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Hypoxia Modulation of Peroxisome Proliferator-Activated
Receptors (PPARs) in Human Glioblastoma Stem Cells.

Implications for Therapy
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ABSTRACT

Gliobastoma (GB), the most common adult brain tumor, infiltrates normal brain area rendering impossible the complete surgical resection,

resulting in a poor median survival (14-15 months), despite the aggressive multimodality treatments post-surgery, such as radiation and
chemo-therapy. GB is characterized by hypoxic and necrotic regions due to a poorly organized tumor vascularization, leading to inadequate
blood supply and consequently to hypoxic and necrotic areas. We have previously shown that, under hypoxia GB primary cells increased the
expression of stemness markers as well as the expression of the nuclear receptor peroxisome proliferator-activated receptor « (PPARa) and
also the crucial role played by PPARs in mouse neural stem cells maintenance and differentiation. Due to the importance of lipid signaling in
cell proliferation and differentiation, in this work, we analyzed the expression of PPARs in GB neurospheres both in normoxic and hypoxic

conditions. The results obtained suggest a differential regulation of the three PPARs by hypoxia, thus indicating a possible therapeutic
strategy to counteract GB recurrencies. J. Cell. Biochem. 113: 3342-3352, 2012. © 2012 Wiley Periodicals, Inc.
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T he crucial role played by the cellular microenvironment in the
modulation of tumor behavior is raising great attention.
Reduced oxygen level in the affected areas is a feature of many
tumors, especially tumors with high proliferation rate [Bar et al.,
2010]. Gliobastoma (GB), the most common adult brain tumor,
infiltrates normal brain area rendering impossible the complete
surgical resection, resulting in a poor median survival (14-
15 months), despite the aggressive multimodality treatments
post-surgery, such as radiation, and chemo-therapy [Benedetti
et al., 2010b; Cimini and Ippoliti, 2011]. GB is characterized by
hypoxic and necrotic regions due to a poorly organized tumor
vascularization, leading to inadequate blood supply and conse-
quently to hypoxic and necrotic areas [Amberger-Murphy, 2009;
Bar, 2011]. Hypoxia has been related to the poor outcome of the

patients [Vaupel and Mayer, 2007; Sathornsumetee et al., 2008;
Jensen, 2009], since it hypoxic/necrotic tumors are more resistant to
chemotherapy and radiation therapies [Amberger-Murphy, 2009].
This may be related to the fact that hypoxia is known to support
non-neoplastic neural stem cells, raising the possibility that “cancer
stem cells” may also be affected by oxygen levels [Panchision,
2009]. In fact, in cultured cells, oxygen levels play an important role
in regulating cellular differentiation [Panchision, 2009]. Growth
under low oxygen concentrations is known to maintain pluripo-
tency, and to inhibit the differentiation of embryonic stem cell
[Ezashi et al., 2005]. In agreement, it has been shown that hypoxia
increases stemness markers in GB-derived neurospheres, such as
CD133, SOX2, nestin, and Oct4 [Sahlgren et al., 2008; Sathornsu-
metee et al., 2008; McCord et al., 2009; Pistollato et al., 2009; Soeda
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et al., 2009]. We have previously shown that, under hypoxia GB
primary cells increased the expression of stemness markers as
well as the expression of a nuclear receptor, namely peroxisome
proliferator-activated receptor o (PPARa) [Benedetti et al., 2008,
2010b]. Moreover, we have previously reported the possible crucial
role played by PPARs in mouse neural stem cells maintenance and
differentiation [Cimini et al., 2007; Cimini and Ceru, 2008]. It has
been also reported that PPARy ligands regulate neural stem cells
proliferation and differentiation both in vitro and in vivo [Morales-
Garcia et al., 2011], while recently it has been suggested that
PPARy-mediated advanced glycation end products is involved in
neural stem cells proliferation [Wang et al., 2011]. PPARs are ligand-
activated transcription factors belonging to the nuclear hormone
receptor superfamily (Nuclear Receptor Nomenclature Committee,
1999). Three related isotypes have been described so far, the PPAR«a
(NR1C1), the PPARB/8 (NR1C2) [Issemann and Green, 1990], and the
PPARy (NR1C3) [Dreyer et al., 1992]. PPARs exhibit a wide but
isotype-specific tissue expression pattern which can account for
the variety of cellular functions they regulate [Escher and Wabhli,
2000].

