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Conjugated linoleic acid (CLA) has been shown to exert beneficial
effects against carcinogenesis, atherosclerosis and diabetes. It has
been demonstrated that CLA modulates lipid metabolism through
the activation of peroxisome proliferator-activated receptors
(PPARs). The PPAR family comprises 3 closely related gene prod-
ucts, PPAR a, B/ and v, differing for tissue distribution, develop-
mental expression and ligand specificity. It has also been demon-
strated that activated PPARY results in growth inhibition and dif-
ferentiation of transformed cells. These observations stimulated a
great interest toward PPARY ligands as potential anticancer drugs
to be used in a differentiation therapy. Glioblastomas are the most
commonly diagnosed primary tumors of the brain in humans. The
prognosis of patients with high-grade gliomas is poor and only
marginally improved by chemotherapy. The aim of this work was
to study the effects of CLA and of a specific synthetic PPARYy
ligand on cell growth, differentiation and death of a human glio-
blastoma cell line as well as on parameters responsible for the
metastatic behavior of this tumor. We demonstrate here that CLA
and PPARY agonist strongly inhibit cell growth and proliferation
rate and induce apoptosis. Moreover, both treatments decrease
cell migration and invasiveness. The results obtained show that
CLA acts, directly or indirectly, as a PPARy activator, strongly
suggesting that this naturally occurring fatty acid may be used as
brain antitumor drug and as a chemopreventive agent. Moreover,
the y-agonist, once experimented and validated on man, may rep-
resent a useful coadjuvant in glioblastoma therapy and in the pre-
vention of recurrences.
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Several studies have provided convmcmg evidence that dietary
fats play important but different roles in tumorigenesis.' Saturated
fatty acids (FAs) and n-6 polyunsaturated FAs (PUFAs) have
growth-promoting effects on  many tumors,® while n-3 PUFAs appa-
rently inhibit tumorigenesis.* Moreover, effects of PUFAs are dif-
ferent in relation to the cell type and differentiation degree and to
the normal or malignant status of the cells.”™® Conjugated linoleic
acid (CLA), a positional and geometric isomer of linoleic acid, has
been shown to exert beneficial effects against carcinogenesis, athe-
rosclerosis and diabetes, to enhance immunologic function while
protecting against the catabolic effects of immunostimulation and to
affect tissue body composition.””'" It has been recently demon-
strated that CLA modulates lipid metabolism through the actlvatlon
of peroxisome proliferator-activated receptors (PPARs)."?

PPARs belong to the steroid/thyroid/retinoid and vitamin D3
receptor superfamily and play fundamental roles in energy homeosta-
sis by mediating FA action on the expression of genes involved in
lipid metabolism.'>'® As other ligand-activated transcnptlonal fac-
tors of this superfamily, PPARs heterodimerize with 9-cis retinoic
acid receptors (RXRs) and interact with specific DNA response ele-
ments (PPRE) located upstream to the target genes. These include
genes not only involved in 11p1d metabolism,'” but also regulating
cell cycle and differentiation.'”® The PPAR family comprises 3
closely related gene products, PPAR«, [3/8 and v,"° differing for
tissue distribution, developmental expression and ligand specificity.'
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Whereas PPAR« operates in the catabolism of FAs and eicosa-
noids and the precise functions of the (3/d isotype are yet to be
clarified, PPARy regulates genes implicated i in lipogenic pathways
and is involved in adipocyte differentiation. Recently, it has also
been demonstrated that PPARy plays important roles in inflamma-
tion and regulation of cell proliferation, differentiation and
death.'® As regard% PPARY ligands, 15-deoxy- A 12,14 prostaglan-
din J2 (PGJ2) is the most potent natural ligand,?>** while the anti-
diabetic drugs thiazolidinediones (TZD) have been recognized as
effective synthetic PPARYy agomsts ngand activated PPAR<y
results in growth inhibition and differentiation of normal and
transformed cells.>>® These observations stimulated great interest
in PPARv ligands as _Potentlal anticancer drugs to be used in a dif-
ferentiation therapy.?’*® Although data on this topic are somewhat
controversial, probably depending on the specific tumor and on
the in vivo or in vitro models, extending these studies to other
tumor cell types and possibly to other PPARy ligands appears very
promising.

