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Abstract The Fibroblast Growth Factor (FGF) signaling

pathway is reported to stimulate glioblastoma (GBM)

growth. In this work we evaluated the effect of FGF2, FGF

receptor (FGFR), and small molecule inhibition on GBM

cells grown in traditional media, or cultured directly in stem-

cell media. These lines each expressed the FGFR1, FGFR3

and FGFR4 receptors. Addition of FGF2 ligand showed

significant growth stimulation in 8 of 10 cell lines. Disrup-

tion of FGF signaling by a neutralizing FGF2 monoclonal

antibody and FGFR1 suppression by RNA interference both

partially inhibited cell proliferation. Growth inhibition was

temporally correlated with a reduction in MAPK signaling.

A receptor tyrosine kinase inhibitor with known FGFR/

VEGFR activity, PD173074, showed reproducible growth

inhibition. Possible mechanisms of growth suppression by

PD173074 were implicated by reduced phosphorylation of

AKT and MAPK, known oncogenic signal transducers.

Subsequent reduction in the cyclin D1, cyclin D2 and CDK4

cell cycle regulators was also observed. Our results indicate

that FGF signaling pathway inhibition as a monotherapy will

slow, but not arrest growth of glioblastoma cells.
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Introduction

Despite modest increases in survival for glioblastoma

(GBM) patients, unfortunately the majority die within

2 years of diagnosis. Receptor tyrosine kinase (RTK)

genomic alterations are implicated in GBM growth and

have been investigated as therapeutic targets. The most

common altered RTK is the Epidermal Growth Factor

Receptor (EGFR). The vast majority of EGFR alterations in

GBM are by genomic amplification, which is observed on

average in about 32% of GBMs [1–3]. GBMs with EGFR

amplification commonly undergo gene rearrangement that

activates the gene further, with the most common rear-

rangement known as deltaEGFR or EGFRvIII [4, 5]. There

are other RTKs, such as platelet derived growth factor a
(PDGFRA) and MET that undergo gene amplification in

GBM, but at a low frequency [1–3]. Overall certain RTKs

are implicated by genomic alteration in GBM.

Altered expression of other RTKs, including the fibro-

blast growth factor receptors (FGFRs), have also been

implicated in GBMs. Increased expression of basic FGF

(bFGF) and acidic FGF (aFGF) have been detected in

malignant astrocytomas relative to normal brain [6–8],

parallel to the expression of the FGFR1 receptor and par-

ticularly in an alternative splice form FGFR1-b that is higher

in GBM compared with normal white matter [9, 10].

Recently, we have identified a very low incidence of FGFR1

point mutations in the tyrosine kinase domain in GBMs [11].

Although individually it is not clear the biological signifi-

cance of this low frequency of mutations in the growth of

GBMs, others have shown that suppression of bFGF [12] or
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FGFR1 [13] expression by antisense oligodeoxynucleotides

reduces GBM cell line growth. Taken together the evidence

suggests that inhibition of the FGF pathway may reduce

glioblastoma growth, and there is reason to further investi-

gate FGFR1 as a possible therapeutic target.

The purpose of the present study was to determine if

GBM growth, modeled by GBM stem-like cells and tradi-

tional cultures, is altered by disruption of the fibroblast

growth factor signaling pathway. We also sought to deter-

mine if a small molecule inhibitor of FGFR can inhibit

GBM cell growth and predict if this mode of inhibition has a

direct effect on the tumor cell. For this study we employed

traditionally cultured GBM cell lines and GBM stem-like

cell lines, also known as oncospheres or cancer neuro-

spheres. These stem-like cells are grown as suspension

clusters in stem cell media, and evidence indicates this type

of culture better maintains the phenotype and genotype of

primary tumors, compared to traditional cell lines [14].

