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Abstract

Pediatric high grade glioma is refractory to conventional multimodal treatment, highlighting a need to develop novel
efficacious therapies. We investigated tumor metabolism as a potential therapeutic target in a panel of diverse pediatric
glioma cell lines (SF188, KNS42, UW479 and RES186) using metformin and 2-deoxyglucose. As a single agent, metformin had
little effect on cell viability overall. SF188 cells were highly sensitive to 2-deoxyglucose however, combination of metformin
with 2-deoxyglucose significantly reduced cell proliferation compared to either drug alone in all cell lines tested. In addition,
the combination of the two agents was associated with a rapid decrease in cellular ATP and subsequent AMPK activation.
However, increased cell death was only observed in select cell lines after prolonged exposure to the drug combination and
was caspase independent. Anti-apoptotic BCL-2 family proteins have been indicated as mediators of resistance against
metabolic stress. Therefore we sought to determine whether pharmacological inhibition of BCL-2/BCL-xL with ABT-263
could potentiate apoptosis in response to these agents. We found that ABT-263 increased sensitivity to 2-deoxyglucose and
promoted rapid and extensive cell death in response to the combination of 2-deoxyglucose and metformin. Furthermore,
cell death was inhibited by the pan-caspase inhibitor, z-VAD-FMK suggesting that ABT-263 potentiated caspase-dependent
cell death in response to 2-deoxyglucose or its combination with metformin. Overall, these data provide support for the
concept that targeting metabolic and anti-apoptotic pathways may be an effective therapeutic strategy in pediatric glioma.
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Introduction

Pediatric high grade glioma comprises a heterogeneous group of

brain tumors which are refractory to conventional multimodal

therapy [1,2,3,4]. Although very young children diagnosed with

high grade glioma have been reported to have an improved

outcome in comparison to older patients [4], the overall clinical

outlook remains poor with 2-year survival rates ranging from 10–

30% [2,3]. Furthermore, survivors are often seriously compro-

mised due to the lasting effects of radiation and surgery,

highlighting an urgent need to develop more effective and less

toxic therapies.

The therapeutic targeting of cancer metabolism has become a

major area of investigation and is largely based on the principle

that cancer cells display increased glucose uptake and production

of lactate, even in the presence of adequate oxygen. This is known

as the Warburg effect and suggests a dependency on aerobic

glycolysis in rapidly growing tumors [5,6,7]. However, recent

studies in intact brain tumors and human orthotopic mouse

models of glioblastoma have demonstrated that their metabolism

in vivo involves extensive mitochondrial oxidation of glucose [8,9].

These findings indicate both glycolysis and mitochondrial glucose

oxidation are necessary to support the rapid and aggressive growth

observed in high grade glioma [10]. Furthermore, mitochondrial

metabolism has been linked to drug resistance in glioblastoma, as

DNA damaging agents have been shown to induce a cytoprotec-

tive ATP surge via oxidative phosphorylation [11]. These data

indicate that therapeutic strategies directed against the metabolism

of these tumors may need to target both glycolysis and

mitochondrial oxidative phosphorylation in order to be effective.

Metformin (1,1 dimethylbiguanide hydrochloride) is a widely

used anti-diabetic agent that has been shown to possess anti-cancer

activity in a variety of tumor models [12,13,14,15,16,17]. Whilst

some studies have demonstrated that metformin may have anti-

glioma action and enhance the efficacy of temozolomide treatment

[18,19] the effects of metformin on pediatric glioma cells have not

been investigated previously. 2-deoxyglucose (2DG) is a glucose

analog that is readily taken up by glucose transporters and acts as a

competitive inhibitor of glycolysis [20]. The combination of

metformin with 2DG has been shown to impair metabolism and

induce cell death in multiple tumor types [21,22,23]. 2DG and

metformin have been shown to decrease cellular ATP and induce

an apoptotic form of cell death or a sustained autophagic response

depending on the cellular context [21,22]. These effects have been

attributed to a simultaneous block of glycolysis (with 2DG) and

oxidative phosphorylation due to the ability of metformin to
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partially suppress the activity of complex I of the mitochondrial

respiratory chain [21]. Based on these preclinical studies it has

been proposed that the combination of 2DG and metformin may

be an effective treatment for some cancer types, however, it has

not yet been tested in brain tumors.

In this study, we initially investigated the effects of metformin

and 2DG on a diverse panel of well characterised pediatric glioma

cell lines. Our results demonstrate that in the majority of cell lines

studied, the combination of metformin and 2DG decreases

pediatric glioma cell proliferation. However, increased cell death

was only observed in specific cell lines after lengthy periods of

exposure to the drug combination and was caspase independent.

We found that sensitivity to the combination of 2DG and

metformin was greatly enhanced by the selective BCL-2/BCL-

xL inhibitor ABT-263, which promoted caspase-dependent cell

death in all cell lines. We conclude that metabolic therapy in

pediatric high grade glioma is greatly enhanced by impairment of

BCL-2/BCL-xL function, and that future therapies should be

developed based on this approach.

Materials and Methods

Cell Culture
Previously characterized pediatric glioma cell lines SF188,

KNS42, UW479 and RES186 were donated by Dr Chris Jones

(Institute of Cancer Research, London, United Kingdom) [24]. All

cell lines were cultured in DMEM containing 10% (v/v) fetal

bovine serum (FBS) at 37uC in 5% CO2.

