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Abstract
Recent studies suggest a potential role of lipid lowering drugs, fibrates and statins, in anticancer
treatment. One candidate for tumor chemoprevention is fenofibrate, which is a potent agonist of
peroxisome proliferator activated receptor alpha (PPARα). Our results demonstrate elevated
expression of PPARα in the nuclei of neoplatic cells in 12 out of 13 cases of medulloblastoma, and
of PPARc in six out of 13 cases. Further analysis demonstrated that aggressive mouse
medulloblastoma cells, BsB8, express PPARα in the absence PPARγ, and human
medulloblastoma cells, D384 and Daoy, express both PPARα and PPARγ. Mouse and human cells
responded to fenofibrate by a significant increase of PPAR-mediated transcriptional activity, and
by a gradual accumulation of cells in G1 and G2/M phase of the cell cycle, leading to the
inhibition of cell proliferation and elevated apoptosis. Preincubation of BsB8 cells with fenofibrate
attenuated IGF-I-induced IRS-1, Akt, ERKs and GSK3β phosphorylation, and inhibited
clonogenic growth. In Daoy and D384 cells, fenofibrate also inhibited IGF-I-mediated growth
responses, and simultaneous delivery of fenofibrate with low dose of the IGF-IR inhibitor, NVP-
AEW541, completely abolished their clonogenic growth and survival. These results indicate a
strong supportive role of fenofibrate in chemoprevention against IGF-I-induced growth responses
in medulloblastoma.
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Medulloblastomas are highly malignant cerebellar tumors of the childhood, which originate
from the external granule layer of the cerebellum and have an inherent tendency to spread in
the CNS via cerebrospinal fluid. Medulloblastomas are characterized by a large number of
genetic and epigenetic aberrations.1 Among them, overexpression of insulin-like growth
factor receptor (IGF-IR), and insulin receptor substrate 1 (IRS-1) are frequently seen in
these tumors.1–5 The IGF-IR is a membrane-associated tyrosine kinase capable of
mediating a variety of biological responses including cell survival and cell proliferation.6,7
In the cerebellum, the IGF-IR has been shown in the granule cell layer and in Purkinje cells,
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and IGF-I protected cultures of cerebellar neurons from low potassium induced apoptosis.
8,9 In medulloblastoma, the IGF-IR signaling system has been investigated quite
intensively.4,10 Resent results from our laboratory demonstrate that medulloblastoma cell
lines and medulloblastoma biopsies are characterized by an abundant presence of the IGF-
IR, and its major signaling molecule, IRS-1.2,3 Importantly, we have detected the
phosphorylated form of the IGF-IR (active) in the majority of medulloblastoma clinical
samples examined.2 In addition, growth and survival of medulloblastoma cell lines cultured
in suspension was strongly dependent on the presence of exogenous IGF-I.2,3 The low-
molecular-weight inhibitor of the IGF-IR, NVP-AEW541, is one of the most effective
inhibitors of the growth of medulloblastoma cells and induces massive apoptosis in
suspension cultures of mouse and human medulloblastoma cell lines.11 We have therefore
searched for an additional therapeutic target, which when combined with NVP-AEW541
could enhance the efficacy and decries toxicity the chemotherapy against medulloblastoma.
Previous work in our laboratory indicate that PPARs agonists might serve as the additional
agents, because they are known to affect both insulin receptor and IGF-I receptor signaling
pathways,12,13 and are characterized by relatively low toxicity.14,15 PPARs are nuclear
receptors, which belong to the superfamily of steroid hormone receptors.16 Their
transcriptional activity after ligand activation is associated with the formation of
heterodimers with the retinoid X receptors and binding to the specific DNA sequences.17 To
date, three types of PPARs have been identified: PPARα, PPARβ and PPARγ. In the
cerebellum all three cellular layers: the molecular, Purkinje cells and granule neurons,
express PPARs.18,19 Recent reports indicate that activation of PPARα by fenofibrate
attenuates clonogenic growth and migration of melanoma cell lines.14,15 Interestingly,
fenofibrate has been widely used to lower plasma levels of triglycerides and cholesterol, to
improve LDL:HDL ratio, and to prevent the development of arteriosclerosis mainly through
regulation of apolipoprotein expression.20 Fenofibrate is also a potent ligand for PPARα,
which has been originally discovered as a regulator of glucose and lipid metabolism, with
potential anticancer properties.14,15 Since PPARs have not been studied in
medulloblastomas, we attempted to ask whether their activation could repress malignant
growth of these cerebellar tumors. Our results show elevated levels of PPARα and PPARγ in
medulloblastoma clinical samples (Fig. 1), and in mouse and human medulloblastoma cell
lines (Fig. 2). We have determined also that BsB8 mouse medulloblastoma cells express
exclusively PPARα, and that D384 and Daoy human medulloblastoma cells express both
PPARα and PPARγ. Mouse and human medulloblastoma cells responded to fenofibrate by a
gradual withdrawal from the cell cycle at early time points after the treatment, which
resulted in almost complete inhibition of cell proliferation and induction of apoptosis at later
time points (after 72 hr). Fenofibrate attenuated IGF-I-induced phosphorylation events,
which was accompanied by a severe retardation of their clonogenic growth. Although in
human medulloblastoma cell lines fenofibrate was much less effective in triggering
apoptosis, simultaneous delivery of fenofibrate with low doses of NVP-AEW541 (0.5 µM)
resulted in a complete inhibition of their clonogenic growth. These results indicate that
activation of PPARα by fenofibrate inhibits cell cycle progression in the first 48 hr, and after
prolonged treatment (over 72 hr) it can induce apoptosis. Because of the low toxicity of
fenofibrate,14,15 it could be considered as a supplementary treatment against IGF-I-
mediated growth responses in medulloblastoma.