We investigated the expression of FGFR proteins and

found that FGFR1, FGFR3 and FGFR4 but not FGFR2 were

expressed in GBM and GBM stem-like cells. Recombinant

human FGF2 showed growth stimulatory effect on GBM

cells whereas a neutralizing antibody against FGF2 and

siRNA against FGFR1 resulted in down-regulation of

FGFR1 expression and subsequent decreased proliferation.

Moreover, the small molecule inhibitor of FGFR/VEGFR,

PD173074, inhibited glioblastoma cell proliferation. A

possible mechanism of this inhibition is by suppressing the

PI3 Kinase/AKT and MAPK signaling pathways, which

leads to down regulation of cyclin D1, cyclin D2, CDK4 and

c-MYC.

Materials and methods

Cell lines and cell culture

The following glioblastoma and glioblastoma stem-like cell

lines used in this study included U87, D54, 898 (which

expresses EGFRvIII in a U87 background), 897 (the wild-

type EGFR expressing control for 898), D54E (which

expresses EGFRvIII in a D54 background), H392, 020913,

040622, 040922 and 060919 cell lines. 020913, 040622,

040922 stem-like cell lines [15] were kindly provided by

Angelo Vescovi whereas 060919 cell line was established

from surgical specimen of GBM patient in our laboratory by

GLG. These lines all form invasive intracranial tumors with

the same histopathological features of glioblastoma. Tra-

ditional glioblastoma cell lines were maintained as adherent

cultures in Dulbecco’s modified Eagle’s medium (DMEM,

Invitrogen) supplemented with 10% fetal bovine serum

(FBS) and 100 units/ml penicillin, 100 lg/ml streptomycin,

in humidified 5% CO2 at 37�C whereas glioblastoma stem-

like cell lines were cultured as suspension spheroids in stem/

progenitor cell media containing 20 ng/ml EGF (PeproTech

Inc.) and 10 ng/ml FGF (PeproTech Inc.) and 0.0004%

heparin (Stem Cell Technologies Inc.).

Growth factor, inhibitors, antibodies

Recombinant hFGF2 was purchased from PeproTech Inc.

Neutralizing antibody against FGF2, 3H3 mouse mono-

clonal antibody (3H3 MoAb mouse IgG class I) was

purchased from Takeda Chemical Inc. The FGFR inhibitor

SU5402 and the FGFR/VEGR inhibitor PD173074 were

purchased from Calbiochem. Inhibitors were dissolved in

dimethylsulfoxide (DMSO) at stock concentration of

10 mM and stored at -20�C until used. Antibodies used

for western blotting were as follows: FGFR1 (ab10646,

Abcam), FGFR2/Bek (sc-6930, Santa Cruz Biotechnol-

ogy), FGFR3 (sc-123, Santa Cruz Biotechnology), FGFR4

(sc-124, Santa Cruz Biotechnology), p44/42 MAP Kinase

(#4695, Cell Signaling Technology), phospho-p44/42 MAP

Kinase (#4377, Cell Signaling Technology), AKT (#9272,

Cell Signaling Technology), phospho-AKT (#9271, Cell

Signaling Technology), cyclin D1 (#2926, Cell Signaling

Technology), cyclin D2 (sc-181, Santa Cruz Biotechnol-

ogy), CDK4 (#2906, Cell Signaling Technology), c-MYC

(sc-764, Santa Cruz Biotechnology) and GAPDH (sc-

25778, Santa Cruz Biotechnology).

Cell proliferation assay

Cell proliferation was determined by using alamarBlue�

assays (Invitrogen). To determine the effect of FGF2 on cell

proliferation, cells (5 9 102/well) were seeded in black clear

bottom 96 well plates (Becton Dickinson) and incubated

overnight with serum-free media or growth factor-free stem

cell media. Recombinant hFGF2 was added at the designated

concentration followed by 20 ll of 19 alamar blue. The

volume in each well was raised to 200 ll with serum-free

media or growth factor-free stem cell media. After 72 h

incubation, fluorescence was measured on a Victor3 multi-

well plate reader (Perkin Elmer) with a 540 nm excitation

filter and a 590 nm emission filter. Experiments were per-

formed as three independent experiments, with six replicates

per experiment. To measure the effect of the neutralizing

monoclonal antibody against FGF2, and FGFR inhibitors on

cell proliferation, experiments were carried out as described

above, except in medium containing 10% FBS or in growth

factor containing stem cell media.

siRNA transfection

Cells (1.5 9 105) were plated 24 h before transfection.

