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Abstract

Development of effective therapeutic strategies to eliminate Cancer stem cells (CSCs), which play
a major role in drug resistance and disease recurrence, is critical to improve cancer treatment
outcomes. Our study showed that glioblastoma stem cells (GSCs) exhibited low mitochondrial
respiration and high glycolytic activity. These GSCs were highly resistant to standard drugs such
as carmustine and temozolomide, but showed high sensitivity to a glycolytic inhibitor 3-bromo-2-
oxopropionate-1-propyl ester (3-BrOP), especially under hypoxic conditions. We further showed
that combination of 3-BrOP with carmustine but not with temozolomide achieved a striking
synergistic effect and effectively killed GSCs through a rapid depletion of cellular ATP and
inhibition of carmustine-induced DNA repair. This drug combination significantly impaired the
sphere formation ability of GSCs /n vitro and tumor formation /in vivo, leading to increase in the
overall survival of mice bearing orthotopic inoculation of GSCs. Further mechanistic study
showed that 3-BrOP and carmustine inhibited glyceraldehyde-3-phosphate dehydrogenase and
caused a severe energy crisis in GSCs. Our study suggests that GSCs are highly glycolytic and that
certain drug combination strategies can be used to effectively overcome their drug resistance
based on their metabolic properties.
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Introduction

Cancer stem cells (CSCs) are a subgroup of cancer cells that have the ability to self-renew,
to differentiate into multiple lineage cells, and to initiate tumors /in vivo [1]. They have been
found in hematopoietic malignancies [2] and different types of solid tumors including brain
[3], breast [4], colon [5] and pancreatic [6] cancers. A growing body of studies indicates that
CSCs are intrinsically more resistant to chemotherapeutic agents and radiation than the bulk
of tumor cells, and thus play an important role in persistence of cancer residual disease and
recurrence [1]. This drug resistance in CSCs has been attributed to highly expressed drug
efflux pumps (such as multidrug resistance proteins), enhanced DNA repair proteins,
expression of antiapoptotic proteins, and a slow rate of cell proliferation [1]. Thus, it is
important to develop effective therapeutic strategies to eliminate CSCs and overcome cancer
resistance to chemotherapy and radiotherapy. However, currently very limited therapeutic
strategies are effective in eliminating CSCs, which remains a major challenge in cancer
treatment.

Glioblastoma multiforme (GBM), a WHO grade IV astrocytoma, is the most common and
aggressive primary brain tumor in adults. Although maximal surgical resection,
radiotherapy, and chemotherapy are performed in GBM patients, the treatment outcomes are
still dismal, with a median survival of only 12-15 months and the 5-year survival rate of less
than 10% [7, 8]. Previous studies demonstrated that glioblastoma stem cells (GSCs) are
resistant to conventional chemotherapy drugs carmustine (BCNU) and temozolomide (TMZ)
as well as radiation [9, 10]. Since the GSCs are probably responsible for the recurrence of
GBM [11-14], how to target the GSCs became a crucial question. The GSCs have been
found in the hypoxic niches, which further promote drug resistance [15-17]. Under hypoxic
conditions, cancer cells are more dependent on the glycolytic pathway to generate ATP and
metabolic intermediates for survival and proliferation. Based on these observations, we
postulated that GSCs might be more reliant on glycolysis to maintain their energy
homeostasis and stemness than non-stem tumor cells. As such, targeting the glycolytic
pathway might be a preferential and effective strategy to kill GSCs.

Development of novel therapeutic agents that target cancer cell metabolism has become an
important area of research. Compounds known to inhibit the glycolytic pathway include 2-
deoxyglucose and 3-bromopyruvate (3-BrPA) [18-20]. In particular, 3-BrPA is an
alkylating agent that has been shown to inhibit hexokinase and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), two key enzymes in the glycolytic pathway [18, 21]. A derivative
of 3-BrPA, 3-bromo-2-oxopropionate-1-propyl ester (3-BrOP), is chemically more stable
than 3-BrPA and has been shown to be highly potent in causing ATP depletion in cancer
cells [22]. In this study, we found that GSCs exhibited low mitochondrial respiration and
high glycolytic activity, and further tested the possibility that 3-BrOP might be able to
effectively inhibit glycolysis in GSCs and cause severe ATP depletion that might render
GSCs incapable of repairing DNA damage induced by chemotherapeutic agents. Using two
GSC cell lines, GSC11 and GSC23, which were established from human primary
glioblastoma tissues with high expression of a stem cell marker CD133[23], we showed that
GSCs were highly sensitive to 3-BrOP, especially under hypoxic conditions, and that
combination of this compound with BCNU had striking synergistic effect in eliminating the
GSCs.

Stem Cells. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Yuan etal. Page 3

Materials and Methods

Chemicals and reagents

Carmustine (BCNU), temozolomide (TMZ), and 3-BrPA were purchased from Sigma. 3-
BrOP was synthesized by esterification of 3-bromo-2-oxopropionate (Sigma) with 1-
propanol (Sigma) as described previously [22].

