFR4 Gly/Gly385 (n=3), and
FGFR4 Arg/Arg385 (n=3) MEFs: Migratory capacity was analyzed microsopically after crystal violet
staining (20x) and quantified via ELISA analyis. MBFs transformed with EGFR and homozygous for the
FGFR4 Arg385 allele display a significantly (p=0.0005) increasedhigratory capacity to 4% FCS in a
boyden chamber assay after 16h compared to MEFs hamygous for theFGFR4 Gly385 allele; MEFs
transformed with v-src displayed no difference in heir migratory capacity regarding their FGFR4 allele.
MEFs stably expressing the empty pLXSN-vector sergeas a negative control.

B) Soft Agar Assay of stably transformed=GF R4 Gly/Gly385 (n=3), andFGFR4 Arg/Arg385 (n=3) MEFs:
Anchorage independent growth was analyzed and quaified microscopically (20x) after the indicated
time points. MEFs transformed with EGFR and homozgous for the FGFR4 Arg385 allele display a
significantly increased capacity of anchorage indegndent growth in Soft Agar after 24-96h compared to
MEFs homozygous for theF GFR4 Gly385 allele (24h-p=0.00004; 96h-p=0.00003); MEFs stabéxpressing
the empty pLXSN-vector served as a negative controlMEFs transformed with v-src displayed no
difference in their capacity to proliferate anchorage independent regarding their-GFR4 allele.

C) Invasion Assay in Matrigel of stably transformedFGFR4 Gly/Gly385 (n=3) and FGFR4 Arg/Arg385
(n=3) MEFs: branching in Matrigel was analyzed andquantified microscopically (20x) after the indicatel
time points; MEFs transformed with EGFR and homozygus for the FGFR4 Arg385 display a
significantly increased invasion in Matrigel after 96h compared to MEFs homozygous for thé-GFR4
Gly385 allele (p=0.00009); MEFs stably expressing the emppLXSN-vector served as a negative control.
MEFs transformed with v-src displayed no differencein their capacity to branch in Matrigel regarding
their FGFR4 allele.

All data are shown as mean + SDM; all p-values werealculated using the students T-test and values
0.03 were considered statistically significant
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To further analyze the underlying mechanism of ecaéed MEF migration, soft agar colony
formation and invasion, the expression of seveesleg associated with tumor progression,
aggressiveness and invasiveness of transformeslwall investigated. For that purpose, the
mMRNA levels of these proteins were measured in Miassformed with EGFR carrying the
FGFR4 Gly3850r Arg385 allele. As seen in Figure 28 the cluster of tursappressors
displays no dectectable difference in regard ofR@&R4 isotypes. Regarding cell cycle and
proliferation markers, the expression of the cgtlle dependent kinases (CDK) 1, 2 and 4
were measured. As the FGFR4 is known to have weigbgemic activity, no diffenrence
between FGFR4 Gly/Gly385 and FGFR4 Arg/Arg385 eggirly MEFs was expected. In
contrast, there was a significantly higher expmssof CDK1 in FGFR4 Arg/Arg385
expressing MEFs transformed with EGFR (p=0.009%F).GDK1 is strongly associated with
migration, this significant overexpression seemgptomote the increased migration of the
transformed MEFs resulting in a more aggressivanptype ofFGFR4 Arg/Arg385carrying
MEFs transformed with EGFR (Manes et al., 2003).tHe cluster of proteins that are
associated with invasion, MMP13 as well as MMPlgrenfound to be overexpressed in
FGFR4 Arg/Arg38tcarrying MEFs transformed with EGFR, likely cohtriing to a higher
metastatic potential (MMP13-p=0.002;MMP14-p=0.0&4gworth et al., 2008; Jiang et al.,
2006; Rizki et al., 2008). Next to MMPs, N-cadheviras highly overexpressed in MEFs
carrying theFGFR4 Arg385isotype indicating a higher potential of migratiand invasion
(Lafleur et al., 2005; Nagi et al., 2005; Su et 2008). This data reflect the results derived
from the physiological experiments presented iruFég27 and suggests a more aggressive
and invasive phenotype of MEFs carrying f8FR4 Arg385allele when transformed with
the EGFR oncogene.
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Figure 28: Expression Analysis of MEFs carrying theFGFR4 Gly385 (n=3) or Arg385 (n=3) allele

transformed with EGFR: target gene expression wasralyzed via semiquantitative RT-PCR; GAPDH

served as housekeeping gene for normalization; exgssion values oF GFR4 Arg/Arg385 MEFs are blotted

relatively to the expression values oF GFR4 Gly/Gly385 MEFs and grouped regarding their physiological
function; N-cadherin (p=0.001), MMP13 (p=0.002) andMP14 (p=0.004) are significantly upregulated in
the presence of th&=GFR4 Arg/Arg385 allele suggesting a more aggressive phenotype; dlita are shown
as mean + SDM,; all p-values were calculated usindpé students T-test and values 0.03 were considered
statistically significant

4.2.3 The impact of the FGFR4 and its variant Arg385 on amor
progressionin vivo
4.2.3.1 The FGFR4 Arg385 allele promotes tumor mass and size VAP-TGFa
but not MMTV -PymT derived tumors

Thein vitro experiments with primary and transformed MEFs dastrate the impact of the
FGFR4 Arg385 on cell biological properties that egkevant to tumor progression namely
survival, motility, anchorage independence and siwty in Matrigel. Furthermore, the
impact of theFGFR4 Arg385allele seems to be dependent on the oncogenigimackd. To
ultimately clarify the influence of the FGFR4 Ard3®n accelerated tumor progression and
aggressiveness we investigated the impact of thy88% isotype on tumor progression in a
mouse breast cancer modelivo.As the FGFR4 is known to be upregulated in breaster

and furthermore th&GFR4 Arg385allele is known to promote progression of mammary
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carcinoma in humans we wanted to investigate thmaanof this allele on mammary cancer
progression in a clean background-free cancer meygitem. Similar to the experimerits
vitro we wanted to analyze the involvement of BE@FR4 Arg385on tumor progression in
combination with the well establish&®lAP-TGFrand theMMTV-PyMT transgenes. In the
WAP-TGRr mouse tumor model, mammary carcinoma is inducethbyoverexpression of
TGFa resulting in the hyperactivation of the EGFR (Sgned et al., 1995). In thRIMTV-
PyMT mouse mammary carcinoma model, neoplastic tramsfiion of the mammary gland is
initiated by the overexpression of the Polyoma N&d® resulting in hyperactive, oncogenic
src (Guy et al., 1992).

Therefore, we crossed tif&GFR4 Arg385 Kimice to oncomice either transgenic WAP-
TGFa or MMTV-PymTin the C57BL/6 background. To ensure normal lamtabf female
mice, the transgene was only inherited by malesdi$tinguish the differenEGFR4 alleles,
the genotyping was done by PCR-RFLP by the aforéoreed restriction site (Figure 29A).
To confirm the presence of the transgenes in tloggmy we performed genotyping with

specific primers fof GFa or PymT (Figure 29B).

A

Gly/Gly  Gly/Arg  Arg/Ar

Gly/Gly

150bp—

150 bp— e Myval-restriction 93 bp—

-
46 bp—

L T

male:WAP-TGFa;Gly/Arg  x  female:Gly/Arg male:MMTV-PymT;Gly/Arg  x  female:Gly/Arg

Figure 29: A) Genotyping of FGFR4 Arg385 Kl mice: amplification product was cut by Mval to obtain
specific banding to distinguish the-GFR4 alleles
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B) Conformation of the WAP-TGF @ and MMTV-PymT transgen and crossing scheme of GFR4 Arg385
KI mice and oncomice transgenic forWAP-TGFa or MMTV-PyMT: the WAP-TGFa and the MMTV-
PyMT transgen were only inherited by males to ensure mmal lactation of the females.

To investigate the impact of the FGFR4 Arg385 omdu progression in the WAP-T@F
model we analyzed the tumors of 6 month old femB@FR4 Gly/Gly385 FGFR4
Gly/Arg385andFGFR4 Arg/Arg385nice. The analyzed criteria for tumor progressianthe
mass, area and the percentage of mass and area afialyzed tumors. As shown in Figure
30A the tumor mass is significantly increased irtenhomozygous for thEGFR4 Arg385
allele and transgenic faWAP-TGRr when compared t6GFR4 Gly385controls (Arg/Arg-
p=0.01). Figure 30B shows the percentage of tumasstthat is significantly increased in
FGFR4 Arg385 carrying mice transgenic foWAP-TGFr (Gly/Arg-p=0.004; Arg/Arg-
p=0.0004). Furthermore, the tumor area is signitigaincreased in WAP-TGd transgenic
mice in the presence of tk&SFR4 Arg385allele when compared ©GFR4 Gly385control
mice (Figure 30C)(Gly/Arg-p=0.006; Arg/Arg-p=0.000%Just as the percentage of tumor
mass, the percentage of tumor area is significantyeased iFGFR4 Arg385carrying mice
transgenic for WAP-TGFRr (Gly/Arg-p=0.000000006; Arg/Arg-p=0.000000001) d&ie
30D). These results indicate that th&FR4 Arg385allele is a potent enhancer WAP-
TGFa-induced mammary tumors in mass and area. Furtherntioe higher significance in
the percentages of tumors and the area of tum@gesti that the FGFR4 Arg385 is not an
enhancer of cancer cell proliferation, but seemsatcoelerate processes like migration
resulting in the increase of the invaded area & ttammary gland. Moreover, the more
significant increase in tumor area may result f@racilitated neoplastic transformation rate
in FGFR4 Arg38tcarrying mice transgenic f\WAP-TGFa. These results are in line with the

in vitro experiments with transformed MEFs.
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Figure 30: The FGFR4 Arg385 allele significantly progressesVAP-TGF a induced tumors; In Figure 3 (A-
D) every data point represents the values of onerfeale mouse transgenic foWAP-TGF a carrying the
FGFR4 Gly/Gly385 (n=8) FGFR4 Gly/Arg385 (n=8) or FGFR4 Arg/Arg385 (n=8) allele: Mice were
sacrificed after 6 month of tumor progression. Thevalues of the investigated tumors were normalizedro
body weight and plotted against the different invetigated FGFR4 genotypes; all data are shown as mean +
SDM; all p-values were calculated using the studestT-test and values< 0.03 were considered statistically
significant.
(A) Analysis of the normalized tumor mass of the saificed mice transgenic for WAP-TGFa regarding
their FGFR4 genotype: Mice homozygous for thé&-GFR4 Arg385 allele display a significantly increased
tumor mass after 6 month of tumor progression compaed to mice homozygous for theFGFR4 Gly385
allele (Arg/Arg-p=0.01).
(B) Analysis of the percentage of tumor mass proptional to mammary gland tissue of the sacrificed nte
transgenic for WAP-TGF a regarding their FGFR4 genotype: Mice display a significantly increased
percentage of tumor mass after 6 month of tumor prgression in the presence of thEGFR4 Arg385 allele
compared to mice homozygous for th& GFR4 Gly385 allele (Gly/Arg-p=0.004; Arg/Arg-p=0.0001)
(C) Analysis of the normalized tumor area of the sarificed mice transgenic for WAP-TGF a regarding
their FGFR4 genotype: Mice display a significantly increasedumor mass after 6 month of tumor
progression in the presence of th&GFR4 Arg385 allele compared to mice homozygous for thE GFR4
Gly385 allele (Gly/Arg-p=0.006, Arg/Arg-p=0.00005).
(D) Analysis of the percentage of tumor area proptional to mammary gland tissue of the sacrificed rice
transgenic for WAP-TGF a regarding their FGFR4 genotype: Mice display a significantly increased
percentage of tumor mass after 6 month of tumor prgression in the presence of thEGFR4 Arg385 allele
compared to mice homozygous for theFGFR4 Gly385 allele (Gly/Arg-p=0.000000006, Arg/Arg-
p=0.000000001).
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Furthermore, the potent tumor enhancing impacheFGFR4 Arg38allele is apparent
when comparing aRGFR4Arg/Arg385carrying mouse to @ly/Gly385control transgenic
for WAP-TGFRa sacrificed after 8 month of tumor progression (Fég81). Mice transgenic for
WAP-TGHRr display more as well as larger tumors in the presef thecGFR4 Arg385

allele as indicated by the white arrows.

TGFa;Gly/Gly385 TGFo;Arg/Arg385s

+-= ’ == /|
Figure 31: Tumor progression in mice transgenic foWWAP-TGF a sacrificed after 8 month: As indicated
by the white arrows, mice homozygous for thé&=GFR4 Arg385 allele display a visibly increased tumor
progression after 8 month compared to mice homozygs for the FGFR4 Gly385 allele

In addition to the WAPFGFa mouse model, we also investigated the tumor primmgot
impact of theFGFR4 Arg385allele in theMMTV-PymTmouse mammary carcinoma model.
Because of than vitro results in MEFs transformed with v-src we investagl whether in this
model the tumor promoting action of tl&GFR4 Arg385allele is just likein vitro not
apparenin vivo, to further confirm that the tumor enhancing effetthe FGFR4 Arg385 is
dependent on the oncogene background.

We analyzed the tumors of 3 month old fenfa@-R4 Gly/Gly385FGFR4 Gly/Arg385and
FGFR4 Arg/Arg385mice. The measured criteria for tumor progressientl?e mass and area
of the analyzed tumors. As seen in Figure 32A arttidBe is neither a significant difference
in tumor mass nor in tumor size betweeGFR4 Gly/ Gly385FGFR4 Gly/Arg385and
FGFR4 Arg/Arg385mice transgenic foMMTV-PymT.Thus, the tumor promoting effect of
the FGFR4 Arg385 allele is dependent on the genetic background,chwhiiggers

oncogenesis.
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Figure 32: The FGFR4 Arg385 allele does not promoteMMTV-PymT induced mammary tumors: A)

Analysis of tumor size in 3 month oldFGFR4 Gly/Gly385 (n=8), FGFR4 Gly/Arg385 (n=13) and FGFR4

Arg/Arg385 (n=11) mice transgenic foMMTV-PyMT: Mice carrying the FGFR4 Arg385 allele display no
difference in the size of tumors compared to micedmozygous for theFGFR4 Gly385 allele; B) Analysis of
tumor mass in 3 month oldFGFR4 Gly/Gly385 (n=8), FGFR4 Gly/Arg385 (n=13) andFGFR4 Arg/Arg385

(n=11) mice transgenic foMMTV-PyMT: Mice carrying the FGFR4 Arg385 allele display no difference in
the mass of tumors compared to mice homozygous fthe FGFR4 Gly385 allele; all data are shown as
mean = SDM; all p-values were calculated using thstudents T-test and values 0.03 were considered
statistically significant.

The analyzed control mammary glands FEFR4 Gly/Gly385 FGFR4 Gly/Arg385and
FGFR4 Arg/Arg385mice without an oncogenic background do not afieheir mass, size or
pathology as seen in Figure 33A and B. These dataodstrate that thEGFR4 Arg385 Ki

has no influence on the pathohistology of a nonignant mammary gland.
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Figure 33: TheFGFR4 Arg385 allele has no influence on non-malignant mammarylgnds; (A) Analysis of
mammary gland mass inFGFR4 Gly/Gly385 (n=12), FGFR4 Gly/Arg385 (n=17) and FGFR4 Arg/Arg385
(n=13) mice. Mice carrying theFGFR4 Arg385 allele display no difference in the mass of mammgrglands
compared to mice homozygous for th& GFR4 Gly385 allele.

(B) Analysis of mammary gland size ifFGFR4 Gly/Gly385 (n=12), FGFR4 Gly/Arg385 (n=16) andFGFR4
Arg/Arg385 (n=12). Mice carrying theFGFR4 Arg385 allele display no difference in the mass of mammsgr
glands compared to mice homozygous for theGFR4 Gly385 allele; all data are shown as mean + SDM.
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4.2.3.2 The impact of FGFR4 Arg385 on tumor mass and size foWAP-

TGF a derived tumors over time

To further analyze the tumor promoting effect of 3l Arg385 in theVAP-TGFr model
we followed tumor progression &VAP-TGFRr induced mammary carcinoma over time by
sacrificing the female mice at defined periods migitumor progression.

We first checked the visible time point of tumocithence to investigate if the FGFR4 Arg385
allele facilitates the onset of neoplastic transfation and thereby decreases the time point of
tumor incidence. Therefore, we monitored and amalythe visible time point of tumor
incidence in FGFR4 Gly/Gly385 FGFR4 Gly/Arg385and FGFR4 Arg/Arg385mice
transgenic foWAP-TGFRr. As shown in Figure 34A the visible time point ofrtar incidence

is significantly decreased in mice carrying BE@FR4 Arg38mallele (p=0.001). To ensure that
these data are independent of the genetic backdyowe backcrossed th&/AP-TGRy
oncomice and theGFR4 Arg385 Kimice at least five times to the FVB background.efer
we also analyzed the visible tumor incidenc&@®FR4 Gly/Gly385FGFR4 Gly/Arg38&and
FGFR4 Arg/Arg385mice transgenic fotWAP-TGHRr. Like in the C57BL/6 background, the
visible tumor incidence is significantly decreasednice carrying th&-GFR4 Arg385allele
(p=0.002) (Figure 34B).