Cells were transfected with the pre-designed FGFR1
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siRNA or non-targeting control siRNA (Dharmacon) at a

final concentration of 100 nM using Lipofectamine 2000

(Invitrogen) per the manufacturer’s instruction. After 24 h

of transfection, cells were plated and subjected to cell

proliferation assay as described above. The efficiency of

siRNA transfection was assessed using western blot after

72 h of transfection as described below.

Stable FGFR1 knockdown GBM cell line

A MissionTM TRC-Hs (Human) clone set of sequence-

verified shRNA lentiviral plasmid vectors against FGFR1,

TRCN00001212307-11, were obtained from the JHU High

Throughput Biology Center. VSV-G pseudotyped virus

was produced by co-transfecting 293T cells with a shRNA

transducing vector and two packaging vectors: psPAX2

and PMD2.G using Lipofectamine 2000 (Invitrogen).

Infectious virus was harvested at 36 and 48 h after trans-

fection and filtered through 0.22 micron pore size cellulose

acetate filter. The virus was concentrated by centrifuging

through a Millipore Centricon Plus-70.

U87 GBM cells (1 9 105) were plated in six well plates

(Falcon). After 24 h, 100 ll of concentrated virus was

added in DMEM containing 8 lg/ml polybrene. Cells were

incubated at 37�C and 5% CO2. Growth media was

replaced 24 h post-transduction. FGFR1 knockdown cells

were selected with 50 lg/ml puromycin. The efficiency of

shRNA transfection was assessed by western blot.

Apoptosis assays

Apoptosis assays were performed using the caspase-Glo�

3/7 assay (Promega) according to manufacturer’s instruc-

tions. Briefly, cells (2 9 103) were plated in 100 ll media

and incubated overnight. Then, drug was added at the

designed final concentration. After the cells were incubated

for 24 h the plates were removed from the incubator and

equilibrated to room temperature. Fifty microliter of cas-

pase-Glo� 3/7 reagent was added and mixed to each well,

followed by a 1 h incubation at room temperature. Lumi-

nescence was measured on a Victor3 multiwell plate reader

(Perkin Elmer) per the manufacturer instructions. Experi-

ments were performed twice with three replicates per

experiment.

Western blotting

Cells (2 9 105) were seeded in six well plates (Becton

Dickinson) overnight. The following day, cells were trea-

ted with 2 lM of PD173074. Cells were harvested at the

indicated times and protein lysates were prepared using

radioimmuno-precipitation assay (RIPA) buffer containing

19 Complete Mini Protease Inhibitor (Roche), 50 mM

NaF and 1 mM heat-activated Na3VO4. Protein extracts

were quantified using the Pierce BCATM Protein Assay Kit

(Pierce Biotechnology). Sixty micrograms of protein were

loaded onto NuPage� Novex 4–12% Bis-Tris gels (Invit-

rogen) using MES running buffer (Invitrogen) and blotted

onto PVDF membranes (Bio-Rad). Blots were stained with

the primary antibodies and GAPDH antibody was used as

an internal loading control. Appropriate horseradish per-

oxidase-conjugated secondary antibodies and SuperSignal

West Pico Chemiluminescent Substrate (Pierce Biotech-

nology) were used for chemiluminescent detection.

Statistic analysis

An independent samples t-test was used to detect signifi-

cant differences in proliferation between treated and

untreated control cells. All statistical tests were two-tailed.