Cells and cell cultures

GSC11 and GSC23 originally derived from human primary glioblastoma tissues were
maintained in DMEM/F-12 (Mediatech) supplemented with B-27 (Invitrogen), 2 mM
glutamine (Mediatech), 20 ng/ml recombinant human epidermal growth factor (EGF; R&D
Systems), and 20 ng/ml basic fibroblast growth factor (b0FGF; R&D Systems) [24]. To
induce cancer stem cell differentiation, GSCs were cultured in DMEM/F-12 medium
containing 10% FBS for various periods of time as indicated in each experiment. The glioma
cell line U87 and non-malignant human astrocytes (NHAS) were maintained in DMEM
(Mediatech) supplemented with 10% FBS. Cells were seeded in culture flasks or plates
overnight before each treatment. To test the cytotoxic effect of drugs under hypoxic
conditions, cells were first pre-incubated in a chamber with 2% oxygen (O,) and 5% carbon
dioxide (COy) for 18 h, and then treated with the indicated compounds under the same
hypoxic conditions (2% O,) for the indicated time.

Cell viability assay

Cell-growth inhibition was assayed using a colorimetric assay with MTS (Promega). Briefly,
GSCs were seeded in 96-well plates and then treated with indicated compounds at various
concentrations. After 72 h incubation, 40 /4 MTS solution was added to each well and
incubated for another 4 h. The absorbance in each well at 490 nm was measured using a
Multiskan plate reader (Thermo Scientific). Cell apoptosis and necrosis were measured
using flow cytometric analysis of cells double-stained with FITC-annexin-V and propidium
iodide (PI). Briefly, samples were collected, dissociated, washed with cold PBS, and
suspended in the annexin-V binding buffer. The cells were stained with annexin-V for 15
minutes at room temperature, washed, and stained with PI. The samples were analyzed using
a FACSCalibur flow cytometer equipped with the CellQuest Pro software program (Becton-
Dickinson). Cell growth was also confirmed by cell counting using a Coulter Counter
(Beckman, Brea, CA, USA). All metabolic parameters (O, consumption, glucose uptake,
lactate production, ATP depletion, GAPDH and hexokinase activity) were assessed prior to
cell death and the results were normalized by cell number.

Tumor sphere forming assay

GSCs were treated with indicated compounds for 3 h and then seeded in fresh medium in
96-well plates in a range of 10-1000 cells per well; neurospheres were counted under a
microscope (Nikon) after 3 weeks of incubations.

Tumorigenicity in orthtopic mouse model

All animal experiments were conducted at Baylor College of Medicine according to an
Institutional Animal Care and Use Committee-approved protocol. The Rag2/severe complex
immune deficiency (SCID) mice, ages 8 to 12 weeks, were bred and maintained in a specific
pathogen- free animal facility. GSC11 cells were cultured in GSC medium and made into
single cells by Accutase. The same number of GSC11 cells were exposed to PBS, 20 M
BCNU, 204M 3-BrOP or 204M BCNU plus 204M 3-BrOP in GSC medium at 37°C for 6
hours, then cells were collected, washed and suspended in serum-free culture medium. After
mice were anesthetized with sodium pentobarbital (50mg/kg), GSC11 cells were inoculated
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into Rag2/SCID mice cerebral hemisphere (1 mm to the right of the midline, 1.5 mm
anterior to the lambdoid suture, and 3 mm deep) at 2x10° cells/mouse via a 10-mL 26-gauge
Hamilton Gastight 1701 syringe needle. The animals were monitored daily without further
drug treatment until they developed signs of neurological deficit or became moribund, at
which time they were euthanized [25].

Glucose uptake assay

To compare glucose uptake by GSCs and the serum-induced differentiated GSCs (10% FBS,
20 days), the old culture medium was removed from the respective cell culture, and the cells
were incubated in glucose-free, serum-free medium for 2 h at 37°C and then incubated with
[3H]2-deoxyglucose (0.4 4, Ci/ml) for 60 min. After washing with cold PBS, each sample
was suspended in 0.5 ml of water and transferred to a vial with 3 ml of scintillation fluid.
The radioactivity was detected using a liquid scintillation machine (Beckman Coulter).

Oxygen consumption assay

To compare oxygen consumption by GSCs and the serum-induced differentiated GSCs
(10% FBS, 20 days), the old cell culture medium was removed from the respective samples,
and the cells were harvested and resuspended in warm serum-free medium pre-equilibrated
with 21% oxygen. The cells (7x108 cells/ml) were placed in a sealed respiration chamber
equipped with a thermostat control and microstirring device (Oxytherm; Hansatech
Instruments, Norfolk, UK). Oxygen consumption by the cells in the chamber was measured
and constantly monitored at 37°C using a Clark-type oxygen electrode, and was expressed
as nanomoles of O, consumed as a function of time (nmol/ml/minute).

Lactate production assay

To measure the lactate production by GSCs and the serum-induced differentiated GSCs
(10% FBS, 20 days), cells were plated in 6-well plates and cultured in their respective
medium for the indicated time. Aliquots of the culture medium were analyzed using the
Accutrend lactate analyzer (Roche). To measure the effect of drug treatment on lactate
production in short-term culture, cells were plated in 96-well plates and treated with the
indicated compounds for 3 h. A colorimetric lactate assay kit was used according to the
manufacturer’s protocol (Eton Bioscience). Absorbance in each well at 490 nm was
measured using a Multiskan plate reader.