Chemicals
All chemicals were purchased from Sigma-Aldrich unless

otherwise stated. 2DG and metformin were prepared as

500 mM solutions in sterile distilled H2O. Stock solutions of

ABT-263 (10 mM; Selleckchem) and z-VAD-FMK (25 mM; BD)

were prepared in DMSO.

Cell Viability and Proliferation Assays
Cells were seeded in triplicate at a density of 56103 cells per

well in 96-well plates and left to attach overnight prior to

treatment. Cell viability was determined by cleavage of the soluble

WST-1 substrate (Roche) followed by spectrophotometric mea-

surement of the product at 450 nm. The CyQuant cell prolifer-

ation kit (Invitrogen) was used to determine cell density after drug

treatment, according to the manufacturers’ instructions. Fluores-

cence was measured using a Mithras LB 940 multimode plate

reader (Berthold Technologies) using standard filter sets for FITC

(Ex = 485 nm/Em = 535 nm).

Measurement of ATP
Total cellular ATP was determined using the CellTitre-Glo

luminescence assay (Promega) according to the manufacturers’

instructions. 56103 cells per well were plated in triplicate in

opaque, white-walled 96-well plates (Corning). Cells were treated

as appropriate, lysed using a volume of CellTitre-Glo reagent

equal to the total culture volume and luminescence measured

using a Mithras LB 940 multimode plate reader (Berthold

Technologies).

Flow Cytometry Analysis of Cell Death
Membrane integrity was determined by flow cytometric

quantification of propidium iodide uptake. Cells were seeded in

triplicate at a density of 56104 cells per well in 24-well plates. After

treatment, cells were harvested by trypsinization and washed with

ice-cold PBS containing sodium azide (0.1% v/v). Cell pellets were

re-suspended in PBS/sodium azide solution containing propidium

iodide (0.83 mg/ml) and analysed by flow cytometry. Apoptosis

was measured using an Annexin-V-FITC/PI apoptosis detection

kit (BD). Briefly, 16105 cells were plated in 12 well plates and

treated as appropriate. Cells were harvested using accutase

detachment solution (Sigma) and Annexin-V-FITC/PI labelling

was performed according to the manufacturers’ instructions.

Quantification of Annexin-V/propidium iodide incorporation

was performed using a FACScalibur flow cytometer. Data were

analysed using FACSDiva software 6.0 (BD) and winMDI2.8.

Quantification of Caspase 3/7 Activity
Caspase activity was assayed by cleavage of a luminogenic

caspase 3/7 substrate containing the sequence DEVD, using the

caspase 3/7-Glo kit (Promega) according to manufacturers’

instructions. 56103 cells per well were plated in triplicate in

opaque, white-walled 96-well plates (Corning). Cells were lysed

using a volume of Caspase3/7-Glo reagent equal to the total

culture volume. Luminescence was measured using a Mithras LB

940 multimode plate reader.

Western Blotting
Cells were seeded in 100 mm dishes (Falcon) and allowed to

adhere overnight prior to treatment. Whole cell lysates were

prepared and separated by SDS-PAGE, electroblotted to nitro-

cellulose membrane (GE Healthcare Life Sciences) and probed

with antibodies against PARP, caspase-3, BCL-xL, BCL-2, BCL-

w, AMPKa and phospho-AMPKa (Thr172) (Cell Signalling

Technologies) and MCL-1 (Santa Cruz Biotechnology). Antibody

binding was detected using the Odyssey system (LI-COR

Biosciences). Equal lane loading was confirmed using a monoclo-

nal antibody against b-actin (Sigma-Aldrich).

Immunocytochemistry
Conformational activation of BAX was detected by immuno-

cytochemistry using the anti-BAX 6A7 antibody (Enzo Life-

sciences). Cells were grown on chamberslides (Labtek), treated as

desired and fixed with 4% (w/v) paraformaldehyde for 20 minutes

at room temperature. A blocking step was carried out using 20%

(v/v) normal goat serum in PBS for 1 h at room temperature. Cells

were incubated with anti-BAX 6A7 (1:200) in PBS containing 2%

(v/v) normal goat serum and 0.1% (v/v) Triton-X100, overnight

at 4uC. Anti-BAX was detected using an AlexaFluor 555 anti-

mouse antibody (Invitrogen), prepared in blocking buffer (5% (v/v)

normal goat serum/PBS) at a dilution of 1:300 for 1 h at room

temperature. Cells were mounted in Vectashield containing DAPI

(Vector) to visualise nuclei.

Statistical Analysis
SPSSv16 was used to analyse quantitative data from indepen-

dent experiments. Statistical significance between multiple groups

was determined by Kruskal-Wallis ANOVA tests which were

followed up with Bonferroni-corrected Mann-Whitney U tests for

paired comparisons.