A P-value of less than 0.05 was considered statistically

significant.

Results

Fibroblast growth factor receptor expression

The protein expression of four isoforms of FGFR genes

was analyzed by western blotting in six GBM traditional

adherent lines and four GBM stem-like cell lines. The cell

lines used for this study all clearly expressed FGFR1,

whereas FGFR2 protein was undetectable in any of the

examined cell lines (see Fig. 1a). The glioblastoma cell

lines also exhibited varying levels of FGFR3 and FGFR4

expression.

Growth stimulatory effect of FGF2

In order to determine the role of fibroblast growth factor

signaling pathway in GBM cell proliferation, the growth

stimulatory effect of FGF2 protein was analyzed under

serum or growth factor-starved condition. Recombinant

FGF2 showed significant growth-promoting effect in 8 out

of 10 GBM and GBM stem-like cell lines in a dose-

dependent manner except for 897 and 060919 cell lines

(Fig. 1b). However, at 100 ng/ml concentration of FGF2,

the result showed a growth inhibitory effect in some GBM

cell lines.

Disruption of fibroblast growth factor signaling

pathway suppresses GBM cell growth

To confirm whether fibroblast signaling pathway contrib-

utes to the growth of GBM and GBM stem-like cells, we

examined the effect of a neutralizing antibody against
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FGF2 on GBM cell proliferation. Anti-FGF2 IgG showed

an inhibitory effect on the proliferation of adherent (U87

and D54) and stem-like (020913) GBM cells (P \ 0.05)

compared to those with normal mouse IgG1 (Fig. 2a).

Furthermore, transient transfection of GBM cell lines

(D54 and H392) with FGFR1 siRNA reduced cell prolif-

eration in comparison to a scramble control (P \ 0.05,

Fig. 2b, c). Additionally, the effect of suppressing FGFR1

prevented GBM (D54) cell proliferation in response to

FGF2 stimulation (P \ 0.05, Fig. 2d). Stable FGFR1

knockdown also significantly reduced U87 cell growth

(Fig. 2e) which seems to be correlated with the inhibition

of MAPK but not the PI3 Kinase/AKT signaling pathway

(Fig. 2f).

Small molecules inhibitors of FGFR inhibited growth

We next sought to determine if known FGFR inhibitors

SU5402 and PD173074 [16, 17] would inhibit GBM and/or

GBM stem-like cell proliferation. Proliferation of both

GBM and GBM stem-like cells was slightly inhibited when

treated with 50 lM of SU5402 (data not shown). A sig-

nificant dose-dependent inhibition of growth was observed

in all the cells studied in the presence of PD173074, a

FGFR/VEGR inhibitor (Fig. 3a).

To test if PD173074 inhibited cell growth at least in part

by inducing apoptosis, we tested if mediators of apoptosis,

caspase 3/7, were induced. As shown in Fig. 3b apoptosis

was only slightly increased at the higher drug concentra-

tion of 10 lM in GBM (U87) and GBM stem-like cells

(020913).

The PI3 Kinase/AKT and MAPK signaling pathway are

suppressed by PD173074

To explore the molecular mechanism by which PD173074

inhibited GBM cell growth, we used western blotting with

phosphorylation specific antibodies to determine if the PI3

Kinase/AKT and MAPK pathways were altered. These

pathways are likely downstream signal transducers of the

FGFRs [18]. The level of phospho-AKT and phospho-p44/

42 MAPK was significantly reduced in both GBM (U87)

and the GBM stem-like cell line, 020913, following

PD173074 treatment. The down regulation of AKT and

p44/42 MAPK-phosphorylation appears to have resulted in

decreased expression of cell cycle regulation proteins
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Fig. 1 FGF2 stimulates GBM

cell growth. a Expression of

different FGFR family members

in GBM and GBM stem-like

cell lines determined by western

blotting. b Growth stimulatory

effect of FGF2 in GBM and

GBM stem-like cell lines. GBM

and GBM stem-like cell lines

were treated with FGF2 at the

indicated concentration, and cell

proliferation was determined by

using an alamarBlue assay. Fold

change in cell proliferation was

normalized to the untreated
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including cyclin D1, cyclin D2, CDK4 and the transcrip-

tion factor, c-MYC, respectively (Fig. 4).