ATP depletion assay

GSCs were plated in 96-well plates and treated with the indicated compounds for 3 or 6 h,
100 /4 of mixed CellTiter-Glo luminescent reagent (Promega) was then added to each well
and incubated for 10 minutes on an orbital shaker. Luminescence was measured using a
Fluoroskan luminescence scanner (Thermo Scientific).

Single-cell gel electrophoresis assay (Comet assay)

After GSCs were treated with the indicated compounds for 3 h, cell suspensions mixed with
0.5% low-melting-point agar was placed onto a 24 x 50-mm slide precoated with 1% regular
agar. After the agar was solidified, slides were soaked in a prechilled fresh lysing solution
(2.5 M NaCl, 100 mM ethylenediaminetetraacetic acid, 10 mM Tris-HCI, 1% Triton X-100,
pH 10) for 1 h at 4°C. After rinsing with 0.4 M Tris buffer (pH 7.5), slides were placed in a
reservoir filled with fresh electrophoresis buffer (300 mM NaOH, 1 mM
ethylenediaminetetraacetic acid, pH>13) for 15 minutes and then subjected to
electrophoresis for another 15 minutes (25 V, 300 mA). Slides were then stained with
CYBR Green | (Trevigen) and photographed under a fluorescent microscope (Nikon). The
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percentage of tail DNA, which indicates damaged DNA, was analyzed using the Casp
software program (version 1.2.2) provided by the CASPLab Comet Assay Project.

Western blotting

Cellular proteins were separated using electrophoresis on 10% SDS-PAGE, transferred to
nitrocellulose membranes, and then blotted with specific primary antibodies against HoAX,
¥ HoAX (Upstate) and B-actin. The bound primary antibodies were detected using
appropriate horseradish peroxidase-conjugated secondary antibodies, and the signals were
detected using a SuperSignal enhanced chemiluminescence kit (Pierce).

GAPDH enzymatic activity assay

Purified GAPDH enzyme from rabbit muscle (Sigma) or protein extracts prepared from
GSC11 cells were used in the GAPDH assays /n vitro, using a GAPDH Assay Kit
(ScienCell) according to the manufacturer’s protocol. Purified GAPDH was incubated /7
vitro with the indicated compounds (BCNU, 3-BrOP) for 30 minutes, then added to a
mixture of 6.67 mM 3-phosphoglyceric acid, 3.33 mM L-cysteine, 117 /M S-NADH, 1.13
mM ATP, 3.33 U/ml 3-phosphoglycerate kinase, and 100 mM triethanolamine buffer (pH
7.6). The change in NADH fluorescence was then monitored using a Fluoroskan
spectrometer every minute for up to 20 minutes. For analysis of GAPDH activity in cell
extracts, GSC11 cells were first incubated with or without 3-BrOP, BCNU, or their
combination for 30 min, and protein lysates were prepared and immediately used for
GAPDH activity assay without addition of 3-BrOP or BCNU /n vitro.

Hexokinase enzymatic activity assay

Lysates of GSCs pretreated with the indicated compound or purified hexokinase 1l enzyme
from Saccharomyces cerevisiae (Sigma-Aldrich) were prepared as described in GAPDH
enzymatic activity assay, and added to a mixture of 6.5 mM MgCly,, 220 mM glucose, 2.7
mM ATP, 0.83 mM B-NAD, 0.24 U/ml glucose-6-phosphate dehydrogenase (Sigma-
Aldrich), and 100 mM triethanolamine buffer (pH 7.6). Increases in NADH fluorescence
were measured using a Fluoroskan fluorescence scanner every 1 minute for up to 20
minutes.

Statistical analysis

Data were analyzed using GraphPad Prism 5 (GraphPad Software). Data graphed with error
bars represent mean and SEM from experiments done in triplicate unless otherwise noted. A
two-sided Student’s t test was used to determine the significance of difference between
samples. Survival curves were compared between different groups by Log-rank test.

Results

GSCs Exhibit Low Mitochondrial Respiration and Are Resistant to TMZ and BCNU but
Sensitive to Glycolytic Inhibition

Two human glioblastoma stem cell lines, GSC11 and GSC23 were used in this study. Under
stem cell culture conditions in serum-free medium, GSC11 cells exhibited typical
neurosphere morphology with high expression of neural stem cell marker nestin (Fig 1A),
and showed relatively low mitochondrial respiration as evidenced by a low oxygen
consumption rate (Fig. 1B). When GSCs were induced to undergo differentiation by
exposure to serum [26, 27], the cells gradually lost their neurosphere morphology in medium
containing 10% FBS, became attached to the culture dish as a monolayer, and exhibited a
substantial decrease in nestin expression (Fig 1A). Associated with this serum-induced
differentiation phenotype, there were also a decrease in other glioma stem markers such as
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CD133, SOX2, and Notchl (data not shown). Interestingly, mitochondrial respiration was
substantially activated leading to approximately 75% increase in oxygen consumption (Figs.
1B-1C), accompanied by significant decreases in lactate production (Fig. 1D) and a
significant decrease in glycolytic index (Fig. 1E). A similar change in energy metabolism
(decrease in glycolytic index) was also observed in GSC23 cells induced by serum (Fig 1E).
Interestingly, the glycolytic index of the “regular” GBM cells (U87) was also lower than that
of GSCs in stem cell medium (Fig 1E), suggesting that although regular cancer cells (non-
stem) are generally considered active in glycolysis, cancer stem cells GSCs exhibit even
higher glycolytic activity with lower mitochondrial respiration, and serum induction
activated mitochondrial function and reduced glycolysis.

