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Abstract
Fibroblast growth factor 5 (FGF5) is widely expressed in embryonic but scarcely in adult tissues.
Here we report simultaneous overexpression of FGF5 and its predominant high-affinity receptor
(FGFR1 IIIc) in astrocytic brain tumour specimens (N=49) and cell cultures (N=49). The levels of
both ligand and receptor increased with enhanced malignancy in vivo and in vitro. Furthermore,
secreted FGF5 protein was generally present in the supernatants of glioblastoma (GBM) cells.
siRNA-mediated FGF5 down-modulation reduced moderately but significantly GBM cell
proliferation while recombinant FGF5 (rFGF5) increased this parameter preferentially in cell lines
with low endogenous expression levels. Apoptosis induction by prolonged serum starvation was
significantly prevented by rFGF5. Moreover, tumour cell migration was distinctly stimulated by
rFGF5 but attenuated by FGF5 siRNA. Blockade of FGFR1-mediated signals by pharmacological
FGFR inhibitors or a dominant-negative FGFR1 IIIc protein inhibited GBM cell proliferation and/
or induced apoptotic cell death. Moreover, rFGF5 and supernatants of highly FGF5-positive GBM
cell lines specifically stimulated proliferation, migration and tube formation of human umbilical
vein endothelial cells. In summary, we demonstrate for the first time that FGF5 contributes to the
malignant progression of human astrocytic brain tumours by both autocrine and paracrine effects.
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Introduction
Fibroblast growth factors (FGFs) represent a family of homologous heparin-binding
polypeptides consisting a family of 22 members (McKeehan et al., 1998). FGFs regulate
growth, differentiation, survival and migration of a wide variety of cell types and have been
implicated in the development of several human neoplasms (Eswarakumar et al., 2005;
Grose and Dickson, 2005) including human primary brain tumours (Jensen, 1998; Todo et
al., 1998). FGF-mediated signals are predominantly transduced by interaction with four
transmembrane receptor tyrosine kinases (FGFR1–4). Based on alternative mRNA splicing,
FGFR1–3 are translated into a variety of different receptor molecules with altered ligand-
binding specificities (Eswarakumar et al., 2005; Grose and Dickson, 2005).

With respect to oncogenic activities, most studies have been performed on acidic and basic
FGF (FGF1 and FGF2 respectively) and the known proto-oncogenes FGF3 (INT-2) and
FGF4 (HST-1) (Grose and Dickson, 2005). However, also other FGF family members as for
example FGF7 (keratinocyte growth factor), FGF8, FGF9, FGF10 and FGF18 have been
linked to the development and/or progression of several tumour types (Galzie et al., 1997;
McKeehan et al., 1998; Grose and Dickson, 2005).

FGF5 was originally identified by Zhan et al. (1988) based on a screening approach for
transforming oncogenes. Subsequently, FGF5 was characterized as a regulator of the hair
growth cycle (Hebert et al., 1994; Suzuki et al., 1998, 2000; Taniguchi et al., 2003) leading
to an angora phenotype in knockout mice (Sundberg et al., 1997). FGF5 serves as a muscle-
derived trophic factor for motoneurons in the peripheral nervous system (Hughes et al.,
1993) and as a regulator of neuron differentiation and survival in the brain (Lindholm et al.,
1994). Moreover, FGF5 affects astroglial properties in vitro (Reuss et al., 2000), and shows
neurotrophic activity in vivo (Ozawa et al., 1998). While murine FGF5 is widely expressed
during embryogenesis, it is in large measure restricted to the central nervous system in adult
mice (Haub et al., 1990; Haub and Goldfarb, 1991). Human and murine FGF5 genes contain
consensus sequences for secretion and their translation is stringently controlled by several
upstream AUGs (Bates et al., 1991).

Malignant gliomas, including the most devastating type glioblastoma (GBM), are
characterized by local growth and aggressive infiltration of the normal brain. Consequently,
GBM is lethal within 1 year in the majority of patients. Several growth factors and their
respective receptors have been implicated in GBM development and progression including
most prominently the epidermal growth factor receptor and the platelet-derived growth
factor receptor (Puputti et al., 2006). With regard to the FGF/FGFR system, a correlation
between expression patterns of FGF2 and FGF9 as well as FGFR1 and FGFR4 and
enhanced malignancy of astrocytic brain tumours has been described (Morrison et al.,
1994b; Jensen, 1998; Todo et al., 1998; Yamada et al., 2002). In this study we demonstrate
that FGF5 is frequently overexpressed in human astrocytic brain tumours correlating with
increasing malignancy and suggest that FGF5 exerts autocrine and paracrine pro-
tumourigenic functions especially in human GBM.