Material and methods
Immunohistochemistry

A total of 13 cases of human medulloblastoma were acquired from the pathology archives of
the University Health Network, University of Toronto, Ontario, Canada. The formalin-fixed,
paraffin-embedded samples were sectioned at 4 microns in thickness, stained with
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Hematoxilin and Eosin and histologically classified according to the World Health
Organization Classification of Tumors of the Nervous System. Immunohistochemistry was
performed using the avidin–biotin–peroxidase complex system, according to the
manufacturer’s instructions (Vectastain Elite ABC Peroxidase Kit; Vector Laboratories,
Burlingame, CA). Briefly, sections were deparaffinized in xylene and rehydrated through
descending alcohols to water. For nonenzymatic antigen retrieval sections were heated in
0.01 M sodium citrate buffer (pH 6.0) to 95°C for 40 min and allowed to cool for 20 min at
room temperature. To quench endogenous peroxidase, slides were then rinsed with PBS and
incubated in MeOH/3% H2O2 for 20 min. Sections were then washed with PBS and blocked
in PBS/0.1% BSA containing 5% normal horse or goat serum for 2 hr at room temperature,
and incubated overnight at room temperature with primary antibodies. The primary
antibodies used in our study include: a mouse monoclonal anti-PPARα antibody (1:100
dilution; Chemicon, Temecula, CA), a rabbit polyclonal anti-PPARγ (E-8, 1:300 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA), a mouse monoclonal anti-class IIIβ-tubulin
(TUJ1, 1:500 dilution; Covance, Berkeley, CA) and a mouse monoclonal cocktail for
different molecular weight neurofilaments (SMI-312, 1:2000 dilution; Sternbeger
Monoclonals, Lutherville, MA). Secondary antibodies used were biotin-conjugated horse
anti-mouse and goat anti-rabbit IgGs (Vector). Sections were developed with a
diaminobenzidine substrate (Sigma, St. Louis, MO), counterstained with hematoxylin and
mounted with Permont.

Cell culture conditions
The following cell lines were used in our study: a mouse medulloblastoma, BsB8, isolated
from a cerebellar tumor of a transgenic mouse expressing the early genome of human
polyomavirus JC3,21; and two human medulloblastoma cell lines, D384 Med and Daoy.
D384 are metastatic medulloblastomas isolated from peritoneal ascietes of a child with
medulloblastoma,22 and Daoy are derived from a tumor in the posterior fossa of a 4-years-
old boy (ATCC no. HTB186). BsB8 cells are very aggressive, capable of forming large
tumors in subcutaneous tissue, as well as intracranial tumors after stereotactic injection of a
small number of cells in to the brain, and have the ability of spreading into cerebellum. 1,23
BsB8 and Daoy were maintained as monolayer cultures in Dulbecco’s modified Eagle
medium (DMEM) (GIBCO-BRL, Grand Island, NY) containing 10% fetal bovine serum
(FBS), at 37°C in a 9.6% CO2 atmosphere. D384 were cultured in suspension, in the Eagle’s
MEM supplemented with nonessential amino acids (GIBCO-BRL), 2 mM L-glutamine, 1
mM sodium pyruvate, and 20% FBS. The cells were made partially quiescent by 48 hr
incubation in serum-free medium (SFM) (DMEM supplemented with 0.1% bovine serum
albumin). Cellular growth and signaling responses were tested by stimulating serum starved
cells with 50 ng/ml of recombinant IGF-I (GIBCO-BRL).

Luciferase assay
The PPARs transcriptional activity in BsB8 and D384 cells was determined by utilizing the
JsTkpGL3 reporter plasmid, which contains the luciferase gene driven by PPAR responsive
element (PPRE), which consists of three copies of the J site from apo-AII gene promoter.24
The activation of PPAR elements was evaluated by a dual-Firefly/Renilla luciferase reporter
system (Promega, Madison, WI), using Femtomaster FB12 chemiluminometer (Zylux Corp.,
Oak Ridge, TN).