When GSC11 cells were incubated with TMZ and BCNU (two drugs commonly used in the
treatment of glioblastoma) for 72 h, the cells showed resistance to these conventional
chemotherapeutic drugs, especially under hypoxic conditions (Fig. 1F). In contrast, GSCs
were more sensitive to 3-BrOP under hypoxic conditions, with the 50% inhibitory
concentration of 10~15 M compared with 20~30 £M under normoxic conditions.

Combination of 3-BrOP and BCNU Shows Synergistic Effect in Killing GSCs, Especially
under Hypoxic Conditions

We then tested if a combination of 3-BrOP with BCNU or TMZ could lead to more effective
killing of GSCs, based on the rationale that 3-BrOP would deplete the cellular ATP by
inhibiting glycolysis and thus impair the ability of cells to repair DNA damage induced by
BCNU or TMZ. The results of MTS assay showed that 3-BrOP substantially potentiates the
cytotoxic effect of BCNU but not that of TMZ, especially under hypoxic conditions (Figs.
2A-2B). We further confirmed the synergistic killing effect of the 3-BrOP and BCNU
combination, using flow cytometry analysis after the cells were double stained with annexin-
V/PI. Most GSC11 cells were killed after 24 h treatment with 200 /M BCNU in
combination with 15 xM 3-BrOP, whereas we did not observe significant cell death when
cells were treated with either drug alone (Fig. 2C). The low cytotoxicity of 15 xM 3-BrOP
measured by annexin-V/PI assay was likely due to the relatively short drug incubation time
(24 h, compared to 72 h in MTS assay). Similar synergistic drug combination effect was also
observed in GSC23 cells (data not shown). Furthermore, greater synergistic effect of BCNU
and 3-BrOP was observed in hypoxia than in normoxia, as GSCs were more dependent on
glycolysis for ATP generation under hypoxia. Quantitative analysis of the drug combination
index (CI) further confirmed the synergism of 3-BrOP and BCNU treatments in GSCs under
hypoxia, where the ClI values were from 0.701~0.979 (Fig. 2D), indicating the two
compounds were synergistic under most combination conditions (Cl<1, synergism; CI=1,
additive; CI>1, antagonism). This finding suggests that 3-BrOP could be an effective
therapeutic agent to target GSCs especially in hypoxic tissue environments.

Combination of 3-BrOP and BCNU Significantly Impairs GSCs’ Sphere Formation Ability in
vitro and Tumorigenecity in vivo

Since /n vitro clonogenicity is considered as an indicator of the tumor-initiating capability of
cancer cells /in vivo, we tested the effect of BCNU and 3-BrOP on the ability of GSCs to
form colonies of neurospheres. As shown in Figs. 3A-3B, the neurosphere-formation
capacity of GSCs decreased slightly when treated with a relatively low concentration of
BCNU (50 M) or 3-BrOP (15 M) alone. However, combination of both compounds
almost completely abolished the neurosphere formation. These results indicate that GSCs
underwent irreversible cell death and lost their self-renewal ability even after a short-term
treatment with a combination of BCNU and 3-BrOP.
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We then further tested the effect of 3-BrOP and BCNU on tumor formation /n vivo by
orthotopic inoculation of GSCs into the brains of the immuno-deficient mice. GSC11 cells
were cultured in serum-free medium and treated with PBS (control), 204M of 3-BrOP,
204M of BCNU, or their combination for 6 hours, and then inoculated into the mouse
brains. Mouse survival was monitored as an indication of in vivo tumor formation and
disease progression. All mice in the control died within 80 days, while all mice in the 3-
BrOP- or BCNU-treated groups died with a substantial delay, especially in the 3-BrOP-treat
group (Fig. 3C), suggesting the drug treatment partially suppress tumor development.
Importantly, only two out of the five mice in the drug combination group died by 12 months,
and the remaining 3 mice exhibited no signs of tumor development (Fig. 3C), suggesting
that this drug combination significantly impaired the tumorigenesis of GSCs (P=0.0027).