Results
Overexpression of FGF5 in astrocytic brain tumour tissues and cell cultures

mRNA was obtained from tissue specimen and cell cultures of human astrocytic brain
tumours and non-malignant brain samples and analysed for FGF5 mRNA expression by
quantitative real-time RT–PCR. FGF5 mRNA levels were found to be significantly higher in
astrocytomas (N=14) and GBM (N=35) tissue specimens as compared to non-malignant
brain (epilepsy, N=10; schizophrenia, N=5; Figure 1a, upper panel). Correspondingly, FGF5
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mRNA was generally expressed in cell cultures established from astrocytic brain tumours
(representative reverse transcription (RT)–PCR examples are shown in Figure 1a, lower
panel). Despite a high variability in the expression levels, GBM-derived cell cultures (N=37)
contained significantly more FGF5 mRNA as compared to non-malignant brain (N=3) as
well as astrocytoma-derived cell cultures (N=12; Figure 1a, middle panel).

FGF5 and FGFR1 protein expression was detected by immunohistochemistry in formalin-
fixed tissue sections from astrocytoma and GBM. Representative examples of FGF5 and
FGFR1 immunostainings in astrocytoma II, III and GBM are shown in Figure 1c and the
mean quantitative score (QS)±s.d. for all investigated samples is given in Figure 1b. While
in the non-malignant brain FGF5 express is restricted to the neurons (Haub et al., 1990),
tumour cells emerged as the predominantly stained cell compartment with increasing
malignancy. In all cases endothelial cells of brain capillaries stained positively for FGF5 and
were used as internal references (set as 1). Enhanced levels of FGF5 were found in
anaplastic astrocytomas (AC III) and GBM as compared to low-grade astrocytomas (AC II).
While comparable amounts of FGF5 were found in AC III and GBM, FGFR1 expression
continuously increased throughout malignant progression (Figure 1b) corresponding to data
obtained by an earlier study (Morrison et al., 1994b).

With regard to GBM cell cultures, differing amounts of secreted FGF5 were detected in
culture supernatants by western blot (Figure 1d). In contrast, FGF5 was hardly found in total
cellular protein extracts (data not shown) arguing for a rapid secretion of the growth factor.
FGF5 and FGFR1 proteins in tumour cell lines were also detected by immunofluorescence
staining. Relatively weak but specific FGF5 immunoreactivity was found in the cytoplasm
of both U373 and MGC cells (Figure 1e) while FGFR1 was readily detectable on the surface
of U373 cells (Figure 1f).

Growth stimulation by exogenous FGF5
To investigate the effects of exogenous FGF5 (rFGF5) on the growth of GBM cells
expressing relatively low (T98G, U373) or high (MGC) FGF5 mRNA levels, the
recombinant growth factor was added to short-term serum-starved cell cultures. After 72 h,
the level of DNA synthesis was measured by [3H]-thymidine incorporation assay. rFGF5
significantly stimulated GBM cell proliferation in all three cell lines with different potency
(Figure 2a). While the effect was only weak in MGC cells producing high levels of
endogenous FGF5, DNA synthesis was distinctly enhanced in T98G and U373 cells
producing comparably low endogenous FGF5 expression.

Cell death rescue by exogenous FGF5
To determine the consequences of FGF5 on cell death induction by prolonged serum
starvation, GBM cells were maintained in medium without fetal calf serum (FCS) for an
extended period of time (6–8 days) leading to significant induction of apoptosis (around
50% of cells in the control group; data not shown). The impact of rFGF5 on this process was
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The number of cells surviving long-term starvation was significantly increased by the
presence of rFGF5 as representatively shown for MGC cells in Figure 2b.

Impact of endogenous FGF5 on tumour cell proliferation
To analyse the autocrine contribution of FGF5 to GBM cell growth, FGF5 siRNA
oligonucleotides were used. Figure 2c demonstrates the potent siRNA-mediated
downregulation of FGF5 expression at the level of mRNA (right panel) and protein (left
panel) representatively for LN140 cells. Downmodulation of FGF5 resulted in moderately
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but significantly reduced numbers of viable cells following a 72 h exposure in both GBM
cell lines tested (Figure 2d).