PPARs may be considered sensors capable of adapting gene
expression to lipid signals. The diversity of functions in which
they are involved is also reflected by the diversity of ligands that
can be bind in their ligand binding pocket. In fact, PPARs are
activated by a wide range of naturally occurring lipids or their
metabolites derived from the diet or from intracellular signaling
pathways, which include saturated and unsaturated fatty acids
and fatty acid derivatives, such as prostaglandins and leukotriens
[Krey et al., 1997; Berger and Moller, 2002]. PPARs activate the
transcription of their target genes as heterodimers with retinoid
X receptors (RXR, NR2B) [Keller et al., 1993; Wolfrum et al.,
2001]. All three RXR isotypes (o, B, and y) can dimerize with
PPARs, and specific association with each isotype seems to
influence the recognition of target gene promoters [Gearing
et al., 1993]. All three PPAR isotypes are involved in the regulation
of cell proliferation, death, and differentiation, with different
roles and mechanisms depending on the specific isotype and
ligand and on the undifferentiated, differentiated, or transformed
status of the cell. Thus, proliferative and antiapoptotic or
antiproliferative, prodifferentiating and proapoptotic effects, and
even anticarcinogenic or procarcinogenic effects have been reported
for PPARs [Feige et al., 2006]. PPARs are involved in different
important pathways present also in the control of the proliferation,
migration, and differentiation of NSC, that is, Wnt signaling
pathway, STAT3 and NFkB pathways [Doherty, 2007; Guillemot,
2007; Garza et al., 2008].

We have recently reported in GB primary cultures that hypoxia
increases both stemness markers and PPARa expression [Laurenti
et al., 2011], raising the possibility that hypoxia may directly
or indirectly modulate PPAR« activation and consequently lipid
metabolism. Due to the importance of lipid signaling in cell
proliferation and differentiation, in this work, we analyzed the
expression of PPARs in GB neurospheres both in normoxic and
hypoxic conditions. The results obtained suggest a differential
regulation of the three PPARs by hypoxia, thus indicating a possible
therapeutic strategy to counteract GB recurrencies.

Triton X-100, dimethylsulfoxide (DMSO), sodium dodeciylsulfate
(SDS), Tween 20, bovine serum albumin (BSA), HOECHST, Nonidet
P40, sodium deoxycolate, ethylene diamine tetraacetate (EDTA),
phenylmethanesulphonylfluoride (PMSF), sodium fluoride, sodium
pyrophosphate, ortovanadate, leupeptin, aprotinin, pepstatin, NaCl,
polyvinylidene difluoride (PVDF) sheets, anti-PMP70, anti-SDNSF,
glycerol, acetone, fluorescein-labeled anti-rabbit and anti-mouse
IgG antibodies, Triacylglycerol (1,2 dimyrystoil-3 palmytoil-rac-
glycerol) (TAG), trimyrystin (TRIM), tripalmytoil (TRIP), cholesterol
(C) were all purchased from Sigma Chemical CO (St. Louis, CO).
Micro-BCA kit was purchased Pierce Biotechnology (Rockford, IL).
Anti-AOX was purchased Chemicon (Nuernberg, Germany), anti
PPAR« was from Affinity Bioreagents, Inc. (Golden, CO), Horserad-
ish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit IgG
secondary antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Enhanced chemiluminescence (ECL) Bio-Rad Laborato-
ries, (Hercules, CA). Trizol reagent was purchased from Invitrogen
(Paisley, UK). High-Capacity ¢cDNA Reverse Trascription Kit,
TagMan universal PCR master mix and Assay on Demand gene
expression reagents for human ACOX1, HMGCoA-Red, THIO,
PPARa, PPARB, PPARy TATA Box-Binding Protein (TBP) were
all purchased from Applied Biosystems (Foster City, CA). All other
chemicals were of the highest analytical grade.