Results

Metformin and 2DG Combination Impairs the Growth of
Pediatric Glioma Cell Lines

In order to examine the potential of cellular metabolism as a

therapeutic target in pediatric glioma, we investigated the effect of

the drugs metformin and 2DG on a diverse panel of previously

characterized cell lines (SF188 and KNS42; grade IV glioblastoma

ABT-263 Enhances Sensitivity to Metformin and 2DG
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multiforme, UW479; grade III anaplastic astrocytoma and

RES186; grade I pilocytic astrocytoma) [24]. We found that all

of these cell lines possessed homozygous TP53 mutations, and that

KNS42 carried the heterozygous H3F3A mutation (G34V; Figure

S1) recently discovered in pediatric glioblastoma [25,26]. First, we

examined the effects of metformin and 2DG on cell viability and

cell proliferation alone and then in combination (Figure 1A(i)–

D(i)). Treatment with 8 mM metformin alone had little effect on

cell viability as determined by WST-1 cleavage under standard

growth conditions whereas this was somewhat reduced following

incubation with 10 mM 2DG alone. SF188 cells were highly

sensitive to 2DG with only 7.960.7% of viable cells remaining

after 72 hours of treatment (Figure 1A(i)). In the remaining cell

lines, WST-1 cleavage was moderately reduced by 2DG treatment

(6962.5%–43.662.5%) compared with controls (Figure 1B(i)–

1D(i)). However, combination of metformin with 2DG led to a

significant further reduction in WST-1 cleavage in each cell line.

The enhancing effect of the drug combination at 72 hours was

greatest in UW479 (6.460.8%, Figure 1C(i)), followed by RES186

(14.362.4%, Figure 1D(i)) and KNS42 cells (30.563.2%,

Figure 1B(i)). Even in SF188 cells, the combination showed a

small but significant difference compared with 2DG alone

(4.960.4% versus 8.060.8%, *P = 0.006). In order to directly

assess the effects of 2DG and metformin upon cell proliferation we

measured cell density after 24, 48 and 72 hours of treatment

(Figures 1A(ii)–D(ii)). In response to the single treatments, 2DG

had the most profound effect on SF188 cells, whilst growth was

most impaired in UW479 cells following treatment with metfor-

min alone. However, in all cell lines combination of metformin

with 2DG resulted in a significant reduction in cell growth over the

time course (**P#0.002). Overall, these data show that the

combination of 2DG and metformin inhibits tumor cell prolifer-

ation significantly better than either drug alone in all the pediatric

glioma cell lines tested.

Combined Metformin and 2DG Treatment Results in ATP
Depletion and Phosphorylation of AMPK

To determine the effects of 2DG and metformin on cellular

energetics more directly, we assayed ATP levels after a brief period

of treatment of 8 hours (Figure 2A). Metformin treatment had little

impact on ATP levels in the cell line panel even after sustained

treatment for 96 hours (data not shown). Impairment of glycolysis

with 2DG was sufficient to reduce ATP levels to 88.461.3%–

79.461.2% within 8 hours of treatment, with SF188 cells

displaying the largest decrease in ATP content (Figure 2A).

However, the dual combination was much more effective, causing

a significant rapid reduction in cellular ATP content to

46.762.6%–37.062.4% within 8 hours of treatment in all cell

lines (combination versus single treatments: **P,0.001). We

obtained similar results when we investigated the effects of 2DG

and metformin treatment on AMPK phosphorylation which is an

indicator of cellular metabolic stress (Figure 2B). Continuous

exposure to 2DG or metformin alone failed to induce activation of

AMPK, suggesting that the cellular AMP/ATP ratio was not

critically affected. However, we observed robust phosphorylation

of AMPK at Thr-172 in cells treated with both 2DG and

metformin, supporting our observation that the combination

caused a decline in total cellular ATP levels. Overall, these data

suggest that ATP production is only substantially impaired

following treatment with both metformin and 2DG in paediatric

glioma cells.

Combined Metformin and 2DG Treatment Leads to Cell
Death or Growth Arrest

In order to determine the effects of metformin and 2DG

treatment on cell death, we used flow cytometry to assess

membrane integrity via propidium iodide uptake. Metformin

alone had no effect upon cell death compared to vehicle controls

whilst 2DG alone only caused significant levels of cell death in the

highly sensitive SF188 cell line (Figure 3A). Only the combination

of 2DG and metformin significantly increased cell death in

UW479 cells after 72 hours (39.464.0%, **P,0.001; Figure 3C).

In the KNS42 and RES186 cell lines, the proportion of cells

exhibiting a loss of membrane integrity after 72 hours was not

significantly increased, confirming that the effects of 2DG and

metformin observed previously (Figure 1) were due to decreased

cellular proliferation in the first instance. However, in KNS42

cells, increased cell death was observed after 96 hours, with

3062.6% of cells displaying a loss of membrane integrity following

treatment with 2DG and metformin (Figure 3B). By contrast, in

RES186 cells, the combination of 2DG and metformin even at 96

hours did not induce significant levels of cell death, confirming

that the combination of metformin and 2DG exerted an anti-

proliferative effect in this cell line (Figure 3D). Examination of the

DNA profiles of RES186 cells treated with either agent alone or in

combination revealed that 2DG and metformin led to an S/G2-M

phase cell cycle accumulation as opposed to cell death (data not

shown).

Cell Death Induced by the Combination of Metformin
and 2DG Treatment is Caspase Independent

KNS42 and UW479 cells exhibited moderate levels of cell death

in response to 2DG and metformin treatment and were selected

for further investigation into the mechanism of cell death.

Blockade of caspase activity by z-VAD-FMK failed to protect

cells from death induced by 2DG and metformin, suggesting that

the mode of death promoted by these agents was caspase

independent (Figure 4A and B). These findings were confirmed

by a lack of caspase 3/7 activation (Figure 4C and D). In addition,

Western blots indicated that there was an absence, or a very low

level of caspase-3 or PARP cleavage in response to 2DG and

metformin treatment (Figure 4E and 4F). In conclusion, the

combination of metformin and 2-deoxyglucose induced either

predominantly caspase-independent cell death or exerted an anti-

proliferative effect in paediatric glioma cells.