Western blot analysis
To evaluate phosphorylation levels of the selected IGF-IR signaling molecules,
semiquiescent monolayer cultures were stimulated with IGF-I and total protein extracts
collected at the indicated time points. The cells were lysed for 5 min on ice with 400 µl of
lysis buffer A [50 mM HEPES, pH 7.5; 150 mM NaCl; 1.5 mM MgCl2; 1mM EGTA; 10%
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glycerol; 1% Triton X-100; 1 µM phenylmethylsulfonyl fluoride (PMSF); 0.2 mM Na-
ortho-vanadate; 10 µg/ml aprotinin]. Total protein extracts (50 µg) were separated on a 4–
15% gradient SDS-PAGE (BioRad, Hercules, CA) and transferred to nitrocellulose filters.
The following primary anti-phospho antibodies were utilized: anti-pY612IRS-1 rabbit
polyclonal (BioSource, Camarillo, CA); anti-pS473Akt, anti-pT202/Y204Erk1/2, and anti-
pS21/9GSK3α/β (Cell Signaling Technology, Beverly, MA). In addition, anti-PPARα mouse
monoclonal antibody (Chemicon) and anti-PPARγ rabbit polyclonal antibody (Santa Cruz
Biotechnology) were utilized. To monitor loading conditions we used anti-IRS-1 (Upstate
USA, Charlottesville, VA), anti-GSK3β, anti-Akt, anti-Erks antibodies (Cell Signaling,
Danvers, MA) and anti-Grb-2 antibodies.

Cell cycle analysis and apoptosis
Aliquots of cells, 1 × 106/ml, were fixed in 70% ethanol for 30 min at 4°C. Cells were
centrifuged at 1,600 rpm and the resulting pellets were resuspended in 1 ml of freshly
prepared propidium iodide/RNaseA solution. Cell cycle distribution was analyzed with
GuavaEasy Cyte system by using Guava CytoSoft cell cycle program according to the
manufacturer recommendations (Guava Technologies, Hayward, CA). Based on differences
in PI intensity of fluorescence, cells in G1, S, G2/M and subG1 were separated and counted.
Each cell cycle experiment was repeated at least three times. Cells in subG1 are
characterized by DNA content, which is below the DNA content in G1 (single copy of the
genome), and are considered as a mixture of cells dying by apoptosis and/or necrosis. To
monitor apoptosis, cells were additionally labeled by in situ terminal dUTP nick-end
labeling (TUNEL) assay. We have utilized the Guava TUNEL kit and the Guava TUNEL
EasyCyte program to determine the percentage of medulloblastoma cells undergoing
apoptosis at different time points after fenofibrate treatment.

Cell growth in monolayer
BsB8 cells were seeded at a concentration of 2 × 104 cells/35 mm dish, in DMEM
containing 10% FBS and 50ng/ml IGF-I. 24 hr after plating cells were either treated with 25
µM fenofibrate, or were left untreated. At 48 and 72 hr time points, the cells were collected
by trypsinization and counted in a Bright-line Hemocytometer in the presence of Trypan
blue. T0 is the cell number determined 16 hr after the initial plating of the cells, which
reflects plating efficiency.

Clonogenic assay
Cells were plated at 1 × 103 on 6-well culture plates (Costar, Corning, NY) in DMEM
supplemented with 10% FBS and 50 ng/ml of IGF-I. After attachment, cells were treated
with fenofibrate, NVP-AEW541 (kindly provided by Novartis Pharma, Basel, Switzerland),
or with combination of fenofibrate and NVP-AEW541 at the indicated concentration.
Clonogenic potential was evaluated 10 days after the treatment by fixing and staining
corresponding cell cultures with 0.25% Brilliant Blue in methanol, which was followed by
macroscopic count of the clones.

Colony formation in soft agar
To assess anchorage-independent growth of D384, cells were plated at 1 × 104 per 35 mm/
dish in DMEM containing 10% FBS, 50 ng/ml of IGF-I and 0.2% agarose, with 0.4%
agarose underlay. The growth medium was additionally supplemented with 25 µM
fenofibrate or with a combination of 25 µM fenofibrate and 0.5 µM NVP-AEW541. Clones
larger that 125 µm in diameter were scored after continuous growth of the cells for 2 weeks.
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Results
Detection of PPARs in medulloblastoma clinical samples

The results in Figure 1 demonstrate nuclear expression of PPARα and PPARγ in a
significant number of tumor cells from two representative medulloblastoma biopsies (Figs.
1e and 1f). In normal human cerebellum (Fig. 1a–1c), PPARα was detected only in
proximity to Purkinje cells, where a population of neurofilament positive Basket cells (Fig.
1a; arrow) was strongly positive for PPARα (Fig. 1b; arrows). In contrast, immunolabeling
with anti-PPARγ antibody of normal human cerebellum (including molecular layer, granular
layer, Purkinje cells and Basket cells) was negative (Fig. 1c). We have analyzed a total of 13
medulloblastoma clinical samples, and detected PPARα in 92%, and PPARγ in 46% of all
medulloblastoma cases examined.