CELL CULTURE

U87 Glioblastoma cells (ATCC) were cultured, according to Yu et al.
[2008], with minor modification. Briefly, U87 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, St.
Louis, MO) supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, 0.1 mg/ml penicillin, and 0.1 mg/ml streptomycin
(Sigma) and incubated at 37°C in humidified 95% air—5% CO,
atmosphere. Thereafter, U87 the culture medium was replaced with
serum-free neural stem cell medium, Dulbecco’s Modified Eagle’s
Medium-F12 (DMEM-F12; Sigma), containing 20 ng/ml of both
recombinant human epidermal growth factor (EGF) and fibroblast
growth factor-basic (b-FGF; PeproTech, Hamburg, Germany) until
several tumorsphere were visible under microscopy. After several
passages primary tumorspheres were dissociated and single cells
were seeded at 1 x 10*/well. The secondary spheres derived from
single cells of primary tumorspheres were analyzed under phase
contrast microscopy Leica DMIL and fluorescence microscopy Zeiss
Axioplan 2, with Leica DFC 350 FX camera.

HYPOXIA INDUCTION PROCEDURE

Hypoxic stress was exerted by placing culture dishes in an airtight
chamber. The chamber was sealed and the air was reduced to
0.5 Atm by aspiration and replaced by flushing for 30 min with a gas
mixture of 95% N and 5% CO,. The resultant atmosphere contained
low oxygen concentration as monitored by the anerobic indicator
BR55. To maintain the temperature at 37°C the chamber was
returned to the incubator. The relative humidity was maintained as
to close to 100% by filling the bottom of the chamber with deionized
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sterile water. Hypoxic shock was applied for 72 h [Di Loreto et al.,
2000].

PROTEIN ASSAY

Protein were assayed by the micro-BCA kit. Briefly, this assay is a
detergent-compatible formulation based on bicinchoninic acid
(BCA) for the colorimetric detection and quantitation of total
protein. The method combines the reduction of Cu? to Cu' by protein
in alkaline medium (the biuret reaction) with the high sensitive and
selective colorimetric detection of the cuprous cation, using a
reagent containing BCA [Smith et al., 1985]. The purple-colored
reaction product of this assay is formed by the chelation of two
molecules of BCA with one cuprous ion. This complex exhibits a
strong absorbance at 562 nm.

PROLIFERATION ASSAY

Proliferation in control and treated cells was studied by following
the incorporation of 5-bromo-2’-deoxy-uridine into cellular DNA
(5-Bromo-2’-deoxy-uridine Labeling and Detection Kit III; Roche).
The amount of BrdU incorporated is determined by a standard ELISA
protocol, which involves “tagging” the incorporated nucleotide
with an anti-BrdU antibody. Cells cultured in a 96-well microplate
were incubated with BrdU. The labeled cells were then fixed with
ethanol. Prior to incubation with a monoclonal antibody to BrdU,
DNA was partially digested with nucleases to allow the antibody to
access BrdU. Next, the anti-BrdU antibody, labeled with peroxidase
(POD), was added. Finally, the POD substrate ABTS was added. POD
catalyzes the cleavage of ABTS, producing a colored reaction
product. The absorbance of the samples 405 nm is determined with a
spectrophotometric microplate reader (Infinite F200 Tecan).

FLOW CYTOMETER ANALYSIS OF INTRACELLULAR PROTEINS AND
CELL SURFACE ANTIGENS

Tumorsphere, grown in normoxic and hypoxic conditions for 72 h
were dissociated and single-cell suspensions (0.5 x 10° cells/tube)
were fixed for 15min at RT with 2% formaldehyde in PBS. For
intracellular protein staining (SOX2 GFAP, Nestin, HIF 1o, SDNSF)
cells were permeabilized for 5 min. at RT with 0.1% triton-X-100 in
PBS. For extracellular staining (CD133) permeabilization was
omitted. Non-specific binding sites were blocked incubating for
10 min at RT with 0,2% BSA in PBS. Cells were then incubated for 1 h
at RT with primary antibodies diluted in PBS containing 0.2% BSA.
The antibodies used in this study were: rabbit anti-CD133 (Abcam),
anti-SOX2 (Abcam), anti-GFAP (Sigma) and mouse anti-Nestin,
anti-SDNSF (Chemicon) anti-HIF 1« (Novus Biologicals, Inc.). Cells
were then washed with PBS containing 0.2% BSA and incubated
for 1h at RT with AlexaFluor 488 conjugated goat anti-rabbit
or anti mouse IgG secondary antibodies (Molecular Probes,
Invitrogen). After washing, cell suspensions were evaluated by
flow cytometry using a FACSCalibur cytometer analyzer (Becton
Dickinson, San Diego, CA) and data were analyzed using CellQuest
software (BD).