Glioblastomas are the most commonly dlagnosed primary tumors
of the brain in humans.? These highly aggressive tumors are char-
acterized by rapid proliferative rate and invasiveness as well as by
the secretion of angloigenetlc factors and proteins leading to T-cell
immunosuppression.”” The prognosis of patients with high- grade
gliomas is poor and only marginally improved by chemotherapy.*'

PPARs have been demonstrated to be expressed by glioblas-
toma and astrocytoma™**33 cell lines, although to levels that differ
from their normal counterpart.”” The aim of this work was to study
the effects of CLA and of a specific synthetic PPARy ligand®> on
cell growth, differentiation and death of a human glioblastoma cell
line as well as on parameters responsible for the metastatic behav-
ior of this tumor.

Material and methods
Reagents

CLA was generously provided by Natural Lipids (Hovdebygda,
Norway); Triton X-100, Nonidet P40, sodium dodecylsulfate,
Tween 20, L-glutamine, phalloidin-TRITC, anti-GFAP monoclo-
nal antibody, FITC-labeled antirabbit and antimouse IgG antibod-
ies and PVDF were purchased from Sigma Chemical (St. Louis,
MO); ELISA nucleosome detection kit, BrdU incorporation kit
and RNAase were from Roche Diagnostic (Indianapolis, IN); tryp-
sin-EDTA solution, streptomycine-penicillin, TRIzol reagent and
Platinum Taq RNA plymerase were from Gibco Invitrogen (San
Giuliano Milanese [MI], Italy); anti-PPAR~y antibodies were from
Affinity Bioreagents (Golden, CO) for the immunofluorescence

Grant sponsor: Banco San Paolo, Torino; Grant sponsor: Italian PRIN
2003; Grant sponsor: Neuromed 1% Sanita 2003.

*Correspondence to: Department of Basic and Applied Biology,
University of L’Aquila, Via Vetoio n. 10, 67010 Coppito, AQ, Italy.
Fax: +39-0862-433273. E-mail: cimini@univaq.it

Received 25 January 2005; Accepted after revision 18 April 2005

DOI 10.1002/ijc.21272

Published online 28 June 2005 in Wiley InterScience (www.interscience.
wiley.com).



924

53 7
A 62
L.
3 611 /”’_ﬂ
'|: 6 T RE
E 5.9 A £33
584 EH
5.7 T T T T T Ll
0 5 10 15 20 25 a0
time (k)
—4— control —8—CLA 10 p —— CLA 25 pi

—a— CLA SO pM  —o— CLA 100 pM

log n® clls
ChihChihChihih O

TN o T
}-
"
EE]
-
-
o

0 10 20 30 40 50
tirme (h)

—4— control
—i— GUV347845
—=— agonistrantagonist

== CLA
—s— Cl&Jantagonist

FiGure 1 — Semilog growth curves of control and treated ADF
cells. After treatments, Trypan blue-excluding cells were counted at
different time points. (a) Effect of different concentrations of CLA at
various time points (4, 8 and 24 hr). (b) Effects of 25 pM CLA and of
1 pM PPARYy agonist GW347845X, both alone or in combination with
the PPARYy antagonist GW259662 (1 uM), used for different time
points (4-48 hr). Data are mean = SD of 6 different experiments run
in triplicate. SD never exceeded 10%. Asterisk, p < 0.01; double
asterisk, p < 0.001.

experiments, while for immunoblotting anti-PPARy and rabbit
anti-Erk1,2, anti-P-Erk, anticaspase-3, anticaspase-9 were from
Santa Cruz Biotechnology (Santa Cruz, CA); RPMI-1640 and fetal
bovine serum (FBS) were from Euroclone (Wetherby, West York-
shire, UK); Vectashield was from Vector (Burlingame, CA); ECL
kit was from Amersham Life Sciences (Buckinghamshire, U.K.);
micro-BCA protein detection kit was from Pierce (Rockford, IL);
Gene Specific Realtime RT-PCR kit was from Ambion (Austin,
TX); Transam PPARy kit was from Activemotif (Carlsbad, CA). All
other chemicals were of the highest analytical grade. The PPARYy
agonist and antagonist, GW347845X and GW259662, respectively,
were generous gifts of Dr. Timothy M. Willson, GlaxoSmithKline
(Research Triangle Park, NC).