3-BrOP in Combination with BCNU Preferentially Kills Tumor Cells with Relatively Low
Toxic Effect on Non-malignant Human Astrocytes (NHAS)

Since cancer cells, especially GSCs, are more dependent on glycolytic pathway to generate
ATP, we hypothesized that inhibition of glycolysis by 3-BrOP would preferentially deplete
ATP in GSCs and other cancer cells, but the non-malignant cells such as NHAs would be
less sensitive to such inhibition. Indeed, as shown in Fig. 4a combination of sub-toxic
concentrations of 3-BrOP (15 xM) and BCNU (200 M) synergistically killed most of
GSC11 (Fig. 2C) and GSC23 cells (Fig. 4A). Higher concentration of 3-BrOP (20 xM) was
needed to achieve similar killing effect in the serum-induced GSC11 and GSC23 cells (Fig.
4B and Supplementary Fig. S1). We also noted that a higher concentration (30 M) of 3-
BrOP was needed to cause similar killing effect in U87 cells (Fig. 4D) compared to GSC11
or GSC23 cells (15 pM), suggesting that the GSCs are more sensitive to the combination of
3-BrOP and BCNU. Importantly, this drug combination caused only minimum cytotoxicity
in the immortalized normal human astrocytes (NHAS, Fig. 4C). These observations suggest
that normal human cells may be fundamentally different from malignant cells in their energy
metabolism and sensitivity to glycolytic inhibitor, which thus may provide a therapeutic
window for selectivity. Interestingly, NHA cells and U87 cells exhibited similar doubling-
times but had different drug sensitivity, while serum-induction of differentiation moderately
increased the doubling-times of glioma stem cells (Supplementary Fig. S2) and decreased
their drug sensitivity.

Severe Depletion of Cellular ATP by 3-BrOP and BCNU in GSCs Prior to Cell Death

We then tested the effect of 3-BrOP or its combination with BCNU on glycolysis in GSCs,
using lactate production as an indicator of glycolytic activity. As shown in Fig. 5A, a 3 hour
incubation of GSC11 cells with 100-200 4M BCNU or 15-20 xM 3-BrOP alone caused
only a slight inhibition of lactate production. However, the combination of these two
compounds showed a significant inhibition of lactate (Fig. 5A), leading to a substantial
decrease of cellular ATP by more than 50% (Fig. 5B). A prolonged incubation with both
compounds for 6 hours in hypoxia led to significant depletion of ATP, although incubation
with 200 xM BCNU or 15 ¢M 3-BrOP alone caused only a slight reduction of ATP (Fig.
5C). Similar effect of 3-BrOP and BCNU in causing lactate production inhibition (data not
shown) and ATP depletion (Fig. 5D) was also observed in GSC23 cells. In contrast,
treatment of GSCs with TMZ alone did not cause a significant change of ATP in GSC11 or
GSC23 cells, and this compound was unable to enhance the ability of 3-BrOP to cause
further depletion of ATP in GSCs (Fig. 5E & 5F). This might explain why treatment of
GSCs with 3-BrOP plus TMZ did not show any enhancement of cytotoxicity. Flow
cytometry analysis of cell viability showed that GSCs treated with 3-BrOP plus BCNU
remained largely viable at both the 3 hour and 6 hour time points, suggesting that the
observed ATP depletion was an early event and was not a consequence of cell death (Fig.
5G).
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Effect of BCNU and 3-BrOP on the enzyme activity of GAPDH and HK

The observation that BCNU but not TMZ was able to potentiate the ability of 3-BrOP to
deplete ATP led us to speculate that BCNU might have certain unique mechanism of action
different from TMZ. Since BCNU is known to inhibit glutathione reductase by alkylating its
thiolate-active site [28], we postulated that it is possible that this compound might inhibit the
glycolytic enzyme GAPDH, which also has potential thiolate-active site. To test this
possibility, we measured GAPDH activity in GSCs before and after treatment with BCNU
or 3-BrOP alone or in combination for 30 minutes. Interestingly, treatment with 10 /M 3-
BrOP or 200 M BCNU alone inhibited GAPDH activity by about 60% (Fig. 6A), and
treatment with the combination of the two compounds inhibited GAPDH activity by almost
80%, which may explain why ATP was severely depleted in the combination setting. We
further confirmed the inhibition of purified GAPDH by BCNU and 3-BrOP at various
concentrations using an /n vitro enzymatic assay. The concentrations of BCNU and 3-BrOP
required to inhibit the purified GAPDH activity by 50% were about 200 M and 10 M,
respectively (Figs. 6B and 6C). Incubation of purified GAPDH with the combination of
BCNU and 3-BrOP in vitroresulted in further inhibition of GAPDH activity (Fig. 6D).
Interestingly, 3-BrOP (10 M) and BCNU (100-200 M) at the concentrations that inhibited
GAPDH activity did not showed significant inhibitory effect on hexokinase activity in
GSC11 cells (Fig. 6E), suggesting that at the low drug concentrations, the main enzyme
target was GAPDH not hexokinase. We also performed in vitro assays using purified
hexokinase Il and confirmed that 3-BrOP at the concentrations of 3-100 £M did not inhibit
hexokinase activity, while a higher concentration (300 £M) slightly inhibited HKII in vitro
(Fig. 6F).

