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Abstract Glioblastomas, the most common form of primary
brain tumors, are the fourth cause of death by cancer in adults.
Increasing evidences suggest that glioblastoma resistance to
existing radio- and chemotherapies rely on glioblastoma stem
cells (GSCs). GSCs are endowed with a unique combination
of stem-like properties alike to normal neural stem cells
(NSCs), and of tumor initiating properties. The natural poly-
phenol resveratrol is known to exert opposite actions on neural
cells according to their normal or cancerous status. Here, we
used resveratrol to explore the molecular mechanisms differ-
ing between GSCs and NSCs. We observed a dual action of
resveratrol on GSCs: resveratrol blocked GSC proliferation up
to 150 uM and induced their necrosis at higher doses. On the
opposite, resveratrol had no effect on NSC behavior. To
determine the mechanisms underlying resveratrol effects, we
focused our attention on the family of NAD-dependent
deacetylases sirtuins (SIRT). A member of this family, SIRT1,
has been repetitively shown to constitute a preferential resver-
atrol target, at least in normal cells. Western blot analysis
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showed that SIRT1 and SIRT3 were expressed by both GSCs
and NSCs whereas SIRT2 expression was restricted to GSCs.
Pharmacological blockade of SIRT2 activity or down-regulation
of SIRT2 expression with siRNAs counteracted the inhibitory
effect of resveratrol on cell proliferation. On the contrary,
inhibition of SIRT?2 activity or expression did not counteract
GSC necrosis observed in presence of high doses of resvera-
trol. Our results highlight SIRT?2 as a novel target for altering
GSC properties.
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Introduction

Glioblastomas are the most common and malignant primary
tumors of the human adult central nervous system. Despite the
combination of surgery, radiotherapy and chemotherapy, the
life expectancy of patients diagnosed with glioblastoma is
approximately 1 year [1]. A growing body of evidence indi-
cates that a sub-population of tumor cells endowed with stem-
like and tumor-initiating properties plays key roles in the
development and therapeutic resistance of glioblastomas
[2-5]. The properties of these glioblastoma stem cells
(GSCs) are sustained at least in part by molecular pathways
previously shown to control normal embryonic and/or neural
stem cell (NSC) properties, such as the Sonic hedgehog-Gli-
Nanog network [6, 7]. Several studies have disclosed an
association between tumor formation by GSCs and their pe-
culiar resistance to chemotherapy and radiation treatments, as
compared to other cell populations of the tumor [8]. Experi-
ments using lineage tracing to look for the contribution of
individual tumor cells to tumor formation, suggest that the
replenishment of the tumor by GSCs spared by the treatment
is responsible for the failure of current therapies [4].
Deciphering molecular differences between GSCs and NSCs
should help to further understand the molecular pathways
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underlying their properties, and ultimately help in controlling
their behavior whilst sparing the normal nervous tissue.

Remarkably, the plant polyphenol resveratrol has been
shown to exert opposite effects on normal and cancerous
cells [9]. Resveratrol (3,4,5-trihydroxy-trans-stilbene) is a
natural polyphenolic phytoalexin widely present in plants
and enriched in red wine, peanuts and grapes [10]. This
compound has received considerable attention over the last
decades, first for its use in treating cardiovascular diseases,
and more recently for its neuroprotective effects associated
with its ability to cross the blood—brain barrier [11]. Res-
veratrol beneficial effects are underlined by its antioxidant
and anti-inflammatory action and include activation of en-
zymes such as sirtuins, which regulate longevity genes
preventing the deleterious effects triggered by oxidative
stress [11]. A major target of resveratrol for its pro-
survival function is sirtuin-1 (SIRT1), which bears an allo-
steric site recognized by resveratrol [12]. SIRTI-mediated
p53 deacetylation prevents p53 transcriptional activity and
counteracts apoptosis in response to oxidative stress and
DNA damage [13]. More recently another member of the
sirtuin family, SIRT2, has got much attention due to its
involvement in programmed necrosis [14]. SIRT2 is also
considered as a mitotic exit regulator and was reported to
suppress colony formation in glioma cell lines [15]. Res-
veratrol effect on SIRT2 activity is however unknown. Of
note, resveratrol effects on glioma cell lines depend on the
cell line studied and on the compound concentration used,
and range from limitation of the proliferation [16—18], and
the survival of the cells [19, 20], or enhancement of their
sensitivity to the DNA alkylating agent temozolomide [21,
22]. Here, we evaluated resveratrol effects on GSC cultures
derived from three distinct glioblastoma biopsies and one
grade III oligoastrocytoma as compared to two cultures of
human NSCs derived from fetal brains, focusing on members
of the sirtuin family as possible mediators of resveratrol action
on GSCs.

