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1 We tested whether pretreatment of reagents known to induce hypoxia-inducible factor-1 (HIF-1)
may confer chemoresistance against cytotoxicity of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) to
rat C6 glioma cells. We also studied which cytotoxic mechanism(s) of chloroethylnitrosoureas could be
neutralized by cobalt preconditioning.

2 Preconditioning of rat C6 glioma cells with cobalt chloride (300 mM, 2 h) induced HIF-1 binding
activity based on electrophoretic mobility shift assay (EMSA). Results from Western blotting
confirmed a heightened HIF-1a level upon cobalt chloride exposure (300–400mM, 2 h). Cobalt chloride
(300 mM) pretreatment for 2 h substantially neutralized BCNU toxicity, leading to increases in glioma
cell survival based on MTT assay. In addition, pre-exposure of C6 cells with desferrioxamine (DFO;
400 mM, 3 h), an iron chelator known to activate HIF-1, also induced HIF-1 binding and rendered the
glioma cells resistant to cytotoxicity of BCNU.

3 Pre-incubation with cobalt chloride abolished the cytotoxicity of several carbamoylating agents
including 2-chloroethyl isocyanate and cyclohexyl isocyanate, the respective carbamoylating
metabolites of BCNU and 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea. The protective effect of
cobalt exposure, however, was not observed when cells were challenged with alkylating agents
including temozolomide.

4 Cadmium chloride (50 mM) effectively reversed cobalt-induced HIF-1 activation. Correspondingly,
cadmium chloride suppressed carbamoylating chemoresistance mediated by cobalt chloride
pretreatment. Furthermore, both double-stranded oligodeoxynucleotide (ODN) decoy with HIF-1
cognate sequence and antisense phosphorothioate ODNs against HIF-1a partially abolished the
carbamoylating chemoresistance associated with cobalt preconditioning.

5 Our results suggest that cobalt- or DFO-preconditioning may enhance glioma carbamoylating
chemoresistance that is dependent, at least in part, on induction of HIF-1.
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Introduction

Glioblastoma multiforme (GBM) is the most common type of

primary brain tumor accounting for more than 40% of

neoplasm in the central nervous system (Kleihues et al.,

1995). Compared to other cancers, the life expectancy of

patients with GBM is relatively short. Combination of surgery,

radiotherapy, and chemotherapy results in survival of

approximately 14 months (Rajkumar et al., 1999). 1,3-bis(2-

chloroethyl)-1-nitrosourea (BCNU) is the most commonly

used adjunct chemotherapy for GBM following surgical

resection and radiation therapy, due in part to its lipophilic

character that allows better passage across the blood–brain

barrier (Paoletti, 1984). BCNU and other related chloroethyl-

nitrosoureas kill tumor cells via multiple cytotoxic actions

including carbamoylation and alkylation (Wheeler et al.,

1974). Unfortunately, BCNU does not appear to substantially

prolong median survival of GBM patients, even though the

proportion of patients living more than 18 months increased

from 5 to 15% with adjunct BCNU chemotherapy (Walker

et al., 1980; Chang et al., 1983; Green et al., 1983; Fine et al.,

1993). The reason for the unsatisfactory clinical outcomes

following adjunct chemotherapy in GBM remains unclear,

but may involve acquired chemoresistance against BCNU.

Multidrug resistance genes (Nutt et al., 2000), O6-methyl-

guanine DNA methyltransferase (Rolhion et al., 1999), and

glutathione S-transferase have all been shown to be associated

with the development of BCNU chemoresistance. Here, we
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report another mechanism involving activation of hypoxia-

inducible factor-1 (HIF-1) that may contribute to BCNU

chemoresistance.