WESTERN BLOTTING
Cells cultured in normoxia and hypoxia for 72 h were collected and
lysated in ice-cold RIPA buffer (phosphate buffer saline pH 7.4

containing 0.5% sodium deoxycolate, 1% Nonidet P-40, 0.1% SDS,
5 mM EDTA, 100 mM sodium fluoride, 2 mM sodium pyrophosphate,
1mM PMSF, 2mM ortovanadate, 10 pg/ml leupeptin, 10 wg/ml
aprotinin, 10 wg/ml pepstatin; Sigma). Protein lysates (20-30 u.g)
were separated on 7.5-15% SDS-polyacrilamide gel and electro-
blotted onto polyvinyldifluoride membrane (PVDF; Sigma). Non-
specific binding sites were blocked by 5% non-fat dry milk (Bio-Rad
Laboratories, Hercules, CA) in Tris buffered saline (TBS: 20 mM Tris-
HCl, pH 7,4, containing 150 mM NaCl) for 30 min at RT. Membranes
were then incubated overnight at 4°C with following primary
antibodies, all diluted with TBS containing 0,1% Tween 20 (TBS-T):
rabbit anti-CD133 (1:500, Abcam), anti-SOX, (1:200), anti-HIF-1«
(1:100; Santa Cruz, CA), anti-PMP70 (1:250) anti-GFAP (1:100),
mouse anti-Nestin, anti-PPAR«, B, and vy (1:200; Chemicon).
As secondary antibodies peroxidase, conjugated anti-rabbit or
anti mouse IgG (1:1,000; Vector Laboratories, Burlingame, CA).
Immunoreactive bands were visualized by ECL (Pierce), according to
the manufacturer’s instructions. Immunoreactive bands relative
densities were determined using TotalLab software (ABEL Science-
Ware srl, Italy) and values were given as relative units (RU). Data
were normalized to total protein load by quantification of all
samples in a single assay before loading, and confirmation of equal
loading by image analysis and scanned Coomassie blue-stained gels
after blotting [Benedetti et al., 2010a].

REAL-TIME PCR

Total mRNA was harvested with the Trizol reagent according to the
manufacturer’s protocol. The gene expressions were quantified in
a two-step reverse transcription-polymerase chain reaction (RT-
PCR). Complimentary DNA was reverse transcribed from total
RNA samples using High-Capacity cDNA reverse Trancription
Kit. PCR products were synthesized from cDNA using the
TagMan universal PCR master mix and Assays on Demand gene
expression reagents for human ACOX1, HMGCoA-Red, THIO,
PPARq, PPARRB, PPARYy (Assay ID: Hs 00244515_m1, Hs00168352_
ml, Hs00190073_m1, Hs00155616_m1, Hs00231882_ml,
Hs00234592_m1, Hs00606407_m1). Measurements were made
using the ABI Prism 7300HT sequence detection system, according
to the manufacturer’s protocol. As an endogenous control for these
PCR quantification studies, TBP gene expression assay was used.
Results represent normalized ACOX 1, THIO, HMGCoA-Red, PPARq,
PPARRB/3, and PPARy mRNA amounts relative to healthy tissue
using the 278G method [Livak and Schmittgen, 2001]. Each
experiment was repeated in triplicate.

IMMUNOFLUORESCENCE

Tumorspheres, grown in normoxic and hypoxic conditions for 72 h
were seeded on poly-L-lysine coated coverslips (10 pg/ml; Sigma),
fixed in 4% paraformaldehyde in PBS, for 10min at RT and
permeabilized with 0.1% Triton X-100 (Sigma) in PBS, for 5 min at
RT. Non-specific binding sites were blocked with 3% BSA (Sigma) in
PBS, for 10min at RT. Tumorsphere were then incubated with
following primary antibodies, overnight at 4°C: rabbit anti-Ki67
(Dako, Glostrup, Denmark), anti-CD133, and anti-SOX, (1:500;
Abcam, Cambridge Science Park, Cambridge, UK), anti-PMP70
(1:250; Sigma), anti-PPARaq, B, and <y (1:200; Affinity Bioreagent,
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Fig. 1. Contrast phase microscopy of GB neurospheres in normoxic and hypoxic conditions (A), (Bar = 50 .m) and the proliferation assay, evaluated as BrdU incorporation (B),

and immunolocalization of the proliferation marker Ki67 (C). Bar =20 um.