Materials and Methods
Cell Culture

GSCs were derived from neurosurgical biopsies of human
glioblastoma (TG1, TGIN, TG10 and TG16) or of grade III
oligoastrocytoma (OB1), and their stem-like and tumor-
initiating properties characterized as previously reported [7,
23-27]. NSCs (NSC24 and NSC25) were derived from hu-
man fetal brains, and characterized as previously described
[5]. GSCs and NSCs were cultured under the form of floating
cellular spheres as previously described [5, 25]. Additional
cells used in this study corresponded to TG1-miR-302-367.
TG1-miR-302-367 cells express in a stable manner the micro-
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RNA cluster miR-302-367, previously shown to suppress the
stem and tumor properties of GSCs. They were derived from
TGl as previously described [7].

Chemicals and Antibodies

Resveratrol, sirtinol (SIRT1 and SIRT2 inhibitor), EX527
(selective SIRT1 inhibitor), AGK2 (selective SIRT?2 inhibitor)
and AGK7 (inactive structural isomer of AGK2) were pur-
chased from Sigma (France). N-benzyloxycarbonyl-Val-Ala-
Asp-fluoromethylketone (zVAD-fmk) was purchased from
Calbiochem (San Diego, CA). All compounds were dissolved
in dimethyl sulfoxide (DMSO, Sigma), according to manu-
facturer’s instructions. The percentage of DMSO added to the
cultures was at most inferior to 0.1 % and was without effect
on each cell type used in this study.

Primary antibodies against the following proteins were
used: LC3 (1:1000), caspase-3 (1:200) and cleaved caspase-
3 (1:200) (Cell Signaling, France), SIRT1 (1:1000), SIRT2
(1:500), SIRT3 (1:500), acetylated o-tubulin (1:10,000)
(Santa Cruz Biotechnologies, France), «-tubulin (1:50000,
Millipore, France) and GAPDH (1:100,000, Chemicon Inter-
national, France).

Cell Treatments

Cells were exposed to resveratrol (50, 100, 150, 200, 250 and
300 uM) for 24 h. Sirtuin inhibitors were used at 0.1 uM, and
added 24 h prior resveratrol treatment. zZVAD-fimk was used at
100 uM and added 30 min prior resveratrol treatment.

Cell Proliferation, Viability and Metabolic Activity

Cell proliferation and viability were evaluated with manual
cell counting under phase contrast microscopy following ad-
dition of trypan blue (Sigma) at a final concentration of 0.1 %
(v/v). Cell proliferation index is equal to: Cell numbers at t,4;,/
Cell numbers at ty,. Cells were seeded in 96-well plates at
2.10" cells/well, cultured for 24 h, prior to be treated with the
appropriate compounds. Each treatment was assayed in qua-
druplet. Cell metabolic activity was assessed via measure of
NAD(P)H production using reduction of WST-1 (4-[3-(4-
iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate, Roche, France) to water-soluble formazan. At the
end of the culture period, 10 % (v:v) WST-1 was added to the
culture media, and the cells were further cultured at 37 °C for
3 h. The absorbance was measured at 430 nm in a microplate
reader (Expert Plus V1.4 ASYS).

Flow Cytometry Analysis

For cell death analysis, cells were collected, stained with
Propidium Iodide (PI, 50 pg/ml, 10 min at 4 °C, BD Biosciences,
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France) then analyzed. For cell cycle analysis, cells were
incubated with EdU (5-ethynyl-2'-deoxyuridine, 10 pM,
Invitrogen) for 24 h, then collected, washed in PBS, fixed
with paraformaldehyde (according to manufacturer’s proto-
col) and analyzed after PI staining. Analysis was performed
on 10,000-gated events using an ARIA II (BD Biosciences,
France). Blue laser (488 nm) and PE-Texas Red filter were
used for PI detection, and Red laser (640 nm) and APC filter
for EAU detection. Data analysis and figure generation were
performed using the FACSDiva version 6.1.2 program (BD
Biosciences, France).