HIF-1, a heterodimeric protein complex consisting of alpha

(HIF-1a) and beta (HIF-1b or ARNT; aryl hydrocarbon

receptor nuclear translocator) subunits, is a key regulator of

mammalian oxygen homeostasis. HIF-1a expression is tightly
regulated by the cellular oxygen tension (Wang et al., 1995;

Jiang et al., 1996), whereas the expression of HIF-1b is oxygen-
independent. Hypoxic conditions prevent ubiquitylation

and subsequent proteasomal degradation of HIF-1a (Epstein
et al., 2001). Thus, the activity of this basic helix–loop–helix

transcription factor is increased in most cells in response to

low oxygen tension (Semenza & Wang, 1992; Wang &

Semenza, 1993a,b). In addition to tissue hypoxia, several

reagents including cobalt chloride and iron chelator

desferrioxamine (DFO) are also known to induce HIF-1

(Semenza et al., 1994). Rapid tumor growth, invasion, and

metastasis resulting in higher metabolic demands are fre-

quently accompanied by hypoxia. Indeed, low oxygen tension

is an indicator of tumor malignancy (Dachs & Chaplin,

1998). A growing body of evidence has also shown HIF-1

activation in response to hypoxia in tumors (Semenza,

1998; 2000). HIF-1 appears to play a key role in cancer

growth by transactivating genes such as erythropoietin (EPO)

(Wang & Semenza, 1993a,b), vascular endothelial growth

factor (VEGF) (Kimura et al., 2000) and inducible nitric oxide

synthase (iNOS) (Yin et al., 2001) that may confer cyto-

protective as well as angiogenic effects. Understanding the

pathophysiological role of HIF-1 in tumors may broaden our

insight into the development of better therapeutic strategies for

GBM.

In the present study, we demonstrate that preconditioning

with reagents mimicking hypoxia and hence capable of HIF-1

induction, namely cobalt chloride and DFO, enhanced

chemoresistance of C6 glioma cells against chloroethylnitro-

soureas such as BCNU, which is the mainstay of chemotherapy

in GBM. Tumor-killing actions of chloroethylnitrosoureas

include carbamoylating and alkylating reactions (Wheeler

et al., 1974). The chemoresistance conferred by such pre-

conditioning is confined to the carbamoylating, but not

alkylating action of BCNU. Furthermore, downregulation of

cobalt-mediated HIF-1 activation, either by co-incubation

with cadmium ions or transfection with HIF-specific oligo-

deoxynucleotide (ODN) decoy or an antisense phosphorothio-

ate ODN against HIF-1a, abolished at least in part the
carbamoylating chemoresistance associated with cobalt pre-

conditioning, suggesting a putative role of HIF-1 implicated in

the observed chemoresistance.

Methods

Materials

All the chemicals were purchased from Sigma (St Louis, MO,

U.S.A.) unless otherwise specified. BCNU was from Bristol-

Myers Squibb Inc. (Princeton, NJ, U.S.A.). Temozolomide

was a gift from Dr W. Robert Bishop of Schering-Plough

Corporation (Kenilworth, NJ, U.S.A.). 1,2-bis(sulfonyl)hy-

drazine derivatives including 1,2-bis(methylsulfonyl)-1-(2-

chloroethyl)-hydrazine (compound #1) and 1,2-bis(methyl-

sulfonyl)-1-[[(methyl)amino]carbonyl]-hydrazine (compound

#5) were generously provided by Dr Alan C. Sartorelli,

Department of Pharmacology, Yale University School of

Medicine. The synthesis and characterizations of compounds

#1 have been previously described in details (Shyam et al.,

1996; Penketh et al., 2000). The synthesis of compound #5-

related 1,2-bis(methylsulfonyl)hydrazines was also reported by

Shyam et al. (1996).

Cell culture and induction of HIF-1a

Rat C6 glioma cells (American Type Culture Collection,

Rockland, MD, U.S.A.) were grown as previously described

(Yin et al., 2000; 2001). To induce chemical hypoxia, cells were

treated with 300 or 400 mM CoCl2 or 400 mM DFO for 2 h. In
selected experiments, cells were treated with 300mM CoCl2
along with 50mM CdCl2 for 2 h to counteract cobalt induction
of HIF-1a. The cobalt or DFO pretreatments were followed by
addition of various chemotherapy drugs with selective

carbamoylating or alkylating actions as described in figure

legends.