Discussion

In this study we investigated how the growth of GBM and

GBM stem-like cells is altered by changes in fibroblast

growth factor signaling. We initially examined FGFR

expression in six traditional GBM and four GBM stem-like

cell lines and found that all cell lines studied express FGFR1,

FGFR3 and FGFR4, whereas FGFR2 protein was unde-

tectable in these cell lines. Previous studies [9, 19] have

shown that FGFR1 expression was absent or barely detect-

able in normal white matter but was significantly elevated

in malignant tumor. Conversely, FGFR2 expression was

abundant in normal white matter and in all low-grade

astrocytomas but was not seen in malignant astrocytomas

[9, 19]. The glioblastoma cell lines exhibited varying levels

of FGFR3 and FGFR4 expression which is also consistent

with a previous report [13].

We have confirmed the contribution of fibroblast growth

factor signaling pathway in GBM cell proliferation and

found that FGF2, the ligand which can activate any of the

FGF receptors, FGFR1-4 [20], showed growth-promoting

effect in all GBM and GBM stem-like cell lines in a dose-

dependent manner except 897 and 060919 cell lines. Pre-

sumably, FGF2 is acting on FGFR1, as FGFR2 is not

expressed, and inhibition of FGFR1 slows growth. At

100 ng/ml concentration of FGF2 stimulation, however,
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Fig. 2 Inhibition of FGFR1 decreases GBM cell growth. a The

inhibitory effect of anti-FGF2 on the growth of U87, D54 and 020913

cell lines. *, P \ 0.05 compared to cells treated with normal mouse

IgG. b Western blot analysis of D54 and H392 cell lines after

transfection with siRNA directed against FGFR1 or scramble control

siRNA. c Transfection of D54 and H392 cells with FGFR1 siRNA

reduced cell growth and d suppression of FGFR1 prevented GBM

(D54) cell proliferation even in the presence of FGF2 stimulation

(100 ng/ml). e Decreased cell growth is observed in U87 with a stable

FGFR1 knockdown using lentiviral infection, which is consistent with

transient FGFR1 knockdown. f FGFR1 stable knockdown inhibits

P44/42 MAPK, but not AKT phosphorylation. *, P \ 0.05 compared

to scramble control siRNA transfection
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there were some growth inhibitory effects in U87, 898 and

D54E cell lines, likely due to toxic effects of the higher

concentration. Although we found that FGF2 induces

growth in various GBM cell lines, FGF2 acted as a growth

inhibitor of Ewing’s sarcoma cells [21, 22], so it may play

a different role in different cancers. It is also important to

note that the oncosphere lines used in this study are nor-

mally grown already in the presence of FGF2.

Our further investigation showed that a neutralizing

antibody against FGF2 showed partial inhibition of GBM

(U87 and D54) and GBM stem-like (020913) cell prolifer-

ation (P \ 0.05) compared to those treated with normal

mouse IgG1. Furthermore, transient transfection of GBM

cell lines (D54 and H392) with FGFR1 siRNA significantly

reduced cell proliferation (P \ 0.05) in comparison to the

scramble control siRNA. The stable FGFR1 knockdown

with a lentiviral construct in the U87 cell line also showed

cell growth inhibition consistent with the transient knock

down. These results support the previous studies that inhib-

iting of the FGF pathway reduces GBM cell growth [13, 23].