A B

10 0
¥ 0001

#p=0.002

time [mo]

=
a-oee—

tumour onset [months]
&

o—O—e

*O-e

I'GFa:FGFR4 Gly385  TGFouFGFR4 Arg385 TGFa:FGFRA Gly385 TGFa:FGFR4 Arg385
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Figure 34: FGFR4 Arg385 decreases visble time poirdf tumor onset: (A) Time point of visible tumor

incidence in FGFR4 Gly385 (n=10) and FGFR4 Arg385 (n=10) mice transgenic forWAP-TGFa: in the

C57BL/6 background tumors occurr significantly earfer in the presence of theFGFR4 Arg385 allele

(p=0.001).

B) Time point of visible tumor incidence in FGFR4 Gly385 (n=8) and FGFR4 Arg385 (n=8) mice

transgenic for WAP-TGF a in the FVB background: tumors occur significantly erlier in the presence of

the FGFR4 Arg385 allele (p=0.002).

All data are shown as mean + SDM; all p-values werealculated using the students T-test and values

0.03 were considered statistically significant.
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In the C57BL/6 background we further investigatde ttumor progression over time.
Therefore, we analyzed the tumors at the indictited points ilFGFR4 Gly/Gly385FGFR4
Gly/Arg385andFGFR4 Arg/Arg385mice transgenic foWAP-TGFa. The analyzed criteria
for tumor progression were the number of tumors,tass, area and the percentage of mass
and area of the dissected tumors. Figure 35A dispthe increasing amount of tumors
induced byWAP-TGFa. Here, mice homozygous for the&GFR4 Arg385allele just partly
establish a significant larger amount of tumors/etty late points of tumor progression (8
month Arg/Arg-p=0.0002). HoweveFEGFR4 Arg385carrying mice seem to induce a larger
amount of tumors simultaneously, but importanthgrease their number of tumors over time
faster thanFGFR4 Gly/Gly385mice transgenic forWAP-TGFRr. In Figure 35B the
progression of tumor mass is shown. Here, mice kggmus for thaFGFR4 Arg385allele
just partly establish a significant higher tumorssiat very early time points (4 month
Arg/Arg-p=0.00002). Nevertheless, tR6&FR4 Arg385allele seems to clearly progress tumor
mass over time. In contrast, the percentage of tunass is significantly increasedGFR4
Arg/Arg385mice (4 month Arg/Arg-p=0.0008; 5 month Arg/Argn805; 6 month Arg/Arg-
p=0.003) (Figure 35C). Contrarily to the tumor mdke tumor area, as shown in Figure 35D,
is mostly significantly increased BFGFR4 Arg/Arg385mice (4 month Arg/Arg-p=0.000005;
5 month Arg/Arg-p=0.009; 6 month Arg/Arg-p=0.007)he most significant difference
betweenFGFR4 Arg385and FGFR4 Gly385carrying mice is shown in the percentage of
tumor area (Figure 35E). Here, mice heterozygoughieFGFR4 Arg384allele partly display

a significant increase (5month Gly/Arg-p=0.0004) amice homozygous for thEGFR4
Arg385 display a significant increase in the percentagumor mass at all analyzed time
points (4 month Arg/Arg-p=0.00008; 5 month Arg/Apg0.003; 6 month Arg/Arg-
p=0.00000003; 8 month Arg/Arg-p=0.0003)

These data further indicate the earlier onset afplastic transformation by thEGFR4
Arg385 allele. The highly significant differences in tumarea and the percentage of tumor
area further suggest once again, that the impattteoFGFR4 Arg385 is not on proliferation
but rather the motility of cancer cells and theiwvdsion of the surrounding tissue. In
summary, thd=GFR4 Arg385allele promotes breast tumor progression over timsumber,
mass and size of the occurring tumors and seeffagitiiate the initiation of oncogenesis and

thereby advances the time point of tumor onset.
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Figure 35: The FGFR4 Arg385 allele promotesWAP-TGFa induced mammary tumors over time; A)

Progression of tumor number in FGFR4 Gly/Gly385 (n>3), FGFR4 Gly/Arg385 (n>3) and FGFR4

Arg/Arg385 (n>3) mice transgenic foWAP-TGF a. Mice homozygous forFGFR4 Arg385 partly establish a
significantly higher number of tumors over time ( 8nonth Arg/Arg-p=0.0002).

B) Progression of tumor mass inFGFR4 Gly/Gly385 (n>3), FGFR4 Gly/Arg385 (n>3) and FGFR4

Arg/Arg385 (n>3) mice transgenic forWAP-TGF a: mice homozygous foil-rGFR4 Arg385 partly display a

significant increase of tumor mass over time (4mohtArg/Arg-p=0.00002).

C) Progression of percentage of tumor mass iRGFR4 Gly/Gly385 (n>3), FGFR4 Gly/Arg385 (n>3) and

FGFR4 Arg/Arg385 (n>3) mice transgenic forWAP-TGF a proportional to mammary gland tissue: mice
homozygous forFGFR4 Arg385 partly display a significant increase in the percetage of tumor mass over
time (4month Arg/Arg-p=0.0008, 5month Arg/Arg-p=0.M5, 6month Arg/Arg-p=0.003).

D) Progression of tumor area in FGFR4 Gly/Gly385 (n>3), FGFR4 Gly/Arg385 (n>3) and FGFR4

Arg/Arg385 (n>3) mice transgenic forWAP-TGF a. mice homozygous foi-GFR4 Arg385 partly display a

significantly increase in the tumor area over time(4month Arg/Arg-p=0.000005, 5month Arg/Arg-
p=0.009, 6month Arg/Arg-p=0.007).

E) Progression of percentage of tumor area ifrGFR4 Gly/Gly385 (n>3), FGFR4 Gly/Arg385 (n>3) and

FGFR4 Arg/Arg385 (n>3) mice transgenic forWAP-TGF a proportional to mammary gland tissue: mice
homozygous and heterozygous fdfGFR4 Arg385 partly display a significant increase in the percetage of
tumor area over time (5month Gly/Arg-p=0.0004, 4moth Arg/Arg-p=0.00008, 5month Arg/Arg-p=0.003,
6month Arg/Arg-p=0.00000003, 8month Arg/Arg-p=0.008).

All data are shown as mean + SDM; all p-values werealculated using the students T-test and values
0.03 were considered statistically significant.

4.2.3.3 Molecular characterisation of WAP-TGF a derived tumors with different

FGFR4 genotypes

To further investigate the underlying mechanisntheftumor promoting effect of tHeGFR4
Arg385allele, we studied molecular differences of B@&-R4alleles. In many human cancers
overexpression of the FGFR4 is a commonly obsefeatiire of tumors (Ezzat et al., 2002;
Gowardhan et al., 2005; Jaakkola et al., 1993gdefét al., 2002). Therefore, we examined
FGFR4 expression iWAP-TGFa-derived 6 month old tumors frolRGFR4 Gly/Gly385
FGFR4 Gly/Arg385andFGFR4 Arg/Arg385nice by immunoprecipitation and quantified the
expression. Here, the FGFR4 protein is clearly exaressed in tumors compared to
mammary gland without an oncogenic background; lewethere was no detectable
difference in FGFR4Arg385 expressing tissue (FRRBA).

Furthermore, we analyzed the constitutive phosghation status ofWAP-TGFRr-derived
tumors from 6 month oldFGFR4 Gly/Gly385FGFR4 Gly/Arg385and FGFR4 Arg/Arg385
mice by immunoprecipitation. As shown in Figure 36B5FR4 Arg/Arg385 displays a
significantly enhanced phosphorylation and therabliigher activation state than FGFR4
Gly/Gly385 or FGFR4 Gly/Arg385 (p=0.012). This rtésimdicates a possible hint for the
tumor promoting potential of thEGFR4 Arg385allele to influence the kinase activity and
thereby leading to a tumor promoting effect. Beeaakthe higher phosphorylation of the
FGFR4 Arg/Arg385, we determined the expression activation of p-Erk and p-Akt to
analyze if the higher phosphorylation of the FGFRg/Arg385 results in a higher activation
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of typical downstream molecules. However, the difiaation of p-Erk and p-Akt of WAP-
TGFa-derived 6 month old tumors frolRGFR4 Gly/Gly385 FGFR4 Gly/Arg385and
FGFR4 Arg/Arg385mice does not display significant differences wiéispect to different
FGFR4 genotypes (Figure 36B). We further checked theasgion levels of the FGFR4 of
WAP-TGRr-derived 3 month old hyperplasic mammary glands ahdmonth old
adenocarcinomas from FGFR4 Gly/Gly385 and FGFR4 Arg/Arg385 mice
immunohistochemically. Interestingly, the expressiof the FGFR4 in Arg/Arg385
hyperplasias is clearly increased compared to jasias inFGFR4 Gly/Gly385mice
transgenic foWAP-TGFRr (Figure 36C). Similar to the Western Blot analythis expression
of the FGFR4 in adenocarcinomas does not altehénpresence of thEGFR4 Arg385
(Figure 36D). This result indicates that the exgpi@s of the FGFR4 Arg/Arg385 in mammary
oncogenesis is accelerated with an earlier onsat tould result in enhanced tumor
progression.

Next to the analysis of the FGFR4 expression imary tumors, we wanted to investigate the
expression of genes associated with aggressivestbcaacer. We primarily analyzed genes
that are involved in migration, invasion and angiogsis in 6 month old tumors froRGFR4
Gly/Gly385and FGFR4 Arg/Arg385mice transgenic foWWAP-TGHr. As seen in Figure 36 E
genes related to tumor suppression, cell cyclejogrgesis and Matrix-Metalloproteases
(MMPs) were investigated. Here, the expressioF@FR4 Gly/Gly385expressingWWAP-
TGFa-induced tumors was set on 100% and the expressiB6FR4 Arg/Arg38%xpressing
WAP-TGRr-induced tumors was determined relative to thigesgion.

First, we analyzed the expression of the FGFR4 BGHFR to exclude that the tumor
progressive impact is a result of the overexpressfche FGFR4 Arg385 or the EGFR and to
ensure, that these two proteins are equally exptdessiong the investigated mice. As seen in
Figure 36E both, the FGFR4 and the EGFR displagverexpression in the presence of the
FGFR4 Arg385allele on the mRNA level. In the set of analyzechér suppressors, the only
significant alteration was measured for p21, whigkignificantly downregulated iRGFR4
Arg/Arg385 expressingWAP-TGRr-induced tumors (p=0.03). This tumor suppressor is
known to predict the poorest prognosis if its dosgulated together with high EGFR
expression (Somlo et al., 2008). Regarding celllecyand proliferation markers, the
expression of the cell cycle dependent kinases (CDKR and 4 and Cyclin B was measured.
As FGFR4 is known to have a weak mitogenic actjvitg diffenrence betweeRGFR4
Gly/Gly3850r FGFR4 Arg/Arg38%expressing tumours was expected. In contrast, thiasea
significantly higher expression of CDK1 ifrGFR4 Arg/Arg385 expressing tumours

93



Results

(p=0.0091). As CDK1 is strongly associated with mafgpn, this significant overexpression
seems to not promote higher proliferation but ardase in migratory action of the tumor
cells resulting in a more aggressive phenotypeFGFR4 Arg/Arg385carrying tumours
(Manes et al., 2003). In the group of invasion, &x@ression of proteins associated with
metastasis and angiogenesis were analyzed. Hereld CGind flk-1 are significantly
overexpressed iFGFR4 Arg/Arg385tumors (CD44-p=0.02; flk-1-p=0.02). The impact of
CD44 on invasion is still controversial, howevds, inetastasis-promoting impact is widely
accepted (Godar et al., 2008; Mylona et al., 2@¥&ridan et al., 2006). Next to CD44 also
flk-1 is significanctly overexpressed FGFR4 Arg/Arg38%expressing tumors. This indicates
a more aggressive potential B6FR4 Arg/Arg385tumours as flk-1 promotos angiogenesis
leading to a more aggressive behaviour of the tuamak its metastatic capacity (Liang and
Hyder, 2005). In the cluster of MMPs, MMP13 as wafl MMP14 are overexpressed in
FGFR4 Arg/Arg385 contributing to a higher metastatential (MMP13-p=0.021;MMP14-
p=0.02)(Ellsworth et al., 2008; Jiang et al., 20R&ki et al., 2008).

These data are in line with the data obtained fexpression analysis in EGFR-transformed
MEFs and strongly suggest a more aggressive balmaaebWAP-TGRr induced tumors

expressing thEGFR4 Arg/Arg385Fesulting in increased tumor progression.
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Figure 36: Molecular characterisation of WAP-TGFa derived tumors regarding the FGFR4 isotypes A)
Analysis of FGFR4 expression inFGFR4 Gly/Gly385 (n=3), FGFR4 Gly/Arg385 (n=3) or FGFR4
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Arg/Arg385 (n=3) mammary glands compared to mammary tumors oF GFR4 Gly/Gly385 (n=8), FGFR4
Gly/Arg385 (n=8) or FGFR4 Arg/Arg385 (n=8) mice transgenic forWAP-TGF a after 6 month of tumor
progression: FGFR4 expression was analyzed via immoprecipitation and Western Blotting. Tubulin
served as a loading control and normalization valudor the quantification of the FGFR4 expression;
FGFR4 is overexpressed iWAP-TGF a derived tumors compared to normal mammary gland; here is no
difference detectable in mice carrying theFGFR4 Arg385 allele compared to mice homozygous for the
FGFR4 Gly385 allele;

B) Analysis of the activation status of the FGFR4n mammary tumors of FGFR4 Gly/Gly385 (n=8),
FGFR4 Gly/Arg385 (n=8) or FGFR4 Arg/Arg385 (n=8) mice transgenic forWAP-TGF a after 6 month of
tumor progression: Mice homozygous for theFGFR4 Arg/Arg385 allele display a significantly increased
phosphorylation of the FGFR4 compared to mice homggous for the FGFR4 Gly/Gly385 allele in WAP-
TGFa derived tumors; FGFR4 expression served as a loadj control and for the quantification of the
phosphorylation levels (Arg/Arg-p=0.012); phosphoriation of downstream signaling molecules p-Erk and
p-Akt display no difference regarding theFGFR4 genotype;

C) FGFR4 expression in hyperplasic mammary glands ofFGFR4 Gly/Gly385 (n=10) or FGFR4
Arg/Arg385 (n=10) mice transgenic for WAP-TGFa, FGFR4 expression was detected
immunohistochemically and analyzed microscopically(20x) after 3 month of tumor progression: The
higher magnification displays a clear overexpressioof the FGFR4 Arg/Arg385 compared to the FGFR4
Gly/Gly385 in hyperplasic mammary glands derived fom mice transgenic forWAP-TGFa; hyperplasic
mammary glands derived from mice transgenic forWAP-TGF a display no pathohistological differences
regarding their FGFR4 alleles.

D) FGFR4 expression in mammary adenocarcinoma df GFR4 Gly/Gly385 (n=10) or FGFR4 Arg/Arg385
(n=10) mice transgenic forWAP-TGFa after 8 month of tumor progression: FGFR4 expressin was
detected immunohistochemically and analyzed microspically (20x); FGFR4 is overexpressed iWAP-
TGFa derived mammary adenocarcinomas but no differencés detectable in the expression level of the
FGFR4 Arg/Arg385 compared to the FGFR4 Gly/Gly385mammary adenocarcinoma derived from mice
transgenic for WAP-TGF a display no pathohistological differences regardingheir FGFR4 alleles.

E) Expression analysis of tumors derived fronFGFR4 Gly/Gly385 (n=10) or FGFR4 Arg/Arg385 (n=10)
mice transgenic forWAP-TGF a after 6 month of tumor progression: target gene exgession was analyzed
via semiquantitative RT-PCR; GAPDH served as houseadeping gene for normalization; expression values
of FGFR4 Arg/Arg385 tumors are blotted relatively to the expression aes of FGFR4 Gly/Gly385 tumors
and grouped regarding their physiological function;mRNA expression level of FGFR4 or EGFR does not
differ between the different genotypes; Tumors sigficantly overexpress genes involved in migration,
invasion, vascularization in the presence of theFGFR4 Arg/Arg385 allele; p21 is significantly
downregulated in the presence of theFGFR4 Arg/Arg385 allele (MMP14-p=0.02, MMP13-p=0.021,
MMP9-p=0.019, flk-1-p=0.02, CD44-p=0.02, CDK1-p=00®1, p21-p=0.03);

All data are shown as mean + SDM; all p-values werealculated using the students T-test and values
0.03 were considered statistically significant.