Electrophoretic mobility shift assay (EMSA)

The detailed protocols for EMSA to assess HIF-1 DNA-

binding activities have been described earlier (Yin et al., 2000).

An oligonucleotide probe (50-agcttGCCCTACGTGCTGTCT
CAg-30 and 50-aattcTGAGACAGCACGTAGGGCa-30) cor-
responding to the hypoxia-response element (HRE) in the EPO

gene was used. The oligonucleotides were labeled using [g32P]-
ATP according to the Promega Technical Bulletin number 106

(Promega, Madison, WI, U.S.A.). The binding reaction was

performed in a reaction mixture of 20ml that contained
binding buffer (10mM Tris-HCl, 20mM NaCl, 1mM DTT,

1mM EDTA, and 5% glycerol, pH 7.6), 0.1 ng of labeled probe

(410,000 c.p.m.), 30mg of nuclear proteins, and 1mg of
poly(dI-dC). After incubation for 20min at room temperature,

the mixture was subjected to gel electrophoresis on a

nondenaturing 6% polyacrylamide gel at 180V for 2 h under

a low ionic strength condition. The gel was vacuum dried and

subjected to autoradiography. The experimental procedures

for HIF-1a antibody binding assay were the same as described
above, except that 1 mg of anti-HIF-1a antibody (Novus

Biologicals, Littleton, CO, U.S.A.) was added to the samples

1 h prior to the addition of labeled probes.

Cell viability assays

For quantitative assessment of the extent of cell survival

following challenges with chemotherapeutic reagents, the

MTT assay was performed as previously described (Xu et al.,

1998).

Transfection of HIF-specific ODN decoy and antisense
phosphorothioate ODN against HIF-1a

ODNs with consensus sequence in the EPO gene promoter

were synthesized (sense: 50-GCCCTACGTGCTGTCTCA-30;
antisense: 50-TGAGACAGCACGTAGGGC-30) to serve as
a double-stranded ODN decoy for HIF-1. The mutant

ODNs (sense: 50-GCCCTTACAACTGTCTCA-30; antisense:
50-TGAGACAGTTGTAAGGGC-30) were synthesized to
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serve as a negative control (Wang & Semenza, 1993a,b). To

make double-stranded ODN decoy, sense and antisense ODNs

(dissolved in 10mM Tris pH 8.0 with 50mM NaCl) were mixed

at equal molar ratio before heating to 951C for 5min and then

cooled down slowly to room temperature to permit the

annealing of both ODN strands. The ODNs were dispensed

into aliquots and stored at �201C until use. For suppression of
HIF-1a expression, phosphorothioate antisense ODNs (50-
CCTCCATGGCGAATCGGTGC-30) or scrambled ODNs

(50-ACTCGTACCGCGGCAGTTCG-30) were synthesized

for transfection as previously reported by Kakinuma et al.

(2001).

Transfection of ODNs into C6 glioma cells was achieved

using Effectene reagent (QIAGEN Inc., Valencia, CA, U.S.A.)

according to the manufacturers’ protocols with modifications.

For transfection into each well of a 96-well plate, ODNs

(0.10 mg per well for HIF- decoy or mutant ODNs and 0.08mg
per well for antisense or scrambled ODNs) were first diluted in

6 ml buffer EC that was provided in the Effectene reagent kit.
This was followed by addition of Enhancer (0.80 ml per well
each for HIF decoy or mutant ODNs and 0.64ml per well each
for antisense or scrambled ODNs) into the respective reaction

mixture with a brief vortexing. The mixture was then

incubated at room temperature for 5min before addition of

20 ml diluted Effectene reagent (2 ml Effectene stock solution
diluted with 18ml EC buffer) for each well. The mixture of
ODN and Effectene in EC buffer was incubated at room

temperature for 5min before addition of 20ml regular C6
medium at the end of incubation. Transfection of C6 cells with

the final ODN mixture in EC buffer was allowed to proceed

for 6 h before cobalt pretreatment. To collect proteins for

Western analysis, transfection of HIF-1a antisense or

scrambled ODNs was performed in six-well culture plates as

described above, except that 2.4 mg ODNs were diluted in
120 ml buffer EC with 12.8ml Enhancer for each well. Diluted
Effectene reagent (400 ml; 40ml Effectene stock solution with
360 ml buffer EC) was added into each well; this was followed
by addition of 400 ml regular culture medium and an

incubation for 6 h to transfect ODNs into C6 glioma cells.