The Effects of 2DG and Metformin on Cell Death are
Enhanced by ABT263

Given that 2DG and metformin only induced cell death after

prolonged treatment in the majority of cell lines, and proceeded in

the absence of caspase activation, we considered how sensitivity to

these agents might be enhanced. Overexpression of anti-apoptotic

BCL-2 proteins can confer apoptotic resistance in malignant

glioma [27]. The BCL-2 family is also known to regulate cell death

in response to metabolic stress [28,29] and BH3-mimetics which

target anti-apoptotic BCL-2 family members may increase

sensitivity to therapies targeting cellular metabolism [30,31,32].

Therefore, we examined the role of the anti-apoptotic BCL-2

family members using the BAD-like mimetic, ABT-263.

Immunoblot analysis showed that BCL-2 and or BCL-xL were

the major anti-apoptotic proteins present in the cell lines used in

this study (Figure 5A). Exposure to 10 mM ABT-263 over 72 hours

reduced viability in all cell lines as determined by WST-1 cleavage

(Figure 5B–5E) with KNS42 cells, featuring overexpression of

BCL-2 and BCL-xL, exhibiting the greatest resistance (Figure 5C).

ABT-263 Enhances Sensitivity to Metformin and 2DG
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Figure 1. Metformin inhibits the growth of pediatric glioma cell lines in response to 2DG. Pediatric glioma cells were cultured in 25 mM
glucose in the presence of 2DG (10 mM), metformin (8 mM) either alone or in combination. Cell viability was assessed by WST-1 cleavage after 24, 48
and 72 hours (A(i)–D(i)), whilst effects on cell proliferation were measured by fluorescent quantification of cell density (A(ii)–D(ii)). For WST-1 assays
results are expressed as mean percentages relative to mock treated cells. Error bars represent the standard error of the mean from three independent
experiments, repeated in triplicate. Statistical significance was determined using Kruskal-Wallis ANOVA followed by Bonferroni corrected Mann-
Whitney U tests: *P#0.05, **P#0.01, 2DG and metformin treated cells vs. single agents.
doi:10.1371/journal.pone.0064051.g001
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Figure 2. Metformin and 2DG treatment results in a decrease in ATP levels and phosphorylation of AMPK. (A) ATP levels were
measured after 8 hours of treatment with 2DG (10 mM), metformin (8 mM) either alone or in combination. Data are presented relative to vehicle
treated cells (mean 6 SEM; n = 3 experiments, repeated in triplicate; Kruskal-Wallis ANOVA followed by Bonferroni corrected Mann-Whitney U tests:
**P#0.01, 2DG and metformin treated cells vs. single agents). (B) Lysates from cells treated with 2DG (10 mM), metformin (8 mM) or a combination,
for 96 hours were immunoblotted using antibodies against p-AMPKa and total AMPKa. Representative blots from three independent experiments are
shown.
doi:10.1371/journal.pone.0064051.g002

Figure 3. Metformin and 2DG treatment results in cell death or inhibition of proliferation. (A–D) Viability of glioma cells treated with 2DG
(10 mM), metformin (8 mM) either alone or in combination was determined by propidium iodide exclusion after 72 and 96 hours (mean 6 SEM; n = 3
experiments, repeated in triplicate; Kruskal-Wallis ANOVA followed by Bonferroni corrected Mann-Whitney U tests: *P#0.05, **P#0.01, control vs.
2DG treated cells and 2DG treated cells vs. 2DG/metformin combination therapy).
doi:10.1371/journal.pone.0064051.g003
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We then examined the ability of ABT-263 to potentiate cell death

in response to 2DG, and metformin either alone or in combination

(Figure 5F). Treatment with ABT-263 did not significantly

increase cell death in combination with metformin under standard

growth conditions after 24 hours. Interestingly, ABT-263 led to a

small but significant increase in sensitivity to 2DG in the cell line

panel, with a very pronounced effect in SF188 cells (59.667.0%).