Fenofibrate -mediated activation of PPARα in medulloblastoma cell lines
We have previously reported strong antitumoral properties of a synthetic PPARα agonist,
fenofibrate, which in melanoma cell lines attenuated constitutive phosphorylation of Akt.15
To investigate whether fenofibrate can affect IGF-I-mediated growth responses in
medulloblastomas, we selected the aggressive mouse medulloblastoma cell line, BsB8, and
two human medulloblastoma cell lines Daoy and D384, which are strongly responsive to the
IGF-I stimulation.3,4,11 The western blot analysis depicted in Fig. 2a shows that BsB8,
Daoy and D384 cells express PPARα protein at levels comparable to the control brown
adipose tissue. In contrast to human medulloblastoma cell lines, which express both PPARα
and PPARγ, BsB8 cells were negative for PPARγ. Our finding was additionally confirmed
in JCV T-antigen transgenic mice (Fig. 2b), which develop cerebellar primitive
neuroectodermal tumors, from which BsB8 were originally isolated.3,21 The luciferase
based transcriptional activity assay demonstrated that the fenofibrate treatment resulted in
three-fold and four-fold increase in the activity of PPREs in BsB8 and D384 cells,
respectively (Fig. 2c), further confirming PPARα-mediated transcriptional activity in mouse
and human medulloblastoma cell lines.

PPARα-mediated inhibition of growth responses
We than evaluated the monolayer growth of BsB8 cells, the condition in which
medulloblastoma cells are quite resistant to the treatment against the IGF-IR function.11 The
cells were plated in 10%FBS in the presence (Feno) or absence (control) of 25 µM
fenofibrate.15 The cell number was determined at time zero (T0; 16 hr after initial plating),
and at 48 and 72 hr after the fenofibrate treatment. The results in Figure 3a show that in
comparison to BsB8 cells growing in the presence of 10%FBS, fenofibrate-treated cells
demonstrated a 4-fold lower rate of cell proliferation. This growth inhibition was
accompanied by morphological changes (Fig. 3b), including accumulation of perinuclear
structures within first 24 hr after the treatment (arrows), which likely represents increased
peroxisome proliferation,25 the appearance of spindle shaped large nondividing cells,
between 48 and 72 hr (arrowheads), and apoptotic cells in later time points (Fig. 4b; subG1
cell population).

Effects of fenofibrate on IGF-I signaling pathways
Since fenofibrate modulates insulin-mediated cellular responses, and the IGF-IR signaling
system is highly active in medulloblastomas,1 we asked whether the observed growth
inhibitory effects of fenofibrate are associated with the inhibition of IGF-IR signaling
pathway(s). After 24 hr incubation in SFM, semiquiescent BsB8 cells were cultured in the
presence or absence of 25 µM fenofibrate for an additional 24 hrs. Subsequently, the cells
were treated with IGF-I (50 ng/ml) for 30 min, 6 hr, or were left without the IGF-I treatment
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(SFM). The results in Figure 4a demonstrate a strong increase in the phosphorylation of
IRS-1, Akt, Erks1/2 and GSK-3β during first 30 min after IGF-stimulation, and an expected
desensitization of the signal at the 6 hr time point. Preincubation of the cells with 25 µM
fenofibrate attenuated IGF-I-mediated phosphorylation events (Fig. 4a). Cell cycle analysis
shown in Fig. 4b revealed accumulation of cells in G2/M phase, and decrease in the S phase
of the cell cycle at the 48 hr time point, which was followed by the accumulation of cells in
subG1 phase 72 hr after the treatment. This subG1 cells fraction (23.7%) was most likely
associated with the loss of DNA content in cells undergoing apoptosis. Indeed, TUNEL
assay demonstrated that 31% +/− 6 of BsB8 cells underwent apoptosis 72 hr after the
fenofibrate treatment. These inhibitory effects of fenofibrate were almost completely
abolished by GW-9662, which at 10 µM concentration is considered as a strong PPARα and
PPARγ antagonist.15 In a similar manner, pre-incubation of BsB8 cells with 25 εM
fenofibrate inhibited IGF-I -stimulated clonogenic growth (Fig. 4c).

Since the human medulloblastoma cell lines, Daoy and D384, express both PPARα and
PPARγ, we asked whether fenofibrate could inhibit their growth responses to IGF-I in a
similar manner to BsB8 cells. The results in Figure 5 illustrate that fenofibrate partially
downregulated IGF-I-mediated phosphorylation of IRS-1, Akt, ERKs and Gsk-3β, which
was associated with dose dependent inhibition of the clonogenic growth of Daoy cells by
fenofibrate (Fig. 5b). Although fenofibrate-mediated inhibition of growth was quite effective
(Fig. 5b), expected apoptotic cell death was less apparent than in BsB8 cells (compare Figs.
4b and 5c). Also, in contrast to BsB8 cells in which G2/M arrest predominated, fenofibrate
induced partial G1 arrest in Daoy cells, which was accompanied by only slightly elevated
apoptosis (from 2% in control samples to 4% in fenofibrate treated samples) (Fig. 5c).