At the end of transfection, cells were treated with 400mM
cobalt chloride for 2 h and proteins collected for Western

analysis.

Western blotting

Western blotting for identification of the HIF-1a protein was
performed as described previously (Semenza et al., 1994; Yin

et al., 2000), using a primary polyclonal rabbit anti-HIF-1a
antibody (1 : 600, Novus Biologicals) followed by incubation

for with a secondary horseradish peroxidase-conjugated

donkey anti-rabbit IgG antibody (1 : 5000, Amersham Bios-

ciences Corp., Piscataway, NJ, U.S.A.). A mouse monoclonal

anti-actin antibody was purchased from CHEMICON Inter-

national, Inc. (Temecula, CA, U.S.A.) and used at 1 : 5000

dilution. Secondary anti-mouse IgG antibody linked to alka-

line phosphatase was used at 1 : 7000 dilution (Sigma).

Detection of immunoreactive components of HIF-1a on the
blot was performed using ECL Plus Western blotting

Detection Reagents from Amersham Biosciences Corp. The

actin proteins on the blot were detected with BCIP and NBT

from Sigma according to the manufacturers’ protocols.

Statistical analysis

Results are expressed as means 7s.d. Multiple groups were
analyzed by one-way analysis of variance (ANOVA) followed

by a post-hoc Student–Newman–Keuls test. Statistical analysis

between two groups was performed using Student’s unpaired

t-test between two experimental groups. A P-value less than

0.05 was considered significant.

Results

Induction of HIF-1 and protective effect against BCNU
by cobalt preconditioning

We have previously shown that exposure of C6 glioma cells to

1% oxygen led to an increase in nuclear HIF-1-binding activity

(Yin et al., 2000). In the present study, we applied cobalt ions

to induce chemical hypoxia (Semenza et al., 1994). At 300mM,
cobalt chloride increased nuclear HIF-1 binding to the

oligonucleotide probe with the HRE consensus sequence in

the EPO gene based on EMSA (Figure 1a). The HIF-1-binding

activity increased at 1 and 2 h following cobalt chloride

exposure, but declined thereafter. Co-incubation of nuclear

extract with the HIF-1a antibody appeared to interfere with
cobalt-induced binding activity, thereby confirming the

specific HIF-1 binding (Figure 1a). The same antibody was

also used in Western analysis to demonstrate the cobalt-

induced HIF-1a accumulation. Consistent with EMSA results,
Western blot showed an increase in HIF-1a protein content at
2 h, but not 4 h after cobalt chloride treatment (Figure1b and

Yin et al., 2000). MG-132, a proteasome inhibitor known to

inhibit ubiquitin-mediated protein degradation (Salceda &

Caro, 1997), stabilized the HIF-1a protein induced by cobalt
chloride treatment, allowing the detection of HIF-1a protein at
4 h (Figure 1b).

BCNU is a chloroethylnitrosourea that has been the

mainstay in adjunct chemotherapy of GBM. Coupled with

surgical resection and radiotherapy, BCNU chemotherapy has

not been able to provide satisfactory clinical outcome, in part

due to acquired chemoresistance. We hypothesized that cobalt

chloride pretreatment that mimics a hypoxic microenviron-

ment may lead to activation of HIF-1 binding, thereby

compromising the tumoricidal effect of BCNU. Results

demonstrated that pre-incubation with cobalt chloride sub-

stantially neutralized cytotoxicity of BCNU at concentrations

above 200mM, leading to an increase in cell survival (Figure 1c).
To strengthen the contention that HIF-1 activation may in