Finally, the combination of ABT-263 with both metformin and

2DG effectively promoted extensive cell death within 24 hours in

all cell lines (KNS42, 40.962.2%; UW479, 28.261.2%; and

RES186, 3860.6%). This effect was not significant in SF188 cells

which already displayed substantial sensitivity to 2DG and ABT-

Figure 4. Cell death induced by 2DG and metformin is caspase independent. (A–B) KNS42 and UW479 cells were incubated with the pan-
caspase inhibitor, z-VAD-FMK (50 mM) for 1 hour prior to addition of 2DG (10 mM), metformin (8 mM) or both agents and cultured for 96 hours. Cell
viability was determined by propidium iodide exclusion (mean 6 SEM; n = 3 experiments, repeated in duplicate). (C–D) Caspase 3/7 activity was
quantified by measuring cleavage of a luminogenic peptide which is a substrate for caspase 3/7. UW479 cells were treated for 72 hours with 2DG and
metformin either alone or in combination. Cells were pre-treated with z-VAD-FMK (50 mM) for 1 hour prior to the addition of 2DG and metformin for
72 hours.(C) KNS42 cells were treated similarly and caspase 3/7 activity was assayed after 96 hours of exposure to 2DG, metformin or both agents.
Cells were pre-treated with z-VAD-FMK (50 mM) for 1 hour prior to the addition of 2DG and metformin for 96 hours. (E–F) Lysates of treated cells were
immunoblotted with anti-caspase 3 and PARP. Equal loading was confirmed using a b-actin antibody. Representative blots from three independent
experiments are shown.
doi:10.1371/journal.pone.0064051.g004
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Figure 5. ABT-263 sensitizes pediatric glioma cells to 2DG and potentiates cell death in response to the combination of 2DG and
metformin. (A) Lysates of pediatric glioma cells grown under standard culture conditions were immunoblotted with antibodies against BCL-2, BCL-
xL, BCL-w and MCL-1. Representative blots from three independent experiments are shown. (B–E) Cells were treated with increasing concentrations
of ABT-263 for 24–72 hours and viability was determined by measuring WST-1 cleavage (mean 6 SEM; n = 3 experiments, repeated in triplicate). (F)
Cells were treated with ABT-263 (10 mM), 2DG (10 mM), metformin (8 mM) alone and in combination. Membrane integrity was assessed by propidium
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263 after 24 hours of treatment. These data suggest that the

combination of metformin and ABT-263 increases the depen-

dence of pediatric glioma cells on glycolysis for survival, since

addition of 2DG promotes massive and rapid cell death.

ABT-263 Promotes Caspase-dependent Cell Death in
Combination with 2DG and Metformin

We used z-VAD-FMK to investigate the cell death pathways

promoted by the ABT-263/2DG or ABT-263/2DG/metformin

combinations (Figures 6 and 7). Inhibition of caspase activity

significantly reduced cell death in SF188 and RES186 cells

following 24 hours of exposure to 2DG and ABT-263 (Figure 6).

In order to investigate the mechanism of cell death promoted by

ABT-263 in response to the 2DG/metformin combination, we

selected the KNS42 cell line for further study since it possesses the

heterozygous H3F3A mutation found in pediatric glioblastoma.

We confirmed by Annexin-V/PI staining that ABT-263 in

combination with metformin and 2DG was much more effective

at inducing apoptosis (8464.3%) than the dual combination of

either metformin/ABT-263 or 2DG/ABT-263 (Figure 7A). In

addition, z-VAD-FMK significantly reduced cell death (Figure 7B)

and completely abolished caspase 3/7 activity in response to the

combination of all three agents in KNS42 cells (Figure 7C).

Finally, we examined the effects of all agents and combinations

upon BAX activation using immunocytochemistry and an

antibody specific to the activated form of BAX (Figure 8). Active

BAX immunostaining was generally faint and diffuse in cells

treated with each agent or with the dual combinations. However,

KNS42 cells treated with the triple combination of 2DG,

metformin and ABT-263 exhibited strong, punctate staining of

active BAX after 8 hours of treatment. Although we previously

found that z-VAD-FMK abrogated cell death in response to all

three agents it did not prevent activation of BAX. These data

suggest that apoptosis induced by the combination of metformin,

2DG and ABT-263 proceeds via the mitochondria and requires

downstream caspase activation. This data therefore supports a

therapeutic paradigm in which metabolism and apoptosis are

simultaneously targeted for the effective killing of pediatric glioma

cells.

Discussion

Tumor metabolism has become an important potential

therapeutic target in cancer [6,7,29]. This is particularly relevant

in aggressive brain tumors such as glioblastoma which have high

metabolic demands. In this study we examined the concept of

targeting tumour metabolism in a diverse panel of pediatric glioma

cell lines using the glycolysis inhibitor 2DG, and metformin, a

diabetes drug which has emerged as a promising anti-cancer

agent.

Metformin has been shown to partially repress complex I of the

respiratory chain and combination with 2DG attenuates tumour

growth in vitro and in vivo [21,22,23]. We found that the response

to 2DG varied in a cell line dependent manner, whilst metformin

had little effect on cell viability overall. SF188 cells were highly

sensitive to inhibition of glycolysis by 2DG which could be

attributable to a variety of factors, including the MYC expression

status of this cell line [33]. In agreement with other studies in

prostate and colon carcinoma [21,22], our data similarly indicates

that glioma cells treated with metformin become increasingly

dependent upon glycolysis because combination of metformin with

2DG resulted in a greater loss of cell viability than observed with

2DG alone. ATP levels were relatively unaffected by 2DG or

metformin as single treatments, suggesting that cells were able to

maintain energy levels using compensatory metabolic pathways.

Under the conditions that we tested, only the combination of the

two agents resulted in a substantial depletion of ATP and

subsequent activation of AMPK. Overall, these results suggest

that targeting individual metabolic pathways may be ineffective in

glioma cells.

2DG and metformin have been reported to induce p53-

dependent apoptosis in prostate cancer cell lines [21]. However, in

our cell lines, which harbor homozygous TP53 mutations, modest

levels of cell death were only observed in UW479 and KNS42 cells

after prolonged drug treatment of 72–96 hours. Furthermore, cell

death induced by sustained 2DG and metformin treatment was

not the result of apoptosis since it proceeded in the absence of

caspase 3/7 cleavage and was not prevented by the pan-caspase

inhibitor, z-VAD-FMK. In addition, whilst 2DG and metformin

treatment attenuated the growth of all cell lines, it did not induce

cell death in all cell lines, with RES186 cells exhibiting cell cycle

arrest in the absence of cell death. The exception to this was the

SF188 cell line, which was highly sensitive to 2DG treatment

alone.