Cell cultures

Human glioma cell line (ADF) was a generous gift of Professor
P.G. Natali (Istituto Regina Elena, Rome, Italy). Cells were seeded
at 3 X 10* cells/cm? and maintained in monolayer culture in RPMI-
1640 medium supplemented with 10% FBS for 24 hr before treat-
ments. For treatments with CLA and PPAR'y ligand and antagonist,
FBS was replaced with charcoal (5 mg/ml)-stripped serum (over-
night at 4°C) in order to eliminate endogeneous lipid components.
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F1GURE 2 — BrdU incorporation expressed as percentage of the con-
trol values in cells treated with 25 ptM CLA or 1 uM GW347845X
and combination of both with 1 tM GW259662 for different time
points (4-48 hr). Data are mean = SD of 6 different experiments run
in triplicate. SD never exceeded 10%. Asterisk, p < 0.01; double
asterisk, p < 0.001.
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FiGure 3 — Apoptotic rate in control and treated cells. Apoptosis
was evaluated as nucleosome concentration; 25 pM CLA and 1 pM
GW347845X significantly induced apoptotic events and the effect was
reverted by 1 ptM GW259662. Data are mean = SD of 4 experiments
run in triplicate, with SD never exceeding 10%. Asterisk, p < 0.01;
double asterisk, p < 0.001.

Treatments

CLA was prepared from a solution containing 1 mM CLA,
1 mM NaOH, 10 mg/ml defatted BSA in serum-free medium. The
solution was incubated for 10 min at 37°C and sonicated (5 cycles
of 5 sec), incubated at 50°C for 10 min and used at the indicated
concentrations. The PPAR+y ligand, GW347845X, was dissolved
in 0.01% DMSO and used at the final concentration of 1 uM. The
PPARYy antagonist GW259662 was used at 1 pM (final concentra-
tion) and administered 30 min before CLA or GW347845X treat-
ment. Controls received the vehicle alone (0.001% DMSO for
GW347845X and GW259662, delipidated serum for CLA).

Cell growth, proliferation and death assays

Cell growth curves were obtained by counting Trypan blue-
excluding cells, both in control and in treated cultures, at different
time points. Cell proliferation was measured by BrdU incorpora-
tion assay according the manufacturer’s directions.
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For apoptosis detectlon cells were seeded in 96-well plates at a
density of 3 X 10* cells/cm® in dehpldated serum. Control and
treated cells were analyzed for apoptosis using an ELISA nucleo-
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FiGure 5 — PPARYy transactivation assay in control and treated
cells. Treatments as in Figure 4. Data are mean = SD of 3 experiments
run in quadruplicate. Asterisk, p < 0.01; Double asterisk, p < 0.001.

some detection kit. Absorbances at 405 and 490 nm were recorded
according the manufacturer’s directions.

Protein assay
Proteins were assayed by the micro-BCA Kkit.

PPARy transactivation assay

PPARw transactivation was checked by Transam PPAR<y kit
(Activemotif) according the manifacturer’s directions. The
Transam kits is a highly sensitive ELISA-based assays that facili-
tate the study of transcription factor activation in mammalian tis-
sue and cell extracts. Each transam kit contains a 92-well plate, to
which oligonucleotide containing a consensus-binding site has
been immobilized. The transcription factor of interest binds spe-
cifically to the oligonucleotide. The revelation is done by the incu-
bation with a primary antibody specific for the active form of
bound transcription factor, followed by the incubation with an
HRP-conjugated secondary antibody. After the incubation with
standard developing solution, the samples are quantified by an
ELISA plate reader (450 nm). Positive and negative controls are
run in parallel.

Immunoblotting

For Western blotting, cells treated for 4 hr were washed in ice-
cold PBS and harvested in ice-cold RIPA buffer (phosphate buffer
saline, pH 7.4, containing 0.5% sodium deoxycolate, 1% Nonidet
P-40, 0.1% sodium dodecyl sulfate, 5 mM EDTA, 100 mM
sodium fluoride, 2 mM sodium pirophosphate, 1 mM PMSF,
2 mM ortovanadate, 10 pg/ml leupeptin, 10 pg/ml aprotinin,
10 pg/ml pepstatin). Cell lysates were centrifuged and the super-
natants were assayed for protein content; 40 pg of proteins from
whole cell lysates were electrophoresed through a 10% SDS-poly-
acrilamide gel under reducing conditions.*® Proteins were trans-
ferred onto PVDF membrane sheets and nonspecific binding sites
were blocked by overnight incubation at 4°C in 20 mM TRIS,
55 mM NacCl and 0.1% Tween 20, pH 7.4 (TST), containing 5%
nonfat dry milk (blocking solution). Membranes were then incu-
bated for 1 hr at room temperature (RT) with rabbit anti-PPARYy,