part confer chemoresistance against BCNU, we test the effect

of an iron chelator DFO (Wang & Semenza, 1993a,b) that is

also known to activate HIF-1. Results from EMSA indicated

that HIF-1 activation began at 1 h following DFO exposure,

reached the maximal level at 3 h, and returned to basal level by

4 h (Figure 2a). In consistence with our hypothesis, DFO

pretreatment also substantially increased chemoresistance of

C6 glioma cells against 470mM (100mgml�1) BCNU

(Figure 2b). Results shown in Figures 1 and 2 together

demonstrate that preconditioning of rat C6 glioma cells with

cobalt chloride and DFO elicits HIF-1 activation and confers

chemoresistance against BCNU, thereby providing correlative

evidence linking activation of HIF-1 and chemoresistance

against BCNU tumoricidal effect.
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Preconditioning-mediated protection against
carbamoylating, but not alkylating agents

Chloroethylnitrosoureas including BCNU kill tumor cells by

alkylating and carbamoylating action (Wheeler et al., 1974).

We therefore tested which tumoricidal action of BCNU is

affected by this cobalt pretreatment. Previously, by virtue of a

panel of compounds each carrying differential alkylating or

carbamoylating cytotoxicity, we have been able to demonstrate

that iNOS expression selectively neutralized the carbamoylat-

ing, but not alkylating, cytotoxicity of BCNU and other

chloroethylnitrosoureas (Yin et al., 2001). These chemicals

include compound #5 (a selective carbamoylating agent),

compound #1, and temozolomide (both are selective alkylating

agents), 2-chloroethyl isocyanate, and cyclohexyl isocyanate

(the respective carbamoylating metabolite of BCNU and

CCNU) (Baril et al., 1975). In the present study, pretreatment

with cobalt chloride dose-dependently protected C6 glioma

cells against compound #5, a selective carbamoylating agent

(Figure 3a). This protection was effective within a wide range

of compound #5 concentrations (Figure 3b). In addition,

cobalt chloride pretreatment also conferred chemoresistance to

C6 glioma cells against 2-chloroethyl isocyanate (Figure 3c)

and cyclohexyl isocyanate (Figure 3d), the respective carba-

moylating metabolites of BCNU and CCNU. In addition to

Figure 2 DFO effects on HIF-1 activation and chemoresistance
against BCNU. (a) EMSA showing HIF-1 activation after pretreat-
ment with 400 mM DFO for indicated times. (b) Cell survival with or
without 400 mM DFO pretreatment for 3 h followed by exposure to
470 mM (100 mgml�1) BCNU for additional 12 h. ***Po0.001.
Representative data from three independent experiments of similar
results are shown.

Figure 1 CoCl2 induction of HIF-1 activation and chemoresistance
against BCNU. (a) EMSA showing HIF-1-binding activity in C6
glioma cells treated with 300 mM CoCl2 for 1, 2, or 4 h. 2hþHIFAb:
nuclear extracts from cells exposed to CoCl2 for 2 h were co-
incubated with HIF-1a antibody for EMSA. ctrl: control without
CoCl2 exposure. (b) Western blot showing the induction of the
120 kDa HIF-1a protein following CoCl2 treatment (300 mM, 2 or
4 h). 4hþMG-132: stabilization of HIF-1a by co-treatment of CoCl2
(300 mM) with proteasomal inhibitor MG-132 (20 mM) for 4 h. (c) Cell
survival as determined by the MTT assay. C6 glioma cells were
pretreated with or without 300 mM CoCl2 for 2 h prior to exposure to
BCNU at indicated concentrations for additional 12 h. ***Po0.001
compared to cells treated with the same concentrations of BCNU
but without prior exposure to CoCl2. Representative data from three
independent experiments of similar results are shown for each panel.
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cobalt preconditioning, pretreatment of C6 glioma cells with

400 mM DFO for 3 h also resulted in remarkable protection

against carbamoylating cytotoxicity caused by 0.6mM of

compound #5 (data not shown).