In order to investigate mechanisms of comparative resistance to

the 2DG and metformin combination in the remaining cell lines,

we investigated a role for the anti-apoptotic BCL-2 family proteins

using the BH3-mimetic, ABT-263. Tumors over-expressing anti-

apoptotic proteins such as BCL-xL may be endowed with an

increased metabolic capacity to survive in nutrient deprived

iodide exclusion after 24 hours of treatment (mean 6 SEM; n = 3 experiments, repeated in triplicate; Kruskal-Wallis ANOVA followed by Bonferroni
corrected Mann-Whitney U tests: *P#0.05, **P#0.01, ABT-263 and 2DG treated cells vs. 2DG/ABT-263 treated cells and 2DG/ABT-263 combination vs.
triple treatment).
doi:10.1371/journal.pone.0064051.g005

Figure 6. ABT-263 promotes caspase-dependent cell death in
response to 2DG. (A) SF188 and RES186 cells were cultured in the
presence of z-VAD-FMK (50 mM) for 1 hour prior to the addition of 2DG
(10 mM) and ABT-263 (25 mM). Cells were treated for 24 hours and
membrane integrity assessed following staining with propidium iodide
(mean 6 SEM; n = 3 experiments, repeated in triplicate).
doi:10.1371/journal.pone.0064051.g006
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Figure 7. ABT-263 promotes caspase-dependent cell death in response to the combination of 2DG and metformin. (A) KNS42 cells
were treated with a combination of 2DG (10 mM), metformin (8 mM) and ABT-263 (10 mM) for 16 hours and apoptosis was determined by Annexin-V/
PI labelling. Representative dot plots are shown for each condition. Numerical data represent the mean 6 SEM of three independent experiments. (B)
KNS42 cells were incubated with z-VAD-FMK (50 mM) for 1 hour prior to the addition of 2DG (10 mM), metformin (8 mM) and ABT-263 (10 mM). Cells
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microenvironments by enhancing the efficiency of mitochondrial

metabolism [34]. In addition, impairment of glycolysis and

oxidative phosphorylation decreases ATP levels and sensitizes

tumour cells to apoptotic stimuli [30]. Therefore, targeting these

anti-apoptotic proteins may increase sensitivity to therapies

targeting tumor metabolism. The closely related drug, ABT-737

has been shown to promote apoptosis in combination with 2DG in

variety of cell lines [30,31,32]. We found that SF188 cells

expressed endogenous BCL-2 and BCL-xL at low levels compared

with the other cell lines tested and were highly sensitive to 2DG

and ABT-263. MYC expressing cells have been previously reported

to be sensitive to glycolysis inhibition by 2DG, which can be

attenuated by overexpression of BCL-2 [35]. In the remaining cell

lines studied, ABT-263 significantly increased sensitivity to 2DG

and led to a rapid reduction in viability when used in the presence

of both 2DG and metformin. Furthermore, blockade of caspase

activity with z-VAD-FMK inhibited cell death following treatment

with ABT-263 and 2DG or the combination of all three agents.

Further detailed studies are required in order to determine how

ABT-263 promotes apoptosis in response to agents targeting

tumour metabolism and how these agents affect the balance of pro

and anti-apoptotic BCL-2 proteins in pediatric glioma cells.

However, these data indicate that expression of anti-apoptotic

BCL-2 family proteins in these cells is an important mechanism of

resistance to metabolic therapies in pediatric glioma.

Pediatric high grade glioma is biologically distinct from adult

disease and refractory to conventional multimodal therapy which

is associated with significant, long term deleterious effects in

survivors [1,2]. Malignant glioma cells are frequently reported to

be dependent upon aerobic glycolysis. However, recent evidence

has challenged this view, demonstrating that whilst glioblastoma

cells primarily metabolize glucose to lactate in vitro, glucose is also

were treated for 24 hours and membrane integrity assessed following staining with propidium iodide. (C) Caspase 3/7 activity was quantified in
KNS42 cells after 16 hours of treatment with 2DG (10 mM), metformin (8 mM) and ABT-263 (10 mM) in the presence or absence of z-VAD-FMK
(50 mM). Cells were pre-treated with z-VAD-FMK for 1 hour prior to the addition of 2DG, metformin and ABT-263 (mean 6 SEM; n = 3 experiments,
repeated in triplicate).
doi:10.1371/journal.pone.0064051.g007

Figure 8. ABT-263 increases BAX activation during metformin and 2DG treatment. Activation of pro-apoptotic BAX in KNS42 cells was
assessed via immunostaining using an antibody specific to active BAX after 8 hours of treatment with each agent or the various combinations.
Representative images are shown from at least three independent experiments.
doi:10.1371/journal.pone.0064051.g008
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extensively utilised by the mitochondria in vivo. Similarly, glioma

stem cells have been shown to be less glycolytic than differentiated

glioma cells in vitro, having lower basal rates of lactate production,

decreased uptake of glucose analogs and higher ATP levels.

Here, we show for the first time, that metformin in combination

with 2DG attenuates the growth of pediatric glioma cells in vitro.

Our data also demonstrates that combined inhibition of glycolysis

and BCL-2/BCL-xL function effectively promotes cell death in

response to metformin treatment in pediatric glioma cells.