Fluorescence Microscopy

Cells were cultured in EdU-containing medium (10 pM) for
24 h, and then collected, washed in PBS, spread on glass
slides, and fixed with methanol. Nuclei were stained with
DAPI (200 pg/ml, Sigma, France). Images were captured with
digital still camera (DXM 1200, Nikon, USA) using Lucia
software (Laboratory Imaging, Ltd). EJU fluorescence was
visualized by excitation at 530—545 nm and emission at 620—
660 nm (Texas Red filter). DAPI fluorescence was visualized
by excitation at 340-380 nm and emission at 435-485 nm.
For analysis all images were viewed and captured at 60x
magnification using an oil immersion objective. Triplicate
fields were randomly selected for each slide.

Immunoblotting

Cells were harvested, washed with PBS, and lysed using lysis
buffer (1 % SDS, 25 mM Tris—HCI pH 6.8, 0.5 mM EDTA,
0.5 mM EGTA, 1 mM sodium orthovanadate, 5 mg/ml
leupeptine, 5 mg/ml pepstatine, 5 mg/ml aprotinin, | mM
PMSEF, all from Sigma). Cell lysis was performed on ice for
30 min. Proteins were resolved by 4-12 % SDS-PAGE and
transferred to nitrocellulose membranes for 90 min at 15 V.
The membranes were blocked with 5 % non-fat dry milk, then
immunoblotted with the appropriate primary antibody over-
night at 4 °C. The immune complexes were visualized using a
chemiluminescent ECL detection kit (PerkinElmer, France).

ATP Measurement

Total ATP levels were monitored using a CellTiter-Glo Lumi-
nescent Cell Viability Assay according to the manufacturer’s
instructions (Promega, France). CellTiter-Glo was added to
2.10" cells/well and then placed on an orbital shaker to induce
cell lysis. Luminescence was determined using an EnVision
luminescence plate reader (PerkinElmer, France). Background
absorbance corresponded to luminescence values of culture
media containing vehicle or compound. Results are presented
as percentages of the control values obtained from vehicle-
treated cells.

Transmission Electron Microscopy

Treated cells were collected, washed in PBS, fixed in 1.6 %
glutaraldehyde for 12 h at 4 °C, post fixed in 1 % osmium
tetroxide (OsO4) for 1 h at room temperature, then serially
dehydrated with ethanol. For transmission electron microsco-
py (TEM), ultrathin sections were cut on a Leica Ultra-CUT
(Ultra-Microtome, Leica), stained with uranium acetate and
lead citrate, then observed and photographed on a ZEISS 912
Omega TEM operating at 80 kV.

siRNA Transfection

Cells were transfected by electroporation using the AMAXA
nucleofector device with the X005 program, and L transfec-
tion solution (LONZA, France). Anti-LC3 siRNA (siRNA
LC3-A and siRNA LC3-B, 100 nM/10° cells) were kindly
provided by P. Auberger, (INSERM U895, Cell death differ-
entiation and cancer team, Nice, France). Anti-SIRT2 siRNA
(300 nM/10° cells) were from Ambion (® AM16708, France).
Scrambled siRNA from Ambion (® AM4611, France) was
used as control. 48 h after transfection, cells were collected,
lysed and assayed for protein expression by immunoblotting.

Statistical Analysis

Statistical analyses were done using ANOVA followed by
Newman-Keuls test. A p-value<0.05 was considered signifi-
cant. All experiments were repeated at least thrice in an
independent manner.

Results

Dual Dose-Dependent Inhibition of Resveratrol on GSC
Proliferation and Survival

GSC exposure to 0-300 uM of resveratrol for 24 h resulted in
decreased numbers of viable cells in a dose-dependent fash-
ion, with IC50 values in the range of 150-200 uM, as deter-
mined using the trypan blue exclusion assay (Fig. 1a). How-
ever, only GSCs treated with resveratrol concentrations above
150 uM exhibited altered cell morphologies evoking cell
death as observed under phase contrast microscopy (Fig. 1b).
These results suggested that resveratrol did not induce GSC
death at concentrations below 150 uM. To evaluate cell death
we performed FACS analysis on GSCs treated either with 100
or 300 uM resveratrol. FACS analysis showed that the vast
majority of GSCs underwent cell death in response to 300 pM
of resveratrol (Fig. 1c). On the opposite, 100 uM resveratrol
did not induce GSC death (Fig. 1c). Of note, metabolic activity
via NAD(P)H production measured using reduction of WST-1
was robustly decreased in GSCs exposed to either 100 or
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Fig. 1 Dual dose-dependent inhibition of resveratrol on GSC prolifera-
tion and survival. a Dose-dependent decrease in viable GSC number
induced by resveratrol (RSV 0-300 uM, 24 h). Trypan blue exclusion
assay, example of TG1 GSCs (mean + SD, n=3, **p<0.01, ***p<0.001,
as compared with vehicle). b 300 uM resveratrol induces GSC morpho-
logical changes evoking cell death. Phase contrast microphotographs,
OB1 GSCs. Bar=50 uM. ¢ Resveratrol induces GSC death only at
300 uM. FACS analysis of propidium iodide (PI) incorporation, OB1