We attempted next to sensitize human medulloblastoma cell lines to fenofibrate by utilizing
low concentrations of a specific IGF-IR inhibitor, NVP-AEW541 (Novartis). We have
previously shown that medulloblastomas are sensitive to 1 µM NVP-AEW541 treatment
when kept in suspension cultures, and were much more resistant to the same treatment when
cultured in monolayer.11 The results depicted in Fig. 6 indicate that simultaneous treatment
of Daoy and D384 cells with fenofibrate (25 µM) and NVP-AEW541 (0.5 µM) caused
almost complete inhibition of the clonogenic growth of Daoy cells (Fig. 6a), and inhibited
colony formation of D384 cells in soft agar (Fig. 6b). We have obtained 97.3% inhibition of
the colony formation in soft agar in the presence of 0.5 µM NVP AEW541 (ref.) and 25 µM
fenofibrate (Fig. 6b). Note also that D384 cells were partially resistant to 1 µM NVP
AEW541 in soft agar assay.11 Results in Figure 6C revealed that cell cycle distribution of
D384 cell growing in suspension was quite different from the cell cycle obtained from BsB8
and Daoy cells, which grew as monolayer cultures (compare Figs. 4b, 5c, and 6c). The
major difference was associated with relatively high level of subG1 fraction of the cells in
optimal growth conditions (8.8%). Fenofibrate treatment increased the accumulation of cells
in subG1 phase from 8.8% to 32.8% during first 24 hr of the treatment, and this high rate of
apoptosis was also detected in 72 hr time point. At this late time point the percentage of cells
in S and G2/M phase of the cell cycle also decreased, indicating that both cell death and
attenuation of cell cycle progression contribute to the inhibitory action of fenofibrate on
D384 cells.

Discussion
The presented results demonstrate for the first time the nuclear presence of PPARα and
PPARγ proteins in medulloblastoma cell lines and in medulloblastoma biopsies. Mouse and
human tumor cells responded to fenofibrate treatment with a significant increase of PPAR-
mediated transcriptional activity, and an accumulation of cells in G2/M phase (BsB8 mouse
cells) and G1 phase (Daoy and D384 human cells) of the cell cycle. Pre-incubation of BsB8

Urbanska et al. Page 6

Int J Cancer. Author manuscript; available in PMC 2011 November 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells with 25 µM fenofibrate for 24 hr attenuated IGF-I-induced IRS-1, Akt, ERKs and
GSK3β phosphorylation, which resulted in a severe retardation of their clonogenic growth.
In Daoy and D384 human cells, preincubation with fenofibrate partially inhibited IGF-I-
mediated phosphorylation and growth responses; and together with a low dose of the IGF-IR
inhibitor, NVP-AEW541, fenofibrate completely inhibited clonogenic growth and colony
formation in soft agar. This indicates an important role of fenofibrate in chemoprevention
against IGF-I-induced growth responses in medulloblastoma.

Growth and survival of medulloblastoma cells in vitro strongly depends on the activation of
IGF-IR.11,26 In medulloblastoma clinical samples the IGF-IR and its major signaling
molecule, IRS-1, are strongly upregulated and active (tyrosine phosphorylated).2 Different
molecular and pharmacological manipulations directed against the IGF-IR were effective in
attenuating medulloblastoma growth and survival in vitro,3,11 and in experimental animals.
1,23 Our results demonstrate that 24 hr pre-incubation of mouse and human
medulloblastoma cell lines with fenofibrate inhibited IGFI-mediated phosphorylation events
(Figs. 4a and 5a). This result could be seen as a surprise since fenofibrate has been found to
increase insulin-mediated signaling responses including enhanced glucose uptake,
mitochondrial glucose oxidation and reduced adiposity, 13 and is frequently used to
counteract metabolic abnormalities associated with insulin resistance in type-2 diabetes.27–
29 However, fenofibrate treatment inhibited VEGF- and bFGF-induced endothelial cells
migration, which was accompanied by a decrease in Akt phosphorylation.30,31 In
melanoma cells, fenofibrate attenuated both cell invasiveness and clonogenic growth by
inhibiting constitutively active in these tumors Akt.14,15 In contrast, some authors report a
rapid but transient increase of Erk1/2 and Akt phosphorylation caused by PPARα and
PPARγ agonists.32–34 In those studies, changes in the phosphorylation were detected
shortly after fenofibrate treatment (in minutes), and therefore, were not dependent on the
canonical activity of PPARα as a transcription factor.34,35 In our experiments, fenofibrate
induced PPARs transcriptional activity and the biological consequences of its action
accumulated over time, leading to cell cycle arrest, and to apoptotic cell death in later time
points after the treatment (Fig. 4b). These long lasting cytostatic and cytotoxic responses to
fenofibrate and the expression of PPARα in medulloblastoma clinical samples (Fig. 1)
indicate a potential therapeutic application of fenofibrate against medulloblastoma.