4.2.3.4 The impact of the FGFR4 Arg385 allele on lung metastasis OWAP-TGF a
derived tumors

Cancer cells can aquire the ability to circulatetlie blood or lymphatic stream in the
organism to establish distant metastases. As alimistcome of cancer is strongly dependent
on the invasive stage of the primary tumor it isestial to investigate the impact of the
FGFR4 Arg385allele on aggressiveness and invasiveness of W@Pa-derived tumors.
Importantly, the expression of genes involved inl davasivity and metastasis are
significantly upregulated ilVAP-TGFa derived tumors homozygous for tR&FR4 Arg385
suggesting that these tumors may develop a momesgjge and invasive phenotyope.
Therefore, we investigated distant metastases a@nlthgs of FGFR4 Gly/Gly385 FGFR4
Gly/Arg385andFGFR4 Arg/Arg385nice transgenic foWAP-TGFRy . First we calculated the
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incidence of lung metastasesHGFR4 Gly385andFGFR4 Arg385mice transgenic foWAP-
TGFa. Strikingly, FGFR4 Arg385display a significant earlier incidence of lungtastases
when compared t@&ly385 mice (Figure 37A)(p=0.007). Yet again, this reduldicates a
faster progression of tumors expressing the FGFRyB&5 as their ability to invade distant
organs is aquired earlier. However, as seen inr€igdB, mice display no patho-histological
alterations of lung metastases in the presencbeoFGFR4 Arg385allele when compared
with FGFR4 Gly/Gly385mice transgenic fotWAP-TGRr. Furthermore, we investigated the
number and size of metastases in the invaded lwigsGFR4 Gly/Gly385 FGFR4
Gly/Arg385and FGFR4 Arg/Arg385mice transgenic foWWAP-TGFa after 8 month of tumor
progression. As shown in Figure 37C mice expressia§GFR4 Arg38allele partly display

a significant increase in the number of metastaseghe investigated lungs. Mice
heterozygous for thé&GFR4 Arg385allele show significantly more metastases, that ar
bigger than 320uM (320uM Gly/Arg-p=0.007). Mice hmmggous for th&cGFR4 Arg385
allele show significantly more metastases thatsanaller than 80uM or bigger than 320uM
(80uMArg/Arg-p=0.004; 320uM Arg/Arg-p=0.009). Thégsificant increase in metastases
bigger than 320um indicates that tumor cells exgingstheFGFR4 Arg/Arg385are able to
invade the lung at an earlier time point. The digant increase in metastases smaller than
80um indicates, that more tumor cells aquire thiéityldio invade distant organs in the
presence of theGFR4 Arg/Arg385allele resulting in a higher number of metastabese
data go in line with the significant upregulatioh genes involved in metastasis in the
expression analysis iNWWAP-TGFa-derived tumors homozygous for tHeGFR4 Arg385.
Furthermore, these results suggest thatRB&ER4 Arg385allele contributes to accelerated

tumor cell invasion as well as an earlier incideand faster growth of metastases.
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Figure 37: The FGFR4 Arg385 promotes lung metastasis inWAP-TGF a induced mammary carcinoma:
(A) Incidence of cancer cell metastasis in the lungf FGFR4 Gly/Gly385 (n=10) and FGFR4 Arg/Arg385
(n=10) mice transgenic forWAP-TGF a. mice transgenic for WAP-TGF a display a significantly decreased
incidence of metastasis to the lung in the presenoé the FGFR4 Arg385 allele (p=0.007).

(B) HE-staining of lung metastases in 6 month oldFGFR4 Gly/Gly385 (n=3), and FGFR4 Arg/Arg385
(n=3) mice transgenic forWAP-TGF a. black arrows indicate metastases; no obvious patihistological
changes were found to be induced by the differefGFR4 genotypes.

(C) Analysis of occurred metastases of 8 month olBEGFR4 Gly/Gly385 (n=5), FGFR4 Gly/Arg385 (n=5)
and FGFR4 Arg/Arg385 (n=5) mice transgenic for WAP-TGF a.size of metastases is plotted against
number of metastases; mice hetero- or homozygousrfd-GFR4 Arg385 partly display a significantly
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accelerated number of metastases (>320uM Gly/Arg-0=007, <80uM Arg/Arg-p=0.004, >320uM
Arg/Arg-p=0.009).

All data are shown as mean + SDM; all p-values werealculated using the students T-test and values
0.03 were considered statistically significant.

4.3 Investigation of new FGFRA4 interaction partners

The most prominent influence of FGFR4 and its A@3@riant is its implication in cancer
correlating with a poor clinical outcome. Furthemsd=-GFR4 is involved in the maintainance
of liver homeostasis. However, the distinct mectansi by which the FGFR4 supports
oncogenesis or liver metabolism have yet to beiddied. For that purpose, we performed a
proteomic analysis of FGFR4 interaction partnerSHAC-based mass spectromeimyvitro

andin viva

4.3.1 Investigation of new FGFR4 binding partners in MDA-MB-231 cells

As the FGFR4 is expressed at rather low levels ewetpto e.g. HER-family receptors and
the scientific tools like antibodies representraitiition in the investigation of this receptor,
we chose MDA-MB-231 breast tumor-derived cells rfiediby Bange et al. (2002) as model
system. Here, FGFR4 is overexpressed either iGlit888 or Arg388 variant and excerts its
cancer progression accelerating effects (Bange let2@02). FGFR4 overexpression,
extensively simplifies the detection of the FGFR#t@in via mass spectrometry and the
differences between teGFR4alleles can be analyzed in the same model system.

To perform quantitative mass spectrometry analg6iBGFR4 interaction partners we used
the SILAC Technology do achieve differerential tafmlic labelling of the cells (Ong and
Mann, 2006). To verify the obtained interactiontpars we performed a so called “label
switch”. Quantitative mass spectrometry was perfmrmon MDA-MB-231 cells
overexpressing either the Gly388 or Arg388 vartanArg’/Lys® as well as Arf/Lys® labels.
Parental MDA-MB-231 cells expressing the empty pDXSector served as a negative
control and were labeled Altyys®. Labelling of cells and sample preparation wasedas
previously described (Andersen et al., 2005; Shewkb et al., 1996) (Figure 38).
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MDA-MB-231; pLXSN- Gly388 MDA-MBE 231; pLXSN.Gly388
or ar
MDA MB 231; pLXSN. Arg388 MDA-MB-231; empty pLXSN MDA MB 231; pLXSN Arg388

ArgWLys®

Cell lysis, lysate-pooling and & FGFR4-IP

In-gel digest using Trypsin/L ysC

Quantitative I.C-MS/MS analysis

Figure 38: Simplified scheme of the experimental sep to analyze FGFR4 interaction partners in MDA-

MB-231 cells expressing either empty pLXSN vectopLXSN-FGFR4 Gly388 or pLXSN-FGFR Arg388;

cell lines were subcultured in media containing mafied amino acids for SILAC labelling; between MDA-

MB-231 cells expressing FGFR4 Gly388 and Arg388 allle switch was performed to verify the results.
After cell lysis, lysates were pooled 1:1; FGFR4 ahits interactors were immunoprecipitated and
subjected for in-gel digest with Trypsin and LysC éllowed by quantitative LC-MS/MS analysis.

Table 9 displays all proteins that are potenti&riaction partners of the FGFRA4. Identified
proteins were normalized to their detection valu®DA-MB-231 cells expressing the empty

pLXSN. Therefrom, all proteins with a 5-fold upréafion compared to the negative control
are putative interaction partners of the FGFRA4.|&8db further displays the intensity of

interaction indicated by the upregulation comparethe negative control and the differences
between the FGFR4 Gly388 and Arg388 variant at vie value 1 means no difference in
interaction.

The FGFR4 Gly388 and Arg388 themselfes were foorukthighly upregulated as a result of
the overexpression in MDA-MB-231 cells. These resiridicate that the experimental setup
as well as the overexpresion system worked propdriyrther, the protein tyrosine

phosphatase, receptor type F (PTPRF, LAR), theogemic locus notch homolog protein 2
(NOTCH2), the Ephrin type-A receptor 2 (EPHA2) amibst interestingly the Epidermal

Growth Factor (EGFR) were found to be highly uptatpd. LAR is a transmembrane

phosphatase and is known to regulate the functfovadous receptor tyrosine kinases. Its
activity is known to be negatively regulated by B®FR (Ruhe et al., 2006). Loss of LAR is
associated with increased hepatocyte cell profifemaby c-MET, insulin resistance and

increased tumor cell metastasis (Machide et aDg20lander et al., 2005; McArdle et al.,
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2005). Overexpression of LAR induces apoptosis ammalian cells (Weng et al., 1998).
Above that, LAR is implicated in the regulationF®F-induced signalling by interacting with
FRS2 (Wang et al.,, 2000). EPHA2 is a transmembraeptor tyrosine kinase that is
upregulated on many human aggressive cancer tilike other receptors, it displays kinase
activity without ligand binding (EphrinAl) that cees tumor progression. In breast cancer
cells, including MDA-MB-231, EPHA2 negatively regids malignant cancer cell behavior
upon ligand or antibody binding that induces calherence (Carles-Kinch et al., 2002;
Noblitt et al., 2004).

EGFR overexpression in MDA-MB-231 cells is assadawith several key features of cancer
development and progression and represents ataatjdt in various cancers. In MDA-MB-
231 cells, the stimulation of the EGFR via multipiechanisms results in an increase of their
malignant behavior (Wang et al., 2009; Zheng et28109). These data indicate that MDA-
MB-231 cells overexpressing the FGFR4 Gly388 or38&yvariant present a useful model to
study potential interaction partners of the FGFR&rieast cancer cells. Furthermore, FGFR4
seems to interact with a variety of receptor tyresinases. However, all potential interaction
partners displayed no difference between the diffdfGFR4isotypes.

Protein Hames

Gene Hames

PER

Fibrohlast gravih factor receptor 4
Protein tyrosing phosphatase, receptor tye F
Epictermal grouth factor receptar
Ephrin type-& receptor 2

Protein Hames

FGFR4
LR
EGFR
EPHAZ

Gene Hames

ratio FGFRAGI (n-2)

0
40 45E-27
JAEE-3T
104HE-22

sty | ratio FGFR4ATGINA {r=2) | sty | ratio FGFAYArgIABIGHINN {n-2) | sicy
Fiaroblast growth factor recegtor 4 FGFRY K42 o %19 1 1% 004
i3 02

Frotein tyrozine phosphatase, receptor type, F LAR 16.59 18 14.32 631 1
Epictermal growgh factor receptar EGFR 6.0 185 760 195 114 016
Epthrin type-& receptor 2 EPHAZ a7 004 LHE) 170 108 0.06

Table 9: Summary of possible new interaction partnes of the FGFR4 in MDA-MB-231 cells; potential
interaction partners were verified by the “lable swtch”; evaluation criteria of identified proteins were
upregulation > 5-fold, Razor Peptides (=RPs) > 2, PEP < 0.03; Theble further displays fold of
upregulation and fold difference between thd=GFR4 isotypes; value 1 implies equal interaction betwee
the FGFR4 isotypes

4.3.2 Validation of the EGFR/FGFR4 interaction
Interestingly, the data obtained from the masstsp@etry analysis in MDA-MB-231 cells,

displayed the EGFR amongst others as an interapaotmer of the FGFR4. The EGFR is a
key regulator of various processes in cancers, oagor therapeutic target and the main

component of tumor progression in tWAP-TGRr mouse mammary carcinoma model used
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in our experiments. Therefore, the validation of ffotential interaction between the EGFR
and the FGFR4 preceded the validation of the aihalyzed interaction partners.

First we aimed to show, that the FGFR4 gets co-inoptecipitated with the EGFR in MDA-
MB-231 cells overexpressing either the empty pLXBNXSN-Gly388 or —Arg388 (Figure
39A). These data indicate a first hint for the iattion of these two receptors. In contrast to
the mass spectrometry analysis, the Western Blaiyais displayed an increased content of
co-immunoprecipitated FGFR4 Arg388 compared to FGRRY388. As expected, the
negative control displayed no co-immunoprecipitaf€F-R4 as FGFR4 is barely expressed
in MDA-MB-231 cells. Nevertheless, as proteins amestly localized in clusters on the
membrane, co-immunoprecipitation is no final evitkeior an interaction of two receptors.
Therefore, we investigated the EGFR-FGFR4 intevactipon EGF stimulation. As shown in
Figure 39B, the EGFR displays increased phosphioplain the presence of the
overexpressed FGFR4. Furthermore, the EGFR in MCB-2381 cells overexpressing the
FGFR4 Arg388 is even more activated than in thesgmwee of the FGFR4 Gly388.
Interestingly, the co-immunoprecipitated FGFR4-/883s more active than the FGFR4-
Gly388. Above that, phosphorylation of the FGFRZ&réases over time upon EGF
stimulation. These data are confirmed by the qgfiaation of the Western Blot Analysis
(Figure 39C) Furthermore, the activation of the dstream signalling protein Akt is
increased in MDA-MB-231 cells overexpressing theFR@ Arg388 upon EGF stimulation.
The activation of Erk did not differ between th&elient FGFR4 isotypes (data not shown).
This result indicates a physiological interactioh tbe FGFR4 and EGFR upon EGF
stimulation. Similarily, the EGFR-FGFR4 interactigmhardly seen in unstimulated cells. In
summary, the FGFR4 and the EGFR are direct inferagtartners. Here, FGFR4 seems to
support EGFR induced signalling by receptor phogghtion upon EGF stimulation,
whereas the FGFR4 Arg388 enhances the signal.
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Figure 39: Validation of the EGFR/FGFR4 interactiony A) Co-Immunoprecipitation of EGFR and FGFR4
in MDA-MB-231 cells overexpressing the empty pLXSNpLXSN-Gly388 and —Arg388: Interaction of
EGFR and FGFR4 Arg388 seems to be stronger than EGFand FGFR4 Gly388; B) EGFR-FGFR4
interaction upon EGF-stimulation: increased phosphoylation of the EGFR and accelerated FGFR4
interaction and activation in MDA-MB-231 cells expressing the FGFR4 Arg388; C) Quantification of
Western Blot Analysis of EGF stimulated MDA-MB-231cells: MDA-MB-231 cells expressing the FGFR4
Ag388 display an accelerated EGFR and Akt activatio, total EGFR and tubulin served as normalization
value for quantification, respectively; the co-immuoprecipitated FGFR4 Arg388 displays a accelerated
binding to the EGFR and increased activation compaatd to the co-immunoprecipitated FGFR4 Gly388

To further confirm the data obtained in MDA-MB-28tlls we investigated the signalling
upon EGF and TGd# stimulation in MEFs derived from thEGFR4 Arg385 Klmice
transformed with EGFR. MEFs transformed with EGFRplhyed an accelerated and
prolonged activation of Akt in the presence of B&FR4 Arg385allele upon EGF and TGF
stimulation (Figure 40A). The activation of Erk st®no difference between the different
FGFR4 isotypes (data not shown). Similar to the MDA-MB22cells overexpressing the
FGFR4 Arg388, MEFs transformed with EGFR and exgingsthe FGFR4 Arg385 display a
significant increase in pEGFR levels compared t&-R& Gly385 MEFs (EGF5’-p=0.000073,
EGF10-p=0.0025, TG#5'-p=0.07, TGRi10’-p=0.01) (Figure 40B). Above that, MEFs
transformed with EGFR display an activation of B&FR4 upon EGF and T@Fstimulation
(Figure 40C). Similar to MDA-MB-231 cells, MEFs e®gsing theFGFR4 Arg385allele
display an increased activation of the FGFR4. Thista confirm the results obtained in
MDA-MB-231 cells. The FGFR4 Arg385 clearly suppottse activation and following

downstream signaling of the EGFR.
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Figure 40: Western Blot analysis of MEFs derived fom FGFR4 Gly385 or Arg385 homozygous mice
transformed with EGFR upon EGF and TGFa stimulation; A) MEFs transformed with EGFR display an
increased and prolonged activation of Akt upon EGFand TGFa stimulation when expressing thecGFR4
Arg385 allele; B) MEFs transformed with EGFR display an sgnificantly increased activation of the EGFR
upon EGF and TGFa stimulation when expressing thé=GFR4 Arg385 allele (EGF5’-p=0.000073, EGF10'-
p=0.0025, TGF5’-p=0.07, TGFa10’-p=0.01); actin served as a normalization valuér quantification C)
In MEFs, transformed with EGFR, FGFR4 gets activatel upon EGF and TGFa stimulation whereas the
FGFR4 Arg385 displays an increased phosphorylatiomompared to the FGFR4 Gly385; All data are
shown as mean + SDM; all p-values were calculatedsing the students T-test and values 0.03 were
considered statistically significant.
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4.3.3 The FGFR4 Arg385 influences the migratory behaviorand the
sensitivity towards Gefitinib in MDA-MB-231 cells

To further investigate the interaction between B@FR and the FGFR4, we analyzed the
influence of the FGFR4 Arg385 on the biological gedies of MDA-MB-231 cells. We
firstly analyzed the proliferation of MDA-MB-231 k& overexpressing the empty pLXSN,
pPLXSN-Gly385 and —Arg385. As shown in Figure 41/ tbverexpressed FGFR4 had no
influence on the proliferation of MDA-MB-231 celismmder normal conditions. As shown in
Figure 41B overexpression of the FGFR4 results itremmendous increase in migration
indicating the immense capacity of the FGFR4 tonmmte the migratory behavior of cells
(Gly388-p=0.001, Arg388-p=0.001). Above that, MDABM31 cells overexpressing the
FGFR4 Arg388 display accelerated migratory behacompared to MDA-MB-231 cells
overexpressing the FGFR4 Gly388. In contrast tadtta of Bange et al., FGFR4 Gly388 did
not suppress the migration of MDA-MB-231 cells. Simay be due to the scratch assay of
Bange et al. (2002) that possibly resulted in dedéht response compared to a Boyden

Chamber Assay that monitors changes in chemotangjation rather than cell-cell contact.
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Figure 41: Biological properties of MDA-MB-231 cels expressing empty pLXSN, pLXSN-Gly388 or
pLXSN-Arg388; A) MDA-MB-231 cells do not alter ther proliferative capacity by overexpressing the
FGFR4; B) MDA-MB-231 cells display a partly signifcantly increased migratory capacity by
overexpressing the FGFR4 (FGFR4 Arg388-p=0.001); MB-MB-231 cells overexpressing the=GFR4

Arg388 allele display a significantly accelerated migratin compared to MDA-MB-231 cells expressing the
FGFR4 Gly388 allele (FGFR4 Arg388-p=0.001); All data are showrms mean + SDM; all p-values were
calculated using the students T-test and values0.03 were considered statistically significant.