FiGURE 4 — Western blottings and relative densitometric analyses
for caspase-3 (inactive form) and -9 (active form) in control and
treated cells (25 pM CLA and 1 pM GW347845X, with or without
1 UM GW259662, for 4 hr). As loading control, 3-actin was used. For
all conditions, an example of Western blotting is shown. Densitomet-
ric data are mean = SD of 5 experiments. Asterisk, p < 0.01; double
asterisk, p < 0.001.
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FiGure 6 — Western blotting and RT-PCR for PPARwy and relative densitometric analyses in control and treated cells. Treatments as in
Figures 4 and 5. The densitometric values are mean = SD of 3 experiments. For the immunoblottings, both the PPARy1 and PPARYy2 bands
(lighter and heavier, respectively) were considered. Data were normalized against 3-actin. Asterisk, p < 0.01; double asterisk, p < 0.001.

anti-ERK, or anti-P-ERK antibodies (1:1,000) or with anticaspase-
3 or -9 (1:200) dissolved in the blocking solution. After extensive
washings with TST, the membranes were incubated with HRP-
conjugated antirabbit IgG secondary antibody (1:2,000). Immu-
noreactive bands were visualized by chemiluminescence (ECL).

RT-PCR analysis

Total cellular RNA was extracted by TRIzol reagent according
to the manufacturer’s directions. The total RNA concentration was
determined spectrophotometrically in RNAase-free water. Reverse
transcription (RT) was performed using Gene Specific Realtime
TR-PCR kit and polymerase chain reaction (PCR) amplification of
specific target RNA was performed using Platinum Taq DNA pol-
ymerase following the manufacturer’s directions. The following
primers were used. Human PPARYy: 5-TCTCTCCGTAATGGA-
AGACC-3' (upstream) and 5'-GCATTATGAGACATCCCCAC-3
(downstream). Amplification conditions were 30 sec at 94°C
(denaturation), 1 min at 66°C (annealing), 1 min at 72°C (exten-
sion) for 40 cycles. The amplification product was 474 bp. Human
B-actin:  5-TGACGGGGTCACCCACACTGTGCCCATCTA-3’

(upstream) and 5'-CTAGAAGCATTGCGGTGGACGATGGAG-
GG-3' (downstream). Amplification conditions were: 40 sec at
94°C (denaturation), 40 sec at 65°C (annealing), 1 min at 72°C
(extension). The amplification product was 661 bp. PCR products
were electrophoretically separated on 1.5% agarose gel and identi-
fied by ethidium bromide staining. To normalize differences in
total RNA concentration among samples, bands were normalized
against [3-actin. Semiquantitative analysis was performed by Total
Lab V.LIL System (Phoretics, New Castle, UK).

Morphology

For purely morphologic observation, cells were seeded on cov-
erslips (3 X 10* cells/cm?), treated for 48 hr and fixed for 10 min
at RT in 4% paraformaldehyde in PBS and analyzed by phase con-
trast microscopy.

Immunoﬂuarescence

Cells grown on coverslips (3 X 10* cells/cm?) and treated for
48 hr were fixed for 10 min at RT in 4% paraformaldehyde in PBS
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FiGure 7 — PPARy immunoloc-
alization in control and treated cells.
Treatments were for 4 hr: (a) control;
() 25 M CLA; (¢) | uM
GW347845X; (d) 1 pM GW259662;
(e) CLA/antagonist; (f) agonist/antag-
onist. PPAR<y was always localized to
the nucleus; CLA and GW347845X
increased the fluorescence intensity
and GW259662 reverted this effect.
Magnification: 300X.

and permeabilized in PBS containing 0.1% Triton X-100 for 10 min
at RT. Cells were then incubated with anti-PPAR<y or N-cadherin
(1:100 or 1:1,000 in PBS containing 3% BSA, respectively) anti-
bodies overnight at 4°C. After extensive washings with PBS, cells
were incubated with fluorescein-labeled antirabbit IgG secondary
antibodies (1:100 in PBS containing 3% BSA) for 30 min at RT.
Actin staining was performed incubating fixed cells with phalloidin-
TRITC (1:100 in PBS containing 3% BSA) for 30 min at RT. After
extensive washings with PBS, cells were mounted with Vectashield
mounting medium and photographed at fluorescence microscope
(Axiophot; Zeiss, Oberkochen, Germany).