Inc., Golden, CO), mouse anti-Nestin, anti-stem cell-derived neural
stem/progenitor cell supporting factor (SDNSF), anti GFAP (1:200;
Chemicon International, Inc., Temecula, CA), anti-HIF-1a (1:100;
Novus Biologicals, Inc. Littleton, CO). Cells were then incubated with
AlexaFluor 488 conjugated goat anti-rabbit or anti mouse IgG
antibodies (1:2,000; Molecular Probes, Invitrogen, Paisley, UK), for
30 min at RT. Both primary and secondary antibodies were diluted
with PBS containing 3% BSA. Controls were performed by omitting
the primary antibody. Cell nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI).

Coverslips, were mounted with Vectashield Mounting Medium
(Vector Laboratories, Burlingame, CA) and examined at Zaiss
Axioplan 2 fluorescence microscope equipped of Leica DFC 350 FX
camera. Image acquistion was performed with Leica IM500 program.

BODIPY STAINING
Cells grown on coverslips after 72 h of hypoxia or normoxia were
washed twice with PBS, fixed for 10min at RT in 4%

paraformaldehyde in PBS and permeabilized in PBS containing
0.1% Triton X-100 for 10 min at RT. Tumorsphere were incubated
with  4,4-difluoro-1,3,5,7,8-pentamethyl  4-bora-3a,4a-diaza-s-
indacene (BODIPY 493/503 Molecular Probes, Invitrogen) for
10min at RT. A stock solution of BODIPY 493/503 1mg/ml in
ethanol was prepared and then stored at —20 in the dark until
required. Before use, BODIPY stock solution was diluted 1:1,000 in
PBS and used for incubate coverslips in the dark for 10 min. After
incubation the cells were washed with PBS, mounted with
Vectashield mounting medium and photographed at fluorescence
microscope AXIOPHOT, Zeiss microscope.

LIPID EXTRACTION AND THIN LAYER CHROMATOGRAPHY

Cell pellets were dissolved in a buffer containing Tris-HCl 20 mM pH
7.4, 1 uM PMSF, 10 puM leupeptin, 10 M pepstatin, 1 wM aprotinin.
After the incubation time (5min at 4°C), samples were sonicated
(5W, 80% output, 1 min and 50s, altering 10s sonication, and 10s
pause) with a Vibracell sonicator (Sonic and Materials, Inc.,
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Fig. 2. Immunolocalization in normoxia and hypoxia of stemness markers
such as CD133, SOX2, nestin, and the stem cell-derived neural stem/progenitor
cell supporting factor (SDNSF). Bar =20 pum.

Danbury, CT). Protein concentration of cell lysates was determined
through the Bio-Rad Protein Assay (Hercules, CA), with BSA
standards. Lipids were extracted by Bligh and Dyer [1959] method
and applied on silica plates as thin rows at 1.5 cm distance above the
bottom of the silica plate, air-dried and placed immediately in the
elution tank. Eluent mixture (hexane/diethyl ether/acetic acid,
70:30:1; 100 ml) was introduced into an elution tank to separate
neutral lipids. The solvent was allowed to ascend up to 3 cm from the
top of the plate, and then the plate was removed, air-dried and
stained. Triacylglycerol (1,2 dimyrystoil-3 palmytoil-rac-glycerol),
trimyrystin, tripalmytoil (TRI), cholesterol (C), cholesteryl-ester (CE),
were used as standards. TLC staining was achieved by dissolving 8%
phosphomolybdic acid in ethanol and vaporized it on plates for
10 min at 80°C. TLC stained shows green/dark and green/dark blue
spots on a yellow/green background. Silica plates were acquired by
densitometer (UVItec Limited BTS-20M, Cambridge UK). All studies
were performed in triplicate.

STATISTICAL ANALYSIS

For statistical analysis samples were processed by SPSS software
and analyzed by ANOVA test. “P < 0.05; **P < 0.005, **P < 0.0005.
All data are mean =+ SD of five separate experiments.

In Figure 1, contrast phase microscopy of GB neurospheres in
normoxic and hypoxic conditions and the proliferation assay,
evaluated as BrdU incorporation, and the immunolocalization of the
proliferation marker Ki67 are shown. Hypoxia determined an
increase of proliferation in GB neurospheres; in agreement, Ki67
immunolocalization shows an increase of the immunopositive cells
under hypoxia.