Impact of FGF5 on tumour cell migration
The impact of recombinant and endogenous FGF5 on GBM cell migration was tested by
transwell chamber assays. Two GBM cell lines were treated under serum-reduced conditions
(1% FCS) with rFGF5 for 12 h. Figure 3a depicts the number of those cells having migrated
through the pores to the lower side of the membrane or the lower chamber. In the case of
MGC cells, rFGF5 induced a dose-dependent increase of migration through the membrane
(up to 14-fold; Figure 3a, left panel). Generally, only a few MGC cells managed to move
through the culture medium to the lower chamber. On the contrary, T98G cells were able to
cross the membrane, float through the medium and re-attach to the bottom of the lower
chamber. Both processes were significantly stimulated by the presence of FGF5 (Figure 3a,
right panel).

To investigate the impact of endogenous FGF5 the migratory potential of GBM cells, we
knocked down FGF5 mRNA by siRNA. In both FGF5-positive cell lines tested, FGF5
inhibition significantly decreased the ability to migrate through the micropore membrane as
compared to cells treated with control siRNA (Figure 3b).

Blockade of FGFR-mediated signals in GBM cells
FGF5 signals are transduced predominantly through the FGFR1 receptor splice variant IIIc
(Ornitz et al., 1996). Expression of a dominant-negative (dn)FGFR1 IIIc/GFP (green
fluorescent protein) adenoviral construct caused specific blockade of FGFR1-mediated
signals (data not shown). Infection with dnFGFR1 IIIc/GFP virus resulted in distinct
apoptosis induction within 48–72 h in all GBM cell lines investigated (photomicrographs for
U373 are representatively shown in Figure 4a, upper panel). U373 and T98G cells were
significantly more sensitive than MGC cells (Figure 4a, lower panel). FGFR signal blockade
and subsequent cell death induction were accompanied by upregulation of p53 and cleavage
of caspase 7 as well as the caspase substrate poly(ADP-ribosyl)polymerase (PARP; Figure
4b).

Additionally, the effects of two pharmacological FGFR inhibitors on GBM cell proliferation
were tested by MTT assays. PD166866, an FGFR1 inhibitor (Panek et al., 1998), and the
general FGFR inhibitor SU5402 reduced significantly and dose dependently growth of
almost all GBM cell lines tested (Figure 4c).

Additionally, the impact of the FGFR1-specific inhibitor on the activity of the mitogen-
activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K) and JAK/STAT
pathways was investigated under serum-starved conditions. Residual phosphorylations of
extracellular signal-regulated kinase (ERK), S6 and STAT3 after 48 h serum starvation were
distinctly reduced in the presence of the FGFR1 inhibitor. Concomitant treatment with
rFGF5 was not able to recover downstream molecule phosphorylation in the presence of
PD166866 (Figure 4d).

Paracrine, neoangiogenic effects of FGF5
To analyse whether FGF5 exerts paracrine effects on endothelial cells, rFGF5 or conditioned
media of FGF-expressing GBM cell lines were added to human umbilical vein endothelial
cells (HUVEC). FGF5 exerted a dose-dependent, proliferative effect on endothelial cells
(Figure 5a, left panel), which was slightly weaker than the one exerted by the known
proangiogenic growth factor VEGF (vascular endothelial growth factor; Figure 5a, middle
panel). Co-administration of neutralizing FGF5 or VEGF antibodies led to a significant
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attenuation of the respective growth-promoting effects. Interestingly, the FGF5 antibody
reduced HUVEC proliferation even below control levels suggesting a contribution of
endogenously produced FGF5. To directly demonstrate angiogenic activity of tumour-
derived FGF5, culture supernatants obtained from the highly FGF5-expressing GBM cell
line MGC were used. Addition of MGC-conditioned medium significantly stimulated
growth of HUVEC (Figure 5a, right panel). Concomitant exposure to a neutralizing FGF5
antibody significantly decreased the pro-proliferative activity as did a VEGF-neutralizing
antibody.

To investigate the impact of rFGF5 on the migration potency, HUVEC were treated with
rFGF5, rVEGF or culture supernatants of MGC cells under serum-reduced conditions (1%
FCS). Both, rFGF5 and rVEGF led to a significant increase of the migratory ability of
HUVEC cells which could be specifically suppressed by the respective neutralizing
antibodies (Figure 5b). Also MGC cell-derived condition medium significantly stimulated
HUVEC migration up to about fourfold. This effect was markedly attenuated to <2-fold by a
neutralizing antibody against FGF5 comparable to the VEGF antibody (Figure 5b).