3-BrOP Impairs the Ability of GSCs to Repair BCNU-Induced DNA Damage

BCNU can cause DNA damage by formation of DNA adducts and also cause inter-strand
cross-links and double-strand breaks (DSBs) in DNA [29, 30]. DSBs are repaired in
mammalian cells by nonhomologous end-joining and homologous recombination repair
[31], in which formation of yH,AX foci is a rapid cellular response to the presence of DSBs
[32]. Because ATP is required for HoAX phosphorylation and the subsequent complicated
DNA repair process, we speculated that depletion of ATP in GSC cells by 3-BrOP would
compromise the DNA repair. Using a comet assay, we observed that treatment with BCNU
alone or combination with 3-BrOP for 6 h caused severe DNA damage in GSCs, resulting in
the appearance of broken DNA as the comet tails after single-cell gel electrophoresis (Figs.
7A and 7B). In GSCs treated with BCNU alone, the DNA damage could be repaired 3-6 h
after the removal of BCNU, as evidenced by the disappearance or reduction of the DNA
tails (Figs. 7A and 7B). However, the GSCs were unable to repair the DNA damage when
treated with a combination of BCNU and 3-BrOP (Fig. 7A). In fact, the percentage of DNA
in the tails increased from 50% to 60% after a 3 hour recovery and to more than 80% after 6
hour in GSCs treated with the drug combination. Using flow cytometry, we confirmed that
the cell death in the combination treatment was irreversible even after 18 hour of recovery in
fresh medium (Fig. 7A, lower panel).

Immediately after formation of DSBs, the MRN complex (MRE11, RAD50, and NBS1)
binds to broken DNA ends and recruits ATM (ataxia telangiectasia, mutated), ATR (ATM-
and Rad3-related), and/or DNA-dependent protein kinase, resulting in phosphorylation of
HyAX (yHoAX) and initiation of the DNA-repair process [33], and dephosphorylation and
removal of yH,AX in the cancer cells is a step toward turning off the DNA damage
response [34]. In our study, we observed that when GSCs were incubated with BCNU for 4
h alone or in combination with 3-BrOP induced a substantial increase in yH,AX. When we
continuously treated GSCs for 6 h, we observed that yH,AX was present in the BCNU-
treated cells (Fig. 7C), indicating DNA damage and active repair were ongoing. However, in
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cells treated with 3-BrOP or its combination with BCNU for 6 h, yH,AX decreased
substantially (Fig. 7C), suggesting a dephosphorylation of HoAX due to a lack of ATP to
support the DNA repair process.

DISCUSSION

In the present study, we showed that GSCs had low mitochondrial respiration and high
glycolytic activity, which may serve as a biochemical basis for developing novel therapeutic
strategies to effectively target GSCs using a rational drug combination. The biochemical
mechanism-based drug combination of an effective glycolytic inhibitor 3-BrOP and a
conventional chemotherapeutic agent BCNU exhibited a striking synergistic killing effect in
GSCs. Almost all GSCs were killed by this combination in 24 h. This finding raises a
potential for use of this drug combination to eliminate GSCs and overcome the resistance of
glioblastoma to existing chemotherapeutic agents, especially under hypoxic conditions.

Patients with glioblastoma multiforme have poor prognosis, and there have been only
limited improvements of therapeutic outcomes during the past two decades [35]. GSCs seem
to reside in the niches where the cells are in hypoxic microenvironment, which contributes
significantly to cancer chemoresistance and radioresistance [1]. Although an increase in
drug dosage could increase the effective drug concentration in the brain to kill more cancer
cells, this may also increase toxic side effect and thus limit its applications. Furthermore,
GSCs may adapt quickly to drug treatment by up-regulating the expression of drug efflux
pumps, anti-apoptotic proteins, and DNA repair proteins like O8-methylguanine-DNA
methyltransferase. In the case of BCNU, this compound has a very short half-life and the
drug become undetectable after 5 minutes of treatment [36]. BCNU penetration in the brain
tissue occurs over only a very short distance, approximately 2 mm from the ependymal
surface [37]. Thus, achieving and maintaining effective high concentration of BCNU in the
tumor tissue is difficult. For effective and selective killing of cancer cells, especially CSCs,
determining the fundamental differences between cancer and normal cells is critically
important. Energy metabolism has emerged as a potential candidate target for treatment of
cancers. Multiple studies have confirmed that nutrient metabolism in cancer cells may be
different from that in normal cells. As first proposed by Otto Warburg [38], cancer cells
might rely more on glycolysis for metabolism and survival due in part to mitochondrial
dysfunction.