To further analyze the physiological connectionwesetn the EGFR and the FGFR4 we
investigated the differences between the differ&i@FR4 alleles in MDA-MB-231
overexpressing cells upon exposure to Gefitiniis Bimall molecule tyrosine kinase inhibitor
blocks EGFR phosphorylation by competing with ATl @hereby inhibits EGFR-mediated
downstream signalling (Herbst et al., 2004). Thanesf physiological processes that require
the dimerization of the EGFR and the FGFR4 shoedd Ito different results in the presence
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of Gefitinib compared to those obtained withoutEB®FR inhibitor. We first determined the
response of MDA-MB-231 cells either overexpresding empty pLXSN vector or FGFR4
Gly388 or FGFR4 Arg388 towards increasing concéioina of Gefitinib (0.025-20uM) in a
MTT-proliferation assay (Figure 42A). InterestinglyGFR4 Arg388 expressing cells display
a typical dose resonse curve whereas FGFR4 GlyB88mpty pLXSN vector expressing
cells display no response up to 20uM of Gefitinibe analyzed 16 was estimated to be
18.72 pM for both, MDA-MB-231 cells expressing tapty pLXSN or FGFR4 Gly388. In
contrast, the calculated 4g&for MDA-MB-231 cells overexpressing tiGFR4 Arg38&llele
was 9.53uM. These results indicate a higher seitgitof MDA-MB-231-FGFR4Arg388
cells towards Gefitinib and suggest a higher EGERethdence of these cells. Further, we
wanted to determine if the decreased proliferatieaults from a proliferative stop or
apoptosis induced by Gefitinib. Therefore, we inigedged the impact of FGFR4 Arg388
overexpression on apoptosis in response to Géfitidatment in MDA-MB-231 cells. As
shown in Figure 42B FGFR4 Arg388 expressing MDA-I2Bt cells display a significantly
increased apoptotic response towards Gefitinibr &6 hours compared to MDA-MB-231
cells expressing the FGFR4 Gly388 (20puM-p=0.0131Mp=0.0022). These data indicate
that MDA-MB-231 cells expressing th&sFR4 Arg388 allelaisplay an increased sensitivity
towards Gefitinib regarding cellular survival. AsDM-MB-231 cells aquired a significantly
accelerated migratory capacity by overexpressiegFBFR4 Arg388allele we determined
the migratory behavior of MDA-MB-231 cells in theegence of Gefitinib (2.5uM) (Figure
42C). After 15 hours of migration in Boyden Chambg&ssays, MDA-MB-231 cells
expressing th&GFR4 Arg388allele display 22.28% inhibition of migration coarpd to the
DMSO treated control cells. In contrast, MDA-MB-28tlls overexpressing thEGFR4
Gly388 allele displayed only 6.28% of inhibition. This wv#sindicates that the mirgratoy
capacity of MDA-MB-231 cells overexpressing the FR3FArg388 is dependent on the
molecular action of the EGFR and furthermore digplan increased response towards
Gefitinib treatment.

In conclusion, the treatment of MDA-MB-231 cells thvi Gefitinib suggests a strong
physiological connection between FGFR4 and EGFRardigg cellular survival and
migration. Above that, the dependence of the mddecimteraction between FGFR4 and
EGFR is increased in the presence offitsd&-R4 Arg38&llele.
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Figure 42: Impact of Gefitinib in MDA-MB-231 cells expressing empty pLXSN, pLXSN-Gly388 or
pLXSN-Arg388 on proliferation, apoptosis and migraion; A) MDA-MB-231 cells overexpressing the
FGFR4 Arg388 allele display a increased sensitivity (165=9.53) towards Gefitinib compared to FGFR4
Gly388 or control cells (1Gy=18.72); B) MDA-MB-231 cells display a significanincrease in apoptosis in
the presence of theFGFR4 Arg388 allele compared to the FGFR4 Gly388 towards Gefitib (20uM-

p=0.012;10uM-p=0.0022); C) MDA-MB-231 cells displaya decrease in migration in the presence of the
FGFR4 Arg388 allele compared to theFGFR4 Gly388 in response to Gefitinib; All data are shown as nan
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+ SDM; all p-values were calculated using the studés T-test and values< 0.03 were considered
statistically significant.

4.3.4 Investigation of new interaction partners of the heatic FGFR4 in
Vivo
Stable isotype labelling in cell culture (SILAC)shbecome a versatile tool for quantitative,
mass spectrometry (MS)-based proteomics. In ordeinvestigate global interactions and
connections tissue-specifically and with the impattan whole organism Kruger et al.
established am vivo SILAC by feeding mice with a diet containing eitliee natural or the

13cs-substituted version of lysine (Figure 43).

ressure .
L Cg lysine

A unlabeled mouse ’ i labeled mouse

o VW%
PR | (R

Figure 43: In Vivo labelling of C57BL/6 mice: micewere fed with a diet containing either the naturalor
13ce-substituted version of lysine; The efficiacy of laeling is dependent on the cell proliferation ratef the
specific tissue; the F2 generation is labeled cormgtely (Kruger et al., 2008)

|

The FGFR4 is involved in various metabolic processethe liver including lipid-, glucose-
and bile acid metabolism as well as in liver casgenesis (Huang et al., 2008; Huang et al.,
2007). Also recent publications provide some evigefior the molecular action of the FGFR4
and its Arg388 variant the distinct mechanism idiig interaction partners is still unknown
(Stadler et al., 2006; Wang et al., 2006; Wand.e2808).

4.3.5 Quantitative analysis of hepatic FGFR4 binding parbers and their
differences regarding theF GF R4 isotypes

In order to investigate novel interaction partnefshe hepatic FGFR4, a mass spectrometry
analysis was performed to identify all proteinsimwaunoprecipitated with the FGFR4. To
allow a quantifiable analysis of the interactiontpars the labelled SILAC-mouse was used
as an internal standard (Kruger et al., 2008). X@uele unspecific binding partners the first
expermimental step was to establish FGFR4 blockiegtides to selectively block the
antibody-FGFR4 interaction to identify all unseleet binders. As seen in Figure 44A a

FGFR4 overexpressing construct that was used tergen the homemade-FGFR4ex
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antibody (C. Stadler, 2005) was transfected in H&KZells. The recombinant FGFR4
protein was purified and digested with either Tigps LysC. The obtained blocking peptides
were tested in a FGFR4 immunoprecipitation forrtidcking efficacy. As shown in Figure
44A especially the tryptic digest of the FGFR4 kiog peptides clearly diminished the
antibody-FGFR4 interaction. Therefore, the synttesiblocking peptides were applicable for
the following mass spectrometry analysis of nou@FR4 interaction partners in the liver.
Figure 44B displays the experimental setup reggrdive investigation of novel FGFR4
interaction partners vii vivo SILAC. The SILAC mouse was used as an internaldsted to
achieve quantifiable results. The hepatic FGFR4 tbé unlabelled mouse was
immunoprecipitated in the presence of the blockieptides to detect unspecific binding
partners. In the quantitative LC-MS/MS analysis IR8Fand its specific interaction partners
should be highly upregulated in the labelled fractiUnspecific interaction partners should
display a 1:1 ratio compared to the unlabelledidraincubated with the blocking peptides.
Although the blocking peptides displayed a highiceffy in the Western Blot analysis, mass
spectrometry analysis detected ~ 300 proteins esifgpbinding partners of the FGFR4 (data
not shown). Such a high number of binding partrmans not be a result of physiologically
relevant interactions. Therefore, quantitative mggsctrometry analysis of hepatic FGFR4
interaction partners can not be performed with bitecking peptides employed in these
experiments. In order to improve the specificitytioé blocking reaction, we sequenced the
obtained blocking peptide mixture to synthesizecgmeblocking peptides (Figure 44C). In
contrast to the blocking peptide mix obtained frtma tryptic digest, all of the synthesized
blocking peptides were inactive in the Western Bloglysis (data not shown). For that
reason, the investigation of hepatic FGFR4 int@wacpartners was done with the liver of
FGFR4 KOmice (Yu et al., 2000) that were kindly provideg\Wallace L. McKeehan, PhD,
Center for Cancer and Stem Cell Biology, InstitofeBiosciences and Technology, Texas,
Houston, USA. Figure 44 D and E shows the experialesetup to identify interaction
partners of the hepatic FGFR4 and their differefedseen the FGFR4 isotypes.
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Figure 44: Investigation of hepatic interaction patners of the FGFR4 viain vivo SILAC: A) Synthesis of
blocking peptides; HEK293 were used to transientlyransfect a vector containing the extracellular domain
of the FGFR4 tagged with GST. Via specific signal gtides, the recombinant protein can be delivered to
the cell media; after digestion with either Trypsinor Lysin the efficiacy of the blocking peptides we
tested in an immunoprecipitation experiment with FG-R4.

B) Experimental scheme to analyze interaction parters of hepatic FGFR4 via blocking peptides; to
enable a quantifiable analyis, the labelled SILAC rmuse was used as an internal standard; livers of
labelled and unlabelled mice were dissected and Bd; with unlabelled liver-lysates FGFR4 was
immunoprecipitated in the presence of the blockingpeptides preventing the binding of FGFR4 with the
antibody for the detection of unspecific binding paners; in labelled liver-lysates, FGFR4 was
immunoprecipitated without blocking peptides to andyze FGFR4 binding partners.

C) Sequence analysis for the generation of specifitocking pepetides.

D) Experimental scheme to analyze interaction parters of hepatic FGFR4 viaF GFR4 KO mice; to enable
a quantifiable analyis, the labelled SILAC mouse ws used as an internal standard; livers of labellednd
unlabelled mice were dissected, lysed and mixed #&ther for FGFR4 immunoprecipitation.

E) Experimental scheme to analyze interaction parters of hepatic FGFR4 Arg385; to enable a
guantifiable analyis, the labelled SILAC mouse wasised as an internal standard; livers of labelled ah
unlabelled mice were dissected, lysed and mixed tthper for FGFR4 immunoprecipitation.

Table 10 displays all identified FGFR4 isotype iattion partners. Here, significance
(PEP<0.03), amount of razor peptides (RPs, > 1) amndpregulation of at least 3 fold in
FGFR4 KO experiments identified potential FGFR4 inteiactpartner. FGFR4 is highly
upregulated in SILAC mice compared EGFR4 KO mice. Therefore, the experimental
workflow displays proper settings for the investiga of hepatic interaction partners of the
FGFR4. Furthermore, the FGFR4 is not differentialpressed between tR6&FR4isotypes,

a fact that was already shown by the characteoizatf theFGFR4 Arg38%I mice. BKlotho

is a known high affinity interaction partner of tR6&FR4. This single-transmembrane protein
is the essential co-receptor for the activationl@ivnstream signaling events upon FGF19/15
stimulation of the FGFR4 (Kurosu and Kuro, 2009; Wu al., 2007). Therefore, the
identification offKlotho as a strong interaction partner was the itp@scontrol” in the MS-
analysis. As seen in Table BKlotho is highly upregulated in SILAC mice compared
FGFR4KO mice indicating yet again proper experimentatisgs. Besides that, tha vivo
SILAC analysis of our mice yilded so far unknowneiraction partners that could contribute
to the elucidation of the molecular action of th&HR4 and its Arg385/388 variant.
Hydroxyacid-oxidase 1 (Haol) is a mainly peroxisbm@tein that oxidizes glycolate and
glyoxycolate with a subsequent production of H2®# & primarily expressed in the liver
and pancreas. Downregulation of Haol in rats resartongst others in the upregulation of
proteins associated with oxidative stress (Redaleatal., 2003). Propanoyl-CoA C-
acetyltransferase (Scp2) plays an important roléénintracellular movement of cholesterol
and possibly other lipids. Its deficiency results multiple phenotypes in humans

(Ferdinandusse et al., 2006). In mice loss of Sigpices alterations in the biliary lipid
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secretion and hepatic cholesterol metabolism (Fethal., 2001). Formididoyl-transferase-
cyclodeaminase (Ftcd) is suggested to control fakitd liver metabolism (Bashour and
Bloom, 1998). Furthermore, Ftcd is recognized disea specifc antigen that is detected in
sera of patients with autoimmune hepatitis (Lagieet al., 1999). Above that, Ftcd is
overexpressed in hepatocellular carcinoma (HCC)isderefore suggested to contribute to
the diagnosis of early stage HCC (Fuchs et al.1pd8ydroxymethylglutaryl-CoA-synthase
(Hmgcs?2) is a key regulator of keton body productamd is highly expressed in liver and
colon. It is known that Hmgcs2 is transcriptionatiggulated by c-myc and FKHRL1, a
member of the forkhead in rhabdomysarcoma familgt ttepresses the transcription of
Hmgcs2 in HepG2 cells upon insulin stimulation.tRarmore, Hmgcs?2 is implicated in colon
cancer via its downregulation (Camarero et al.,6200adal et al., 2002). Among these
potential interactors Haol and Scp2 display stronigeeraction with the FGFR4 Arg385
variant indicated by a higher ratio compared to H&FR4 Gly385. All afore mentioned
potential interaction partners are not yet imphkcain tyrosine kinase signalling or known to
interact with RTKs. Therefore, fundamental follow-axperiments are necessary to first put
these proteins into the context of the moleculdioacof receptor tyrosine kinases. Next to
these potential new interactors the most intergstarget is the epidermal growth factor
receptor (EGFR). The EGFR was found to significarititeract with the FGFR4 and
furthermore has a higher affinity to the FGFR4 Af3dsotype. Besides others, the EGFR-
RAS-MAPKK axis is one of the most important pathwafpr cell proliferation in liver
(Llovet and Bruix, 2008). These data show varioesvninteraction partners of hepatic
FGFRA4. The direct interaction with the FGFR4 aneirtinvolvement in FGFR4-mediated
signalling should be the subject of further invgations.

RPsKO RPsKO RPsGly38s RPsAng285 RPsArg385 Gene
A 2 ;| e 23 Protein Names Names Protein IDs PEP
IPI00113044;IP100473 30
3 4 = 6 5 Beta-kiotho Betald 1 5 B8E-158
3 8 5 4 & Hydroxyacid oxidase 1 Haa1 IPI00123750 129E-73
IP100742377,IPI0076166
Fibroblast growth factor SIPI00129219;IP10047 3
4 4 5 6 4 receptor 4 Fofrd 948;IPI1004 73231 1.88E-138
Propanoy-CoA C- IP100134131,IPI00B4847
12 13 8 5 6 acyltransferase Scp2 6:IP10084 8007 2 B1E-180
IPI00121190;IP1004 1109
9IPI00357770,IPI00122
Epidermal growth factor 341:IP100229006; IPI006
2 2 3 5 3 receptor Egfr 26433 4.76E-29
Formimidoyltransferase
T 3 4 [ 2 -cyclodeaminase Ftcd IF100129011 2A1E-T5
Hydroxymethylglutary- Hmgcs
9 6 4 3 7 CoA synthase 2 IP1004 20718 3.27E-274
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Gene ratio FGFR4 stdv FGFR4 ratio FGFR4 ratio FGFR4 stdv FGFR4 ratio FGFR4
Names Protein Names KO [n=2) KO [n=2} Gly385 [n=1) Arg2385 [n=2] Argass [n=2}) Arg3B5iGly3Bs
Betakl Beta-klotho 282 288 32 24 0.96 0.7
Hao1 Hydroxyacid oxidase 1 19.7 4.02 01 1.8 1438 7.8
Fibroblast growth factor
Fgfrd receptor 4 12:8 R T8 13 022 08
PropanoykCoA C-
Scp2 acyltransferase 7.8 1.20 02 B 2.89 18.6
Epidermal growth factor
Egfr receptor 58 1128 03 1.2 B3 38
Formimidoyltransferase-
Fted cyclodeaminase 35 0.22 04 1.0 0.52 207
Hydroseymethylglutaryl-CoA
Hmges2 synthase 33 0.28 18 1.8 043 1.0

Table 10: Listing of identified interaction partners of hepatic FGFR4 and their differences between &
FGFR4 isotypes; List displays razor peptides of identifid protein (RPs), protein and gene names, protein
IDs and their significance (PEP< 0.03); furthermore the list displays the intensity of the interactia
partners and their differences between th&GFR4 alleles
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5 Discussion

5.1 Lossof p53 and Rb in human primary cells as a model of oncogenesisin
vitro

In vitro systems are necessary tools to investigate andrstadd the distinct steps of the
processes that govern cells into a malignant plyprofThe advantages iof vitro models are
lower costs as well as a simplification and acedien of experimental approaches. The
disadvantage dh vitro models is the absent influence of a whole organishhas a distinct
impact on physiological processes via metaboligiease of hormones or the immunesystem
(van Staveren et al., 2009).