Figure 2 shows the immunolocalization in normoxia and hypoxia
of stemness markers such as CD133, SOX2, nestin, and the stem cell-
derived neural stem/progenitor cell supporting factor (SDNSF).
Hypoxia increases the fluorescence intensity for all the examined
markers.

Figure 3 shows the cytofluorimetric analyses for CD133, SOX2,
nestin, the stem cell-derived neural stem/progenitor cell supporting
factor (SDNSF) and the astroglial differentiation marker GFAP in
GB neurospheres, both in normoxic and hypoxic conditions. In
agreement with the immunofluorescence studies all the stemness
markers resulted increased, even if at different levels, by hypoxia
while the differentiation marker resulted significantly decreased.
Particular is the behavior of SOX2 in cytofluorimetry, in fact,
the transcription factor results decrease or not significantly changed
in hypoxia, as % of positive cells, but the fluorescence intensity
(mean) of the positive cells resulted increased by hypoxia, thus
indicating an increase of SOX2 in not all the stem cells in hypoxia.
These data are confirmed by the Western blotting analysis showed
in Figure 4.

In Figure 5, the immunolocalization and Western blotting
analysis for the inducible hypoxia factor 1 « (HIF-1a) was
investigated in GB neurospheres, both in normoxic and hypoxic
conditions (A). The results obtained confirmed the establishment
of the hypoxic condition by the up-regulation and nuclear
localization of HIF-1a under hypoxia. At this point, in order
to establish if hypoxia, as observed in primary cultures [Laurenti
et al., 2011], was able to induce a lipid metabolism deregulation
also in GB neurospheres, the peroxisomal proteins involved in
lipid metabolism such as PMP70, Acyl-CoA oxidase (AOX),
thiolase (THL), and HMGCoA-reductase (HMG-red) were assayed.
In Figure 5B, the immunolocalization and Western blotting
analysis for the peroxisomal membrane protein PMP70, one
of the four ABC half-transporters of mammalian peroxisomes
involved in fatty acid processing [Di Benedetto et al., 2008],
are reported. Hypoxia strongly upregulated PMP70. In the
same figure, the real-time PCR analysis for the lipid metabolism
proteins, AOX, THL, HMG-red is shown. The hypoxic condition
upregulated AOX, while THL and HMG-red resulted unaffected
(Fig. 5Q).

In agreement with the deregulation of the lipid enzymes, an
increase of lipid droplets accumulation in GB neurospheres is
observed under hypoxia (Fig. 6). This event was paralleled by the
strong increase of cholesterol and cholesteroyl-esters observed by
TLC (Fig. 6).

Since the strong involvement of PPARs in the control of lipid
metabolism and due to the significant increase of PPAR« found by
us both in glioma specimens and glioma primary cultures, we then
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Fig. 3. Cytofluorimetric analyses for CD133, SOX2, nestin, the stem cell-derived neural stem/progenitor cell supporting factor (SDNSF) and the astroglial differentiation
marker GFAP in GB neurospheres, both in normoxic and hypoxic conditions. Data are mean + SD of five different experiments. “P< 0.05; “*P< 0.001.
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Fig. 4. Western blotting analysis for CD133, SOX2, nestin and the astroglial differentiation marker GFAP in GB neurospheres, both in normoxic and hypoxic conditions. Data
are mean = SD of five different experiments. “*P< 0.05; **P< 0.001.
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Immunolocalization and Western blotting analysis for the inducible hypoxia factor 1 « (HIF-1c) was investigated in GB neurospheres, both in normoxic and hypoxic

conditions (A). In panel B, the immunolocalization and Western blotting analysis for the peroxisomal membrane protein PMP70 is shown. In panel C, real-time PCR analysis for
the lipid metabolism proteins, AOX, THL, HMG-red is reported. Data are mean =+ SD of five different experiments. “P< 0.05; **P< 0.001. Bar =20 pm.

investigated the expression of the three PPARs both in normoxia
and hypoxia in GB stem cells.