In addition to carbamoylation, BCNU also carries alkylat-

ing action that is important for its tumoricidal toxicity. We

therefore examined whether alkylating action of BCNU may

also be modulated by similar cobalt chloride preconditioning.

Compound #1 is a specific reagent with chloroethylating, but

not carbamoylating, action (Penketh et al., 2000). Cobalt

chloride was ineffective in enhancing chemoresistance against

compound #1 (Figure 4a). Temozolomide, recently approved

as an adjunct chemotherapeutic agent in GBM, is another

selective alkylating (methylating) agent (Denny et al., 1994).

Cobalt chloride also failed to induce chemoresistance against

temozolomide (Figure 4b). Results in Figures 3 and 4 together

reveal that the cobalt-dependent chemoresistance is restricted

to the carbamoylating action only; neither chloroethylating

nor methylating potential is affected by cobalt chloride

preconditioning.

Effects of cadmium ions, HIF-1 ODN decoy, and HIF-1a
antisense ODN on cobalt-mediated chemoresistance
against carbamoylating agents

Although cobalt preconditioning induced HIF-1-binding

activity as well as carbamoylating chemoresistance in C6

glioma cells, these two events may only be correlative. We

therefore further explored the causal relationship of HIF-1

activation in cobalt-induced chemoresistance against carba-

moylating agents. Cadmium ion has been shown to abolish

HIF-1-binding activity induced by cobalt chloride through its

enhancement of proteasome-dependent HIF-1a degradation
(Chun et al., 2000). Co-treatment of C6 glioma cells with

cobalt chloride and cadmium chloride suppressed cobalt-

induced HIF-1 activation (Figure 5a). Cadmium chloride

correspondingly neutralized cobalt-induced chemoresistance

against compound #5 (Figure 5b).

Despite its neutralizing effect on HIF-1-binding activity and

carbamoylating chemoresistance associated with cobalt pre-

conditioning, cadmium chloride is a pharmacological agent

that may exert nonspecific cellular action independent of its

inhibitory effect on cobalt-dependent HIF-1a accumulation.
To firmly establish the causative role of HIF-1 in cobalt-

mediated chemoresistance, two molecular biological ap-

proaches were adopted to counteract HIF-1 action as a result

of cobalt pretreatment. The first approach was to transfect

phosphorothioate antisense ODN against HIF-1a to abolish
cobalt-dependent HIF-1a protein accumulation. Results based
on Western analysis confirmed a reduction of HIF-1a
expression in glioma cells transfected with antisense, but not

scrambled, ODN upon cobalt preconditioning (Figure 5c). The

same antisense ODN has also been used in cultured

cardiomyocytes to inhibit expression of HIF-1 downstream

genes (Kakinuma et al., 2001). Results in Figure 5d indicate

that, as compared to the scrambled control ODNs, HIF-1a

Figure 3 CoCl2 effects on carbamoylating cytotoxicity. (a) Cells were pre-incubated with CoCl2 at indicated concentrations for 2 h
before treatment with compound #5 (0.6mM) for additional 24 h. ctrl: cells without any treatment. Co: cells pretreated with 300mM
CoCl2 for 2 h only. **Po0.01 and ***Po0.001 compared to the cells exposed to the same concentrations of compound #5 without
pretreatment with CoCl2. (b–d) Cells were pretreated without or with 300 mM CoCl2 for 2 h prior to exposure to carbamoylating
agents compound #5 (b), 2-chloroethyl isocyanate (c), or cyclohexyl isocyanate (d) at indicated concentrations for additional 24 h.
*Po0.05, **Po0.01, and ***Po0.001 compared to cells treated with the same concentrations of carbamoylating agents, but
without CoCl2 pretreatment. Representative data from three independent experiments of similar results are shown.
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antisense ODN effectively antagonized cobalt-induced chemo-