An alternative concept of PPAR α antitumoral action is associated with cancer cell energy
metabolism. This notion has been initiated by Otto Warburg, who indicated a distinctive
dependence of tumor cell metabolism from glycolysis, even when there is sufficient amount
of oxygen available for much more effective oxidative phosphorylation.36,37 Only recently,
it has been established that the inclination of tumor cells for glycolysis is mainly driven by
mitochondrial dysfunction.38,39 PPARα, which is a transcriptional activator of fatty acid β-
oxidation machinery (e.g. acyl-CoA oxidase, acyl-CoA synthetase, carnitine palmitoyl
transferase, fatty acid binding protein, fatty acid transporter), can switch energy metabolism
towards fatty acid degradation, and decrease glucose uptake by repressing glucose
transporter GLUT4.40,41 Interestingly, PPARα acts as a direct sensor for fatty acids, which
are considered as natural ligands for this nuclear receptor.42,43 According to fatty acid–
glucose cycle paradigm, increased rate of fatty acid and ketone bodies oxidation forces the
decline in glucose utilization through the inhibition of glycolytic enzymes.44,45. This
concept was supported by the results of animal studies, showing that during fasting activated
PPARα can divert energy metabolism from the glucose to fatty acid utilization as a primary
source of energy. In addition, loss-of-function mutations of genes encoding the Krebs cycle
enzymes (such as succinate dehydrogenase and fumarate hydratase) are observed in uterine
leiomyomas, renal carcinomas, paragangliomas and phaeochromocytomas.46 Therefore,
glycolysis-promoting metabolism of the cancer cell could relieve the selection pressure and
support growth and survival of the cells with defective mitochondrial system. Note,
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however, that such cells could be brought to the verge of metabolic catastrophe in the
condition of limited glucose availability, or when the oxidative metabolism is forced
pharmacologically. This opens an opportunity for the use of PPARα ligands, including
fenofibrate, as they should be selectively toxic for cancer cells and neutral for normal cells.

In mouse medulloblastoma cells, the treatment with 25 µM fenofibrate was sufficient to stop
cell proliferation, and to induce massive apoptosis (Fig. 4b). The concentration of
fenofibrate was comparable to plasma concentrations of fenofibric acid, an active metabolite
of fenofibrate, detected in patients during standard hyperlipidemia treatment (300 mg
regular or 250 mg slow release capsules daily). In such patients, the plateau phase plasma
concentration of fenofibric acid is approximately 10–12 µg/ml (28–33 µM).47 Therefore, 25
µM fenofibrate holds promise for low toxicity systemic chemotherapy against
medulloblastoma in comparison to current regimens many of which are highly toxic.48,49
In human medulloblastoma cells, Daoy and D384, which express PPARα and PPARγ, 25
µM fenofibrate attenuated IGF-I-mediated signaling events including IRS-1, Akt, ERKs and
GSK-3β phosphorylation (Fig. 5a), and triggered cell cycle arrest (Fig. 5b). However, there
was induction of apoptosis than in BsB8 cells (Fig. 4b). Although increasing fenofibrate
concentration to 50 µM induced apoptosis in Daoy cells (not shown), this higher
concentration could be systemically toxic. We therefore tested the effects of 25 µM
fenofibrate in combination with low doses (up to 0.5 µM) of the IGF-IR inhibitor NVP-
AEW541. This low-molecular-weight inhibitor of the IGF-IR kinase activity has been
previously shown to limit the growth and survival of medulloblastoma cell lines in
anchorage-independent culture conditions.11 Interestingly, medulloblastoma cells in
monolayer cultures were quite resistant to the treatment with 1 µM NVP-AEW541.11 In our
study, lower dose of NVP-AEW541 (0.5 µM) used in combination with 25 µM fenofibrate
completely inhibited clonogenic growth of Daoy cells (Fig. 6a), and efficiently inhibited
colony formation of D384 cells in soft agar (Fig. 6b).