300 uM resveratrol (Fig. 1d). Altogether, these results sug-
gested that 100 pM resveratrol altered GSC proliferation. GSC
cell cycle was therefore analyzed after incubation of the cells
for 24 h with the thymidine substitute EQU (10 uM), which is
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GSCs. d Resveratrol inhibits GSC metabolic activity at both 100 and
300 puM, as shown with NAD(P)H activity assay (mean + SD, n=3,
**%1p<0.001 compared with vehicle (V)). e 100 uM resveratrol blocks
GSC cell cycle. EAU incorporation in S-phase synthesis of the cell cycle
was analyzed by FACS (left panel) and fluorescence microscopy (right
panel, red signal EAU, blue DAPI). Bar=10 um. f GSC cell cycle
changes induced by 100 uM resveratrol, as shown by FACS analysis.
RSV: resveratrol

incorporated into newly synthesized DNA. FACS analysis
showed that 100 uM resveratrol exerted a robust inhibition of
GSC proliferation, the numbers of cells having incorporated
EdU being reduced 5.6+1.9 fold (mean + SD, n=4) (Fig.le).



Stem Cell Rev and Rep (2014) 10:103-113

107

Refined cell cycle analysis using EAU to label cells having
undergone DNA replication, and PI as an index of DNA
content, showed that in presence of 100 uM resveratrol, GSCs
accumulate in the GO/G1 phase with a concomitant depletion of
cells in the S phase (52-57 % cells in S phase in control
condition versus 7-9 % cells in resveratrol-treated cultures)

(Fig. 1f).

Resveratrol Inhibits GSC Proliferation and Survival
but Spares Normal NSCs

Resveratrol has been repetitively reported to be either innoc-
uous or beneficial for normal non-cancerous neural cells but
its effects on normal human NSCs remain unexplored. We
therefore compared the proliferation and survival of five GSC
cultures (OB1, TG1, TGIN, TG10 and TG16) with those of
human NSCs following exposure to 100 uM and 300 uM
resveratrol. Resveratrol did not modify the proliferation and
viability of human NSCs (Fig. 2a and b, respectively) nor their
morphology (data not shown). On the opposite, and as
expected, resveratrol inhibited the proliferation of all GSC
cultures at 100 uM (Fig. 2a), and triggered severe GSC death
at 300 uM (Fig. 2b). Of note, resveratrol effects on GSCs were
independent from the transcription factor p53, a well-known
regulator of cell survival. Resveratrol effects were observed in
GSCs bearing either a wild type (OBI1, TG1, TGIN), or a
mutant form of 7P53 (TG10, TG16) [23] (Fig. 2a and b).
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Fig. 2 Resveratrol inhibits GSC proliferation and survival whereas spar-
ing NSCs. a and b Comparative effects of resveratrol on NSC and GSC
proliferation (a) and survival (b). Viable cell numbers were determined
using trypan blue exclusion assay. Note that all GSCs tested were sensi-
tive to the inhibitory effects of resveratrol regardless of the presence of a
wild-type (WT) or mutant (M) form of 7P53 (mean + SD, n=3,

Finally, we verified whether resveratrol could act on GSCs
once they have been induced to lose their stem and tumor-
initiating properties. For this purpose, we used GSCs cultured
in serum-supplemented medium, which is known to result in
loss of stem-like and tumorigenic properties [23, 28]. We also
explored resveratrol effects on GSCs transduced with the
cluster of microRNAs, miR-302-367 that commits GSCs to
an irreversible non stem-like state, and suppress their ability to
initiate tumors [7]. Our results showed that the proliferation
and the survival of GSCs having lost their properties were also
inhibited in presence of 100 or 300 uM resveratrol, respec-
tively (Fig. 2¢c and d).