In the present study, we observed that mitochondrial respiratory activity was down-regulated
in GSCs, and glycolysis seem to be a major energy source to maintain their survival. An
effective agent that targets glycolysis can achieve the goal of eliminating CSCs. We
postulated that ATP depletion induced by glycolytic inhibition could cause a severe energy
crisis, which could lead to a severe compromise of GSC’s ability to repair DNA damage
induced by chemotherapeutic agents. However, it seems necessary to deplete ATP to certain
level in order to effectively compromise the ability of DNA repair. In GSCs, this severe
ATP depletion could be efficiently achieved by combination of 3-BrOP with BCNU, but not
with TMZ. This seems due to the ability of BCNU and 3-BrOP to inhibit GAPDH activity in
a synergistic fashion. Although hexokinase has been considered a major target of 3-
bromopyruvate [19, 39-41], high concentrations are needed to inhibit this enzyme. A recent
study using HepG2 cells suggested that this 3-bromopyruvate might inhibit GAPDH more
effectively [42]. Our study showed that 3-BrOP at low concentrations preferentially
inhibited GAPDH in GSCs without significant effect on hexokinase. It should be noted,
however, that inhibiton of hexokinase can still be a feasible strategy to impact cancer energy
metabolism for therapeutic purpose. Interestingly, a recent study show that suppression of
hexokinase Il by siRNA causes a decrease in glycolysis and a restoration of oxidative
phosphorylation, leading to sensitization to TMZ treatment [43].
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The observation that BCNU inhibited GAPDH activity is a novel finding in study. The
primary pharmacological action of BCNU has been traditionally attributed to its alkylating
activity that inhibits DNA synthesis and repair mediated by its active chloroethyl moieties
[44]. BCNU is also known to inhibit glutathione reductase and thioredoxin reductase by
alkylating its thiolate-active site[45]. Similar to glutathione reductase, GAPDH contains
many thiol groups that can be alkylated. GAPDH activity in cancer cells can be inactivated
by a number of covalent modifications, including S-nitrosylation of the protein thiols [46],
disulfide formation [46], covalent binding of NAD™ through a nitric oxide (NO)-dependent
thiol intermediate [47] and mono(ADP-ribosyl)ation [48]. BCNU may covalently inactivate
GAPDH activity by S-nitrosylation of cysteine thiols. It is interesting to note that although
GAPDH activity could be inhibited by 50% with 200 /M BCNU in vitro using a direct
enzyme assay, we observed only a moderate decrease in cellular ATP after a 6-h treatment
of GSCs with 200 M BCNU alone. A possible explanation for the only modest ATP
decrease could be that BCNU might be less effective in inhibiting GAPDH in intact cells,
and that the moderate inhibition of glycolysis by BCNU might have been compensated by
mitochondrial oxidative phosphorylation. This is in contrast to 3-BrOP, which seems to
inhibit both glycolysis and mitochondrial respiration [42, 49, 50]. This might explain why 3-
BrOP could deplete ATP more efficiently than BCNU when each compound was used
alone. The combination of sub-toxic concentrations of 3-BrOP and BCNU seems to be an
effective way to inhibit GAPDH and to achieve optimal killing of GSCs with low toxicity to
normal cells. This is largely due to the unique mechanisms of action of each compound and
the biological properties of glioblastoma stem cells, which are highly dependent on
glycolysis and thus sensitive to such metabolic intervention. The ability of 3-BrOP and
BCNU combination to effectively eliminate cancer stem cells in vitro and impair their tumor
formation in vivo suggest that this novel drug combination merits further evaluation for their
potential to be used in cancer treatment.

CONCLUSION

3-BrOP, a novel effective glycolytic inhibitor, can effectively sensitize GSCs to the killing
effect of BCNU, resulting in striking synergistic elimination of these cells /n vitroand
suppression of tumor formation /n vivo. 3-BrOP is a promising drug that preferentially
targets cancer cells, especially CSCs in hypoxic environment. Combination of 3-BrOP and
BCNU merits further evaluation in pre-clinical and clinical setting for potential treatment of
glioblastoma.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Low mitochondrial respiration and high glycolysis in glioblastoma stem cells (GSCs) and
their resistance to standard chemotherapeutic agents TMZ and BCNU. (A) Loss of
neurosphere formation and decrease in expression of neural stem cell marker nestin in
GSC11 cells after exposure to serum (10% FBS) for the indicated time. (B) Representative
of mitochondrial respiration rates in GSC11 cells cultured in stem cells medium and in
serum-containing medium. Oxygen consumption was measured as an indicator of
mitochondrial respiration. (C) Quantitative comparison of mitochondrial respiration rates in
GSC11 cells cultured in stem cells medium and in serum-containing medium. (D) Lactate
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generation rates in GSC11 cells maintained in stem cell medium or in serum-containing
medium. (E) Comparison of glycolytic index in GSC11, serum-induced GSC11, GSC23,
serum-induced GSC23 and glioblastoma cell line (U87). Glycolytic index was calculated
according to the formula (L x G)/O), in which L is the cellular lactate production, G is the
glucose uptake, and O is the oxygen consumption rate. (F) Sensitivity of glioblastoma stem
cells to TMZ, BCNU, and 3-BrOP under hypoxic and normoxic conditions. GSC11 cells
were incubated with the indicated concentrations of drugs for 72 h in normoxia or hypoxia
(2% O») conditions, and cell viability was measured by MTS assay. *, p<0.05; **, p<0.01;
*** p<0.001.
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Effective killing of glioblastoma stem cells by combination of 3-BrOP and BCNU. (A)
Inhibition of GSC11 cells by BCNU (left panel), TMZ (right panel), or their combination
with 3-BrOP under hypoxic conditions (2% O for 72 h, MTS assay). (B) Inhibition of
GSC23 cells by BCNU (left panel), TMZ (right panel), or their combination with 3-BrOP
under hypoxic conditions (2% O, for 72 h, MTS assay). (C) Induction of cell death in
GSC11 cells treated with BCNU, 3-BrOP, or their combination. Cells were incubated with
the indicated concentrations of compounds for 24 h under normoxic and hypoxic conditions
(2% Oo). Cell viability was then measured using annexin-V/PI double staining followed by
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flow cytometry analysis. (D) Drug combination index (Cl) calculated using the Calcusyn

software in GSC11 cells treated with BCNU, 3-BrOP alone and in combination for 24 h
under hypoxia (2% O5).
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Figure 3.

