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Background: Cancer stem cells (CSC) are responsible for tumor resistance and relapse.
Results: Spheroids formed by CSC and neural stem cells (NSC) were compared by proteomics and functional studies. DCA, a
glycolytic modulator, sensitizes CSC but not NSC to apoptosis.
Conclusion: DCA can eradicate glioma stem cells.
Significance: DCA could be a new efficient anti-CSC treatment in glioma.

Cancer stem cells (CSCs) are thought to be partially responsi-
ble for cancer resistance to current therapies and tumor recur-
rence. Dichloroacetate (DCA), a compound capable of shifting
metabolism from glycolysis to glucose oxidation, via an inhibi-
tion of pyruvate dehydrogenase kinase was used. We show that
DCA is able to shift the pyruvatemetabolism in rat gliomaCSCs
but has no effect in rat neural stem cells. DCA forces CSCs into
oxidative phosphorylation but does not trigger the production
of reactive oxygen species and consecutive anti-cancer apopto-
sis. However, DCA, associated with etoposide or irradiation,
induced a Bax-dependent apoptosis in CSCs in vitro and
decreased their proliferation in vivo. The formerphenomenon is
related to DCA-induced Foxo3 and p53 expression, resulting in
the overexpression of BH3-only proteins (Bad, Noxa, and
Puma), which in turn facilitates Bax-dependent apoptosis. Our
results demonstrate that a small drug available for clinical stud-
ies potentiates the induction of apoptosis in glioma CSCs.

Mammalian cells generate ATP mainly through mitochon-
drial oxidative phosphorylation.However, cancer cells adopt an
alternative metabolic pathway and increase their glycolytic
activity through a process called the Warburg effect (1). The
Warburg effect is necessary for cancer cells to resist oxidative
stress and to adapt to hypoxic conditions (2). Thus, glycolysis
could play an essential role in tumorigenesis during both the
immortalization and transformation steps (3). It is still
unknown and controversial whether or not the emergence of

glycolysis in cancer is either (i) an early or late event or (ii) a
genetically inherited dysfunction (essentially affecting mito-
chondria) or induced by metabolic modifications (mainly due
to the hypoxic tumor environment) (4–6). Nonetheless, this
metabolic transformation confers a selective growth advantage
and/or resistance to apoptosis (7, 8) and thus might represent
an important therapeutic target to be exploited (9, 10).
The anti-cancer effects of modulators of glycolysis have been
assessed in many different models (2). Dichloroacetate (DCA)2
is a small pharmacological inhibitor of pyruvate dehydrogenase
kinase that promotes a shift in metabolism from glycolysis to
oxidative phosphorylation (11). Bonnet et al. (12) have shown
that DCA efficiently kills some cancer cells most likely because
these cells are unable to produce ATP through mitochondria.
Recently, the same group has shown thatDCA induced apopto-
sis in glioblastoma multiforme (GBM) cells and thus could be
beneficial to patients (13). Because gliomas are one of the most
deadlymalignant tumors with virtually no successful treatment
(14), this discovery opens new promising therapeutic avenues.
Michelakis et al. (13) have shown that DCA was also efficient
against gliomas including a small population of tumor cells,
called cancer stem cells (CSCs), which are highly resistant to
cell death inducers and thus could be responsible for tumor
recurrence (15). This is important because the eradication of
CSCs represents a major therapeutic goal (15, 16). DCA has
been shown to induce apoptosis in GBM CSCs but not in nor-
mal cells through a mechanism that remains elusive (13). Apo-
ptosis is a complex process, which is often deregulated in cancer
(17). Metabolism, and in particular oxidative phosphorylation,
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is essential for Bax and/or Bak activation (18, 19); the core pro-
apoptotic proteins of the Bcl-2 family (20). In this report, we
have studied the influence of DCA on the apoptotic pathway
and in particular the Bax activation pathway. We used a rat
model, which allowed the comparison of the effect of this com-
pound on neurospheres enriched in CSCs and neural stem cells
(NSCs).

EXPERIMENTAL PROCEDURES

Materials

Cell culture material was obtained from Invitrogen. Unless
stated otherwise, all chemicals were purchased from Sigma.
Antibodies used were the following: Bax (2772, Cell Signaling),
pan-actin (MAB1501R, Chemicon), Bad (610391, BD), Bim
(AB17002, Chemicon), Noxa (AP1316a, Tebu), Puma
(AP1317a, Chemicon), Foxo3 (07–702, Millipore), Bax 6A7
(731731, BD), and p53 (Pab 122, 554167, BD Bioscience).
ABT737 was purchased from Euromedex, France. Results
shown are the mean values of at least three independent exper-
iments (�S.D.) unless expressively mentioned. The images
were quantified using ImageJ software. Statistical analyses were
performed using the GraphPad software (Student unpaired t
test, *, p � 0.05; **, p � 0.01).

Methods

Cell Culture—Glioma primary cultures (P7 and M7) were
obtained from Sprague-Dawley rats following antenatal ENU
induction as described in Pouliquen et al. (21). The enrichment
of CSC was obtained by culturing the cells in defined medium
(DMEM/Ham’s F-12 containing 2 mM L-glutamine, 100
units/ml of penicillin, 100�g/ml of streptomycin,N2- andB27-
supplement, 20 ng/ml of EGF, 25 ng/ml of bFGF, and 2�g/ml of
heparin).
NSCs were obtained from E14 Sprague-Dawley rat embryos.