Moreover, these treatments are effective against glioblastoma cells

featuring mutant H3F3A (G34V), which is present in 31% cases of

pediatric glioblastoma and over 70% of cases of diffuse intrinsic

pontine glioma [25,26]. 2DG has been reported to increase

sensitivity to radiotherapy in patients with glioblastoma with

minimal side effects [36,37]. 2DG and metformin have been safely

and effectively combined in mice [21,22] however, the feasibility

of this drug combination with ABT-263 needs to be carefully

assessed in future studies. Glioblastomas preferentially express

hexokinase II and increased expression correlates with decreased

survival [38]. It may therefore be possible to specifically target

glycolysis in malignant gliomas using a hexokinase II inhibitor

which could sensitize tumor cells to metformin and its combina-

tion with a BH3-mimetic such as ABT-263, whilst sparing normal

brain cells, which depend upon hexokinase I [38]. Overall, our

data indicates that targeting the BCL-2 family of anti-apoptotic

proteins may increase sensitivity to therapies aimed at targeting

tumor metabolism in pediatric glioma.

Supporting Information

Figure S1 Mutation analysis of pediatric glioma cell
lines. (A) Sequences of PCR primers used for the analysis of

mutation of TP53 and H3F3A in pediatric glioblastoma lines. (B)

Results of mutation analysis in the cell line panel. Mutation

positions are given according to the amino acid number in native

protein sequence prior to any methionine cleavage. Identity of

each cell line was confirmed by STR (short tandem repeat)

profiling.

(TIF)

Method S1 Mutation analysis.

(DOCX)

Author Contributions

Conceived and designed the experiments: LS SL JL CT PS. Performed the

experiments: JL CT LS PS. Analyzed the data: JL LS SL PS CT.

Contributed reagents/materials/analysis tools: CT SL. Wrote the paper:

SL LS JL PS CT.

References

1. Hargrave D (2009) Paediatric high and low grade glioma: the impact of tumour
biology on current and future therapy. Br J Neurosurg 23: 351–363.

2. Jones C, Perryman L, Hargrave D (2012) Paediatric and adult malignant glioma:

close relatives or distant cousins? Nat Rev Clin Oncol 9: 400–413.

3. MacDonald TJ, Aguilera D, Kramm CM (2011) Treatment of high-grade

glioma in children and adolescents. Neuro Oncol 13: 1049–1058.

4. Sanders RP, Kocak M, Burger PC, Merchant TE, Gajjar A, et al. (2007) High-
grade astrocytoma in very young children. Pediatr Blood Cancer 49: 888–893.

5. Warburg O, Wind F, Negelein E (1927) THE METABOLISM OF TUMORS

IN THE BODY. J Gen Physiol 8: 519–530.

6. Dang CV, Hamaker M, Sun P, Le A, Gao P (2011) Therapeutic targeting of
cancer cell metabolism. J Mol Med (Berl) 89: 205–212.

7. Vander Heiden MG (2011) Targeting cancer metabolism: a therapeutic window

opens. Nat Rev Drug Discov 10: 671–684.

8. Maher EA, Marin-Valencia I, Bachoo RM, Mashimo T, Raisanen J, et al.
(2012) Metabolism of [U-(13) C]glucose in human brain tumors in vivo. NMR

Biomed 25: 1234–1244.

9. Marin-Valencia I, Yang C, Mashimo T, Cho S, Baek H, et al. (2012) Analysis of
tumor metabolism reveals mitochondrial glucose oxidation in genetically diverse

human glioblastomas in the mouse brain in vivo. Cell Metab 15: 827–837.

10. Mischel PS (2012) HOT models in flux: mitochondrial glucose oxidation fuels
glioblastoma growth. Cell Metab 15: 789–790.

11. Katayama M, Kawaguchi T, Berger MS, Pieper RO (2007) DNA damaging

agent-induced autophagy produces a cytoprotective adenosine triphosphate
surge in malignant glioma cells. Cell Death Differ 14: 548–558.

12. Ben Sahra I, Regazzetti C, Robert G, Laurent K, Le Marchand-Brustel Y, et al.

(2011) Metformin, independent of AMPK, induces mTOR inhibition and cell-
cycle arrest through REDD1. Cancer Res 71: 4366–4372.

13. Blandino G, Valerio M, Cioce M, Mori F, Casadei L, et al. (2012) Metformin

elicits anticancer effects through the sequential modulation of DICER and c-
MYC. Nat Commun 3: 865.

14. Buzzai M, Jones RG, Amaravadi RK, Lum JJ, DeBerardinis RJ, et al. (2007)

Systemic treatment with the antidiabetic drug metformin selectively impairs p53-
deficient tumor cell growth. Cancer Res 67: 6745–6752.

15. Rattan R, Giri S, Hartmann LC, Shridhar V (2011) Metformin attenuates

ovarian cancer cell growth in an AMP-kinase dispensable manner. J Cell Mol
Med 15: 166–178.

16. Song CW, Lee H, Dings RP, Williams B, Powers J, et al. (2012) Metformin kills

and radiosensitizes cancer cells and preferentially kills cancer stem cells. Sci Rep
2: 362.

17. Tomic T, Botton T, Cerezo M, Robert G, Luciano F, et al. (2011) Metformin

inhibits melanoma development through autophagy and apoptosis mechanisms.
Cell Death Dis 2: e199.

18. Isakovic A, Harhaji L, Stevanovic D, Markovic Z, Sumarac-Dumanovic M, et

al. (2007) Dual antiglioma action of metformin: cell cycle arrest and
mitochondria-dependent apoptosis. Cell Mol Life Sci 64: 1290–1302.