To examine the impact of FGF5 on endothelial cell differentiation, a tube formation assay
with HUVEC was performed (Figure 5c). rFGF5 increased tube lengths about twofold,
which was comparable to rVEGF (data not shown). Conditioned media obtained from MGC
cells had similar effects. Stimulating activities of both rFGFs and the GBM cell supernatant
were completely inhibited by the neutralizing FGF5 antibody (Figure 5c).

Discussion
In this study we present strong evidence that FGF5 exerts oncogenic activities in astrocytic
brain tumours by growth-, survival- and migration-promoting effects on tumour cells and by
supporting neoangiogenesis. Although originally identified as a transforming proto-
oncogene, the data on oncogenic functions of endogenously expressed FGF5 have been
relatively limited so far. Increased expression of FGF5 was associated with occurrence of
human pancreatic cancer (Kornmann et al., 1997, 2001) and FGF5 was identified as an
overexpressed antigen in multiple human adenocarcinomas (Hanada et al., 2001). Also the
predominant FGF5-binding FGFR1 variant IIIc (Reuss and von Bohlen und Halbach, 2003)
was found to be upregulated in various cancer types (Grose and Dickson, 2005), thus
generating the conditions for autocrine loops. These data together with our observations
indicate that the oncogenic potential of FGF5 might have been under-estimated so far.

Although FGF5 overexpression in astrocytic brain tumours is reported for the first time in
this study, several previous reports suggested oncogenic contributions of other FGF/FGFR
molecules to this tumour type. For instance elevated levels of FGF1, FGF2 and FGFR1 were
shown in human gliomas (Morrison et al., 1994a, b). Furthermore, FGF2 stimulated
proliferation of GBM cells (Engebraaten et al., 1993). Similar effects have also been
observed in case of FGF9, a factor frequently overexpressed in GBM (Todo et al., 1998).
Several publications of the Stachowiak group have indicated an oncogenic function of
nuclear FGF2 and FGFR1 molecules (reviewed in Stachowiak et al., 1996).

In the astrocytic brain tumour panel analysed in this study, FGF5 expression increased with
malignant progression. Nevertheless, surgery samples and short-term cell cultures of non-
malignant brain tissues were not completely devoid of FGF5 mRNA expression. This is in
accordance with previous studies, demonstrating brain residence of FGF5 (Haub et al., 1990;
Reuss and von Bohlen und Halbach, 2003). However in the normal rat brain, FGF5 mRNA
(Gomez-Pinilla and Cotman, 1993) is primarily located in the neurons. Nevertheless, FGF5
functions not only as a regulator of neuron differentiation and survival (Lindholm et al.,
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1994), but also as a paracrine modulator of astroglial properties including gap junctions
(Reuss et al., 2000) and expression of glial fibrillary acidic protein (Reuss et al., 2003). In
contrast to normal astrocytes (Gomez-Pinilla and Cotman, 1993), we found strong FGF5
expression during malignant progression of astrocytes. The reason for activation of FGF5
expression in malignant astrocytes is currently speculative and the subject of ongoing
investigations. An in silico analysis of the FGF5 promoter revealed presence of several
binding sites for transcription factors activated in GBM including HIF1α and Smad3 (data
not shown). FGF5 is frequently expressed in embryonic tissues and has been recently
described as a stem cell marker (Pelton et al., 2002). Consequently, upregulation during
malignant progression might reflect dedifferentiation and acquisition of stem cell-like
properties.

rFGF5 simulated GBM cell growth only moderately as compared to stronger effects on
migration and survival. Reciprocally, knockdown of endogenous FGF5 by siRNA resulted
in significant but moderate growth inhibition in contrast to a severe impact on GBM cell
migration. This suggests that autocrine FGF5 is predominantly a survival and migration
factor for GBM cells. These observations correspond to a rapid activation of FGF5
expression in GBM cells following serum starvation (manuscript in preparation).

In addition to autocrine effects, we present evidence that FGF5 supports neoangiogenesis in
astrocytic brain tumours by promoting growth, migration and differentiation of endothelial
cells. GBM is a tumour entity characterized by extreme endothelial hyperproliferation
(Kargiotis et al., 2006). Besides VEGF, PDGF and others, also FGF1 and FGF2 have been
implicated in glioma neoangiogenesis (Kargiotis et al., 2006). Here we add FGF5 as an
additional player contributing to the pro-angiogenic characteristics of GBM. Moreover,
FGFR1 IIIc, representing the major FGF5 receptor, is the predominant FGFR splice variant
in endothelial cells (Antoine et al., 2005). While FGF1 and FGF2 lack a signal peptide for
secretion, FGF5 is readily secreted. This implicates that FGF5 might cooperate with other
FGFs to support glioma tissue neoangiogenesis.