Cell adhesion, migration and invasiveness assay

For adhesion, control and 48-hr-treated cells were seeded onto
plastic Matrigel (25 pg/ml) or gelatin (0.1% v/v)-coated 96-well
2 X 10* cells/well) in serum-free medium and incubated at 37°C,
for 15, 30 and 60 min. Cells were then washed twice with PBS
and fixed with ice-cold methanol for 10 min. After washings, cells
were allowed to air-dry for 5 min and stained with 20 pl/well
0.5% (w/v) crystal violet for 15 min at RT. After washings, cells
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were covered with methanol for 15 min until no more staining was
released. Absorbance at 595 of methanol is directly proportional
to adhesion grade.

Migration and invasiveness assays were performed on Boyden
chambers containing PVPFS filters coated by gelatin 0.1% (v/v) or
Matrigel (25 pg/ml), respectively. Control and 48-hr-treated cells
were detached, washed twice with PBS and resuspended in serum-
free medium at 7 X 10° cells/ml; 600 pl of cell suspension was
seeded in the upper chamber and allowed to migrate for 6 hr. After
removing the nonmigrated cells on the upper face of the filter, the
migrated ones on the lower face of the filter were stained with
Deef-Quick, mounted on slides and counted under light micro-
scope. For each conditions, 3 filters were prepared, and for each
filter, 5 fields were counted.

Protease expression and MMP activation assay

Expression and activation of gelatinase A (pro-MMP-2) and
gelatinase B (pro-MMP-9) were analyzed by zymography per-
formed using an SDS-polyacrylamide 8.5% gel copolymerized
with 0.1 mg/ml gelatin (Sigma). Routinely, conditioned media
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FiGure 8 — Phase contrast microscopy of control and 48-hr-treated cells: 25 pM CLA (b) and, to a lesser extent, 1 tM GW347845X (c)
affected cell morphology by inducing more evident cellular spreading and more numerous and branched cell processes than in controls (a). Mag-

nification: 450X.

were obtained from cultures grown in 75 cm? flasks. Afterward,
adhesive cells were washed with PBS and incubated 48 hr, each
treated as described above. Following incubation, culture media
were collected, centrifuged at top speed in an Eppendorf microcen-
trifuge (Eppendorf, Hamburg, Germany) for 5 min to remove cell
debris and stored at —80°C until assayed. Corresponding mono-
layers were trypsinized and the cells counted to normalize the gelat-
inase activity of the conditioned media. Media were defrosted and
precipitated in EtOH (1:6), then suspended in sample buffer (the
corresponding medium of 8 X 10 cells/100 pl); 40 ul (correspond-
ing to 3 X 10° cells) for lane were subjected to zymography. Gels
were washed twice in H,O containing 2.5% Triton X-100, incubated
24 hr with 50 mM TRIS-HCI, pH 7.4, containing 5 mM CaCl, and
stained with Blue Coomassie for 30 min at RT. Gels were then
destained with EtOH/acetic acid (30% to 7%).

Statistics

Statistical significance of paired samples was analyzed by
Student’s t-test (double asterisk, p < 0.01; triple asterisk, p <
0.001). For RT-PCR analysis, samples were processed by SPSS
software and analyzed by ANOVA test, followed by Scheffe’s
posthoc test analysis (double asterisk, p < 0.005; triple asterisk,
p < 0.001).

Results

In preliminary experiments, the effect of delipidated serum on
cell growth rate was assessed. Since delipidated serum did not

affect cell growth (not shown), we decided to use it in all subse-
quent experiments in order to eliminate possible interferences by
lipid components normally present in the serum.