Briefly, embryo brains were rinsed, freed frommeninges, incu-
batedwith trypsin 0.25% for 15min at 37 °C thenwith 10�g/ml
of DNase I for 10 min at 37 °C. Cells obtained were plated in
complete medium (DMEM (glucose 1 g/liter) containing 10%
fetal calf serum, 2 mM L-glutamine, 100 units/ml of penicillin,
and 100 �g/ml of streptomycin) overnight at 37 °C. The non-
adherent cells recuperated and were cultured in defined
medium (DMEMcontaining 2mM L-glutamine, 100 units/ml of
penicillin, 100 �g/ml of streptomycin, N2- and B27-supple-
ment, 20 ng/ml of EGF, 25 ng/ml of bFGF, and 2 �g/ml of
heparin (supplemental Fig. S1)).
RT and Quantitative PCR—Cells were washed twice in PBS,

then total RNAwas isolated using the RNeasyMiniKit (Qiagen)
following the manufacturer’s instructions and DNase I treat-
ment. After RNA quantification by NanoDrop (NanoDrop
ND-1000, Thermo Fisher Scientific, Waltham, MA), 1 �g of
RNA was reverse transcribed using Reverse Transcriptase
AffinityScript (Agilent-Stratagene, Massy, France) for cDNA
synthesis. Quantitative real-time PCR assays were performed
and monitored in triplicate using a MX4000 multiplex quanti-
tative PCR system (Agilent-Stratagene). The PCR contained 40
ng of cDNA in a reaction volume of 25 �l (1� Brilliant II SYBR
Green Quantitative PCR master mix, 200 nM reverse and for-
ward primers, and 30 nM SYBR Green). Thermocycling condi-

tions were 95 °C for 10 min followed by 40 cycles at 95 °C for
30 s, 60 °C for 1 min, and 72 °C for 1 min. Gene expression
values were normalized to the housekeeping gene (Ubiquitin)
and relative expression values were calculated based on the
comparative ��CT method. The following primers were used:
Foxo3: sense primer, 5�-GGGGAGTTTGGTCAATCAGA-3�;
antisense primer, 5�-TTTGCATAGACTGGCTGACG-3�;
p53: sense primer, 5�-CTGGACGACAGGCAGACTTT-3�,
antisense primer, 5�-GCACAAACACGAACCTCAAA-3�;
UBQ: sense primer, 5�-GAAACTAAGACACCTCCCCATCA-
3�, antisense primer, 5�-TCGTACCTTTCTCACCACAGTA-
TCTAG-3�; Bmi1: sense primer, 5�-GTGACTCTGGGAGCG-
ACAAG-3�, antisense primer, 5�-CGAGGTCTACTGGCAA-
AGGA-3�; Nanog: sense primer, 5�-TGCGGACTGTGTTCT-
CTCAG-3�, antisense primer, 5�-CATTGGTTTTTCTGCCA-
CCT-3�; Oct1: sense primer, 5�-ACTTCAGCCAAACCACC-
ATC-3�,antisense primer, 5�-CTACGATTCAAGCCCTCAGC-
3�; Nestin: sense primer, 5�-TCTGCTGGAGGCTGAGAACT-
3�, antisense primer, 5�-GTATTAGGCAAGGGGGAAGG-3�;
Sox2: sense primer, 5�-AGAACCCCAAGATGCACAAC-3�,
antisense primer, 5�-CGGGAAGCGTGTACTTATCC-3�; and
Msi1: sense primer, 5�-TCAGCCAAAGGAGGTGATGT-3�,
antisense primer, 5�-CGGGGAACTGGTAGGTGTAA-3�.
Tumor Xenograft—5 � 104 glioma cells grown in defined

medium were injected subcutaneously into the flank of male
nude mice. Mice were evaluated twice a week over a 3-week
period. Tumor volume was measured with a caliper. Mice were
treated with DCA (0.075 g/liter, drinking water) and/or etopo-
side (200 �g/mice, intraperitoneal injection, 5 of 7days ).
Two-dimensional DIGE Experiments—Cell pellets were

resuspended in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS)
and proteins were further precipitated using the Two-dimen-
sional Clean-Up kit (Amersham Biosciences). Four biological
replicates (50 �g) were used under each condition. Fluorescent
CyDye labeling of proteins for DIGE was performed according
to themanufacturer’s instructions (GEHealthcare). Isoelectro-
focusing was performed on 18-cm pI 3–11 NL Immobilin Dry
strip gels (GE Healthcare) and SDS-PAGE were run using the
Ettan DALTsix system (GE Healthcare). CyDye-labeled gels
were scanned in an Ettan DIGE Imager (GE Healthcare). Gels
images were processed using Progenesis SameSpots software
(Nonlinear Dynamics Ltd.) for spot detection and statistical
analysis. Spots considered for further analyses were chosen
according to the following criteria: p � 0.05 (one-way analysis
of variance test), fold-change �1.3, q � 0.05 and power �80%
(False Discovery Rate approach). Spots were recovered using
the Ettan Spot picker (GE Healthcare) and individually treated
with the Proteoextract All-in-one Trypsin Digestion kit (Calbi-
ochem) according to the manufacturer’s instructions. Peptide
digests were concentrated on C18-Zip Tips (Millipore) and
eluted with 1.5 �l of �-cyano-4-hydroxycinnamic acid matrix
solution (50% acetonitrile, 0.05% trifluoroacetic acid) onto a
MALDI-TOF target plate (Opti-TOF 384 well Insert, Applied
Biosystems). Peptide spectra acquisition was done on a 4800
MALDI TOF/TOF Analyzer (Applied Biosystems). After
screening the sample position in MS-positive reflector mode
using 1500 laser shots, the fragmentation of automatically
selected precursors was performed at collision energy of 1 kV
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using air as the collision gas (pressure of 2 � 10�6 torr). MS
spectra were acquired between m/z 800 and 4000. Up to 12 of
the most intense ion signals having a S/N � 12 were selected as
precursors for MS/MS acquisition. Peaklist generation and
protein identification were performed with ProteinPilotTM
Software version 2.0 (Applied Biosystems) using the Paragon
algorithm. Each MS/MS spectrum was searched for all species
against the Uniprot_Sprot_20080123 database. The searches
were run using the fixedmodification of iodoacetamide-labeled
cysteine parameter enabled. Other parameters such as tryptic
cleavage specificity, precursor ionmass accuracy, and fragment
ion mass accuracy are MALDI 4800 built-in functions of
ProteinPilot software. The ProteinPilot software calculates a
confidence percentage (the unused score), which reflects the
probability that the hit is a false positive, meaning that at 95%
confidence level, there is a false positive identification chance of
about 5%.
Protein Extraction and Immunoblotting—Total proteins