As our data and previous studies (Morrison et al., 1994a; Stachowiak et al., 1996) suggest a
significant contribution of FGFR1-mediated signals to malignant growth of GBM, this
receptor tyrosine kinase might represent a promising therapy target in GBM. Indeed,
inhibition of FGFR by small molecule inhibitors attenuated growth and survival of GMB
cell lines. As the specificity of small molecule inhibitors is generally questionable (Carter et
al., 2005; Rix et al., 2007), we also performed experiments with a dominant-negative
receptor molecule. Infection of GBM cells with dnFGFR1 IIIc/GFP adenovirus resulted in
massive cell death accompanied by induction of p53 and cleavage of caspase substrates. The
stronger effects of dnFGFR1 IIIc/GFP as compared to FGF5 siRNA can be well explained
by the expression of additional FGFR ligands in GBM cells (Joy et al., 1997; Todo et al.,
1998). Accordingly, the more potent apoptosis induction of the dnFGFR1 molecule as
compared to small molecule inhibitors might be based on inhibition of ligand-independent
functions of FGFR in cell adhesion (Cavallaro et al., 2001). Indeed, expression of dnFGFR1
IIIc/GFP induced rapid detachment of GBM cells from the culture plastic. Consequently,
cells might die via anoikis, a specific form of apoptosis also induced by PI3K pathway
blockade of GBM cells (Davies et al., 1998).

In summary, our data indicate that FGF5 is an oncogenic and neoangiogenic growth factor
contributing to astrocytic brain tumour progression. Together with previous reports on
oncogenic functions of other FGF/FGFR molecules (Morrison et al., 1994a; Stachowiak et
al., 1996), our study strongly suggests this growth factor system as a promising target for
therapeutic interventions in human GBM.
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Materials and methods
Patient material

Tissue specimens were obtained from astrocytic brain tumour patients treated by surgery at
the Wagner Jauregg Hospital, Linz. Additionally, non-malignant brain tissue samples from
schizophrenia or epilepsy patients were derived from the Wagner Jauregg Hospital, Linz and
the Department of Neurosurgery, Medical University, Vienna. All patients had given
informed consent for this investigation.

Cell cultures
U373 and T98G GBM cells were obtained from the American Type Culture Collection
(Manassas, VA, USA). MGC cells were kindly provided by Dr Kurata (Tokyo, Japan) and
LN140 by Dr Tribolet (Lausanne, Switzerland). Additionally, cell cultures were established
from 3 epileptic brain samples, 12 astrocytomas and 33 GBM surgery specimens as
described (Spiegl-Kreinecker et al., 2007). HUVEC were isolated and cultured as described
(Jaffe et al., 1973) (Cambrex, East Rutherford, NJ, USA). All cell cultures were periodically
checked for Mycoplasma contamination (Mycoplasma Stain Kit; Sigma, St Louis, MO,
USA).

Reagents
Recombinant FGF5 was obtained from Strathmann Biotec AG (Hamburg, Germany). The
FGFR1-specific inhibitor PD166866 (Panek et al., 1998) was generously supplied by Pfizer
Global Research and Development (Groton, CT, USA), the pan-FGFR inhibitor SU5402
obtained from Calbiochem (La Jolla, CA, USA). All other reagents were obtained from
Sigma. The expression vector pcHisCtrFGFR, encoding a kinase-truncated dnFGFR1-IIIc
(Zhang et al., 1998), was kindly provided by Dr Francis Kern (Georgetown University
Medical Center, Washington, DC, USA). The truncated FGFR1 was tagged at the C
terminus with enhanced green fluorescent protein (EGFP) by insertion into pEGFP-N3
(Clontech, Mountain View, CA, USA) to generate a dnFGFR1-IIIc/GFP protein chimera.
The adenoviral expression vector was created using pAdEasy-1 (Stratagene, La Jolla, CA,
USA) and shuttle vector pShuttle-cytomegalovirus (Stratagene). An EGFP adenoviral
expression vector was used as control (Steiner et al., 2006). Virus titres were determined by
Adeno-X Rapid Titer Kit (Clontech) and by GFP fluorescence-activated cell sorting (FACS)
analyses (FACScalibur; BD Biosciences, Franklin Lakes, NJ, USA).