Cell proliferation and death

In a first series of experiments, we studied the effects of dif-
ferent CLA concentrations on cell growth rate at different time
points. Figure 1(a) shows the semilog growth curves of control
and CLA-treated cells. CLA caused a strong decrease in cell
growth rate at all concentrations and time points tested. Since
high concentrations (50-100 pM) of CLA also induced necrotic
death, as demonstrated by Trypan blue staining and lactic dehy-
drogenase activity assayed in the culture medium (not shown),
the 25 uM CLA concentration was used for all subsequent
experiments.

In order to verify if the CLA-induced reduction of cell growth
might be ascribed to PPARvy activation, the effects of CLA were
compared with those of a specific PPARy ligand, GW347845X.
Moreover, a specific PPAR+y antagonist, GW259662, administered
in association with CLA or GW347845X was also tested.

Figure 1(b) shows the comparison between the effects of
25 uM CLA and the PPARYy ligand, GW347845X, used at a con-
centration of 1 uM, chosen on the basis of published data.>’ Sim-
ilarly to CLA, GW347845X induced a reduction of cell number.
Administration of the PPARYy antagonist, GW259662, in associa-
tion with CLA or GW347845X completely reverted both CLA
and GW347845X effects (Fig. 1b).
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F1GURE 9 — Microfilament organization visualized by phalloidin-TRITC staining (a, control; b, 25 uM CLA; ¢, 1 uM GW347854X) and N-
cadherin immunolocalization (d, control; e, CLA; f, GW347845X) in control and treated cells. Magnification: 330X.

Figure 2 shows the effects of the treatments on cell proliferation
as evaluated by BrdU incorporation. Values are expressed as per-
centages of the corresponding controls. Both CLA and
GW347845X treatments decreased BrdU incorporation and the
effects were especially apparent after 48 hr of treatment. The
antagonist completely abolished CLA or GW347845X effects at
any time point tested.

Figure 3 shows the apoptotic rate, evaluated as nucleosome con-
centration in control and treated samples. CLA and GW347845X
increased nucleosome concentration with a somewhat biphasic
pattern, showing maximal activity at 8 and 48 hr. The antagonist
completely abolished the CLA or GW347845X effects. The West-
ern blotting and relative densitometric analyses of caspase-3 (inac-
tive form) and caspase-9 (active form) are shown in Figure 4. Both
CLA and PPARY agonist reduced the level of the inactive form of
caspase-3, confirming that the treatments induced apoptotic death.
However, the PPAR+y antagonist did not revert this effect, suggest-
ing that activation of caspase-3 was not totally PPARy-dependent.
As regards caspase-9, both treatments induced the active form,
with the agonist much more effective than CLA. Moreover, while
the antagonist reverted the CLA-induced caspase-9 increase, it
was not able to abolish the effect of PPAR+y agonist completely,
thus suggesting that some mechanism(s) other than PPARy activa-
tion was also acting in this case.

PPARy

The results of the PPARy transactivation assay (Fig. 5) demon-
strate that both CLA and GW347845X transactivated PPAR~y. The
antagonist completely reverted CLA effects, but less efficiently
inhibited GW347845X effects.

In Figure 6, the Western blotting and RT-PCR analysis for
PPARYy are reported. CLA and, even more dramatically, GW347845X
increased PPARYy, both at protein and mRNA levels. In both cases,

the association with the antagonist reverted these effects to control
values.

PPAR<Y immunofluorescent localization in control and treated
cells (Fig. 7) always shows a nuclear positivity. Both CLA and ~-
agonist seemed to increase the fluorescence intensity (Fig. 7b
and c), while the antagonist apparently abolished this effect.

Morphology

At the light microscopic level, untreated cells appeared as a uni-
form population showing a predominantly bipolar shape (Fig. 8a).
CLA strongly modified cell morphology promoting cell spreading
and processes elongation (Fig. 8b). The y-agonist exerted less evi-
dent effects (Fig. 8c). The antagonist alone or in association had
no effect on cell morphology (not shown). In Figure 9, the microfi-
lament organization and N-cadherin localization in control and
treated cells are shown. In control cells, microfilaments appeared
disorganized and many focal adhesion contacts were observed
(Fig. 9a); N-cadherin was mainly localized in the cytoplasm (Fig.
9d). CLA and GW347845X induced microfilament organization
(Fig. 9b and ¢) and N-cadherin was increased and redistributed to
plasma membranes (Fig. 9¢ and f). The antagonist reverted all
these effects (not shown).