19. Soritau O, Tomuleasa C, Aldea M, Petrushev B, Susman S, et al. (2011)

Metformin plus temozolomide-based chemotherapy as adjuvant treatment for

WHO grade III and IV malignant gliomas. J BUON 16: 282–289.

20. Ralser M, Wamelink MM, Struys EA, Joppich C, Krobitsch S, et al. (2008) A

catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell

growth. Proc Natl Acad Sci U S A 105: 17807–17811.

21. Ben Sahra I, Laurent K, Giuliano S, Larbret F, Ponzio G, et al. (2010) Targeting

cancer cell metabolism: the combination of metformin and 2-deoxyglucose

induces p53-dependent apoptosis in prostate cancer cells. Cancer Res 70: 2465–

2475.

22. Cheong JH, Park ES, Liang J, Dennison JB, Tsavachidou D, et al. (2011) Dual

inhibition of tumor energy pathway by 2-deoxyglucose and metformin is

effective against a broad spectrum of preclinical cancer models. Mol Cancer

Ther 10: 2350–2362.

23. Saito S, Furuno A, Sakurai J, Sakamoto A, Park HR, et al. (2009) Chemical

genomics identifies the unfolded protein response as a target for selective cancer

cell killing during glucose deprivation. Cancer Res 69: 4225–4234.

24. Bax DA, Little SE, Gaspar N, Perryman L, Marshall L, et al. (2009) Molecular

and phenotypic characterisation of paediatric glioma cell lines as models for

preclinical drug development. PLoS One 4: e5209.

25. Schwartzentruber J, Korshunov A, Liu XY, Jones DT, Pfaff E, et al. (2012)

Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric

glioblastoma. Nature 482: 226–231.

26. Wu G, Broniscer A, McEachron TA, Lu C, Paugh BS, et al. (2012) Somatic

histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and non-

brainstem glioblastomas. Nat Genet 44: 251–253.

27. Tagscherer KE, Fassl A, Campos B, Farhadi M, Kraemer A, et al. (2008)

Apoptosis-based treatment of glioblastomas with ABT-737, a novel small

molecule inhibitor of Bcl-2 family proteins. Oncogene 27: 6646–6656.

28. El Mjiyad N, Caro-Maldonado A, Ramirez-Peinado S, Munoz-Pinedo C (2011)

Sugar-free approaches to cancer cell killing. Oncogene 30: 253–264.

29. Munoz-Pinedo C, El Mjiyad N, Ricci JE (2012) Cancer metabolism: current

perspectives and future directions. Cell Death Dis 3: e248.

30. Robinson GL, Dinsdale D, Macfarlane M, Cain K (2012) Switching from

aerobic glycolysis to oxidative phosphorylation modulates the sensitivity of

mantle cell lymphoma cells to TRAIL. Oncogene.

31. Yamaguchi R, Janssen E, Perkins G, Ellisman M, Kitada S, et al. (2011) Efficient

elimination of cancer cells by deoxyglucose-ABT-263/737 combination therapy.

PLoS One 6: e24102.

32. Zagorodna O, Martin SM, Rutkowski DT, Kuwana T, Spitz DR, et al. (2012) 2-

deoxyglucose-induced toxicity is regulated by Bcl-2 family members and is

enhanced by antagonizing Bcl-2 in lymphoma cell lines. Oncogene 31: 2738–

2749.

33. Trent J, Meltzer P, Rosenblum M, Harsh G, Kinzler K, et al. (1986) Evidence

for rearrangement, amplification, and expression of c-myc in a human

glioblastoma. Proc Natl Acad Sci U S A 83: 470–473.

34. Alavian KN, Li H, Collis L, Bonanni L, Zeng L, et al. (2011) Bcl-xL regulates

metabolic efficiency of neurons through interaction with the mitochondrial

F1FO ATP synthase. Nat Cell Biol 13: 1224–1233.

35. Shim H, Chun YS, Lewis BC, Dang CV (1998) A unique glucose-dependent

apoptotic pathway induced by c-Myc. Proc Natl Acad Sci U S A 95: 1511–1516.

ABT-263 Enhances Sensitivity to Metformin and 2DG

PLOS ONE | www.plosone.org 11 May 2013 | Volume 8 | Issue 5 | e64051



36. Mohanti BK, Rath GK, Anantha N, Kannan V, Das BS, et al. (1996) Improving

cancer radiotherapy with 2-deoxy-D-glucose: phase I/II clinical trials on human
cerebral gliomas. Int J Radiat Oncol Biol Phys 35: 103–111.

37. Dwarakanath BS, Singh D, Banerji AK, Sarin R, Venkataramana NK, et al.

(2009) Clinical studies for improving radiotherapy with 2-deoxy-D-glucose:
present status and future prospects. J Cancer Res Ther 5 Suppl 1: S21–26.

38. Wolf A, Agnihotri S, Micallef J, Mukherjee J, Sabha N, et al. (2011) Hexokinase

2 is a key mediator of aerobic glycolysis and promotes tumor growth in human

glioblastoma multiforme. J Exp Med 208: 313–326.

ABT-263 Enhances Sensitivity to Metformin and 2DG

PLOS ONE | www.plosone.org 12 May 2013 | Volume 8 | Issue 5 | e64051