were extracted in 1%Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS supplemented with protease inhibitor mixture from
Roche Diagnostics (Mannheim, Germany). Protein concentra-
tion was determined using the Bradford assay (Bio-Rad). Pro-
tein extracts were separated by SDS-PAGE, transferred onto
PVDF membrane (Millipore), and revealed with ECL (Roche
Diagnostics). Primary antibodies were used at 1:1000 dilution.
HRP-conjugated secondary antibodies were from Bio-Rad.
Quantification was performed with ImageJ software from at
least three independent experiments.
Flow Cytometry—After treatment, the cells were dissociated,

washed, and labeled. The level of 6A7 Bax was assessed by flow
cytometry measuring the Fl1 fluorescence in a FACScalibur
(BD Biosciences). Analyses were performed using the Cell-
Quest software (BD Biosciences). A primary gate based on
physical parameters (forward and side light scatter) was set to
exclude dead cells or debris. The background level was esti-
mated by omitting the primary antibody.
LDHActivityMeasurement—Cells were plated at a density of

104 cells/100 �l in 96-well plates. The cells were lysed by the
addition of 10 �l of lysis solution incubated at 37 °C for 45 min.
50 �l of supernatant was used to determine the LDH concen-
tration according to themanufacturer’s instructions (Promega,
France).
Glucose-6-phosphate Dehydrogenase (Glu-6-PD) Activity—

Cells were harvested andwashedwith PBS, then sonicated for 2
min in 100 �l of PBS and centrifuged for 15 min at 13,000 � g.
Protein concentration was assessed using Bradford assay (Bio-
Rad). Glc-6-PD activity was assessed in samples by spectropho-
tometric measurement of NADP� reduction using a Roche/
Hitachi 917 chemistry analyzer (substrate: 100mMTris, pH 7.8,
4 mM Mg2�, 1 mM NADP�).
MTT Assay—Cells were plated in 96-well plates at a density

of 1.5 � 104 cells per well and cultured in the presence of 2-de-
oxyglucose (25 or 35 mM), 3-bromopyruvate (20 or 40 mM), or
antimycin A (1 or 3 �M) for 24 h. 10 �l of 5 mg/ml of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was
added per well and the plate was incubated at 37 °C for 3 h. 100
�l of dimethyl sulfoxidewas added and the platewas read at 570
nm. The linearity between the number of viable cells andMTT

assay in the experimental conditions used was verified by direct
counting of cells after eosin staining.
ROS Measurement—Reactive Oxygen Species (ROS) were

measured as previously described (22).
Respiratory Parameters in Intact Cells—Respiratory param-

eters were investigated in intact NSCs and P7 cells by polarog-
raphy in 2-ml glass chambers using a two-channel, high-reso-
lution Oxygraph respirometer (Oroboros, Innsbruck, Austria)
as described previously (23). The routine respiration rate of
intact cells (3–5 � 106 cells at 37 °C in 2000 �l of DMEM) was
determined by measuring the linear rate of oxygen consump-
tion in intact cells. Then, oligomycin (8 �g/ml) was added, and
the resting respiration, i.e. the nonphosphorylating respiration
rate, was recorded. The maximal uncoupled respiration rate
was then obtained using 0.5–10�Muncoupler carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone. Finally, respiration was
inhibited by addition of 3 �M antimycin.
Mitochondrial Enzymatic Activity Measurements—The

activity of citrate synthase and cytochrome c oxidase was deter-
mined as described previously (24).
Caspase Assay—DEVDase activity was measured as previ-

ously described (25).
Immunostaining—For immunostaining, neurospheres were

dissociated and 50�l of cell suspension were adhered to Super-
frost slides. Cells were fixed with 4% paraformaldehyde for 20
min, permeabilized with 0.1% SDS for 10 min, blocked with 3%
BSA for 20 min, and then incubated with antibodies against
Foxo3 or p53 for 1 h followed by secondary Alexa antibodies
(Invitrogen) for 1 h. Cells were mounted in Prolong Gold plus
DAPI (Invitrogen) to stain nuclei. The labeling was acquired
using a Zeiss microscope adapted with an Apotome camera
(Zeiss Axiovert 200M inverted microscope and AxioVision 4.6
program). Colocalization of Foxo3 or p53withDAPIwasmeas-
ured in an average of 10 cells per field using Metamorph soft-
ware (version 7.6.5.0). The acquisition of imaging data were
done at the Cellular and Tissular Imaging Core Facility of
Nantes University (MicroPICell).