Therefore, manipulated cell culture models shoulchim the in vivo situation as close as
possible. So far, transformation models manipulagecell via oncogenes, viral proteins or re-
expression of telomerase. These manipulations dearegly and take place as late events in
human carcinogenesis. Above that, except the reeezipn of telomerase, most models
directly transform primary cells without any furtheecessary cellular alteration. Because of
that, thesein vitro transformation systems disable the investigatiénearly steps of
tumorigenesis as well as the analysis of necesdtasations towards a neoplastic phenotype
(Hahn et al., 1999; Kyo et al., 2003; MacKenzialet2002; Mondello et al., 2003; Zongaro
et al., 2005).

Therefore, there is a big need in investigatinguradtin vitro transformation models to
establish a proper alternative ito vivo models. In this study, a model was established in
primary human cells by the stable reduction of ps8 Rb. Both, p53 and Rb are lost or
mutated in many human cancers and, together witér dumor suppressors, the inactivation
of p53 and Rb takes place as one of the earlieshtevin tumorigenesis (Diehl, 2002;
Hollstein et al., 1999; Malumbres and Barbacid,22@almero and Peters, 1996; Sherr, 2000;
Sherr and McCormick, 2002). Furthermore, the sisfabsransformation after a double loss
of these two tumor suppressors was already showarvasy elegant model of non-small-cell-
lung-canceiin vivo (Meuwissen et al., 2003). Thus, the reduction 58-pnd Rb expression
would possibly enable the transformation of primeeifls and, furthermore, provide an insight
into the multiple steps towards malignant transiation of human cells.

As a highly efficient knockdown displays the basisa proper oncogenesis model, the first
step was the establishment of a competent knockdappnoach. Here, the knockdown via
siRNA-constructs was analyzed compared to miRNAstoiets (P2Magic)(Paddison et al.,
2004). The miRNA-constructs displayed a more effitiknockdown than the pRETROSuper
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constructs of both p53 and Rb. The siRNA-sequeresnsd to be improper for the stable
expression after cloning into the pRETROSuper wved@at the main reason is possibly the
fact, that the P2Magic constructs express the shRblA mir-30 transcript. This expression
strategy displays following advantages regardirgy khockdown efficacy. First, adding the
miR30 loop and 125nt of miR30 flanking sequenceeibher side of the hairpin is known to
result in >10-fold increase in Drosha and Dicercpssing of the expressed hairpins when
compared to older designs. Increased Drosha andr [Processing translates into greater
siRNA production and greater potency for expredsadpins. Second, by using the miR30
the 5’ end of antisense strand gets unstabilizeidlwtesults in strand specific incorporation
of miRNAs into RISC (Miyagishi and Taira, 2002; da&bn et al., 2004).

After the establishment of an appropriate knockdapproach, Rb and p53 were stably
knocked down by the specific ShRNAs in the non-eamas cell lines HEK293, HaCat and
MCF10A. As p53 and Rb are key regulators of thé @glle and genomic integrity, the loss
of these two tumor suppressors should result imaelerated cell cycle and a decrease in
apoptosis (Bennett et al., 1998). Therefore, thodifpration of double knockdown cells was
monitored and the cell cycle distribution upon alveoxorubicin treatment was investigated
with the expected results. Because of that, thickdown seems to be not only sufficient for
a distinct reduction of the protein level, but atecachieve expected physiological outputs,
which makes this knockdown strategy a proper ambroto establish anin vitro
transformation model (Naidu et al., 2007).

Routinely used non-cancerous cell lines are aidific immortalized and thereby released
from senescence and primed for the establishmemat néoplastic phenotype. Further, the
perpetual subculturing of these cells enables tveraulation of mutations that maybe alter
the physiology of these cells. Therefore, typicah4tancerous cell lines do not reflect the
status of real primary cells. For that reason, doeble knockdown of p53 and Rb was
efficiently established in normal human dermal ditlasts (NHDF, further referred as
NHDFdk). As a negative control, NHDF cells wereb$fainfected with a non-silencing
shRNA construct (further referred as NHDFscr). $amio the knockdown in non-cancerous
cell lines, the reduction of p53 and Rb should lteéauseveral physiological outputs. The first
advantage that most pre-cancerous cells achieviheisincreased ability to proliferate.
According to that, NHDFdk cells display increaserbliferation doubling rates (PDR)
indicating the loss of an accurate cell cycle aunby the reduction of p53 and Rb. This

phenotype is confirmed moleculary in the upregalatdf the cell cyle promoter Cyclin D.
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The step of uncontrolled cell growth is necessany the primary cell to aquire further
necessary properties.

Morphological changes are also typical for preesmous cells. In the case of fibroblasts the
typical morphology gets replaced by the irreguiae ©f pre-malignant cells. This was also
seen in NHDFdk cells that became smaller, rounddreaen seemed to be barely attached.
The first stage of cellular transformation is resmeted by the achievement of an unlimited
proliferation capacity, called immortalization. fery cells are characterized by a permament
growth arrest after a defined number of populationblings induced by several mechanisms
like telomere shortening. The cellular senescesceiggested to be a protective mechanism to
circumvent instability of the genome and possitdeplastic transformation (Ha et al., 2008;
Prieur and Peeper, 2008). In contrast, pre-cansemalls avoid cellular senescence. A
prolonged life span contributes in turn to an imtalzed phenotype. As NHDFdk cells
doubled the stated proliferation rate of NDHF (1BRB), the cells can be described as
immortal (Gray-Schopfer et al., 2006). This coulsbabe verified by #-galactosidase assay
that marks senescent cells, which were absent iDFtR even after 15 PDs. To confirm
these data on the molecular level, the mRNA le¥¢he tumor suppressors p16, p21 and p27
were analyzed over time. Especially p16 and p2lpatent promoters of cellular senescence
(Dulic et al., 2000). Whereas NHDFdk cells suppréiss expression of these tumor
suppressors or maintain their expression, NHDFslts clearly upregulate the expression of
pl6, p21 and p27 that results in permament growdsta

For complete malignant transformation it is essgnfior the cell to expand its relevant
biological properties. These abilities include thes of contact inhibition that allows tumor
formation. Here, the cells overcome the proliferatstop when the space allotted to them is
filed and a dense monolayer is formed (Herrlichakt 2000). As NHDFdk did not stop
proliferating in subconfluent culture and their ldeler diplayed a disordered appearance,
these cells seemed to achieve the ability to pastBrcome this proliferative stop by contact
to other cells.

The loss of cell-cell or cell-matrix contacts inimpary cells usually activates “anoikis”.
Anoikis is a form of apoptosis that occurs in céliat are detached from their surrounding
tissue. By this mechanism the organism is ableetocglls out of a cell layer if its position
there is incorrect (Chiarugi and Giannoni, 2008ni8on et al., 2008). Cancer cells are able
to survive without cell-cell contacts. The anchardgdepence enables the invasion of the
organism by entering the blood or lymphatic streamtontrast to NHDFscr cells, NHDFdk

cells were able to grow in suspension in non-coatétlire dishes indicating the acquisition
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of anchorage independent growth. Next to anchoirsggpendence, NHDFdk cells were able
to form foci in Matrigel and displayed a slight bching. Malignant cells are often capable in
degrading the extracellular matrix (ECM) for therasion of surrounding and distant tissues.
Hence, the slight branching of NHDFdk cells in Nigat indicates a slight invasive behaviour
of these cells. To comfirm the loss of contact lxtihon, anchorage independence and the
slight branching in Matrigel on the molecular levéhe expression of oncogenes were
monitored over time. In NHDFdk cells SRC gets diearpregulated over time. In all
probability, the overexpression of SRC causes thkigmant phenotype as SRC is one of the
most potent oncogenes and is involved in a broatktyaof cellular processes including
proliferation, migration or cell-cell adhesion (Rra, 2002; Irby and Yeatman, 2000;
Sakamoto et al., 2001; Warmuth et al., 2003). Wsrexpression is frequent in many cancers
as its activation can be achieved via diverse nrashe and src signalling can thereby lead
to even more cellular phenomena (Martin, 2001).cémtrast H-Ras is not upregulated.
Although H-Ras is also considered a strong oncogenk its upregulation is frequent in
various cancers and transformed cells, its tumoraity seems to be dependent on a distinct
cellular context and cooperative events (Bahk gt24108) that may be not present in the
p53/Rb knockdown model. Further studies show, ifsabverexpression is also involved in
oncogene-induced senescence resulting in  permagrentth inhibition of normal cells
caused by DNA-damage (Di Micco et al., 2006).

Further, the expression of Matrix-Metallo-ProteagbfMPs) was monitored over time.
MMPs are essential for degrading the ECM for ineasind are often overexpressed in cancer
cells (Stahtea et al., 2008). Compared to NHDFslis that were not capable to form foci or
branch in Matrigel, NHDFdk cells clearly overexpgd@dMP9 and slightly MMP 2 that might
be the molecular explanation for the observed droartd slight branching in matrigel. In
summary, NHDFdk cells seem to develop a transforpteghotype over time that is indicated
by the acquisition of typical properties that canwells exihibt. Furthermore, these properties
could be explained be the overexpression or supioresf genes that are associated with the
observed phenotypes. To analyze the expressioarpaif NHDFdk cells in more detail a
micro array analysis or a proteomic analysis shd@dlone in further experiments. Results
obtained from these expression analyses potenti@lp in the understanding of distinct
expression pattern or their alterations in oncogisnén addition, further target genes of the
p53 or Rb pathway could be identified.

Genomic instability is critical in the accumulatiaaf mutations that in turn cause the

development of a neoplastic phenotype. Therefoe@onic instability is one of the most
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important events in tumorigenesis. To get a firgight of a potential DNA-damage in
NHDFdk cells, the expression gH2AX was analyzed. Upon DNA-damage, H2AX gets
phosphorylated and amongst others activates the -B&Aage signaling by p53 or Rb
(Fillingham et al., 2006; Halicka et al., 2005).eTbbtained accelerated activationybi2AX

in NHDFdk cells indicates an increase in DNA damager time. The activation of H2AX is
associated with early precursor lesions (but netnad tissues) of the bladder, breast, lung,
and colon (Bartkova et al., 2005). In advanceddiraad lung carcinomas, the DNA damage
response is constitutively activated (Lukas et2003) FurthermoreyH2AX is suggested to
be a prognostic marker in melanoma (Wasco et &Q8R Next to active H2AX, the
expression of Mad (mitotic- arrest-deficient-likeyvas abolished in NHDFdk cells over time.
The cell cycle checkpoint protein Mad 1 prevents émtry of the cells in anaphase if the
chromosomes are not properly organized for celkitin. Several studies display that the loss
of Madl in cancer cells results in chromosomalabgity. The overexpression of Madl
results in suppression of proliferation or the gradint phenotype of cancer cells (Chen et al.,
1995; Vastrik et al., 1995; Zou et al., 2006). Haenthe activation of H2AX and the loss of
expression of Madl indicate genomic instability aBiNA-damgage caused by an
uncontrolled cell division in NHDFdk cells. Accordgj to this, the karyotype analysis of mock
tranfected and double knockdown-cells displayed@elerated aneuploidy in form of loss or
gain of chromosomes in NHDFdk cells that increasesr time. Although this form of
aneuploidy is often thought to be rather a consecpig¢han a cause of oncogenesis this
genomic instability seems to contribute to the @groc progress in these cells. These data
highlight, that NHDFdk cells display an excellent vitro model to investigate the
contribution of genomic instability to oncogenediberefore a karyotypic analysis should be
done by spectral karyotyping analysis (SKY) to deiee the loss or gain of specific
chromosmes over time in detail or the occurrenceclofomosomal abnormalities by
translocation, deletions or fusions of chromosolfRelilla-Nash et al., 2007). Furthermore,
the sequencing of specific genes could give insigithe genetic alterations of these cells.
Hence, NHDFdk cells could contribute to the creatd a possible “mutational timetable” of
oncogenesis that could give a deep insight in #aneeldpment and behaviour of cancerous
cells.

A further subject of the genomic constitution of BIFdk cells was the analysis of telomere
length. Telomere shortening not only induces catldenescence, but short telomeres often
lead to genomic instability that governs cells iatonitotic crisis and apoptosis as a tumor-
protective mechanism (Kim et al., 1994; Shay andcBatti, 1997; Wright and Shay, 2001).
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If cells overcome this mitotic crisis by the reaation of telomerase or alternative telomere
lengthening (ALT), the cells usually get cancerd@esare and Reddel, 2008; Shay and
Wright, 2005). As NHDFdk cells did not reactivates texpression of telomerase and these
cells neither enter a permanent growth arrest poptsis, the extended telomere shortening
seems to be tolerated by the cells. Furthermore, tthomeres should be stabilized via
alternative telomere lengthening (ALT). Otherwiselomere dysfunction would result in
permanent growth arrest or cell death (Campisi,52@DAdda di Fagagna et al., 2003).
Interestingly, so called ALT-cells or ALT-tumorsteh do not exhibit p53 expression and
often display a profound genomic instability acéogdto the established model (Chen et al.,
2006; Scheel et al., 2001).

In recent years it has become accepted, that genalterations and changes in expression
patterns can support the cells in “reaquiring“acstled “stemness”. Several publications
report of the existence of a subpopulation of cawcedls in routinely used cancer cell lines
that display a more aggressive phenotype aftectietefrom the parental cell line (Ho et al.,
2007; Huang et al., 2008; Sung et al., 2008). Tthezethe NHDFdk cells were investigated
for a stem cell like subpopulation to analyze & 63/Rb doubleknockdown could serveras
vitro model for the establishment of a stem cell likaocga cell subpopulation. However,
NHDFdk cells did not display any stem cell like population analyzed by several stem cell
markers.

The ultimative evidence of the successful trans&dgiom of NHDF cells deficient for p53 and
Rb is the tumor formatiorin vivo. Fully transformed cells overcome even the cancer-
preventive influences of a mammalian organism. &toee, NHDFdk cells were injected into
BalbC; Nu/Nu mice to monitor tumor growth. Eveneaf® month NHDFdk cells were not
able to form a visible tumor. These data suggest the knockdown of p53 and Rb just
partially transforms NHDF cells with the lack okthecessary lack of malignancy to promote
tumor growth in vivo. Furthermore, the used Balb/C nude mice just gbrtilack an
immunesystem that potentially turns these mice amounusable system to monitor tumor
growth of less aggressive cell lines. The use loéohude mice strains possibly could result in
tumor growth of the NHDFdk cells.

In summary, the loss of p53 and Rb promotes seydngdiological mechanisms towards a
neoplastic phenotype of cells. NHDF cells with reeld levels of p53 and Rb overcome
permanent growth arrest and lost contact inhibiisrwell as anchorage dependence. These
processes seem to be promoted by the occurred geriostability. Nevertheless, the

transformation by the loss of p53 and Rb is noepbénough to induce tumor growthvivo.
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Therefore, thisin vitro model develops just partially transformed cellsr Rll that, the
modelling of oncogenesis in fibroblasts can nohdtéor the tumorigenesis of all tissues.
Fibroblasts are basically easier transformable thayp other cell type. To prove if this
approach is really appropriate for studying cammrelopment, it is essential to establish the
double knockdown of p53 and Rb in other primaryls;efor example epithelial cells.
However, the loss of p53 and Rb displays a natalel of partiain vitro oncogenesis and
provides the possibility of investigating the disti steps of tumorigenesis with a special

focus on the loss of genomic integrity.

5.2 FGFR4 Arg385 promotes MEF transformation in vitro and accelerates
tumor growth and metastasis in the WAP-TGF a mouse mammary tumor
model

Breast Cancer is the most frequently diagnosederaincwomen in the United States and
Europe and the fifth leading cause of cancer ded&teast cancers have a huge
histopathological and genetic diversity that aulés in a variety of clinical outcomes. This
diversity is confronted by just a few prognosticrkeas that turn breast cancer into a complex
and difficult disease to be cured. Therefore, theestigation of new prognostic markers and
their impact on tumor progression and clinical ouate is of highest priority.