100 uM resveratrol inducing only cell cycle blockade
without altering GSC survival, we envisaged the possibility
that autophagy could protect the cells against cell death, as
previously reported in other types of cancer cells [29, 30]. We
used LC3-II expression as a marker of autophagy, a cell
process allowing the degradation of superfluous or damaged
proteins and organelles through the formation of autopha-
golysosomes. LC3-II results from the processing of LC3-I
and is required for the formation of autophagolysosomes
[31]. Western blot analysis with an antibody recognizing both
forms of the protein, revealed an up-regulation of LC3-II in
resveratrol-treated cells (Fig. 3a). Resveratrol did not induce
LC3-IT expression in NSCs (Fig. 3a). Presence of autophago-
somes/autophagolysosomes was observed using transmission
electron microscopy of GSCs treated with 100 uM resveratrol
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**%p<0.001 as compared with the respective vehicle condition). ¢ and
d Resveratrol inhibits the proliferation (¢) and survival (d) of GSCs
having lost their stem properties, either in response to serum (FBS)
treatment, or to viral transduction of the micro-RNA cluster miR-302-
367 (mean £ SD, n=3, ***p<0.001 as compared with the respective
vehicle condition). See text for further details
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Fig. 3 Resveratrol induces autophagy in GSCs. a Resveratrol induces
LC3-II formation in GSCs but not in NSCs. Lefi panel: total cell lysates
from NSCs and GSCs were analyzed for LC3-I and LC3-II expression by
immunoblotting. Actin was used as a loading control. Right panel:
densitometric analysis of LC3-II immunoreactive signals (mean + SD,
n=3). b Autophagosomes were observed by transmission electronic
microscopy in GSCs treated with 100 uM resveratrol. ¢ Decreased

(Fig. 3b). Inhibition of LC3 expression with siRNA transfection
(Fig. 3¢) did not modify GSC response to either 100 uM (Fig. 3d)
or 300 uM resveratrol (not shown). These results indicate that
autophagy does not interfere with resveratrol action on GSCs.

SIRT?2 Participates in Resveratrol-Induced Cell Cycle
Inhibition

To explore the mechanisms underlying resveratrol effects, we
focused our attention on the family of NAD-dependent
deacetylases sirtuins, one of its members SIRT1 having been
repetitively shown to constitute a preferential resveratrol target
at least in normal cells [32]. Western blot analysis showed that
SIRT1 and SIRT3 were expressed by both GSCs and NSCs
whereas SIRT2 expression was restricted to GSCs (Fig. 4a).
This observation suggested a role for SIRT2 in mediating
resveratrol effects in GSCs. We first tested this hypothesis
using pharmacological inhibitors of sirtuins. Sirtinol, a non-
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not modify resveratrol inhibitory effect on metabolic activity. NAD(P)H
activity assay (mean = SD, n=3, ***p<0.001 as compared with the
respective vehicle condition)

selective sirtuin inhibitor targeting both SIRT1 and SIRT2,
reverted the inhibition of GSC proliferation induced by res-
veratrol (Fig. 4b). EX527, a specific inhibitor of SIRT1 activ-
ity, failed to restore GSC proliferation (Fig. 4b). On the
opposite, the specific SIRT2 inhibitor AGK2 prevented the
inhibitory effect of resveratrol on GSC proliferation, whereas
its inactive isomer AGK7 had no effect (Fig. 4b). All SIRT
inhibitors failed to restore resveratrol-induced cell death
(Fig. 4c). To further assay the involvement of SIRT2 in
resveratrol-induced inhibition of GSC proliferation, we
down-regulated SIRT2 expression using specific siRNAs.
SIRT2 protein levels were reduced 2.7 fold in GSCs
transfected with SIRT2 siRNAs, as compared to GSCs
transfected with scrambled siRNAs (Fig. 4d). Analysis of cell
proliferation by cell counting showed that inhibition of SIRT2
expression decreased by half the deleterious effect of resver-
atrol on GSC proliferation (Fig. 4¢). The targeting of SIRT2
by resveratrol was further verified by examination of the
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Fig. 4 Resveratrol-induced GSC cell cycle arrest depends on SIRT2. a
Total cell lysates from NSCs and GSCs were analyzed for SIRT1, SIRT2
and SIRT3 expression by immunoblotting. GAPDH was used as a load-
ing control. Note that NSCs do not express SIRT2. b Pharmacological
inhibition of SIRT2 counteracts the inhibitory effects exerted by 100 uM
resveratrol on GSC proliferation (mean + SD, n=3, **p<0.01,
**%p<(0.001). Statistical signification, as compared to the vehicle
condition—i.e. no inhibitor and no resveratrol—is shown with stars on
top of the bars. Statistical signification, as compared to resveratrol-treated
cells with no inhibitor is shown with szars on top of the lines joining the
bars. ¢ Resveratrol-induced GSC death is maintained in presence of sirtuin
inhibitors (mean + SD, n=3, ***p<0.001, as compared to the respective
vehicle condition). d Decreased expression of SIRT2 protein in GSCs
transfected with anti-SIRT2 siRNA, as compared to mock transfected