Real-time RT-PCR and RT–PCR
Total RNA was isolated using Trifast (PeqLab Biotechnologie, Erlangen, Germany) and
cDNA synthesized as published (Berger et al., 1999). The expression of FGF5 and β-2
microglobulin mRNA was quantified by real-time RT-PCR using TaqMan assays (Applied
Biosystems, Foster City, CA, USA). Quantification of gene expression was calculated by a
standard curve method using β-2 microglobulin for normalization. Selected cDNA samples
were additionally investigated by RT–PCR as described (Brachner et al., 2006).
Oligonucleotide primer sequences were for FGF5 sense 5′-
CCCGGATGGCAAAGTCAATGG-3′ and anti-sense 5′-
TTCAGGGCAACATACCACTCCCG-3′. Amplifications were done for 40 and 35 cycles,
respectively. Amplification of β-actin (sense 5′-CTCCTTAATGTCACGCACGATTTC-3′,
anti-sense 5′-GTGGGGCGCCCCAGGCACCA-3′) was terminated after 25 cycles. Cycles
consisted of 30 s denaturation at 94 °C, 50 s annealing at 60 °C and 40s extensionat 72 °C.
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Immunohistochemistry and immunofluorescence
Tissue sections were prepared and immunostained as described previously (Berger et al.,
2005) using goat polyclonal FGF5 (AF-237-NA; R&D Systems, Minneapolis, MN, USA)
and rabbit polyclonal FGFR1 antibodies (sc-121; Santa Cruz Biotechnology, Santa Cruz,
CA, USA; 1:100, both). Staining was evaluated independently by two of the authors (SA
and WB). Tumour cell staining intensity was evaluated in relation to the endothelial cells
(which stained weakly positive in all cases analysed) and graded: 0.5=below endothelial
cells; 1=resembling endothelial cells; 2=stronger than endothelial cells and 3=very strong
staining. In case of different subgroups of tumour cells with different grading, the
percentage of the cells in the respective group was counted. For each specimen the QS was
calculated by the equation: Σ(grading × respective percentage of cells)/100.

For immunofluorescence staining cells were grown in chamber slides and processed as
published (Steiner et al., 2006). Fixation was 10 min in either cold acetone/methanol (1:1) or
1 h in 3.6% formalin/phosphate-buffered saline (PBS) followed by 0.5% Triton X/PBS (5
min) for FGFR1 and FGF5 respectively. Primary antibodies were used at dilution 1:100 and
secondary immunoglobulin G (Sigma) at 1:250. In all cases, controls without or with
isotype-specific control antibodies instead of the first antibody (Sigma) were used.

Cell proliferation and cell death rescue assays
Cells (4×103 per well) were seeded into 96-well plates. After 24 h, cells were serum-starved
for 48 h followed by stimulation with rFGF5 for 3 days. At this time point cell death
induction was in all cases below 5% as determined by Trypan blue exclusion. DNA
synthesis was determined by [3H]-thymidine incorporation assay as published (Heffeter et
al., 2006). For cell death rescue analysis, cells were serum starved with and without rFGF5
for an extended time period (6–8 days) until substantial cell death (around 50% dead cells
determined by Trypan blue exclusion) occurred in the control group without FGF5. Cell
viability was assessed by MTT assay (EZ4U; Biomedica, Vienna, Austria).

Protein isolation and western blotting
Cellular proteins were extracted and processed for western blotting as described (Steiner et
al., 2006). For preparation of secreted proteins, cells were seeded at a density of 1×106 cells
per 25 cm2 flask. After 24 h, growth medium was changed to serum-free conditions and 48 h
later supernatants were collected. Proteins were precipitated by acetone and directly applied
to SDS–polyacrylamide gel electrophoresis. Western blots were performed with the
following antibodies: phospho-S6 ribosomal protein (Ser240/244), S6, phospho-p44/42
MAPK (Thr202/Tyr204), p44/42 MAPK, phospho-STAT3 (Tyr705), STAT3, PARP,
cleaved caspase 7, caspase 7 (all polyclonal rabbit contained in the respective sampler kits
from Cell Signaling Technology, Beverly, MA, USA); p53 monoclonal mouse DO-1
(Neomarkers, CA, USA); goat polyclonal FGF5 (AF-237-NA; R&D Systems), β-actin
monoclonal mouse AC-15 (Sigma).