In Figure 7, the immunolocalization for PPARa, B and v is
reported. Hypoxia strongly increases the fluorescence intensity for
PPARa, while concomitantly decreases PPARB and vy fluorescence
intensity. In Figure 8, Western blotting and real-time PCR analyses
for the three PPAR isotypes is reported. Hypoxia strongly increases
PPARa at protein level, while it was uneffective on mRNA, thus
suggesting a possible stabilization of the protein, in agreement with
the increase of its target gene, AOX. In parallel, the expression of the
other two isotypes, PPARB and vy appeared strongly downregulated
by hypoxia, both at mRNA and protein level, thus suggesting
different functions for the three isotypes in GB neurospheres.

HIF-1a is master regulators of the transcriptional response to
hypoxia. When a stem cell is experiencing a reduced oxygen
environment, HIF-1a will induce (or inhibit) the expression of many
of genes. In recent studies on GB neurospheres, HIF-1a and HIF-2a
mRNAs where shown to be expressed between physiologic oxygen
levels (5-7% range) to moderate hypoxia (1-2%). While HIF-2«
protein is present in a wide range of oxygen levels, HIF-1a protein
is restricted to cells living under moderate hypoxia. Moreover,
hypoxia has been described to modulate several pathways involved
in cell survival, proliferation, differentiation, and death [Bar et al.,
2010].
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We have recently suggested that hypoxia and HIF-1a may be
responsible for lipid metabolism impairment in human gliomas.
Indeed, under hypoxia, in gliomas a malignancy grade-dependent
accumulation of lipid droplets, containing neutral lipids, have been
previously described [Opstad et al., 2008], also confirmed by us both
in ex vivo and in vitro glioblastoma specimens and cells [Benedetti
et al., 2010; Laurenti et al., 2011]. As reported [Bar et al., 2010] there
are several similarities between normal neural stem cells and GB
stem cells in regards to their response to hypoxia. We also found a
similarity as regards lipid droplets accumulation. In fact in mouse
neural stem cells, under proliferative conditions, an evident
accumulation of lipid droplets was observed [Cimini et al., 2007],
as happens in human gliomas, with GB being the most endowed in
lipid droplets, mainly under hypoxia [Laurenti et al., 2011]. In this
view appears important to investigate on the expression of PPARs,

the master genes involved not only in the lipid metabolism, but also
in the overall energetic metabolism.

Our results show, in agreement with other authors, a hypoxia
dependent up-regulation of the stemness markers with a concomi-
tant up-regulation of lipid metabolism enzymes, cholesterol,
cholestroyl-esters and of the PPARcw, the transcription factor
involved in their transcriptional control.

It has been previously described in many tumors alterations in
lipid metabolism and the high rates of de novo fatty acid
biosynthesis [Medes et al., 1953]. The cholesterol synthesis is
mediated by mevalonate pathway which uses acetyl-CoA as
substrate. An abnormally active de novo synthesis of cholesterol
from acetate and mevalonate (MVA) in malignant glial cells,
compared with their normal counterparts has been reported
[Goldstein and Brown, 1990]. This pathway produces various end
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products critical for both normal and cancerous cells. The rate-
limiting step of this pathway is catalyzed by HMG-CoA reductase
[Goldstein and Brown, 1990]. Many cancerous cells seem highly
dependent on the availability of the end products of MVA pathway
[Chan et al., 2003].

In this study, we evaluated the role of hypoxia on the expression
profiles of several lipid metabolic enzymes and PPARs on GB
neurospheres. The results obtained confirmed the upregulation of
the peroxisomal proteins involved in lipid metabolism with an
increase, under hypoxia, also of the lipid droplets and of the
cholesterol and cholesteroyl-esters synthesis. These findings appear
in agreement with the lipid metabolism perturbation previously
observed in glioma specimens and in glioma primary cultures.
In fact, also in GB stem cells, acyl-CoA oxidase, that catalyzed the
rate-limiting step of the P-oxidation pathway with acetyl-CoA
production, which constitutes the substrate for mevalonate
synthesis, is significantly up-regulated by hypoxia as also supported
by the increase of cholesterol and cholestroyl-esters content. These
findings suggest that hypoxia and the subsequent metabolic cascade
are able to affect lipid metabolism and particularly cholesterol
synthesis. This is further supported by the observation, under
hypoxia, of the increase and nuclear localization of PPARq,
suggesting the activation of the nuclear receptor. This is further
stressed by the significant increase of AOX, that is known to be
under PPAR« transcriptional control. This strong up-regulation of
lipid metabolism, under hypoxia, may be related to the anerobic