acetylation levels of o-tubulin, a SIRT?2 substrate [33]. Immu-
noblotting with antibodies recognizing either all forms of -
tubulin or its acetylated form (acetylated K40) showed that
resveratrol treatment resulted in decreased levels of acetylated-o-
tubulin, and AGK2 prevented resveratrol-induced o-tubulin
deacetylation (Fig. 4f). Finally, we evaluated whether blockade
of SIRT2 activity with AGK2 prevented resveratrol-induced cell
cycle arrest of GSCs using EdU and PI incorporation followed
by FACS analysis. AGK2 was without effect on the cell cycle of
vehicle-treated cells. On the opposite, treatment of GSCs with

GSCs or to GSCs transfected with scrambled siRNA. Bottom panel:
densitometric analysis (mean + SD, n=3, *p<0.05 as compared with
mock-transfected GSCs or GSCs transfected with scrambled siRNA). e
Down-regulated expression of SIRT2 counteracts resveratrol inhibitory
effects on GSC proliferation (mean + SD, n=3, *p<0.05, ***p<0.001).
Representation of the statistical comparisons as in b. f Resveratrol pro-
motes the deacetylation of a-tubulin, a substrate of SIRT2. Bottom panel:
densitometric analysis (mean + SD, n=3, *p<0.05, **p<0.01). g Block-
ade of SIRT?2 activity with AGK2 prevents resveratrol-induced GSC cell
cycle arrest. Cell cycle profile was analyzed by FACS on GSCs exposed
to EdU prior to be fixed and labeled with propidium iodide (PI). In b, ¢
and e, viable cell numbers were determined using trypan blue exclusion
assay

AGK2 reduced the inhibition of cell cycle progression in
resveratrol-treated GSCs, increasing the numbers of cells in S
phase from 1.4 to 2 fold (Fig. 4g).

Resveratrol Induces GSC Necrosis by a SIRT2 Independent
Mechanism

To determine the type of cell death underwent by GSCs

treated with 300 uM resveratrol, we first evaluated a possible
involvement of apoptosis, a mode of death requiring stable
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Fig. 5 300 uM resveratrol induces GSC necrosis. a Resveratrol inhibits
GSC ATP production in a dose-dependent manner (n=3, ***p<0.001 as
compared with vehicle condition). b Resveratrol does not induce caspase-
3 activation. [llustration of 3 independent experiments. ¢ The pan-caspase
inhibitor zZVAD-fmk (ZVAD) does not prevent resveratrol-induced GSC
death. GSCs were treated for 30 min with ZVAD (100 pM) prior addi-
tional exposure to resveratrol for 24 h. Viable cell numbers were

ATP concentrations and caspase activation [34], regardless of
the specific sub-apoptotic pathway used by the cell. Accord-
ingly, we measured ATP production and observed a robust
ATP depletion in GSCs only within the 200-300 uM resver-
atrol concentration range (Fig. 5a), as expected for a mode of
death independent from apoptosis. We then sought for caspase
mobilization that governs subsequent signaling cascades end-
ing up in cell apoptosis. We first focused on caspase-3, this
caspase being the most frequently shown to be activated
during apoptosis, regardless of the cell type and the
apoptosis-inducing signal considered. The results showing
unchanged levels of activated caspase-3 (Fig. 5b), we used
the broad-spectrum pan-caspase inhibitor zZVAD-fimk to verify
whether other caspases could be involved in resveratrol-
induced cell death. This pan-caspase inhibitor did not provide
any protection against resveratrol-induced GSC death (Fig. 5c¢).
Altogether, these results show that resveratrol does not trigger
GSC apoptosis. Characterization of the morphology of 300 uM
resveratrol-treated cells by transmission electron microscopy
showed numerous morphological changes including grossly swol-
len organelles, and fragmentation of the nuclear and cell mem-
branes (Fig. 5d). These morphological alterations, associated with
the drop in ATP levels characteristic of cell necrosis [34] indicate,
that GSCs undergo necrosis in response to 300 uM resveratrol.
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RSV 300pM