RESULTS

Characterization of RatNeural andCancer StemCell Spheres—
Under our culture conditions (see ”Experimental Procedures“),
some isolated cancer cells grew as floating spheroids morpho-
logically comparable with the neurospheres formed by rat
NSCs, although with a less ordered structure (Fig. 1A). The rat
glioma cancer cells were able to form serial neurospheres and
limiting dilution assays (LDA) (26, 27) indicated that the per-
centage of stem cells in the different cancer cell populations
ranged from 2.9 to 3.9 (4.6% for M7, 3.9% in P7, both glioma
primary cultures, and 2.9% in the C6 cell line). A percentage
that was comparable although slightly inferior to that found in
NSCs (i.e. 9.1%) (Fig. 1B).
We also verified that glioma-derived spheroids expressed

stem cell markers (nanog, oct-1, nestin, sox-2, Msi1, and the
self-renewal marker Bmi1) (Fig. 1, C and D) often overex-
pressed in human CSCs (28). In addition, injection of P7 neu-
rospheres drastically increased the cancer cells tumorigenicity
compared with that of adherent cells (Fig. 1E). Of note, the
same observation was made with M7 neurospheres (data not
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shown). Thus, the spheroids obtained from ENU-induced rat
gliomas exhibited characteristics of CSCs.
A two-dimensional DIGE and MS/MS proteomic compari-

son between NSCs and glioma spheroids (see ”Experimental
Procedures“) allowed the identification of 132 differential spots
among which, 44 distinct proteins were characterized. Using
the Ingenuity Pathways Knowledge Base, significant networks,
functions, and canonical pathways associated emerged from
these differentially expressed proteins. As shown in Fig. 2A and
Table 1, glycolysis and pyruvate metabolism were significantly
different between CSCs and NSCs. Lactate dehydrogenase and
glucose-6-phosphate dehydrogenase activities confirmed that
gliomaCSCs essentiallymetabolized glucose through a nonoxi-
dative pathway (Fig. 2B). We also measured the expression of
the glucose transporter Glut-1 and found that it was up-regu-
lated in glioma CSCs as compared with NSCs (Fig. 2C). This
up-regulation was consistent with the fact that rat glioma
CSCs were completely dependent on glucose for their
growth in vitro (Fig. 2D), whereas NSCs were capable to use
alternative substrates, even if their proliferation rate was
lower than that of CSCs. Finally, as expected, glucose
replacement by galactose, supplemented or not with pyru-
vate, could not support CSCs growth in vitro (Fig. 2D). To
further confirm the glycolytic CSCs metabolism, we inhib-

ited the mitochondrial oxidative pathway using antimycin A,
and as expected, this specifically inhibited NSCs growth
under normoxia although having no effect on CSCs prolifer-
ation (supplemental Fig. S2).
Effect on DCA on Glioma and Neural Neurospheres—Recent

results have suggested that DCA shifted the metabolism of
pyruvate from glycolysis toward oxidation in the mitochondria
through pyruvate dehydrogenase kinase inhibition and have
powerful anti-cancer activities (12, 13). This has been particu-
larly illustrated in the case of human gliomas. Spheres were
treated with DCA (1 mM), which provoked an increase in the
maximal uncoupled respiration rate (i.e. compared with O2
consumption in the presence of carbonyl cyanide 4-(trifluoro-
methoxy)phenylhydrazone in CSCs but not in NSCs (Fig. 3A).
Of note, this increase could be attributed neither to an increase
in the amount of mitochondria (as illustrated by the citrate
synthase activity measurement) nor to an increase in the mito-
chondrial complexes activity (as illustrated by the COX IV
activity measurement) (supplemental Fig. S3). DCA has been
reported to induce a sharp increase in ROS in human gliomas
(12). We did not observe any modification in ROS production
in rat CSCs (Fig. 3B); nevertheless, under these conditions,
DCA decreased the activity of LDH in CSCs but not in NSCs
(Fig. 3C), indicating nonetheless a metabolic shift in CSCs. We

FIGURE 1. Characterization of the cancer spheroid cell model. A, morphology of normal neural neurospheres (NSC, left) and glioma spheroids (GBM CSC,
right) cultured in defined medium. B, LDA illustrating the neurosphere-forming capacity of NSCs and glioma cancer cells (M7, P7, and C6) (see ”Experimental
Procedures“). The graph is representative of three independent assays. C, mRNA expression of immature cell markers in normal and cancer cells under stem cell
permissive conditions, normalized to the corresponding expression in adherent cells. D, mRNA expression of Msi1 in normal and cancer cells in spheroids
compared with adherent cells. No expression could be detected in adherent cells. E, tumorigenic potency of cancer cells (P7) grown either as adherent cells or
under stem cell permissive conditions. 5 � 103 adherent cells were injected into the right flank of 3 nude mice, the contra-lateral flank receiving 5 � 103 cells
grown as neurospheres.
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conclude that the neurospheres obtained from the rat glioma
provided an excellent model to analyze and compare the effect
of DCA in rat NSCs and glioma CSCs.
Next, we tested the effect of DCA on the ability of rat NSCs

and CSCs to generate neurospheres. LDA and experimental
estimation of the stem-like cell number in the population (28)
showed that DCA gradually reduced the CSC ability to form
spheroids, whereas that of NSCs were unaffected (Fig. 3D and
supplemental Fig. S4). However, this phenomenon could not be
uniquely attributed to the inhibition of glycolysis as a treatment
with 2-DG affected both CSC and NSC neurosphere formation
(Fig. 3D and supplemental Fig. S4).