glycolitic metabolism that is known to occur in this tumor, under
low oxygen levels. The glycolitic pathway produce less, but faster
ATP, therefore a different pathway may be used for membrane lipid
synthesis and for sustaining cell metabolism. In this view, the
activation of PPARa may constitute a useful way to up-regulate
cholesterol synthesis and to maintain cell proliferation. Moreover, it
has been demonstrated that lipid droplets other than containing only
neutral lipids, are complex structures that contain several proteins,
some under PPARa transcriptional control such as adipose
differentiation-related protein (ADPR) [Edvardsson et al., 2006].
These droplets may eventually constitute a simple way used by GB
cells to transport informations between cells, since they are released
at the foci of pseudopalisading necrosis. The Hedgehog (Hh)
pathway is a major regulator of many fundamental processes in
vertebrate embryonic development including stem cell mainte-
nance, cell differentiation, tissue polarity, and cell proliferation.
Constitutive activation of the Hh pathway leading to tumorigenesis
is seen in basal cell carcinomas and medulloblastoma. A variety of
other human cancers, including brain, gastrointestinal, lung, breast,
and prostate cancers, also demonstrate inappropriate activation of
this pathway. Paracrine Hh signaling from the tumor to the
surrounding stroma was recently shown to promote tumorigenesis.
This pathway has also been shown to regulate proliferation of cancer
stem cells and to increase tumor invasiveness [Gupta et al., 2010]. It
has been recently demonstrated that cholesterol metabolism is
required for intracellular hedgehog signal transduction and also a
requirement for intracellular cholesterol synthesis for proper
regulation of Hh activity via Smoothened [Stottmann et al.,
2011]. Moreover, hedgehog paracrine molecules should be
palmytoylated and bound to cholesterol for its activity; many
authors have raised the question how this lipophilic compound may
be transported in the hydrophilic extracellular environment
[Thérond, 2012]. Tt is possible to speculate that the abnormal
cholesterol synthesis and PPARa activation that we observe,
paralleled by lipid droplets increase, may constitute the way used for
hedgehog activation and transport.

Several reports have discussed on the possible role of PPARs in
neural stem cell proliferation, maintenance, and differentiation
[Cimini et al., 2007; Cimini and Ceru, 2008], in particular PPAR+y has
been implicated both in proliferation and differentiation [Wada et
al., 2006; Wang et al., 2011], while PPARB has been indicated in
neuroblast differentiation [D’Angelo et al., 2011]. In our experi-
mental conditions, the strong upregulation of PPARa, with its
implication on lipid metabolism, is paralleled by a significant down
regulation of PPARB and <. This finding indicate that even if
displaying similar features, neural stem cells appear different from
GB stem cells. In fact, in mouse neural stem cells we found an up-
regulation of PPARa only when NSC underwent to astroglial
differentiation [Cimini et al., 2007] or other authors described
PPARy as crucial for NSC proliferation. Herein, it appears that is the
PPARa the one involved in the maintenance and proliferation of
cancer stem cells and that a downregulation of the other two PPARs
is needed for maintaining these processes. For example, it is known
that NFkB signaling is involved in NSC migration, in response
to TNFa or hypoxia [Widera et al.,, 2004]; TNFa induces NFkB
activation which promotes MCP1, SDF1, and SCF gene transcription,
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all of which are involved in migration [Da Silva et al., 2003; Sun
et al., 2004; Jung et al., 2008]. PPARY plays an inhibitory effects on
this pathway inactivating TNFa signaling pathway by maintaining
NFKB in inactive form [Bylund et al., 2003], thus in GB stem cells this
pathway may be maintained active by the downregulation of this
transcription factor.

On the overall, our data indicate that PPAR« is strongly involved
in GB stem cell biology, and probably malignancy, and that this
implies a deregulation of the lipid metabolism and a downregulation
of PPARB and +y. Our data also suggest that hypoxia and PPAR«
may be directly involved in proliferation and chemoresistance,
main features of cancer stem cells, suggesting the use of PPARa
antagonists may represent a potential approach for counteracting
chemoresistance by blocking lipid metabolism catabolism and
eventually promoting cell death. On the other hand, the use of
specific PPARB or vy agonists may be suggested to increase cancer
stem cell differentiation or to counteract proliferation.
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