determined using trypan blue exclusion assay (n=3, ***p<0.001, as
compared with the respective vehicle condition). d Electronic microscopy
images illustrating GSC morphological changes following 24 h exposure
to 300 uM resveratrol. Note the swelling of organelles (arrow) and
fragmentation of nuclear and cell membrane (short arrow and arrow-
heads, respectively). Bar=2 pm and 500 nm in insert

Discussion

The results of this study show that resveratrol exerts a dual
effect on glioblastoma cells endowed with stem-like proper-
ties, inhibiting cell cycling at doses lesser than 150 uM and
triggering necrosis above 150 uM, whereas sparing normal
human NSCs. Pharmacological inhibition of SIRT2 with the
AGK2 compound, and down-regulated SIRT2 expression
with siRNAs disclose a role for SIRT2 activity as a mediator
of the inhibitory action of resveratrol on GSC cell cycle. On
the opposite, GSC necrosis induced by higher doses of res-
veratrol is independent from sirtuin activity.

Previous studies on the adverse effects of resveratrol on
cancer cell growth have disclosed interactions with multiple
molecular targets in several different cancer cells of hemato-
logical, epithelial and central nervous system origins [35, 36].
Accordingly, resveratrol exerts varied actions on cancer cell
behavior that range from cell cycle disruption to induction of
apoptosis or necrosis [17, 37-40]. Similarly to the GSCs
studied in the present work, the U87 and U251 glioma cell
lines have been reported to respond to 100-300 uM resvera-
trol with cell cycle arrest, and induction of autophagy. How-
ever, the role of autophagy differs between GSCs and these
classic glioma cell lines. Cell cycle arrest in resveratrol-treated
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U87 and U251 cells depends on the induction of autophagy,
the induction of which concomitantly prevents resveratrol-
induced apoptosis [17, 41]. In GSCs, down-regulated expres-
sion of the key component of autophagolysosomes LC3 did
not modify GSC response to resveratrol. Resveratrol (50—
200 uM) was recently reported to sensitize GSCs to
irradiation-induced death [42]. This effect was correlated with
an inhibition of STAT3 signaling in the presence of resvera-
trol, STAT3 being known for its involvement in the mainte-
nance of GSC properties. In this study using CD133+ GSCs,
resveratrol did not affect LC3-II levels, the high LC3-II levels
already present in control conditions suggesting the existence
of a metabolic stress, as expected in CD133 expressing cells
[43]. Additional differences in cell contexts could account for
variations in resveratrol actions, such as different abilities in
resveratrol biotransformation, especially through its metabo-
lization in sulfate and glucuronide conjugates [18, 38, 44].
They could also differ in the expression of ABC transporters,
xenobiotic protectors known to constrain resveratrol bioavail-
ability [45], and highly active in the GSCs used in the present
study (team Glial Plasticity, unpublished results). Although
further studies are required to pinpoint the source of these
variable responses of GSCs to resveratrol, these results sug-
gest that resveratrol acts in a variety of manners and mecha-
nisms on GSCs as it does on classic glioma cell lines. All these
pleiotropic actions limit tumor progression. Resveratrol was
reported to induce U251 cell apoptosis with inhibition of the
pro-survival PI3K/Akt/mTOR transduction pathway [19].
Study of T98G and A172 glioma cells, which bear a hetero-
zygous TP53 mutation, has shown an alternative mechanism
of action. In these cells, resveratrol induces apoptosis by
restoring a Notchl-p53 signaling pathway [20]. The present
results show that resveratrol can inhibit cell cycle and survival
of GSCs bearing distinct genomic alterations [23, 25] (mutant
or wild-type TP53 and/or mutant or wild-type PTEN, a tumor
suppressing gene which regulates the activity of the PI3K/Akt
pathway known to be essential for GSC survival) [26, 46].
However, resveratrol effects appearing to critically depend on
the whole metabolic capacity of the cell under scrutiny, as well
as on the set of target proteins expressed by the cells, we
cannot exclude the possibility that additional resveratrol tar-
gets are expressed in the GSCs used in this study.