Although the mechanism by which fenofibrate attenuates IGF-I signaling responses is still
under investigation, it has been recently reported that fenofibrate increases plasma
membrane rigidity in a manner similar to the elevated cholesterol content in cell membranes.
50 In that report, fenofibrate did not change the membrane content of cholesterol, but
increased plasma membrane rigidity, altering activities of integral membrane proteins such
as sarco (endo)plasmic reticulum Ca2+-ATPase and β-secretase-mediated cleavage of APP.
50 Further experiments are required to determine whether similar fenofibrate-mediated
changes in the fluidity of plasma membrane are indeed responsible for the attenuation of
ligand-induced clusterization of the IGF-IR molecules—a critical step in
autophosphorylation of the receptor molecules and the initiation of growth promoting
signaling cascades.
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FIGURE 1.
Immunohistochemical detection of PPARs in medulloblastoma clinical samples. Evaluation
of PPARα and PPARγ protein levels in medulloblastomas in comparison to normal
cerebellar tissue. (a–c) View of the normal cerebellum where the classic layers, molecular,
Purkinje cell and granular, can be identified. (a) Immunohistochemistry for neurofilaments
highlights the Purkinje neurons and their adjacent Basket cells (arrow). (b) PPAR-α is absent
in the majority of cells in normal cerebellum with exception of Basket cells, which express
robust nuclear PPARα (arrow). (c) No expression of PPARγ was detected in normal
cerebellar tissues. (d) Class III β-tubulin reveals the primitive neuronal phenotype of the
tumors cells in a representative case of classic medulloblastoma. (e) PPARα is expressed in
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the nuclei of neoplastic cells in a representative case of medulloblastoma. (f) PPAR-γ is
shown in the nuclei of some tumor cells in PPARγ positive case of medulloblastoma.
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FIGURE 2.
Peroxisome proliferator-activated receptors (PPARs) in medulloblastoma cell lines. (a)
Western blot showing PPARα and PPARα in two human (D384, Daoy) and one mouse
(BsB8) medulloblastoma cell lines. Brown adipose tissue was used as a positive control.
Note that human medulloblastoma cell lines express both PPARα and PPARγ and mouse
medulloblastoma express PPARα in the absence of PPARγ. (b) Histological demonstration
of a primitive neuroectodermal tumor (PNET) in mouse medulloblastoma model from which
BsB8 cells have been developed. Note that mouse neoplastic cells express nuclear PPARα,
but are negative for PPARγ. (c) PPARs transcriptional activity in BsB8 and D384 cells. The
reporter plasmid contains luciferase gene driven by PPAR responsive element (PPRE),
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which consist of three copies of the J site from apo-AII gene promoter. The activation of
PPAR elements was evaluated by a dual-Firefly/Renilla luciferase reporter system
(Promega). Data are presented as mean ± SD calculated from two experiments in triplicates
(n = 6). * indicates values statistically significantly different (p ≤ 0.05) from control (cells
treated with vehicle only). Statistical significance between two measurements was
determined with the two-tailed Student’s t test.
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FIGURE 3.
Inhibition of growth responses of BsB8 cells after PPARα activation. (a) BsB8 mouse
medulloblastomas were plated in the presence of 10% FBS at 2 × 104/35 mm dish. Attached
cells were treated with 25 µM fenofibrate (Feno) or were left without treatment (control).
The cell number was evaluated at T0 (16 hr after initial plating) and at 48 and 72 hr after the
fenofibrate treatment. Data are presented as mean ± SD calculated from three experiments in
triplicates (n = 9). * indicates values statistically significantly different (p ≤ 0.05) from
control values (cells treated with vehicle only). Statistical significance between two
measurements was determined with the two-tailed Student’s t test. (b) Photographic
documentation of fenofibrate-mediated morphological changes and growth inhibition. Phase
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contrast images were taken from control (BsB8 + IGF-I) and fenofibrate-treated cultures
(BsB8 + IGF-I + fenofibrate) at 24 hr (large magnification— to visualize accumulation of
perinuclear vacuoles) and at 72 hr (small magnification—to visualize growth inhibition).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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FIGURE 4.
Effects of fenofibrate on IGF-I signaling pathways. (a) After 24 hr incubation in serum-free
medium (SFM), quiescent BSB8 were cultured in the presence or absence of fenofibrate for
additional 24 hr. Subsequently, both cell groups were treated with IGF-I (50 ng/ml) for 30
min, 6 hr or were left without IGF-I treatment (SFM). Western blots were prepared with
corresponding protein extracts (50 µg) separated on a 4–15% gradient SDS-PAGE, and were
probed with the following primary antibodies: anti-(pSer473)Akt, anti-(pT202/Y204)Erk1/2,
anti-(pS21/9) GSK3α/β and anti-(pY612) IRS-1. Anti-Grg-2, anti-IRS-1, anti-Akt and anti-
Erk1/2 antibodies were used as loading controls. (b) Evaluation of cell cycle distribution
after fenofibrate treatment. Exponentially growing monolayer cultures of BsB8 cells were
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treated with 25 µM fenofibrate (FBS + IGF + Feno) for either 48 of 72 hr, or were left