resistance against BCNU. We then take advantages of a HIF-

specific ODN decoy as a second gene-specific approach to

suppress HIF-1 activity (Morishita et al., 1995). This strategy

entails a double-stranded ODN decoy containing HIF-specific

cognate sequence to, upon delivery into glioma cells, compete

for the endogenous HIF-1-binding sites, thus suppressing the

preconditioning-induced HIF-1 activation. Similar decoy

approach has been proved to successfully suppress hypoxia-

mediated induction of HIF-1 downstream genes in a human

bladder cancer cell line T24 (Oikawa et al., 2001). Results

shown in Figure 5e clearly demonstrate that, as compared to

mutant ODNs as negative controls, application of HIF-1

ODN decoy prior to cobalt exposure selectively, albeit

partially, abolished cobalt-dependent protection against

BCNU. Together, results in Figure 5 support the contention

that HIF-1 activation may play a causal role, at least in part, in

the observed carbamoylating chemoresistance associated with

cobalt chloride preconditioning.

Discussion

The major finding of the present report is that preconditioning

with reagents known to induce HIF-1 may render rat C6

glioma cells resistant to cytotoxicity of carbamoylating, but

not alkylating, chemotherapeutic reagents. Furthermore,

results derived from cadmium chloride, HIF-1a antisense

ODN, and HIF-specific ODN decoy together suggest a

causative role of HIF-1 involved in these cobalt effects against

carbamoylating cytotoxicity.

Chloroethylnitrosoureas, especially BCNU, have been a

mainstay in the adjunct chemotherapy of GBM following

surgical resection and radiation. Unfortunately, the clinical

outcomes with the combination of these three modalities of

treatment remain far from satisfactory, due in part to acquired

chemoresistance. The underlying mechanisms of chemo-

resistance against chloroethylnitrosoureas such as BCNU are

not fully understood, but may depend on their tumoricidal

actions. BCNU kills cells via multiple mechanisms including

alkylation and carbamoylation. In this study, we demonstrate

that HIF-1 activation often observed in malignant brain

tumors may potentially alter glioma resistance to carbamo-

ylating chemotherapeutic reagents including BCNU, at least in

vitro. The half-maximal lethal dosage of BCNU effective for

killing tumor cells varies from 2 to 60 mgml�1, depending on
the cell types and the duration of BCNU treatment, in most

cases 3–6 days (Carmichael et al., 1988; Heim et al., 2000),

whereas clinically relevant doses of BCNU is below 100mM. In
this report, preconditioning with cobalt chloride conferred

chemoresistance to C6 glioma cells against BCNU toxicity at

concentrations from 235 mM (50 mgml�1) to 470 mM
(100mgml�1), but not at lower concentrations of BCNU where
it failed to cause appreciable cytotoxicity during a 12-h

exposure. Thus, the BCNU dosages we selected appear to be

higher than those used in vivo so that significant cytotoxicity

can be observed. In this regard, we are cautious in extending

these in vitro results into in vivo or even clinical settings.

Interpretation of our findings presented in this report also

requires additional caution because it has been recognized that

in vivo pharmacological efficacy of BCNU is supported

primarily by its alkylating effect, rather than carbamoylating

action. Therefore, the clinical relevance of the present results

could potentially be limited. Nevertheless, despite well-

established alkylating tumoricidal action of BCNU, carba-

moylating activity may still modulate or even exert synergistic

effects on additional tumoricidal actions of adjunct chemo-

therapeutics or radiation therapy. Thus, the synergism between

BCNU and radiation in the generation of DNA single-

stranded breaks can be potentiated by the carbamoylating

action of BCNU (Ali-Osman et al., 1990). Carbamoylation of

glutathione reductase by BCNU was also associated with

functional inhibition of multi-drug resistance protein (Van-

hoefer et al., 1997), which is another candidate gene for

acquired chemoresistance. Compromised carbamoylating ac-

tion may eliminate synergistic tumoricidal effects of BCNU or

radiation and restore the multi-drug resistance protein

function, contributing to the development of radioresistance

or chemoresistance. Furthermore, the present study revealed

an in vitro effect of HIF-1 induction in neutralizing the

immediate cytotoxic carbamoylation of chloroethylnitrosour-

eas, but not their alkylating effect. This finding is in itself

novel, despite potentially limited clinical implication.