Migration assays
Migration assays were performed in transwell chambers using 8 μm pore-size PET track-
etched membranes (BD Biosciences) in 24-well plates. Cells were seeded at a density of 1×
105 cells cm−2. After a migration period of 12 h for GBM cells and 24 h for HUVEC, cells
on the lower membrane surface and on the bottom of the lower chamber were stained with
crystal violet and counted microscopically.
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Knockdown of FGF5 expression
To knock down endogenous FGF5 expression, 2×105 cells were seeded into 6-well plates.
After 24 h, cells were transfected with 8.25 μlml−1 ExGen 500 transfection reagent
(Fermentas, Burlington, Canada) containing 100 pmol of the most effective FGF5 siRNA
oligonucleotide (for MGC cells: no. 2824, for LN140 cells: no. 146518; for U373 cells: no.
2824 and no. 146518 mixed at a 1:1 ratio, Ambion, Austin, TX, USA) per well in culture
medium without FCS. GAPDH siRNA was used as a control. After 48 h total RNA and
proteins were isolated.

Dominant-negative FGFR1 IIIc expression in GBM cells
Cells were seeded at a density of 2×105 per well into 6-well plates containing 10% FCS,
followed by dnFGFR1 IIIc/GFP adenoviral infection at multiplicity of infections between 34
and 200. A respective GFP adenovirus was used as control at concentrations yielding
comparable proportions of green fluorescent cells as determined by FACS analyses. Viable
and dead cells were counted by Trypan blue exclusion assay 2 days after transfection.