without the fenofibrate (10% FBS + IGF). In one of the control experiments, the fenofibrate
treatment was performed in the presence of PPARα synthetic antagonist GW-9662 (10 µM).
Subsequently, cells were tripsinized, fixed in ethanol and the DNA content was determined
by propidium iodide (PI) DNA labeling. Cell cycle distribution was evaluated by the Guava
EayCyte flow cytometer. Note that 48 hr incubation of BsB8 cells in the presence of
fenofibrate resulted in only a partial G2/M arrest. At 72 hr after the fenofibrate treatment,
however, there is a significant increase of cells in sub-G1 (cell death), proportional decrease
of cells in S and G2/M and accumulation in G1. (c) IGF-I and serum stimulated clonogenic
growth of BsB8 cells is severely impaired by 25 µM fenofibrate. In control experiment, cells
were treated with DMSO in which fenofibrate was diluted. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 5.
Effects of fenofibrate on IGF-I -mediated cell signaling responses in Daoy cells. (a) After 48
hr incubation in serum-free medium (SFM), quiescent Daoy were cultured in the presence or
absence of fenofibrate for additional 24 hr. The cells were subsequently stimulated with
IGF-I (50 ng/ml) for 30 min and 6 hr, or were left without IGF-I treatment (SFM). Western
blots were prepared with corresponding total protein extracts (50 µg), and were probed with
the following primary antibodies: anti (pY612)IRS-1, anti-(pSer473)Akt, total Akt, anti-
(pT202/Y204)Erk1/2, total Erk1/2 and anti-(pS21/9)GSK3α/β. Anti-Grb-2, anti-IRS-1, anti-
Akt and anti-Erk1/2 antibodies were used as loading controls. (b) Clonogenic assay with
Daoy cells in response to different concentrations of fenofibrate ranging from 0 to 100 µM.
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The cells were plated at clonal density (1 × 103 per 35 mm dish) and the number of clones
was evaluated 10 days later. (c) Evaluation of cell cycle distribution after fenofibrate
treatment. Exponentially growing monolayer cultures of Daoy cells were treated with 25 µM
fenofibrate (Feno) for 24 or 72 hr, or were left without the fenofibrate treatment (FBS +
IGF-I). After tripsinization, the cells were fixed in ethanol, and DNA content was
determined by propidium iodide (PI) DNA labeling. Cell cycle distribution was evaluated by
the Guava EayCyte flowcytometer. Note that 72 hr incubation of Daoy cells with fenofibrate
resulted in a partial G1 arrest, slightly elevated fraction of cells in sub-G1 and a significant
decrease of cells in S phase. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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FIGURE 6.
Growth inhibition of human medulloblastoma cell lines by fenofibrate and NVP-AEW541.
(a) Clonogenic growth of Daoy cells. The cells were plated at clonal density (1 × 103 per 35
mm dish), in the presence of 10% FBS, FBS + IGF-I (50 ng/ml) or in FBS + IGF-I
supplemented by a single dose of 0.5 µM NVP-AEW541 (NVP/0.5 µM); a single dose of 25
µM fenofibrate (feno/25 µM); or a combination of 0.5 µM NVP-AEW541 and 25 µM
fenofibrate (NVP/Feno). At day 15, cells were stained with crystal violet and the clones
were counted macroscopically. Data are presented as mean ± SD calculated from two
experiments in triplicates (n = 6). * indicates values statistically significantly different (p ≤
0.05) from FBS. ** indicates values statistically significantly different (p ≤ 0.05) from FBS
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+ IGF. *** indicates a value statistically significantly different (p ≤ 0.05) from feno/10 µM,
or from NVP/0.5 µM. Statistical significance between two measurements was determined
with the two-tailed Student’s t test. Note a complete inhibition of clonogenic growth of
Daoy cells by a combination of fenofibrate and NVP-AEW541 used at relatively low
concentrations. Inset: representative examples of the clonogenic assay in five culture
conditions described above. (b) Soft agar assay for D384 cells. In basic growth condition,
D384 cells were plated in DMEM containing 10% FBS and 50 ng/ml IGF-I (control). The
growth medium was additionally supplemented with 25 µM fenofibrate (Feno) or with a
combination of 25 µM fenofibrate and 0.5 µM NVP-AEW541 (Feno/NVP). Clones larger
that 125 lm in diameter were scored after 2 weeks of continuous growth. Data are presented
as mean ± SD calculated from three experiments in triplicates (n=9). * indicates values
statistically significantly different (p ≤ 0.05) from the control (untreated cells cultured in
FBS supplemented with 50 ng/ml of IGF-I). ** indicates values statistically significantly
different (p ≤ 0.05) from 10µM fenofibrate and from 0.5 µM NVP AEW541. *** indicates
values statistically significantly different (p ≤ 0.05) from 25 µM fenofibrate and from 0.5
µM NVP AEW541. Inset: representative examples of the soft agar assay. (c) Evaluation of
cell cycle distribution after fenofibrate treatment. Exponentially growing suspension cultures
of D384 cells were treated with 25 µM fenofibrate (FBS + IGF + Feno) for either 24 of 72
hr, or were left without the fenofibrate treatment (10% FBS + IGF). Subsequently, cells
were tripsinized, fixed in ethanol and the DNA content was determined by propidium iodide
(PI) DNA labeling. Cell cycle distribution was evaluated by the Guava EayCyte flow
cytometer. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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