DCA Decreased the Resistance to Apoptosis in CSCs Treated
with Etoposide or Irradiation—CSCs are known to be resistant
to etoposide- or irradiation-induced apoptosis (29). To assess
the effect of DCA on apoptosis, neural and glioma spheroids
were treated with increasing concentrations of DCA over 48 h
and cell viability was monitored as described under ”Experi-
mental Procedures.“ As shown in Fig. 4A, little or no effect of
DCA on cell viability and proliferation was observed under
these conditions even at the highest concentration (i.e. 1 mM),
including when a prolonged treatment induced a decrease in
CSC sphere proliferation (supplemental Fig. S5). Next, NSC-
and CSC-enriched spheres were treated with etoposide (50 �M

FIGURE 2. Metabolic comparison of neural and glioma neurospheres. A, functional analysis of the different proteins identified by two-dimensional DIGE
analyses was performed using the Ingenuity Pathways Knowledge Base. B, the LDH and G6PD enzymatic activities were measured in the three glioma spheroid
cultures and normalized to the activity measured in NSCs (*, p � 0.05). C, expression of the GLUT-1 transporter was measured by quantitative PCR in three
glioma CSCs and normalized to the expression measured in NSCs (*, p � 0.05; **, p � 0.01). D, cell number kinetics was assessed in NSCs or glioma spheroids
grown in the presence of the indicated carbohydrate substrates. Cell counting was done every other day and culture medium was renewed on day 4.

TABLE 1
Canonical pathways
Differential proteins identified were uploaded to the Ingenuity Pathways Knowledge Base and subjected to canonical pathways analysis. The top canonical pathways are
shown with the corresponding proteins indicated. Proteins indicated in bold are up-regulated in glioma spheroids.

Ingenuity canonical pathways p value Proteins

Glycolysis/gluconeogenesis 7,94E-11 PKM2, PGK1, ENO1, ENO3, GAPDH, LDHA, LDHB, ALDOC
Pyruvate metabolism 3,47E-05 PKM2,MDH1, LDHA, LDHB
Phenylalanine, tyrosine, and tryptophan biosynthesis 1,00E-03 ENO1, ENO3
Actin cytoskeleton signaling 2,82E-03 ACTB, GSN, ACTG1,MSN
Pentose phosphate pathway 3,55E-03 TKT, ALDOC
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for 12 h) or irradiated (5 gray); these conditions alone did not
affect their survival (Fig. 4B). However, a DCA pretreatment
drastically increased the number of dead cells in cancer spher-
oids (Fig. 4B). Caspase activity (i.e. DEVDase) was measured
under these different conditions and the combined treatments
DCA/etoposide or DCA/irradiation were more apoptogenic
than the single regimen (Fig. 4C). Of note, similar results were
obtained with CSCs obtained from human glioblastoma multi-
forme (supplemental Fig. S6).
DCA Induced a Bax-dependent Apoptosis—To verify the

implication of Bax in the above observed cell death, the expres-
sion of Bax was targeted using small hairpin RNA (supplemen-
tal Fig. S7). C6CSC and P7CSC were treated with two shRNAs
targeting Bax (shBax1 and shBax2) and a control scramble
shRNA. Both shBax efficiently inhibited the expression of Bax
(supplemental Fig. S7). These cells were treated as previously
describedwithDCA and etoposide or irradiation. As illustrated
in Fig. 5, A and B, the knockdown of Bax expression abolished
both cell death and caspase activation.
To understand howDCAcould alter Bax-dependent apopto-

sis in CSCs, the expression of some BH3-only proteins (Bad,
Bim-EL, Noxa, and Puma), shown to be induced by glycolytic
inhibitors, was measured. The data in Fig. 5C show that the
expression of Bad, Noxa, and Puma were increased in DCA-

treated CSCs compared with untreated cells, whereas that of
Bim was unaffected. Proteins of the Bcl-2 family are essential
partners of apoptosis. ABT-737 is a drug, which has been dem-
onstrated to efficiently inhibit the anti-apoptotic members of
this family, such as Bcl-2 or Bcl-Xl (30), and has demonstrated
promising effects in different cancer cells (30). As shown in Fig.
5D ABT-737 alone had a small effect on CSCs and NSCs sur-
vival but its combination with DCA augmented cell death in
CSCs but not in NSCs. This result suggests that proteins of the
Bcl-2 family are involved in DCA-enhanced apoptosis in CSCs.
Taken together, our results suggest that DCA was able to
increase the expression of someBH3-only proteins inCSCs, but
not sufficiently to activate Bax. This effect appears to be specific
because 2-DG did not increase the expression of Bad, Puma,
and Noxa in these cells (supplemental Fig. S8).
DCA Up-regulates p53 and Foxo3 Expression—Foxo3 and

p53 are known to be transcription factors for Noxa, Puma, Bim,
and Bad (31–33). To assess if these proteins were implicated in
the DCA pathway, we analyzed by quantitative PCR their
expression.As shown in Fig. 6A, an increase in the expression of
these two transcription factors was observed upon treatment
with DCA in CSCs but not in NSCs. For p53, the expression
increased 24- (C6CSC) and 10-fold (P7CSC), whereas that of
Foxo3 increased 4- (C6CSC) and 31-fold (P7CSC). This up-regu-