Cell adhesion, migration and invasiveness

The effects of the treatments on cell adhesion, migration and
invasiveness representing the biologic basis of glioblastoma
malignancy, as well as the zymogram for MPP2, are shown in
Figure 10. CLA increased cell adhesion on the different supports
examined; the PPARYy agonist exerted similar, though weaker,
effect. Cell migration and invasiveness were inhibited by both
treatments, with CLA again being more effective. The zymogram
shows that both CLA and GW347845X treatments decreased the
MPP2 levels. PPARy antagonist completely reverted both CLA
and GW347845X effects on all these parameters.
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FiGure 10 — Adhesion, migration and invasiveness assays in control and treated cells. Treatments were for 48 hr. For migration and invasive-
ness assays, 5 fields/filter were counted. Data are mean = SD of 3 experiments run in triplicate. Asterisk, p < 0.01; double asterisk, p < 0.001.
One example of zymogram for MPP2 in control and treated cells is also shown. Lane 1, control; lane 2, CLA; lane 3, CLA/antagonist; lane 4,

GW347845X; lane 5, GW347845X /antagonist; lane 6, antagonist.

Signal transduction pathway

To investigate which of the possible signal transduction pathways
might be involved in some of the observed effects, the levels of the
MAPK Erk1,2 (active and inactive forms) were analyzed after a
4-hr treatment (Fig. 11). Both CLA and the y-agonist decreased the
P-ERK1,2 (active form) with respect to the control levels, while the
antagonist strongly increased the phosphoprotein level. Samples
treated with the associations CLA/antagonist or agonist/antagonist
showed similar levels as compared to the controls.

Discussion

While the anticarcinogenic activity of CLA has been extensively
studied both in vivo and in vitro in different tumor cells,** ™ to our

knowledge, this is the first report demonstrating an antitumor
activity of CLA on glioblastoma cells. In fact, the only paper deal-
ing with this tumor reported inefficacy of CLA on the human glio-
blastoma cell line A-172.* It is well known that the response of
tumor cells to antiproliferative treatments is strongly dependent on
their differentiation degree® and also influenced by their antioxi-
dant defenses,** which are reportedly less efficient in transformed
than in normal cells.*’ Indeed, ADF has a higher malignancy
grade (grade 4) and lower Se-glutathione peroxidase and GSH lev-
els than A-172 (grade 2).434

Many of the effects of CLA on both normal and malignant
cells have been reported to be mediated by induction and activa-
tion of PPARs.'>'**7 Since in a previous study we demon-
strated the presence of PPARs in ADF glioblastoma cells,® we
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Ficure 11 — Western blotting and relative densitometric analyses
of Erkl,2 (inactive form) and P-Erk1,2 (active form) in control and
treated cells. Treatments were for 4 hr. As loading control, 3-actin is
shown. The densitometric data are mean * SD of 3 experiments.
Asterisk, p < 0.01; double asterisk, p < 0.001.

hypothesized that even in this cell line the growth-inhibitory
effects of CLA might be mediated by PPARYy activation. We
pamcularly focused on PPAR'\/, as this 1sotype has long been
involved in carcinogenesis. 2526 To address this issue, the effects
of CLA were compared with those of GW347845X, a specific
synthetic agonist of PPARy. The effect of both treatments on
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PPARYy activation, which was also investigated by a specific
ELISA transactivation assay, paralleled a reduction in cell growth
and proliferation and an increase of apoptotic rate, thus suggest-
ing that CLA effects are indeed mediated by PPARvy activation.
This conclusion is supported by the observation that PPAR<y
antagonist completely reverted both CLA and GW347845X
effects on cell growth and apoptosis. To get a deeper insight
into the mechanisms leading to CLA-induced death, we studied
the effects of CLA and vy-agonist on caspase-3 and -9 activation.
Both treatments activated these 2 caspases, with the y-agonist
more effective on caspase-9. However, the activation of caspases
is not exclusively PPAR<y-dependent, since the antagonist was
unable to revert this effect completely. These observations sug-
gest that CLA and, more surprisingly, even the vy-agonist induce
apoptosis also by mechanism(s) other than PPAR~y activation. In
this respect, it is worth mentioning that recent works point to
oxidative stress- medlated effects of specific PPAR<y ligands,
such as PGJ2 or TZD.*® A somewhat similar result was obtained
when the transactivation of PPARy by CLA or agonist treat-
ments was assayed. Also in this case, while both treatments
transactivated PPARy, only CLA-mediated effect was com-
pletely reverted by the antagonist. This result may be due to the
antagonist concentration and/or preincubation time, insufficient
to inhibit the rapid effects of the specific agonist. However,
higher antagonist concentrations (5-10 pM) were toxic for our
cells (not shown).