Cell proliferation and tube formation assay with HUVEC
HUVEC were seeded into 96-well plates (2×103 cells per well) coated with human
fibronectin (Chemicon, Hampshire, UK). After 24 h growth in standard culture medium, the
cells were serum starved for 24 h, then stimulated with rFGF5, rVEGF or conditioned media
obtained from GBM cell cultures. For neutralization of rFGF5 or tumour cell-derived FGF5
or VEGF in the supernatants, neutralizing antibodies (AF-237-NA for FGF5: 2 μgml−1,
MAb293 for VEGF: 1 μgml−1; R&D Systems) were used. Live cells were assessed by MTT
assays after 48 h exposure. For tube formation assays, HUVEC were serum starved for 48 h.
Cells (1.5×104 cells per well in 75 μl starvation medium) were seeded into 96-well plates
coated with 50 μl growth factor-reduced matrigel (BD Biosciences). rFGF5 (1 ng ml−1),
rVEGF (1 ng ml−1) or conditioned media (20 μl) were added and after 6 h tube lengths were
quantified from digitized photo-micrographs using ImageJ software (freeware, NIH,
Bethesda, ML, USA).
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Figure 1.
Expression of fibroblast growth factor 5 (FGF5) and FGFR1 in astrocytic brain tumour
specimens and cell cultures. (a) FGF5 mRNA expression in tissue specimens (upper panel)
and cell cultures (middle panel) was quantified by real-time RT-PCR. FGF5 mRNA
expression was normalized to the housekeeping gene β-2 microglobulin. Data are given
relative to an internal control (the GBM cell line MGC) included in all experiments and set
arbitrarily as 1. Means are indicated by horizontal bars. (Lower panel) Representative
examples of FGF5 and β-actin reverse transcription (RT)–PCR products amplified from the
indicated tissue specimens are shown. NM, non-malignant brain; AC II, low-grade
astrocytoma; AC III, anaplastic astrocytoma; GBM, glioblastoma. (b) Formalin-fixed,
paraffin-embedded tissue specimens from AC II, AC III and GBM were immunostained
using FGF5- and FGFR1-specific antibodies. Staining was evaluated as described under
‘Materials and methods’ and results given as quantitative scores (QS, means±s.d.) of all
samples analysed. Significant differences are indicated (Student’s t-test, *P<0.05;
***P<0.0001). (c) Examples of FGF5 and FGFR1 immunohistochemical stainings in the
indicated tissue specimens are shown. (d) FGF5 secretion by selected GBM cell lines was
investigated by western blots. Serum-free culture medium (CM) and medium spiked with
150 ng ml−1 rFGF5 (rFGF5) were used as controls. (e, f) Immunofluorescence staining of
FGF5 (e) and FGFR1 (f) was performed in the indicated GBM cell lines grown on chamber
slides. DAPI (46-diamidino-2-phenyl indole) was used for staining of DNA. For control
purposes, primary antibodies were either omitted (control panels) or replaced by isotype-
specific unrelated control antibodies (data not shown).
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Figure 2.
Effects of fibroblast growth factor 5 (FGF5) on growth and survival of human glioblastoma
(GBM) cells. (a) Mitogenic effects of FGF5 were determined by treating the indicated GBM
cell lines (after 48 h of serum starvation) for 72 h with increasing concentrations of rFGF5.
DNA synthesis was measured by [3H]-thymidine incorporation assays and data are given
relatively to serum-starved controls. (b) Cell death rescue effects of exogenous FGF5 were
determined in MGC cells serum starved for 8 days (leading to around 50% cell death in the
control group). The impact of increasing concentrations of rFGF5 on cell survival was
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
and data are given relatively to the control group without growth factor addition. (c)
Downmodulation of endogenous FGF5 expression was performed using siRNA
oligonucleotides as described in ‘Materials and methods’ and efficacy was determined after
72 h by western blot (left panel) and real-time PCR (right panel). Data for LN140 cells are
shown representatively. (d) The indicated GBM cell lines were transfected with FGF5 or
control siRNA, cultured for 72 h and analysed by MTT assay. Data are given relative to
uninfected controls. Experiments were performed at least three times in triplicates.
Significant differences are indicated as follows: Student’s t-test, *P<0.05; **P<0.01
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Figure 3.
Effects of fibroblast growth factor 5 (FGF5) on the migratory potential of human
glioblastoma (GBM) cells. (a) GBM cell migration in culture medium containing 1% fetal
calf serum (FCS) without and with rFGF5 at the indicated concentrations was studied by
transwell chamber assays. After a migration period of 12 h, cells at the lower side of the
membranes and in the lower chambers were fixed and counted microscopically. Data are
given relative to the 1% FCS control without FGF5 set as 1. At least two experiments were
performed delivering comparable results. (b) Migration ability of GBM cells treated with
FGF5 or control siRNA was determined as described under (a). Data are shown relative to
uninfected controls. Three experiments were performed and significant differences are
indicated as follows: Student’s t-test, **P<0.01.
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Figure 4.
Blockade of FGFR1-mediated signal transduction in glioblastoma (GBM) cells. (a) Effects
of a dnFGFR1 IIIc/GFP adenovirus on the survival of GBM cell lines were evaluated
microscopically. Phase-contrast and fluorescence photomicrographs of U373 cells infected
with the dnFGFR1 IIIc/GFP as compared to the green fluorescent protein (GFP) control
adenovirus are shown representatively (upper panel). The number of dead cells induced by
infection with the indicated adenoviruses was determined after 48 h by Trypan blue
exclusion assay (lower panel). (b) The impact of infection with the indicated adenoviruses
on p53 expression and caspase substrate cleavage (poly(ADP-ribosyl)polymerase (PARP),
caspase 7) is representatively shown for U373 cells. Proteins were isolated 48 h after
infection. (c) Effects of a 72 h exposure to the specific FGFR1 inhibitor PD166866 (left
panel) and the general FGFR inhibitor SU5402 (right panel) on viability of GBM cell lines
were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay performed at least three times in triplicates. (d) The impact of PD166866 on
phosphorylation of extracellular signal-regulated kinase (ERK), S6, and STAT3 in serum-
starved MGC cells stimulated with recombinant fibroblast growth factor 5 (rFGF5, 30 min)
was determined by western blot.
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Figure 5.
Impact of recombinant and glioblastoma (GBM) cell-derived fibroblast growth factor 5
(FGF5) on human umbilical vein endothelial cells (HUVEC). (a) Effects of rFGF5 (left
panel) as compared to rVEGF (middle panel) at the indicated concentrations and the
respective neutralizing antibodies (Abs) on HUVEC growth were measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Additionally, HUVEC
were exposed to culture supernatants (SN) of highly FGF5-positive MGC cells with and
without antibody for FGF5 and vascular endothelial growth factor (VEGF, right panel). (b)
The effects of FGF5, VEGF and MGC-conditioned medium (24 h exposure) with and
without blocking antibodies on HUVEC migration were studied by micropore transwell
chamber assays. To investigate a possible cross-reactivity of the neutralizing antibody,
rFGF5 was combined with VEGF antibody. Cells at the lower side of the membranes were
counted and data are given relative to the control (1% fetal calf serum, FCS). (c) HUVEC
were suspended in matrigel and tube formation was induced with rFGF5 as well as with SN
of MGC cells at the indicated dilutions with and without FGF5 blocking antibody. Tube
formation was quantified as described in ‘Materials and methods’ and means±s.d. of at least
three experiments are given. Significant differences to controls are indicated as follows:
Student’s t-test, *P<0.05; **P<0.01; ***P<0.0001. In case of the antibody-containing
groups ( + Ab) in panels a–c, the statistical comparison was performed to the respective
groups without antibody.
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