Receptor tyrosine kinases (RTKs) are often impéiddh the progression of breast cancer via
a dysregulated signaling leading to uncontrolldbgrewth. The family of Fibroblast Growth
Factor Receptors (FGFR) are implicated either bgrexpression like in pancreatic- or
prostate carcinoma (Eswarakumar et al., 2005; Gaivear et al., 2005; Morrison et al., 1994)
or by activating mutations leading to abnormal dasproteins or nucleotide substitutions
(Cappellen et al., 1999; Fioretos et al., 2001gJetnal., 2001; Macdonald et al., 1995). The
fourth family member of the FGFRs, the FGFR4, wiésnoassociated with tumor progression
(Ho et al., 2009). Furthermore, its inactivationttee inhibition of its ligand FGF19 results in
impaired tumor growth (Desnoyers et al., 2008; Hoak, 2009). A single nucleotide
polymorphism in the FGFR4 that substitutes a Glyci{iGly) to an Arginine (Arg) is
correlated with accelerated tumor progression afoua cancers and is suggested to be
involved in resistances to certain therapies iragtreancer (Bange et al., 2002; Deshoyers et
al., 2008; Ho et al., 2009; Jaakkola et al., 19&Zequel et al., 2004; Morimoto et al., 2003;
Morrison et al., 1994; Shah et al., 2002; Spinslale 2005; Spinola et al., 2005; Streit et al.,
2004; Streit et al., 2006; Thussbas et al., 2008ng\vet al., 2004). However, the correlative
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studies on clinical data also resulted in contrsiamresults due to the genetic heterogeneity
of patient cohorts (Jezequel et al., 2004). In #tigly the impact of the change of a single
nucleotide in the mouse genome, in the gene engddim receptor tyrosine kinase FGFR4,
was investigated for the first time on the initetiand progression of breast canicevivo.
First, the mouse model was characterized to enanraccurate modelling of the human
situation. As th&-GFR4 Arg38%l is inherited in a Mendelian ratio, the Kl doest seem to
interfere with embryonic development Afg385carrying mice. Like humans, who carry the
Arg388 allele mice carrying theFGFR4 Arg385display no obvious phenotype that
distinguishes them fronGly388carriers (Bange et al.,, 2002). In FGFR4 expression
localization and distribution, the KI model also toles its human counterpart. The
expression of th&GFR4 Arg388/385llele does not differ from th&ly 388/385allele in
humans as well as in ti&GFR4 Arg385 Kimice (Bange et al., 2002).

To investigate the impact of the FGFR4 Arg385 owsidlogical processes we first analyzed
the differences of thEGFR4alleles in mouse embryonic fibroblasts (MEFs). MEksplay a
typical and easy availabia vitro system to investigate an altered physiology ofetjeally
modified mice. As the most prominent impact of H8FR4 Arg385allele is the disease
progression once the cancer has been initiatedaimed to investigate the impact of the
FGFR4 Arg385 on the transformation rate of MEFsn@aet al., 2002; Morimoto et al.,
2003; Spinola et al., 2005; Streit et al., 2004¢eiBet al., 2006). Accordingly, MEFs carrying
the Arg385 allele showed a significant higher transformatiate than control fibroblasts
when infected with different oncogenes in a Focaosrfation Assay. Furthermor&GFR4
Arg385 MEFs not only display a higher number of foci bamarkebly transform with an
earlier onset and an accelerated growth once tti@fe established.

In search of the molecular mechanism underlying éfiect, we interestingly could show that
FGFR4Arg385MEFs display a significant increased survivalésponse to DNA-damaging
agents. Upon doxorubicin treatment, the FGFR4 ABg88ems to support a more efficient
DNA-repair that is shown by a significantly delay@@-Arrest and the upregulation of p53 at
early time points of response. Moreover, the FGRRfB85 seems to significantly decrease
apoptosis by the distinct upregulation of genes dnainvolved in pro-survival signalling like
p-Akt, BCL-2 and BCL-XL (Masumoto et al., 1999; Ra&s et al., 1994). The support of
DNA-repair as well as pro-survival signalling iscammon feature by receptor tyrosine
kinases (Lin et al., 2008; Wang et al., 2008; Wbalg 2005). Furthermore, the upregulated
target genes are known to be integrators of dansigmals and get upregulated by the

downstream signalling of several receptor tyrosimases like EGFR, HER2 or kit (Blume-
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Jensen et al., 1998; Carson et al., 1994; Kumaal.et1996; Wang et al., 1999). The
accelerated upregulation of anti-apoptotic geng®ssibly caused by an accelerated crosstalk
of the FGFR4 Arg385 to other proteins. Contrardgpptotic markers like Caspase 3 clevage
or phosphorylation of Bad did not differ betweerm thenotypes. These data indicate that
FGFR4 Arg385 does not inhibit apoptotic signallmg rather upregulates pro-survival genes
as counterbalance to the apoptotic downstream lignaThese two mechanisms seem to
enable the cell to manage DNA-damage without emgesipoptosis. In turn, this advantage
potentially contributes to an extended toleranogatds genomic instability that in turn
displays the prerequisite of a malignant cellutansformation (Jeggo, 2005; Skorski, 2002).
Interestingly, taxol that does not initiate DNA dege did not cause the anti-apoptotic
response of the FGFR4 Arg385, indicating, that B@FR4 Arg385 just contributes to
survival towards DNA-damaging agents.

As the focus formation via the overexpression oFRGesulted in an unusal high nhumber of
foci we wanted to investigate if theGFR4 Arg385allele contributes to EGFR driven
transformation. Therefore, we stably transformedMEFs with EGFR. Interestingly, FGFR4
was upregulated in EGFR transformed MEFs and thERAGArg385 was detected to be
hyperactive in MEFs transformed with EGFR compat@d-GFR4 Gly385. These results
indicate a possible crosstalk between these tweptecs as it is already known between the
Her2 and FGFR4 (Koziczak and Hynes, 2004). Furtbeemthe anti-apoptotic response to
DNA-damage of FGFR4 Arg385 could be reproduced iBHs! transformed with EGFR.
Moreover, the FGFR4 Arg385 isotype was stronglyeisged with significantly increased
migration, a significantly higher potential in sadgar colony formation and accelerated
branching in Matrigel. These data indicate thatR@dR4 Arg385 progresses the aggressive
phenotype of cells via processes connected to tiagrand invasion (Bange et al., 2002).
Furthermore, as a migratory effect is not deteetabl non-transformed MEFs, these data
clearly indicate that the FGFR4 Arg385 is not arcamene per se, but rather supports
oncogenes by the promotion of several physiologitatesses. Contrarily, FGFR4 Arg385
had no impact on the proliferation of EGFR transfed MEFs.

Interestingly, no impact of the FGFR4 Arg385 colid detected when MEFs were
transformed with v-src neither in anti-apoptosisr o soft agar colony formation or
branching in Matrigel. These results suggest thatitmpact of FGFR4 Arg385 is clearly
dependent on the oncogenic background that trigfeesneoplastic transformation and

indicates once more a rather supportive than intgra action of the FGFR4 Arg385.
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To further characterize these physiological outpligsexpression of various genes related to
migration, invasion and proliferation were analyz8dhe equal expression of cell cycle
dependent kinases (CDK) thereby reflects the eptdiferative behaviour oGly385 and
Arg385carrying MEFs. Especially MMPs and N-cadherin, pdwl indicators of highly
invasive cells, are strongly overexpressedAng385carrying MEFs (Lafleur et al., 2005;
Nagi et al., 2005; Su et al., 2008). These datdircothe impact of th&GFR4 Arg385allele

on processes like migration and invasion.

After this clear implication of the FGFR4 and itariant Arg385 in defined physiological
processes that are involved in tumor progressiahaggressiveness we aimed to show for the
first time the influence of the FGFR4 Arg385 on tumprogression and accelerated
aggressiveness. Above all, the impact of FBFR4 Arg385allele yielded at times marginal
results due to the highly complex and heterogenaparetic background of the patients
leading to controversial results (Jezequel eR804; Spinola et al., 2005). Because of that the
FGFR4 SNP is not yet established as a progressawkemfor clinical outcome or as basis for
individual patient treatment decisions. TRéFR4 Arg383KI mouse overcomes the problem
of heterogenetic patient cohorts to clarify thegilole impact of thé&-GFR4 Arg385n tumor
progression.

The FGFR4 is known to be upregulated in diverseeanincluding breast cancer (Ezzat et
al., 2002; Gowardhan et al., 2005; Jaakkola etl@B3; Jeffers et al., 2002). Furthermore, the
FGFR4 Arg385allele is known to promote mammary carcinoma imans. Therefore, we
investigated the impact of this SNP on mammary eapcogression (Bange et al., 2002).
Similar, to the experimenti® vitro we wanted to analyze the involvement of #HBFR4
Arg385 on tumor progression in combination with the wedtablishedVAP-TGRr and the
MMTV-PyMTtransgenes (Pittius et al., 1988; Sandgren e1885). TheWAP-TGFamodel
induces mammary carcinoma by the overexpressiomGfa that results in hyperactive
EGFR. TheMMTV-PymTmodel elicit mammary tumors by the constitutivéivextion of src

by PymT (Pittius et al., 1988; Sandgren et al.,5)9Fhe WAP-TGFr induced oncogenesis
closely models human mammary carcinogenesis. Ringt,onset of tumors is moderate
indicating that just a few cells overcome the aatiicer barriers to form neoplasias. Second,
working in the C57BL/6 background requires pregiyasicthe mice, which is consistent with
the human situation, where pregnancy can contrituteammary hyperplasias as the human
breast epithelial cells starts proliferation in gmwancy to ensure nursing. Last, the
hyperactivated EGFR in the WAP-T@Fmodel display an oncogenic force that is more

common in human breast cancer in comparison to lmahat trigger mammary oncogenesis
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via viral oncoproteins as in tdMTV-PymTmodel. In addition, expression studies displayed,
that the FGFR4 was upregulated in tiTV-PymTand WAP-TGRr mouse mammary
carcinoma model (S. Streit, 2004). These factsifipdithese models for the investigation of
the FGFR4 Arg385allele on tumor progression. For that reasonFBER4 Arg385 Kimice
were crossed to mice transgenic for WABFa and mice transgenic foAMTV-PymT.

We show that theGFR4 Arg38allele directly promotes T@GFinduced mammary tumors in
mass and area significantly. In addition, thesearnsndisplay a faster progression with a partly
significant increase over time depending on théeriht FGFR4 genotypes. Furthermore,
FGFR4 Arg385 decreases the visible time point ahdwu incidence. Therefore, the
involvement of theFGFR4 Arg385allele is no longer limited on tumor progressiart hlso
includes the facilitation of tumor initiation. A gelation between the tumor initiating ability
of the FGFR4 Arg388allele is already shown on clinical prostate cardaa (Wang et al.,
2004). Moreover, the analysis of the criteria ghtur progression displayed a more significant
difference in the area and the percentage of tuarea. These data indicate, that the impact of
the FGFR4 Arg385 is rather migratory than prolifm& This goes in line with the results of
MEFs transformed with EGFR that were promoted igration and invasion via tHeGFR4
Arg385allele. As transgenic mouse models so far do noptetely mimic the situation in
human breast cancers several disadvantages of At M&Fa model must be considered. As
the WARpromoter is regulated by hormones, the expressfofiGFa is also active in the
developing virgin mammary gland and potentially the embryonic mammary bud
influencing the mammary gland in very early develgmt. Second, although the WAP-
promotor is mammary gland specific, this promoseactive at very low levels in variety of
tissues including the brain. Next, the expressiba ligand does not exclude the influence of
other systemic processes on tumor progressionhenifact, that the&-GFR4 Arg385allele
influences tumor progression not directly in themmaary epithelial cells. These effects could
be excluded via mammary gland transplantation.

Furthermore, we analyzed the molecular action efRGFR4 Arg385 in tumors to investigate
the underlying mechanism of the accelerated tumagrpssion. Although FGFR4 Arg385 is
not overexpressed in primary tumors compared toF4561y385 its activity is significantly
upregulated. The amino acid substitution in the R&IFesults in the change to a hydrophilic
amino acid. Therefrom, the structure of the FGFR¢385 possible disables an accurate
binding of negative regulators to the kinase donmirvice versa enables an accelerated
binding of activators. In turn, the varying regidat of the receptor possibly leads to a

differing downstream signalling and target generesgion. So far, two studies display an

127



Discussion

altered target gene expression in the presencéeofFGFR4 Arg385. Here, theGFR4
Arg385 expression results in the upregulation of theastesis-associated gene Ehm2 in
prostate cancer and the pro-migratory gene EDGMDM-MB-231 cells overexpressing the
Arg388allele that is suppressed by the overexpressicheoFGFR4 Gly385 (Stadler et al.,
2006; Wang et al., 2006). Furthermore, Wang ankkagues showed an increased stability of
the FGFR4 Arg385 receptor in prostate cancer aadisl (Wang et al., 2008). The delayed
internalization of theFGFR4 Arg385allele potentially results from an altered struetu
leading to a relatively higher phosphorylation ssabf the FGFR4 Arg385. However, the
distinct differences of the molecular mechanismtied FGFR4 Arg385 compared to the
FGFR4 Gly385 have to be elucidated. As Stadlet.etrel Wang et al. could show different
expression of target genes in the presence of @ERA Arg385, micro array analysis of
WAP-TGFa derived tumors possibly helps to investigate déffices between the FGFR4

allele regarding their target gene expression.Heusta mass spectrometry analysis of co
immunoprecipitated interaction partners of the F@RRy385 and FGFR4 Arg385 in tumors
could show, if the interaction partners or the bigdf the interaction partners differ between
the FGFR4 isotypes. Furthermore, a phosphoproteandtyis could define differences in the
activated FGFR4 phosphosites or a difference ofndtrgam signalling between the FGFR4
alleles. Differences in the structure of the FGH&R4385 and its position in the cellular
membrane induced by the change to a hydrophilicnanzicid could be elucidated by
crystallography or electron microscopy.

Furthermore, we analyzed several target genesviaslain tumor progression, invasion and
vascularization of WAP-TGdr derived tumors to further specify the impact of tfRGFR4
Arg385 on tumor aggressiveness. Here, the expresanalysis clearly displays a more
aggressive phenotype of WAP-TGFerived tumors expressing the FGFR4 Arg385. The
signifincant downregulation of the tumor suppresp@f is known to predict the poorest
prognosis together with high EGFR expression (Somioal., 2008). The significant
upregulation of the cell cycle dependent kinase KL once more involves the FGFR4
Arg385 in an accelerated migratory capacity of earcells (Manes et al., 2003). Contrarily,
all of the other ananlyzed cell cycle proteins db differ regarding the FGFR4 isotypes. This
result confirms molecularily the exclusion of th&éFR4 Arg385 from a proliferative impact.
Moreover, genes associated with invasion were fioginitly upregulated in FGFR4 Arg385
expressing tumors. CD44 that is significantly oxpressed, promotes metastases (Godar et
al., 2008; Mylona et al., 2008; Sheridan et al.0&®0Q likewise flk-1, by promoting

angiogenesis leading to a more aggressive behasfotlne tumor (Liang and Hyder, 2005).
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Accordingly, MMP13 as well as MMP14 are signifidgntoverexpressed inFGFR4
Arg/Arg385 carrying tumors contributing to a higher metastaotential (Ellsworth et al.,
2008; Jiang et al., 2006; Rizki et al., 2008).

Due to the differences in the expression patterA@FR4 Arg385carrying tumors towards a
more aggressive phenotype, it was essential tcstigpate the impact of the FGFR4 Arg385
on metastasis. Above that, the clinical outcomeaofcer is dependent on the invasive stage of
the primary tumor. If the FGFR4 Arg385 is involviedthe onset of metastasis, the allele all
the more could serve as a prognostic marker insbreancer patients. Next to invading the
bone or the liver, breast cancer cells mostly distatpulmonary metastases (Lee, 1983).
Therefore, the lungs of the different FGFR4 genegypransgenic foWWAP-TGRx were
analyzed. Remarkably, tHeGFR4 Arg385allele not only promotes aggressiveness but also
supports invasion of the lung. Metastasis formasets in earlier and the lungs BGFR4
Arg385 carrying mice are more intensely invaded. Themfdhe significantly altered
expression in genes involved in invasion is refiddby the fact that cancer cells expressing
the FGFR4 Arg385allele display a significantly accelerated potahnitn invading the lung to
form distant metastas@s vivo. These data strongly associate B@&FR4 Arg388allele with
poor prognosis and thereby highlight the recepgaa enarker of breast cancer progression.