Our results additionally showed that survival inhibition of
GSCs induced by 300 uM resveratrol occurs through necrosis
rather than apoptosis, as previously described for C6 rat
glioma cell line [38]. Contrary to apoptosis, necrosis is an
energy-independent death process characterized by loss of
membrane integrity, cell swelling and ultimately cell lysis.
GSCs exposed to 300 1M resveratrol exhibited all characteristics
of necrosis with ATP depletion, organelle and cell swelling, and
membrane disruption [34, 47]. We did not observe any of the
characteristics of apoptosis, including cytoplasmic shrinking,
nuclear condensation (as shown by electronic microscopy), or

caspase activation (as shown by the lack of cell rescue with the
pan-caspase inhibitor ZVAD or caspase-3 immunoblotting).

Necrosis is predominantly viewed as a passive, unorga-
nized death pathway [48], although some forms of programmed
necrosis have been reported. A very recent report has notewor-
thy placed SIRT2 at the core of programmed necrosis [14]. In
GSCs, blockade of SIRT2 expression or enzymatic activity did
not counteract resveratrol-induced necrosis, suggesting that in
that case necrosis is likely the result of a disordered catastrophic
response of the cells to severe energy depletion. On the oppo-
site, our results show that SIRT2 mediates resveratrol inhibitory
effect on GSC cell cycle. They are coherent with previous
reports of resveratrol effect on human SIRT2 in vitro. Using
recombinant hSIRT?2 or the inactive mutant hSIRT2N168A, and
o-tubulin as a substrate, Suzuki et al. [49] have shown that
100 uM resveratrol robustly stimulated hSIRT2 activity. Like-
wise, Fan et al. [50], using recombinant SIRT2 and Fmoc-
labeled peptides as substrates reported SIRT2 activation with
100 uM resveratrol. Regarding sirtuin pharmacological inhibi-
tors, Outeiro et al. [51] have reported that AGK2 inhibits
recombinant SIRT2 activity in vitro with an IC50 of 3.5 uM,
whereas only 0.2 uM AGK2 are required to fully reverse the
SIRT2-dependent deleterious effect of mutated o-synuclein
expression in dopaminergic neurons. Post-translational modifi-
cations of SIRT2, and/or co-factors are likely to underlie the
differences observed in AGK2 efficiency, but the precise mo-
lecular mechanism remains to be elucidated.

Either down-regulated expression of SIRT2 or pharmaco-
logical blockade of its enzymatic activity counteracted
resveratrol-induced cell cycle arrest. The results of the present
study are in accordance with the reported correlation between
SIRT?2 expression with cell cycle progression, and the peak of
SIRT2 expression observed during mitosis [52]. Altogether,
our results show that resveratrol can target members of the
sirtuin family in GSCs, as in normal neural cells [53, 54]. With
respect to NSCs, we did not observe any positive or negative
change in cell behavior following resveratrol treatment, al-
though these cells had high protein levels of at least two
members of the sirtuin family, SIRT1 and SIRT3. This obser-
vation is in accordance with the lack of effect of resveratrol on
wild-type murine NSCs [55]. On the opposite, resveratrol
prevents depletion in NSC numbers in mice deficient for the
metalloprotease Zmpste24 responsible for prelamin A matu-
ration, a model of the syndrome of premature aging, progeria
[55]. In mutant NSCs, resveratrol restores SIRT1 association
with nuclear matrix, and hence its enzymatic activity, both
decreased in the presence of prelamin A. Sirtuins have re-
ceived numerous credits as supporting the beneficial effects of
resveratrol in normal cells whereas their involvement in res-
veratrol deleterious effect on transformed cells was the matter
of only a single report where inhibition of their proliferation
was associated with SIRT 1-dependent AMPK activation [56].
We now provide a second example for the involvement of a
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sirtuin, namely SIRT2, in a deleterious effect of resveratrol on
cancerous cells, here on GSCs. These data of the literature,
associated with the present results suggest that the type of
response of a given cell to resveratrol does not merely rely on
the presence or absence of a given protein, but rather on the
existence of complex protein interactions that remain to be
identified. They further stretch out the importance of the cell
context in determining the outcome of resveratrol effects.
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