FIGURE 3. Effect of DCA on NSC and CSC metabolism. A, oxygraph analyses of NSCs and P7CSC treated or not with DCA (1 mM, 48 h). Respiratory parameters
were investigated in intact cells as described previously (23). The respiration rate was normalized to the quantity of protein in each experiment. Data are the
mean � S.D. of 3 independent experiments (**, p � 0.01). B, NSC, C6CSC, and P7CSC were cultured in defined medium with or without DCA (1 mM, 48 h) and the
production of ROS was assessed using a fluorescent dye (H2DCF-DA), as previously described (22). C, cells were treated by DCA (1 mM, 48 h), then LDH activity
was measured as described under “Experimental Procedures.” D, DCA (1 mM) or 2-DG (25 mM) was added to P7CSC and NSCs and LDA experiments were done
on days 4, 6, 8, 10, and 12 for P7CSC and on days 6 and 12 for NSCs. The kinetics of the content of stem cells in the population is shown on the graph. FCCP,
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone.
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lation was confirmed by Western blot analyses (Fig. 6B). The
cellular localization of these transcription factors is essential for
their pro-apoptotic functions. As shown in Fig. 6C, Foxo3 local-
ization, assessed by immunostaining, was modified in DCA-
treated P7CSC compared with untreated cells because Foxo3
translocated into the nucleus. On the other hand, no modifica-
tion in Foxo3 localization was observed in DCA-treated NSCs
(44% � 3.8 versus 42% � 9.5). The percentage of nuclear Foxo3
upon DCA treatment was increased from 33 � 3 to 53 � 5%.
Fig. 6C showed a similar modification in p53 localization in
DCA-treated CSCs where the percentage of p53 in the nucleus
increased from 27 � 4 to 42 � 2%. These results suggest that
DCA may increase the transcriptional activity of p53 and
Foxo3, thereby facilitating their pro-apoptotic activities.
To investigate the role of apoptosis and p53 in the cell death

process, we used Pifithrin-�, a chemical inhibitor of p53 (34)
and analyzed its effect on DCA/etoposide treatment. As
expected, Pifithrin-� inhibited DCA/etoposide-induced apo-
ptosis but also affected the formation of neurospheres in LDA
(supplemental Fig. S9, A and B). Similarly, a knockdown in the
expression of Foxo3 by siRNA rendered CSCs resistant to
DCA-induced apoptosis (supplemental Fig. S9C).
Effect of DCA on Tumor Growth in Vivo—To study the effect

of DCA in vivo, 5� 104 P7CSC cells were injected into the flanks
of nude mice and the animals were treated or not with DCA
(diluted in the drinking water) and/or intra-peritoneal etopo-
side injections. Tumor size was measured twice a week for 1
month. As shown in Fig. 7, P7CSC tumor growth was rapid in
mice treated or not with etoposide (681mm3 � 70.6 versus 653

mm3 � 79.1 in 40 days) whereas, tumor growth decreased in
mice treated with DCA (322mm3 � 54.8) and evenmore when
the mice were treated with DCA plus etoposide (67 mm3 �
11.2). Similar results were obtained when tumors were injected
intracranially (data not shown).

DISCUSSION

Rat glioma models recapitulate several of the human GBM
histopathological features and are reproducible and easily avail-
able (35). We have recently reported that the ENU-induced rat
gliomamodel was an excellentmodel tomonitor tumor growth
and establish new therapeutic strategies (21, 36). Here, we show
that this model allows a direct comparison between rat normal
and cancer cells that could be relevant to the human pathology.
The CSC theory postulates that cells that harbor the primi-

tive oncogenicmutations are rare, long-lived and slow-dividing
and thus, evademost anti-cancer therapies. These cells are able
to give rise to cells with distinct phenotypes if the right stimulus
is provided. In gliomas, the most common adult brain tumors,
CSCs have been involved in tumor resistance to treatment
because these cells are highly radio- and chemoresistant (29).
Due to the “stemness properties” of these cells, it has been
postulated that CSCs could arise from pathological stem cells
or dedifferentiated progenitors. This contention has been
strengthened by the fact that current markers of glioma CSCs
are similar to that of NSCs and because, like the normal coun-
terpart, they are able to form neurospheres in vitro. In addition,
tumor stem cells grown under sphere forming conditions are a

FIGURE 4. DCA decreases the resistance to apoptosis in CSCs treated with etoposide or irradiation. A, NSCs, C6CSC, and P7CSC were cultured with increasing
concentrations of DCA (0.25, 0.5, or 1 mM) for 48 h. Cell viability was assessed by MTT. The linearity between the number of viable cells and MTT assay was
verified by direct counting of the cells after eosin staining. B, NSCs, C6CSC, and P7CSC were treated by DCA (1 mM) and then �-irradiated (5 gray) (irr) or treated
with etoposide (50 �M) (eto). The viability was assessed by MTT as in A. C, DEVDase activity was measured in the cell lysates obtained in B as previously described
(25).
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more reliable model for primary tumors than the classical con-
ditions in the presence of serum (37).
In this work, we have performed a comparative study