Since PPARY ligands are known to induce both expressmn of
PPARy gene and stabilization of PPARYy protein,*® we also inves-
tigated the patterns of PPARy mRNA and protein by RT-PCR and
Western blotting, respectively. Induction of PPARy mRNA and
protein by both treatments and complete reversion of these effects
by the antagonist were observed. Immunofluorescence results con-
firmed this conclusion and showed that the transcription factor is
localized to the nucleus, i.e., the cell compartment where it exerts
its functions.

As PPARw not only plays a crucial role in apoptosis but also in
differentiation of a varlety of cells, and induction of differentiation
has been observed in several malignant cells, 3051 we investigated
whether PPARvy activation would influence differentiation of
ghoma cells assessed by the glioma differentiation marker N-cad-
herin.”? Interestingly, decreased levels of N-cadherin were corre-
lated Wlth dissemination at the time of glioblastoma recurrence in
patients.>® In our experimental conditions, CLA and, to a lesser
extent, GW347845X treatments induced some morphologic
changes in treated cells such as cellular spreading and elongation
of cellular processes as well as increase of cell-cell contacts. The
microfilament organization was particularly affected, since actin
filaments appeared more organized and oriented. Also, N-cadherin
increased and changed its localization from the cytosol to plasma
membranes, indicating that both treatments induced a more differ-
entiated phenotype, as already described for PPARYy agonists in
other cellular models.’>>' However, immunoreactivity to GFAP,
typical differentiation marker for astrocytes, was never observed
in any of our experimental conditions (not shown). Thus, activa-
tion of PPAR~y may not only lead to the initiation of a distinct cell
death program but also induce redifferentiation of neoplastic
glioma cells.

It is known that the metastatic features of glioblastoma may be
ascribed to cytoskeleton disorganization and altered cell adhesion
molecule localization.* The involvement of PPAR'y on parame-
ters such as cell adhesion, migration and invasion has not yet been
studied on glioblastoma. Both ligands, more evidently CLA,
increased cell adhesion to different substrates and decreased cellu-
lar migration and invasiveness. Since metalloproteinase release is
crucial for cellular migration and invasiveness and PPARv activa-
tion has been involved in this process,” we assayed MPP2 in our
experimental conditions, showing a decrease after CLA or
GW347845X treatments. The PPARYy antagonist completely abol-
ished all these effects, indicating that PPAR<y activation may be
also involved in these functions.
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In most epithelial cancers, sustained ERK1,2 activation has
been associated with cellular transformation, proliferation and
invasion.>*® Analysis of various human primary tumors revealed
hyperactivation of ERK1,2 in malilgnant cells as compared with
the surrounding normal tissue.’*®" Our results show that both
treatments led to p-ERK downregulation and that this effect was
completely reverted by PPAR+y antagonist, pointing again toward
the involvement of PPARYy activation in decreasing glioblastoma
malignancy.

Taken together, our results demonstrate that CLA is, directly or
indirectly, a PPARy activator, thus strongly suggesting this natu-
rally occurring fatty acid, which is known to cross the blood-brain
barrier,”” as brain antitumor drug and possibly a chemopreventive
agent. On the other hand, the vy-agonist, once experimented and
validated on man, may represent a useful coadjuvant in glioblas-
toma therapy and in the prevention of recurrences. Future experi-
ments will focus on the specific conditions that guides neoplastic

CIMINI ET AL.

cells toward redifferentiation and on antineoplastic effects of
PPARYy agonists in an in vivo model of brain tumors. Since the
combination of a growth-inhibitory, proapoptotic and cell-differ-
entiating effect on glioma cells would be favorable, PPARYy ago-
nists may offer a new therapeutic strategy for patients affected by
malignant glioma.
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