The fact that FGF2 and the FGF pathway can stimulate

glioblastoma cell growth is not too surprising for those

investigators culturing stem-like cancer cells, because

FGF2, along with EGF, are the main recombinant growth

factors used in most formulations of neural ‘stem-cell’

media. It appears from our experiments that FGFR1

probably signals through the MAPK pathway, rather than

PI3 kinase/AKT pathway. However, activation and inter-

ference of FGF signaling pathway showed effects on GBM

cell proliferation that are small in magnitude suggesting

that this pathway is not alone in driving GBM cell growth.

Proliferation of the GBM cell lines was significantly

suppressed in the presence of the small molecule inhibitor

of FGFR/VEGFR, PD173074, whereas only a slight growth

inhibitory effect was observed in the presence of the FGFR

inhibitor SU5402 even at a 50 lM concentration. Higher

doses of PD173074 were required to inhibit the growth of

all of the cancer cell lines and it is possible that these

higher doses of PD173074 are acting on targets other than

FGFR. Although, PD173074 was found to be highly

selective for the FGF receptor with a nanomolar inhibitor

of FGFR1 and submicromolar inhibitor of VEGFR2, with

little effect against EGFR, InsR, MEK and PKC at con-

centration as high as 50 lM [17]. The other FGFR

inhibitor, SU5402 showed a very small effect on GBM cell

growth inhibition, which is consistent with its with higher

IC50 for FGFR1 tyrosine phosphorylation inhibition [16].

Inhibition of PD173074 through a FGFR1 target is

partially consistent with the findings that more specific

inhibition, such as with FGF2 antibody and FGFR1 siRNA,

similarly inhibits growth. Although PD173074 biochemi-

cally appears to be most specific for inhibiting FGFR, off-

target effects of the drug can not be excluded. The superior

inhibition of the small molecule compared to the antibody

or siRNA may be due to other important targets of inhi-

bition, a general toxicity of the drug, and/or a better ability

of the drug to reach the receptor and sustain inhibition.

The downstream molecular mechanism by which

PD173074 suppressed GBM cells appeared to be due to the

inhibition of the PI3 Kinase/AKT and MAPK signaling

pathways. This appears to have led also to decrease

expression of G1-S transition regulatory proteins that

included cyclin D1, cyclin D2, and CDK4. Although,

PD173074 initially induce cyclin D1 and cyclin D2

expression in the U87 line, after 8 h there was an overall

decrease in expression. The 020913 stem-like line showed

decreased cyclin expression initially and throughout treat-

ment. We also found that PD173074 caused a decrease of

c-MYC levels in the cell lines we examined, suggesting

that c-MYC might be involved in proliferation of these

cells, although this decrease came late in treatment after

48 h. The use of c-MYC to induce gliomas in transgenic

mice [24, 25], and its amplification in some GBMs suggest

c-MYC has an oncogenic role in GBMs.

Our results showed that cell growth inhibition, rather

than apoptosis, was the main mechanism by which

PD173074 inhibited cell proliferation in GBM and GBM

stem-like cells. Other investigators have recently found that

PD173074 inhibited breast cancer cell proliferation by

suppressing the PI3 Kinase/AKT and MAPK signaling

pathways as well as the down-regulation of D-type cyclins

[26]. This is similar to our results.

We conclude that the fibroblast signaling pathway can be

used by GBM cells to aid in increased growth. Inhibition of

this particular signaling pathway by anti-FGF2 antibody,

siRNA against FGFR1 and the PD173074 small molecule

inhibitor of FGFR/VEGFR produced a small but significant

growth inhibition of GBM cells in vitro. Our results suggest

that targeting the FGF signaling pathway may be a useful

approach for GBM therapy. However, the survival and

complete growth suppression of GBM cells did not depend

on the FGF signaling pathway alone; hence suppression of

FGF signaling by itself will likely not be sufficient to stop

tumor cell proliferation in patients. Therefore, other growth

stimulatory pathways that are essential for tumor cell via-

bility must be included for drug targeting in order to obtain

the best chances for a therapeutic response. Combined tar-

geting of GBMs might include the FGF pathway.
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