Impairment on GSC sphere formation in vitro and tumor formation in vivo by combination
of 3-BrOP and BCNU. (A) Representative morphology of neurosphere formation of
glioblastoma stem cells. GSC11 cells were incubated with the indicated concentrations of
BCNU, 3-BrOP, or their combination for 3 h, and then cultured in drug-free medium for
formation of neurospheres. (B) Quantitative data of neurosphere formation in the presence
or absence of 3-BrOP and BCNU. (C) Effect of 3-BrOP and BCNU on tumor development
in vivo. GSC11 cells were treated with PBS (control), 20 xM 3-BrOP, 20 ¢M BCNU, or
their combination for 6 h. The cells were then inoculated orthotopically into the brains of
mice (5 mice in each group), and mouse survival was monitored (without further drug
treatment) as an indication of /n vivo tumor formation and disease progression.
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Preferential killing of glioblastoma cells by 3-BrOP and BCNU. The cytotoxic effects of 3-
BrOP, BCNU, or their combination was compared in (A) GSC23 cells, (B) serum (10%
FBS)-induced GSC11 cells, (C) non-malignant human astrocytes (NHA), and (D) U87
glioma cells. Cells were incubated with the indicated drugs for 24 h under hypoxia (2% O>),
and cell viability was measured by annexin-V/PI double staining followed by flow
cytometry analysis.
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Figure5.

Effect of 3-BrOP and BCNU or TMZ on energy metabolism in glioblastoma stem cells. (A)
Inhibition of lactate production in GSC11 cells by the indicated concentrations of BCNU
and 3-BrOP under hypoxia (2% O5). (B) ATP depletion in GSC11 cells by the indicated
concentrations of BCNU and 3-BrOP for 3 h under hypoxia (2% O,). (C) ATP depletion in
GSC11 cells by the indicated concentrations of BCNU and 3-BrOP for 6 h under hypoxia
(2% O,). (D) ATP depletion in GSC23 cells by the indicated concentrations of BCNU and
3-BrOP for 3 h under hypoxia. (E) ATP depletion in GSC11 cells by the indicated
concentrations of TMZ and 3-BrOP for 3 h under hypoxia (2% O5). (F) ATP depletion in
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GSC23 cells by the indicated concentrations of TMZ and 3-BrOP for 3 h under hypoxia (2%
0y). (G) Viability of GSC11 cells after incubation with 3-BrOP and BCNU for 3 h or 6 h
under hypoxic conditions (2% O5). Cell viability was measured by annexin-V/PI double
staining followed by flow cytometry analysis. *, p<0.05; ***  p<0.001.
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Inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hexokinase by
BCNU and 3-BrOP. (A) Effect of BCNU (BC) and 3-BrOP (Br) on GAPDH enzyme
activity in GSC11 cells. Cells were first incubated with the indicated concentrations of
BCNU or 3-BrOP for 30 min, and protein extracts were prepared for analysis of GAPDH
activity without further addition of the compounds /n vitro. GAPDH activity was measured
as described in Materials and Methods. (B) Inhibition of purified GAPDH enzyme by
BCNU /n vitro. (C) Inhibition of purified GAPDH enzyme by 3-BrOP /n vitro. (D)
Inhibition of purified GAPDH enzyme by the combination of BCNU and 3-BrOP /n vitro.
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(E) Effect of BCNU, 3-BrOP, or their combination on hexokinase activity in GSC11 cells.
Cells were first incubated with the indicated concentrations of compounds for 30 min, and
protein extracts were prepared for analysis of hexokinase activity without further addition of
the compounds /n vitro. (F) Inhibition of purified hexokinase 1l enzyme by 3-BrOP /n vitro.
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Figure7.

Effect of 3-BrOP on repair of DNA damage induced by BCNU and cytotoxicity in
glioblastome stem cells. (A) Comet assay of DNA damage in GSC11 cells treated with
BCNU, 3-BrOP, or their combination. Cells were treated with the indicated concentrations
of compounds for 6 h, and then either immediately processed for comet assay or cultured in
drug-free medium for additional 3-6 h for potential DNA repair. The bright green dots
represent the positions of cellular nuclei; the “tail” length and intensity and on the right side
of each nucleus represent the degree of DNA strand breaks eluted out from the cell during
electrophoresis. Flow cytometry analysis (annexin-V/PI staining) was also used to measure
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cell death at 24 h (18 h after drug removal, lower panel). (B) Quantification of DNA damage
in GSC11 cells treated with or without BCNU and 3-BrOP as indicated. At least 30 cells in
each sample were quantitatively analyzed for % of DNA tail that eluted from the cellular
nuclei. (C) Western blot analysis of yH,AX and total HoAX (tH,AX) proteins in GSC11
cells treated with the indicated compounds for 2-6 h. *, p<0.05; **, p<0.01; ***, p<0.001.
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