betweenNSC andCSC neurospheres obtained from normal rat
brain and chemo-induced brain tumors, respectively (Fig. 1).
We found that cells derived from these tumors or the estab-
lished rat glioma cell line C6 exhibited different amounts of
neurosphere-forming cells, which are otherwise highly tumor-
igenic cells (Fig. 1). Compared with cells grown in the presence
of serum, the neurospheres formed by CSCs expressed several
stem cell markers (i.e.Oct-1, nanog, Bmi-1, and nestin) in com-
parable amounts to that found in NSCs (Fig. 1). However, CSC
neurospheres expressed less Sox2 andmoreMsi1 than theNSC
neurospheres (Fig. 1). Consistent with the highly tumorigenic
properties of CSCs, spheres formed highly proliferative tumors
in animals compared with serum-cultured cells (Fig. 1).
Having established that spheres formed from rat brain

tumors had CSC properties, we then compared these cells to
NSCs using a two-dimensional DIGE and mass spectrometry-
based strategy. We identified 20 proteins that had an altered
expression in normal versus cancer neurospheres (Table 1).
This analysis revealed that the main differences between NSCs
and CSCs were associated with the glycolytic pathway and this
was confirmed by both analytic and functional studies (Fig. 2).
This phenomenonhas been long known in rapidly dividing can-

cer cells as theWarburg effect (1). Of note, astrocytes have been
shown to rely more on glycolysis than neurons, a feature that
could facilitate their transition toward malignant stages (38).
The observation that the glycolytic pathway was overstimu-
lated in CSCs compared with NSCs prompted us to analyze the
response of these cells to glucose deprivation and/or to the
inhibition of glycolysis. We show that DCA, a pharmacological
modulator of glucose metabolism (12), induced apoptosis, in
combination with DNA damaging agents, in CSCs but did not
harm cognate normal stem cells. Interestingly,Michelakis et al.
(13) have shown that CD133� human glioblastomamultiforme
cells (i.e. putative CSCs) were also sensitive to DCA but no
molecular mechanism of action of this drug was reported.
We found that DCA could rapidly deplete the neurosphere-
forming population and reduce tumor growth in vivo (Figs. 3
and 7). The effect of DCA was specific for CSCs, as the gly-
colytic metabolism and ability to form neurospheres of NSCs
were unaffected by DCA, contrary to the results obtained
with the classical inhibitor of glycolysis, 2-DG (Fig. 3). Bon-
net et al. (12) have shown that DCA induced the production
of ROS, however, this does not appear to be the case in CSCs
(Fig. 3).
We further investigate the effect of DCA on CSCs and found

that it induced a rapid and efficient cell death in CSCs only in
the presence of an additional apoptotic stimulus (Fig. 4). This

FIGURE 5. DCA induced a Bax-dependent apoptosis. A, C6CSC and P7CSC were transfected with shRNA targeting Bax (Bax1 and Bax2) or with scramble shRNA.
Cells were co-treated with DCA � etoposide (A) or DCA � irradiation (B). Cell death and DEVDase activity were measured as described in the legend to Fig. 4.
C, relative Bad, Bim, Puma, and Noxa expression levels was determined by immunoblot in NSCs, C6CSC, and P7CSC treated or not with DCA (1 mM, 48 h). Protein
expression was normalized to actin. D, NSCs, C6CSC, and P7CSC were treated with DCA (1 mM) for 24 h, then ABT-737 (1 �M) for an additional 24 h. The viability
was assessed by MTT as in A.
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cell death was Bax-dependent. In addition, DCA induced the
expression of Bad, Noxa, and Puma, contrary to that observed
with 2-DG (Fig. 5 and supplemental Fig. S7). Of note, ABT-737,
an antagonist of Bcl-2 and Bcl-Xl but not of Mcl-1, enhanced
DCA-induced apoptosis (Fig. 5). Also consistent with these
results, DCA induced the expression of known transcription
factors of these BH3-only proteins, namely Foxo3a and p53
(Fig. 6). Glycolysis affects the Bcl-2 family, especially the BH3-
only proteins such as Bad and Puma (39–42). Recently it has
been shown that 2-DG efficiently eliminated cancer cells in
combination with ABT-737, through the Mcl-1/Bak axis (43,

44). This implies that 2-DG andDCA sensitizes toward apopto-
sis via different routes. The specific ability of DCA to deplete
the neurosphere-forming population in rat glioma CSCs might
be related to the induction of p53. It was shown that p53 inhib-
ited the renewal of stem/progenitor cells in NSCs and glioma
CSCs (45). The specific induction of p53 in CSCsmight explain
the divergent effect on the sphere-forming ability induced by
DCA onNSCs and CSCs. Of note, p53 inhibition rescinded the
sensitization of CSCs to apoptosis; p53 inhibition also delayed
the CSCs depletion induced by DCA, however, long term p53
inhibition by itself induced a decrease inCSCs in the population
(supplemental Fig. S9). The mechanism explaining this deple-
tion will be the aim of further investigations.
Our results suggest that the dependence on glycolysis may

occur early during tumorigenesis because it is already present
in CSCs. Thus, the Warburg effect is likely to be a major event
during tumorigenesis, not as a symptom but as one of its pri-
mary causes. Taken together, our results provide the rationale
for the association of DCA and conventional treatments to
eradicate CSCs and thus to prevent tumor relapse while pre-
serving NSCs. Because, recent results have shown that DCA
was active against several other types of cancer (see for exam-
ple, Ref. 46), including undifferentiating neuroblastoma (47), it
would be interesting to investigate whether CSCs are also a
preferential target in tumors of different origins.
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Supplementary  fgure  1:  Schematic  representation  of  primary  cells  

isolation.