In contrast, FGFR4 Arg385 was not able to promotenmary cancer progression in mice
transgenic foMMTV-PyMT neither in tumor mass or area. However, the negatgults in
the MMTV-PyMTmodel display an indirect evidence of a cancel sécific action of the
FGFRA4. If the cancer promoting effect would be eauapart the cancer cell, the FGFR4
Arg385 should promote mammary tumor progressionéad byMMTV-PyMT This goes in
line with the results derived from MEFs stably sfmimed with v-src. Here, FGFR4 Arg385
could not promote any of the analyzed physiologizechanism including migration or
invasion. These findings underline the dependencyhe FGFR4 Arg385allele on the
oncogenic background of neoplastic transformati@bove that, TGE induced tumors
include a hyperactive EGFR; the PyMT activates Isading to tumor formation. As a
receptor tyrosine kinase, EGFR possibly crosstallEGFR4 and this crosstalk differs in
cancer cells expressing th&FR4 Arg385allele. Contrarily, src is a downstream molecule.
Here, the FGFR4 and isGFR4 Arg385allele are possibly unable to significantly inflioe
the activity of src that is strongly activated byn#T. This fact further confirms the supportive
role of the FGFR4 and itArg385 allele on tumor progression. Besides that, thegnaht
transformation of src takes place so rapidly anénsively that possible impacts of the
FGFR4 Arg385may not be detectable.
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Our data demonstrate that tR66FR4 Arg385allele is a potent enhancer of breast tumor
development, progression and metastasis formatiativo. The development of an antibody
blocking the FGFR4 or its ligands could possiblyused in combination with classical cancer
therapies like chemotherapeutic drugs as alreaolyrstin several studies (Ho et al., 2009; Pai
et al., 2008). The strong impact of the FGFR4 meake outcome is further underlined by
Roidl and colleagues who could show that breastcerarcell lines with a aquired
chemoresistance upregulate the FGFR4 (Roidl et28D9). Further, the FGFR4 predicts
failure in tamoxifen treatment of breast canceigods (Meijer et al., 2008). Above that, the
FGFR4 could not only be targeted, but the allelentity of this receptor may conceivably be
included as a diagnostic parameter in the indididigdermination of therapy decisions. This
notion is strongly supported by our previous firgdinthat the time of mammary cancer
relapse after different drug-treatments is assediatith different~-GFR4alleles (Thussbas et
al., 2006). These data suggest the further usbeoFGFR4 Arg385KI model also for the
investigation of cancer treatment and mechanismesistance with respect to tf&FR4
alleles.

As recent publications correlate tA&FR4 Arg388&allele with various types of cancer our Kl
model could indicate the impact of the SNP on tpeagression and outcome. In particular,
diseases related to the liver should be investigaseseveral recent publications implicate the
FGFR4 in liver function and homeostasis (Desnoysrsal., 2008; Huang et al., 2007).
Moreover, our data clearly postulate the generaifasimilar KI models to causally determine
the impact of SNPs, which could be connected tdouar diseases and physiological
processes.

In summary, our KI model clearly demonstrates ampartant role of the FGFR4 and
especially theArg388allele in mammary tumor progression. Our findisty®ngly support a
role of theFGFR4 Arg388allele as a marker for poor clinical outcome iredst cancer
progression and metastasis. On this account, tthetsefurther validate the FGFR4 and its
isotypes as a target for the development of prpto#y drugs. Above all, our findings
highlight the impact of germline alterations indlugl SNPs in receptor tyrosine kinase genes
for the clinical progression of cancer and gengnaihpoint the importance of individualized

therapy regimens for cancer patients and emph#siziadividual nature of this disease.

5.3 Investigation of new FGFR4 binding partnersin vitro and in vivo

The FGFR4 is implicated in the development andymssion of various cancers and the

clinical outcome of patients. The FGFR4 further ratb chemoresistance and was shown to
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be a potential target in cancer therapy (Ho et2809; Roidl et al., 2009; Streit et al., 2004).
Furthermore, ite\rg388variant is associated with enhanced tumor progresmd above that
with a poor clinical outcome of cancer patients (@a et al., 2002; Streit et al., 2006).
However, the distinct mechanisms that trigger FGEIRMen oncogenesis and, importantly,
the accelerated progression by the FGFR4 Arg388tdirencertain.

The FGFR4 is a receptor tyrosine kinase that mesliaellular signaling upon ligand
stimulation, dimerization with other receptors atdhding of downstream effectors
(Eswarakumar et al., 2005). Therefore, we emphdsthe investigation of new FGFR4
interaction partners. Furthermore, the FGFR#388 variant substitutes a Glycin to an
Arginin in the juxtamembrane domain indicating ttta¢ hydrophilic Arginin possibly alters
the structure of the receptor resulting in an ellevinding behavior compared to the FGFR4
Gly388.

For that purpose, we performed a proteomic anabfs#$5FR4 interaction partners by SILAC
based mass spectrometry. SILAC based proteomigsaglss a powerful tool to investigate
global interactions on a quantifiable level. To Igma interaction partners of the FGFR#%
vitro, we decided to use MDA-MB-231 breast cancer cefisdified by Bange et al. (2002),
as a model system. Here, FGFR4 is overexpresskedr @it its Gly388 or Arg388 variant
enabling the analysis of the different FGFR4 isetym the same model system. Above that,
the overexpression-system in MDA-MB-231 cells erabkxtensively simplified protein
detection via mass spectrometry and the analysipoténtial interaction partners of the
FGFRA4.

The identified proteins displayed the FGFR4 asmtustly upregulated protein indicating a
proper experimental setup that reflects the ovessgion system in MDA-MB-231 cells.
Furthermore, FGFR4 Arg388 is not upregulated coepan Gly388 demonstrating an equal
overexpression among the variants. Mass spectrgmainalysis of FGFR4 co-
immunoprecipitated proteins detected several isténg potential interaction partners. To
verify these identified proteins, we performed bldaswitch and excluded proteins that were
upregulated in just one setup. To further strengttine specifity of interaction partners we
listed only proteins that were upregulated at |&afsiid.

The identified potential interaction partners wéeR, EPHA2 and the EGFR. LAR is a
transmembranous phosphatase and is known to bévetgaegulated by the EGFR (Ruhe et
al., 2006). Depletion of LAR accelererates hepam®aell proliferation by c-MET, insulin
resistance and increased metastasis (Machide @08b; Mander et al., 2005; McArdle et al.,
2005). Furthermore, LAR is implicated in the regiola of FGF-induced signalling by
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interacting with FRS2 (Wang et al., 2000). Therefan interaction of LAR and FGFR4 is
conceivably possible. Since LAR is a tyrosine plmagase the interaction with FGFR4
potentially display a novel negative regulation tfie FGFR4. Here, LAR co-
immunoprecipitation and FGFR4 dephosphorylationrupigand stimulation would give a
deeper insight in the interaction and the regujatiunction of LAR regarding FGFR4
signalling. EPHA2 and EGFR are known transmembraseeceptors that are linked to the
promotion of malignant phenotypes in MDA-MB-231 Isehs well as various cancer types
(Carles-Kinch et al., 2002; Noblitt et al., 2004N@ill et al., 2007; Wang et al., 2009; Zheng
et al.,, 2009). However, the interaction with FGFRinily members or the contribution to
FGF-mediated signalling is not described so farer€fore, the distinct mechanism and the
impact of the interaction of these proteins witk #GFR4 should be the subject of further
investigations. The results obtained from the nzgestrometry analysis indicate that MDA-
MB-231 cells overexpressing the FGFR4 Gly388 or38&yvariant present a useful model to
study potential interaction partners of the FGFRbiieast cancer cells and the differences
regarding the FGFR4 isotypes. Here, FGFR4 seeimsei@ct with different receptor tyrosine
kinases. However, one should keep in mind thateymession systems do not reflect the
situation of proteins that are expressed endogénolise interaction of the FGFR4 with the
detected proteins has to be investigated precésetywerexpression systems can lead to results
that are irrelevant for the endogenousrovivo situation. Therefore, the interaction partners
must be followed up in systems with endogenous FGERpression with a special focus on
in vivo studies, and the impact of the interaction shddddetermined by the depletion or
blocking of the novel interactor. Furthermore, egsion studys on clinical samples could
help to elucidate a potential co-expression angridgnostic value on the outcome of cancer
patients.

Nevertheless, the MDA-MB-231 cells display a powkdystem to get a first insight on the
FGFR4 signalling complex. However, all potentialteraction partners displayed no
differences between the differeRGFR4 isotypes. Besides that, interactors that spedifica
bind the FGFR4 Gly388 or Arg388 variant could na detected. To detect potential
differences in the binding of the interactors a snapectrometry analyses upon ligand
stimulation possible enables a deeper insight énitteraction profiles regarding ti&sFR4
alleles.

The most interesting interaction partner that wa@aniified is the EGFR. The EGFR is
associated with several key features of cancerldew®nt and growth. Next to non-small
cell lung cancer the EGFR displays a promisingetng various cancers. In MDA-MB-231
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cells, the stimulation of the EGFR via multiple anisms results in an increase of their
malignant behavior (Wang et al., 2009; Zheng et24l09). Furthermore, thia vivo studies
that determined the promoting impact of the FGFRE3&5 on breast cancer were done on
the basis of an EGFR-dependent mammary carcinongizlmbherefore, we decided to have a
closer look on the interaction of the EGFR and FH@FR4. Here, we could show that the
FGFR4 in MDA-MB-231 cells gets co-immuoprecipitatedth the EGFR and gets
phosphorylated upon EGF stimulation in a time ddpahmanner. Above that, the interaction
and activation with the FGFR4 Arg388 variant wasederated compared to the FGFR4
Gly388. Furthermore, downstream Akt gets more phosgated upon EGF stimulation in
the presence of tHeGFR4 Arg388allele. These data verify the interaction of tHeHR and
FGFR4 and furthermore display a physiological catina upon ligand stimulation. The
accelerated phosphorylation of the EGFR and dowastr Akt upon EGF and TGF
stimulation is also present in EGFR-transformed MIExpressing the FGFR4 Arg385.
Additionally, immunoprecipitated FGFR4 Arg385 diapt an accelerated phosphorylation
upon EGF and TGd stimulation than the FGFR4 Gly385. These datainorthe interaction

of the EGFR and FGFR4 also in ar vivosystem. Above all, the interaction of these two
receptors and the accelerated activation in theemee of the FGFR4 Arg385 is consequently
suggested to be the molecular explanation for ticelarated tumor progression in MAP-
TGFa mouse mammary carcinoma model. Here, clinical flataa human patient samples
could potentially confirm this interaction by copegssion of these two receptors.
Furthermore, the human patient samples could pgs#ilen correlate the worse clinical
outcome ofFGFR4 Arg388carriers together with high EGFR expression. lis ttase, the
FGFR4 Arg388 and EGFR would achieve a high impactheir prognostic value of the
outcome of cancer patients.

Moreover, we could show the MDA-MB-231 cells expsiag the FGFR4 Arg388 display an
increased sensitivity towards Gefitinib treatmemtpiroliferation, apoptosis and migration.
The accelerated response towards Gefitinib treatmetentially results from the elevated
interaction and downstream signaling of the EGFR B8FR4 Arg388. These data conclude
that several physiological mechanisms are depenalerihe EGFR-FGFR4 interaction and
further indicate that the FGFR4 and especially Ang388 variant induces certain EGFR
dependence, as MDA-MB-231 cells are usually reteres rather insensitive towards
Gefitinib treatment. To ultimately verify these wu#ts, specific inhibition of the EGFR by a
blocking antibody would finally determine this effeas the level of Gefitinib response is

dependent on the expression of several other pofigierrer-Soler et al., 2007). Here, for
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example Akt, that is hyperactivated in MDA-MB-23glls expressing the FGFR4 Arg388,
predicts sensitivity to gefitinib. Therefore, thétained reduction in cellular survival and
migration could also result from decreased Akt\aisti Furthermore, these data should be
confirmed in cancer cell lines from various tissuigins and above that, with an endogenous
expression of the FGFR4 and R&FR4 Arg38&llele. Further, the treatment of deGFR4
Arg385 Klmice crossed tWAP-TGRr mice with EGFR-inhibitors could evidence thevivo
significance of the accelerated sensitivity of EG#iiRen breast cancer in the presence of the
FGFR4 Arg388allele. Besides that, clinical data from human dureamples treated with
Gefitinib could clarify if the response gets sigeaintly increased by the presence of the
FGFR4 Arg388allele in human conditions. This would expand pinegnostic value of the
FGFR4 Arg388allele on response to cancer therapy as it iadjr&known in response to
tamoxifen (Thussbas et al., 2006). Taken togettier,interaction between the EGFR and
FGFR4 in MDA-MB-231 cells is the first reported @it interaction between the HER and
FGFR family. Above that, this interaction opens thp possibility of new prognostic and
therapeutic interventions and gives a deeper ihsighthe mechanism of breast cancer
progression driven by EGFR and FGFRA4.

In 2008, Kruger et al. presented the first studseldaonin vivo SILAC by feeding mice with a
diet containing heavy lysine (Kruger et al., 200B)erefore, the limitations posed hbyvitro
studies are now circumvented by SILAC-based/ivo proteomics that provides the actual
“global view” on the proteome of a certain tisstire, organs derived from SILAC mice
serve as an internal standard for a large numbesubfequent experiments. Furthermore,
investigation of cell types that are difficult ttudy ex vivq are effortlessly approachable.
Besides thatin vivo SILAC is independent from a biological scale raggfrom the analysis
of whole organs down to interacellular compartmemtsingle proteins (Kruger et al., 2008).
In this study, we investigated the interactom a #GFR4 in murine liver to get a deeper
insight in the molecular action of the FGFR4 in tlegulation of liver homeostasis and
hepatocellular carcinogenesis. Moreover, we aintedirtalyze the interaction differences
between the FGFR4 Gly385 and FGFR4 Arg385 by tieeofi®ur generateEHGFR4 Arg385

Kl mouse.

One major function of the liver is the productidnbde acids (Chiang, 2004; Russell, 2003).
The regulation of bile acid synthesis is tighthgutated by a negative feedback loop to
prevent the damage of the enterohepatic tissuee,Hbée cholesterol c#hydrolase, the
catalyzer of bile acid expression, is repressecilgulating bile acids itself (Jelinek et al.,
1990). Responsible for this feedback loop is thpulagion of the FGFR4/FGF15 pathway by
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bile acids (Inagaki et al., 2005). In maintainingnteostatsis, FGFR4 and the FGF19
subfamily members additionally play an importanteran systemic lipid and glucose
homeostasis. Here, the hepatic activity of the FGF&erves to prevent systemic
hyperlipidemia and-cholesterolemia. In summary,hbpatic FGFR4 seems to be a potential
target for intervention in systemic cholesterokkéicid, lipid and glucose metabolism (Huang
et al., 2007; Ishikawa and Fidge, 1979; Yu et 2002; Yu et al., 2000). Besides that, the
FGFR4 seems to be implicated in the progressiomephtocellular carcinoma. Surprisingly,
previous data implicate the FGFR4 as a tumor sggpreas well as a tumor promoting factor
(Desnoyers et al., 2008; Hu et al., 1995; Huang.e2008; Nicholes et al., 2002). To further
analyze the underlying mechanism by which the FGERydilates bile acid homeostasis and
liver carcinogenesis we aimed to investigate therattion partners of the murine FGFR4 in
liver. In order to address this question we finsteistigated the optimal conditions to study the
liver interactome of the FGFRA4. In the course oditthwe specifically focused on the
minimization of unspecific binders. As liver tissaghibits high protein content, a so called
“beads-only control” was not sufficient to excludk false positive results. For that reason,
we generated blocking peptides derived from trypigestion of the expressed FGFR4Ex-
GST construct in HEK293 cells. Although the WestBhot analysis displayed a high efficacy
of blocking the antibody—FGFR4 interaction, subsedumass spectrometry analysis
exhibited an unphysiological high number of intésas. That may be due to the fact that an
insufficient purification of the homemade FGFR4E%TGantibody resulted in remaining anti-
GST antibody that was additionally establishedH®y immunisized rabbit (C. Stadler, 2005).
This remaining GST-antibody in turn gets also bmtky the peptides as we used a mixture
derived from tryptic digest. Compared to the ing&nSILAC standard these proteins
subsequently appear to be upregulated althoughateepot interacting with the FGFR4. To
circumvent that problem we sequenced the obtaitecking peptides and synthezised over
20 blocking peptides to specifically block the aoty-FGFR4 interactions. However,
successsive Western Blot Analysis only displayetbva or no blocking efficacy of the
synthesized petides. As these tools were not powerfough to maximize the exclusion of
unspecific binders we decided to uUB&FR4 KO livers as a negative control to finally
determine the murine hepatic FGFR4 interactomed{iiprovided by Wallace L. McKeehan,
PhD, Center for Cancer and Stem Cell Biology, to&ti of Biosciences and Technology,
Texas, Houston, USA). By the use of tHBFR4 KOliver lysates we tremendously decreased
the amount of regulated potential FGFR4 interactipartners. Here, the enormous

upregulation of the FGFR4 and its co-receffiitotho demonstrated a proper experimental
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setup. Further, we identified a variety of so farkmown potential interaction partners.
Unfortunately, except the EGFR none of these ioteya partners was connected to tyrosine
kinase signaling or interaction with receptor tyneskinases so far. Interestingly, all these
potential interaction partners are involved in fiv@meostasis in the cholesterol- and lipid
metabolism. Haol oxidizes glycolate and glyoxymld@ecalcati et al., 2003). Scp2 plays an
important role in the intracellular movement of Esterol. In mice loss of Scp2 induces
alterations in the biliary lipid secretion and hepacholesterol metabolism (Fuchs et al.,
2001). Ftcd is suggested to control folic acid dimeetabolism (Bashour and Bloom, 1998).
Above that, Ftcd is overexpressed in hepatocellgcinoma (HCC) and is therefore
suggested to contribute to the diagnosis of eddgesHCC (Fuchs et al., 2001). Hmgcs2 is a
key regulator of keton body production in the livdt is known that Hmgcs2 is
transcriptionally regulated by c-myc and FKHRL1 f@aero et al., 2006; Nadal et al., 2002).
Among these potential interactors Haol and Scp@alisa stronger interaction to the FGFR4
Arg385 variant indicated by a higher ratio compa@the FGFR4 Gly385. As the FGFR4 is
known to be a critical modulator of these proces#les intracellular interaction of these
identified proteins with the FGFR4 is theoreticaitgaginable. Nevertheless, fundamental
follow-up experiments are necessary to firstly fhese proteins in context to the molecular
action of receptor tyrosine kinases. Further, titeraction of these proteins with the FGFR4
and their involvement in FGFR4-mediated signallimgs to be precisely elucidated. Co-
immunoprecipitation studies would provide firstigigs in the interaction with the FGFRA4.
Furthermore, interaction upon various stimuli inthg FGFR4 ligands and metabolic stimuli
would offer the possibility to investigate the ploysgy of these potential interaction partners
with the FGFR4. These experiments could be repeayethe use oFGFR4 KO mice to
investigate the same physiological interactionarim vivo context.