Supplementary  fgure  2:  antimycin  speci f cally  inhibits  NSC  cells  

proliferation  under  normoxic  conditions.

CSC and NSC cells are  subjected to antimycin A treatment under normoxic (21%  O2)  or 
hypoxic (3%)  conditions. Cell viability and proliferation was measured by the MTT method as  
described in the material and methods section. The graphs represent the mean +/- SD of 
three experiments.



Supplementary  fgure  3:  DCA induced  no  modif cations  in the  total  amount  

of  mitochondria  or in the  COX IV activity  in NSC and  P7 CSC cells.

A) NSC and P7CSC cells were treated by DCA (1mM). Citrate synthase  specifc activity was  
measured in the cells  and normalized to the protein concentration. The graph shown is 
representative of 5 independent measurements. No signifcant modifcations were induced by 
DCA. B)  Cells were  treated as  in A and COX IV activity was  measured in the cells  and 
normalized to the specifc activity of citrate synthase. The graph shown is representative of 5 
independent measurements. No signifcant modifcations were induced by DCA.



Supplementary  fgure  4:  DCA specif cally  depletes  the  cancer  stem  cells  

population.

A) DCA (1mM) was added to P7CSC and to NSC cells and LDA experiments were done on d4, 
d6, d8, d10 and d12 for P7CSC and on d6 and d12 for NSCs. B)  The same  experiment was  
performed in the presence of 2-deoxyglucose (2DG, 25mM). LDA experiments were done on 
d4, d8 and d12 for P7CSC and on d6 and d12 for NSCs.



Supplementary  fgure  5 : DCA inhibits  cancer  spheroids  cells  proliferation.

DCA (1mM) was  added to C6CSC, P7CSC and to NSC cells for 72h and cell proliferation was 
observed by MTT experiments. OD values were normalized to the OD value at T0.



Supplementary  fgure  6  :  DCA potentiate  apoptosis  in  CSCs  derived  from  

human  glioblastoma  multiforme  tumors.  

Human Glioblastoma tumors were obtained from the Service de Neurochirurgie of Nantes 
University Hospital. Tumors were dissected, minced then cultured in defned medium at 20% 
O2  (DMEM/Ham  F-12  containing  2  mM  L-glutamine,  100U/mL penicillin, 100  µg/mL 
streptomycin, N2-  and  B27-supplement, 20  ng/mL EGF, 25  ng/mL bFGF,  and  2  µg/mL 
heparin) as described in Platet et al. (Cancer Lett.  2007; 258:286-90). The human CSCs 
were pretreated or for 48 h with DCA and the for 24 h with 50 µg/ml etoposide. The cell 
lysates recuperated were analyzed for the activation of caspase using DEVD as a substrate. 
The data are representative of 3 different experiments.



Supplementary  fgure  7:  shRNA-mediated  down-regulation  of  Bax.

The sequences of the two shRNA used to down-regulate Bax are following: 

shBax1
Sense:  5'-GATCC  AGCACCACACCAGTCTGAT  TTCAAGAGA  ATCAGACTGGTGTGGTGCT 
TTTTTTGGAAA-3' 
Antisense:  5'-AGCTTTTCCAAAAAA   AGCACCACACCAGTCTGAT  TCTCTTGAA 
ATCAGACTGGTGTGGTGCT  G-3' 
shBax2
Sense:  5'-GATCC  GATGAGGAAGAGATGGTGC  TTCAAGAGA  GCACCATCTCTTCCTCATC 
TTTTTTGGAAA-3' 
Antisense:  5'-AGCTTTTCCAAAAAA   GATGAGGAAGAGATGGTGC  TCTCTTGAA 
GCACCATCTCTTCCTCATC  G-3'

The image below shows the effciency of the shRNA.



Supplementary  fgure  8:  BH3-only  proteins  expression  in  NSC  and  P7 CSC 

cells  treated  by  2-deoxyglucos e.

NSC and P7 spheroids were treated by 2DG (25mM, 48h). The expression of Bad, Puma 
and Noxa was  studied in the cell lysates.  As illustrated by the image below, no modifcations 
in the protein expression were observed.



Supplementary  fgure  9 : p53  inhibition  inhibits  some  of  the  DCA effects  on  

cancer  stem  cells.

A) Pifthrin alpha (30µM) was added to P7CSC and C6CSC 24h previous to the DCA + etoposide 
treatment (48h DCA 1mM, with etoposide 50µM added during the last 12h). Cell death was  
measured after the 48h treatment. B)  P7CSC were  treated by pifthrin alpha (30µM)  in the 
presence  or absence  of DCA 1mM and LDA experiments were done on d2, d4 and d7. C) 
The  transfection  using  siRNA were  done  using  Lipofectamine  2000  according  to  the 
manufacturer’s  instructions.  The  sequences  are  the  following  (5’-3’):  FOXO38-

CUCUAUAACGUAUGCAAAU,  FOXO39-  GCAACAUGGGCUUGAGUGGA  and 
FOXO40- CGUUUCAUGCGGGUUCAGA. The sequence in bold gave  an 80%  knockdown 
and the sequence  used  for all the experiments.  24h after the knockdown, the cells  were 
treated with 10 mM DCA and the viability of the cells was determined 48 and 72 h later.  
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