Next to these potential new interactors the mogtrésting and promising target is the
epidermal growth factor receptor itself. The EGF&wound to significantly interact with the
hepatic FGFR4 and furthermore displays a higheerattion to the FGFR4 Arg385.
Furthermore, several publications show that the EGE well as the FGFR4 are highly
implicated in liver physiology. Regarding liver tploliferation, published data present only
conflictive data so far. Here, the EGFR-RAS-MAPKKisais one of the most important
pathways for cell proliferation in liver (Llovet drBruix, 2008). Furthermore, although liver
specificEGFRKO induces no further phenotypes, mice lackinght@patic EGFR display an
increased mortality after partial hepatectomy iatity that the EGFR is indispensable for

proper liver regeneration (Natarajan et al., 200Ytontrast, the FGFR4 was not suggested to
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regulate cellularity of normal or regenerating tiee cell proliferation during response to liver
injury (Hu et al., 1995; Yu et al., 2000). Thaniswybe due to the fact that the FGFR4 plays a
rather supportive role by interacting with the EGRPontrarily, after injection of Carbon-
tetrachloride FGFR4deficieny accelerates liver injury and liver fisi® suggesting that the
FGFR4 may have a role in liver injury-induced regration (Yu et al., 2002). Interestingly,
liver injury induced by Carbon-Thetrachloride camreduced by the systemic administration
of EGF (Berlanga et al., 1998). These data im@idaith the EGFR as well as the FGFR4 in
the protection of liver injury. A double knockout looth EGFR andFGFR4 could give first
insights in their interplay regarding liver cellofiferation after a partial hepatectomy or liver
injury. In regulating liver metabolism the condital loss ofEGFRin prenatal murine livers
is known to result in decreased body weight. Isngly, mice lackingFGFR4 displayed
decreased glucose and insulin tolerance (Huanb, &087; Ishikawa and Fidge, 1979; Yu et
al., 2002; Yu et al., 2000). In hepatocellular @@ma (HCC), EGFR signalling is highly
implicated in the progression of HCC and the subggcmany ongoing clinical trials that
specifically target EGFR signalling (Llovet and Bru2008). Interestingly, mice ectopically
overexpressingfGF19, display hepatoma-like lesions and the inhibitad=GF19 by specific
antibodies is reported to contribute to tumor reidic(Desnoyers et al., 2008; Nicholes et al.,
2002). In contrast, mice deficient foFGFR4 display an accelerated DEN-induced
carcinogenesis and the restoration of FGFR4 ineseapoptosis in tumor cells suggesting a
tumor suppressive function in HCC (Huang et alQ&®0 Therefore, the impact of EGFR-
FGFR4 interaction on liver physiology, liver injumegeneration and cancer has to be further
elucidated.

In conclusion, the SILAC based MS-screen showsouarinew interaction partners of the
hepatic FGFR4. Besides that, these results indibaten vivo SILAC is a powerful tool to
get first insights into the interactom of a certpitotein; however, the data obtained wiith
vivo SILAC based mass-spectrometry has to be critiagtiymized with a special focus on
false positive interaction partners and has to uon¢hér critically confirmed by decisive
follow-up experiments.

In the pool of identified potential interaction paers, the EGFR displays the most interesting
and promising target in the elucidation of the roolar action of the FGFR4 and furthermore
it's Arg385/388 variant. This potential interactioshould be the subject of further
investigation in both liver homeostasis and camseprevious publications present antithetic
data. Furthermore, one should keep in mind thaafallementioned studies had no focus on

the FGFR4 Ag385allele, that possibly lead to another physiologmaput compared to the
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FGFR4 Gly385variant. Thereforein vivo studys with ou-GFR4 Arg385KI mice together
with EGFR knockout (Sibilia and Wagner, 1995) or timég-6 knockout mice (Ferby et al.,
2006), that lead to hyperactivated EGFR, couldlffindetermine the impact of theGFR4

Arg385 allele on the interplay with the EGFR and theimbinded impact on liver

physiology.
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6 Summary

In the first project, arin vitro transformation model should be established by stadle
reduction of p53 and Rb. So far, hunmarvitro transformation systems include the expression
of oncogenes, viral proteins or telomerase. Theaaipnlations display mostly inartificial
ways of oncogenesis. The stable knockdown of pB3Rimmimics the frequent and early loss
of these proteins in human cancer and should therdfe a natural model of carcinogenesis.
In primary human fibroblasts the loss of these tursoppressors induces characteristic
changes in their expression pattern based on thenge instability that occurs. These
changes result in an accelerated cell cycle, utdiiife span, loss of contact inhibition and
adherence independence. However, the neoplastisfdranation of NHDF was not malignant
enough to induce tumor growth in nude mice. Newess, this study suggests that the loss of
p53 and Rb in normal human primary cells can ses/@n accurate model of oncogenesis
with a special focus on genomic instability.

In the second project, the impact of th&éFR4 Arg388allele on tumor progressian vivo
was investigated. ThEGFR4 Arg388occurs frequently in the human population and has
been implicated in the progression of various cenda this study, generatédsFR4 Arg385

KI (corresponding to human codon 388) mice were etbssWAP-TGFr transgenics. The
development and progression of mammary tumors auobingmary metastases were
significantly increased iWAP-TGRr mice carrying thdFGFR4 Arg385allele. These data
were supported by accelerated cell survival andeasedn vitro transformation oFGFR4
Arg385 carrying MEFs. In transformed MEFs, the FGFR4 Af3romotes cancer cell
survival, migration and invasion. These results diestrate that th&GFR4 Arg388allele
qualifies as a prognostic marker for breast capagients and represents a prototypical drug
target for individualized cancer therapy developmen

In the last project, we aimed to investigate ttheractome of the FGFR# vitro andin vivo
and the differences regarding tR6&FR4 isotypes. Therefore, we performed SILAC based
mass spectrometry analysis on the MDA-MB-231 breaster cell line model established by
Bange et al. and on murine liver of dtGFR4 Arg385 Kimice.In vitro andin vivo we could
interestingly show that the EGFR is a strong irdgoa partner of the FGFR4 with a higher
affinity towards the FGFR4 Arg385/388allele and subsequent increased downstream
signalling. Furthermore, MDA-MB-231 cells expregsithne FGFR4 Arg388allele are more
sensitive to the EGFR inhibitor Gefitinib. Our dataggest that the FGFR4 Arg385/388-

EGFR signaling complex might account for the obsdraccelerated tumor progression in
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WAP-TGRr transgenic mice and highlights the prognostic vabfiethese two receptor

tyrosine kinases in breast cancer.
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7 Zusammenfassung

Im ersten Teil dieser Arbeit war es das Ziel eiliut@ires System zu etablieren in dem die
Karzinogenese priméarer Zellen verfolgt werden kardierbei sollte ein Model entwickelt
werden, dass sich so nah wie mdglich ohewivo Situation angleicht. Da bis heute keine
derartigen Modelle zur Verfiigung stehen, sollte di@nsformation primarer humaner
Fibroblasten durch den stabilénockdownder beiden Tumor Suppressoren p53 und Rb
erreicht werden. Die maligne Veranderung der mdiggan Fibroblasten wurde Uber die Zeit
mit Hilfe verschiedenster Experimente Uberprifteddi Fibroblasten zeigten genomische
Instabilitét, die zu einer Veranderung in ihrem &gressionsmuster fihrte. Dies wiederum
fuhrte zu zellularen Eigenschaften, die charalieok fir Krebszellen sind. Dazu zahlt der
Verlust der Kontaktinhibition wie auch die Fahigkehne Adherenz zu wachsen. Obwohl
kein Tumorwachstum dieser Fibroblasten in Nacktreéuseobachtete werden konnte, zeigt
dieses Model, dass es maglich ist, priméare Zellaeldden Verlust von p53 und Rb teilweise
zu transformieren. Daher kann die Veranderung efr@narzelle zur Krebszelle in einem
derartigen Modell vor allem bezuglich genomischnestdbilitat untersucht werden.

Im zweiten Projekt sollte der Einfluss dE&FR4 Arg388Alleles auf die Progression von
Brustkrebsn vivo untersucht werden. Diessingle nucleotide polymorphis(BNP) ist haufig
im menschlichen Genom zu finden wurde bereits eafirmit der Progression und einer
schlechten Prognose korreliert. In diesem Projekirden FGFR4 Arg385KI Mause
(entsprechend codon 388 im menschlichen Genom)agWdAP-TGRr Brustkrebsmodell
eingekreuzt. Sowohl die Progression des Primartanats auch die Metastasierung in die
Lunge waren signifikant erhéht wenn die Mause B&-R4 Arg385Allele trugen. Diese
Ergebnisse konnten durdh vitro Experimente unterstitzt werden. In MEEeh6ht der
FGFR4 Arg/Arg385 die Transformationsrate und das Uberleben der e@elhach
chemotherapeutischer Behandlung. Stabil transfotenleGFR4 Arg/Arg385MEFs zeigen
aulBerdem eine erhéhte Migration und Invasion. Dizsten zeigen, dass dB&FR4 Arg385
Allel zum einen ein geeigneter Marker fur die Progm von Brustkrebspatienten ist und zum
anderen auch ein Zielprotein fiir die Entwicklungzfischer Therapien darstellt.

Im letzten Teil der Arbeit sollte das InteraktomsdeGFR4 mittels SILAC basierender
Massenspektrometria vitro undin vivo untersucht werderin vitro wurde das von Bange et
al. etablierte MDA-MB-231 Brustkrebsmodell verwetda vivo die Lebern der generierten
FGFR4 Arg385 Kl Mause. In beiden Fallen konnte unter anderem H&FR als

Interaktionspartner identifiziert werden. In MDA-ME31 Zellen konnte weiterhin gezeigt
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werden, dass der EGFR eine héhere Affinitat zum RGRArg388 aufweilt und dadurch die
EGFR vermittelte Signaltransduktion erhéht wird.&udem zeigen MDA-MB-231 Zellen,
die FGFR4 Arg388 exprimieren, eine hdhere Sensitiegenuber Gefitinib. Unsere Daten
deuten darauf hin, dass der FGFR4 Arg385-EGFR &igmgplex die molekulare Erklarung

der erhéhten TumorprogressionWAP-TGRr transgenen Mause zu sein scheint.
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8 Appendix

8.1 Abbreviations

°C

A

ALT
Amp
APS
APS
Arg
ATCC
ATM
ATP
ATR
bp
BSA
CDK
cDNA
Chk2
c-jun
CYP7A
Da
DEN
DMEM
DMSO
DNA
dNTP
DTT

E
E.coli
e.g.
E2F
ECL
EDTA
EGF
EGFR
ELISA
Erk
ES-cells
et al.
FACS
FBS
FGF
FGFR
FITC
FRS2
FXR
G

g

degree celsius
Ampére
alternative mechanism of telomere lenghtening
Ampicillin
Ammoniumperoxodisulfat

amonium peroxodisulfat

Arginine

American type culture collection
for ataxia telangiectasia mutated
adenosin triphosphat

ataxia telangiectasia related

base pair

bovine serum albumin
cyclin-dependent kinase
complementary DNA

checkpoint kinase 2

Cellular homologue to v-jun (avian sarconray
Cholesterol-7alpha-hydroxylase
Dalton

Diethyl-nitrosamine

Dulbecco’s Modified Eagle Medium
Dimethylsulfoxid

desoxyribonucleic acid
Desoxyribonukleosidtriphosphat
Dithiorethiol

embryos on day

Escherichia coli

for example

elongation factor 2

Enhanced Chemical Luminescence
Ethylendiamin—N, N, N, N'-tetraacetat
epidermal growth factor

epidermal growth factor receptor
Enzyme linked Immunosorben Assay
extracellular signal-regulated kinase
embryonic stem cells

et alterum

fluorescence associated cell sorting
foetal bovine serum

fibroblast growth factor

fibroblast growth factor receptor
fluorescein isothiocyanate

FGF receptor substrate 2

farnesoid x receptor

Glycine

gramm
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Gabl
GFP
Gly
Grb2
GSH
GST

h
H2AX
HCC
HE
HEPES
HER
HPV
HRP
hTERT
ICH

lg

IP
JAK
JNK
kb

kd
kDa

Kl

KO

LB
LC-MS/MS
M
mAb
MAP
MAPK
MDM2
MEFs
min
miRNA
MMP
MMTV
MRNA
MW

n

neo
NHDF
ON

p

p53
PAGE
PBS
PCR
PD
PDGF
pH

Grb2-associated binder-1

green fluorescence protein
Glycine

Growth factor receptor binding protein 2
Glutathion
Glutathion-S-Transferase

hour

H2A histone family member X
human hepatocellualr carcinoma
Hemalaun-Eosin
N-(2-Hydroxyethyl)-piperazin-N‘-2-ethansulféure
humane EGFR

human papilloma virus

horese radish peroxidase

active subdomain of telomerase
immunohistochemistry
Immunoglobulin
immunoprecipitation
janus kinase

c-jun N-terminal kinase
Kilobasen

double-knockout

Kilodalton
knock in

knockout

.Luria Bertani“ media

liquid chromatography based mass spectigme
Molar

monoclonal antibody

mitogen activated protein
mitogen activated protein kinase
mouse double minute 2

mouse embryonic fibroblasts
minute

microRNA
Matrix-Metalloproteinase
mouse mammary tumor viras
messenger RNA (Boten-RNA)
molecular weight

nano

neomycin

normal human dermal fibroblasts
over night

pico

Tumor protein 53
Polyacrylamid-gelelectrophoresis
phosphate-buffered saline
polymerase chain reaction
population doubling
platelet-derived growth factor
negative decade logarithm of Ebncentration
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PH-Domane
Pl

Pl 3-Kinase
PLCy
PMSF
PTB
PTP(n)
PY
PymT

R

Raf

Ras

Rb
RFLP
RNA
RNase
rpm

RT
RTK(n)
RXR

scr

SDS
SDS-PAGE
sec

SH2
SHC
SHP-2
shRNA
SILAC
siRNA
SNP
Sos

Src

SS

Stat
SV40 LT
TA

TAE
Taq
TEMED
TGFu
™

Tris
Triton X-100
Tween 20
U

uv

\Y
VEGFR
wiv
WAP

Pleckstrin homology doamin
propidium iodid

Phosphatidylinositol 3-Kinase
Phospholipase €-
Phenylmethylsulfonyl-Fluorid
phosphotyrosine binding
Proteintyrosinphosphatases
Phosphotyrosin

Polyoma middle T
Arginine

Homologue to v-raf (murine sarcoma viral)
Homologue to v-ras (rat sarcoma viral oncogene)
retinoblastoma gene product

restriction lenght polymorphism
ribonucleic acid

Ribonuklease

rounds per minute

Raumtemperatur
receotor tyrosine kinases
retinoid X receptor

scrambled/mock transfected cells

sodium dodecyl sulfate

SDS Polyacrylamid Gelelektrophorese
second

3-Domain Src Homology 2, 3 Domain
SH2-domain containing

SH2-Domane containing Phosphatase 2
shot hairpin RNA
stable isotype labelling by amino acids itise
small interfering RNA

single nucleotide polymorphism

son of sevenless

Homologue to v-src (sarcoma viral oncogene)
single stranded

Signal transducer and activator of transaipti
papilloma simian virous 40 arge T antigen
annealing temperature
Tris-Acetat-EDTA

Thermus aquaticus

N, N, N, N*-Tetramethylethylendiamin
tranforming growth factor alpha
melting temperature
Tris(hydroxymethyl)aminomethan

4-(2°, 2°, 4°, 4 -Tetramethylbutylenyldecaethylenglycoether

Polyoxyethylensorbitanmonolaureat
Units
Ultraviolett
Volt

vascular endothelial growth factor receptor
weight/volume
whey acidic protein
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WB Western-Blot
WT Wildtype

o anti

u micro
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