Hypoxia has been shown to increase chemoresistance

against BCNU in human glioma cell lines (Liang, 1996). The

expression of the drug resistance genes was, however, un-

changed under this condition, suggesting alternative mechan-

isms that may exist in hypoxia-induced chemoresistance. In

this study, we provide experimental evidence supporting the

contention that HIF-1 induction by cobalt chloride or DFO

pretreatment, which mimics a hypoxic microenvironment, may

Figure 4 CoCl2 effect on alkylating cytotoxicity. Cells were
pretreated with or without 300mM CoCl2 for 2 h prior to treatment
with compound #1 (a) or temozolomide (b) for an additional 24 h.
Note that no statistical significance was observed between cells
treated with the same concentrations of alkylating agents with or
without CoCl2 exposure. Representative data from three indepen-
dent experiments of similar results are shown.
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contribute to acquired chemoresistance against BCNU

through inhibition of its carbamoylating cytotoxicity. The

molecular mechanisms underlying HIF-1-mediated chemo-

resistance against carbamoylating cytotoxicity of chloroethylni-

trosoureas remain unclear, but may involve the transcriptional

activation of genes downstream of HIF-1. Genes that are

upregulated by microenvironmental hypoxia through activa-

tion of HIF include glucose transporters, glycolytic enzymes,

and angiogenic growth factors such as VEGF and EPO

(Shweiki et al., 1992; Semenza et al., 1994; Ebert et al., 1995).

In hypoxic human glioblastomas, at least 10 novel transcripts

have been identified that were induced to a greater extent than

VEGF in response to hypoxia, based on the results of serial

analysis of gene expression (Lal et al., 2001). These genes also

responded to hypoxia in breast and colon cancer cells and were

activated by HIF-1. Induced genes included stanniocalcin 1 (a

calcium homeostasis protein), hexabrachion (an extracellular

matrix glycoprotein), and an angiopoietin-related gene. The

Figure 5 Effects of HIF-1 inhibition on cobalt-induced carbamoylating chemoresistance. (a) EMSA showing downregulation of
CoCl2-induced HIF-1-binding activity by CdCl2. Cells were pre-exposed to CoCl2 (300 mM) or CdCl2 (50mM) or both for 2 h before
nuclear proteins isolated for EMSA. (b) Cells subjected to pretreatment with CoCl2 or CdCl2 or both for 2 h were exposed to 0.8mM
compound #5 for additional 24 h. **Po0.01 and wwPo0.01. (c) Cells were transfected with 2.4 mg each of the HIF-1a antisense (AS)
or scrambled (SC) ODNs, as described in detail in Methods. This was followed by cobalt exposure (400 mM for 2 h) prior to protein
collection for Western blotting. Ctrl, cells without any treatments. Co, cells treated with 400 mM CoCl2 for 2 h. The lower part of the
same blot was probed with a monoclonal antibody against actin to serve as internal standards. (d) Cells were separately transfected
with HIF-1a antisense ODN or scrambled ODN in quadruplicates (0.08 mg per well each in a 96-well plate) for 6 h using Effectene
reagent as described in Methods prior to cobalt preconditioning, and subsequently BCNU exposure (470 mM) for an additional 12 h.
(e) The experimental conditions were the same as those described in (d), except that HIF-specific decoy ODN or mutant ODN
(0.10 mg per well each in a 96-well plate) were transfected. ***Po 0.001. Representative data from three independent experiments of
similar results are shown.
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cytoprotective effects of HIF with resultant expression of its

target genes have been documented in a number of experimental

paradigms both in vivo and in vitro. For example, preconditioning

hypoxia causing sublethal stresses induces tolerance against focal

permanent ischemia in adult mice, in part due to the induction of

VEGF and EPO (Bernaudin et al., 2002). Furthermore,

transactivation of several HIF-1-responsive genes including

EPO, glycolytic enzymes, and glucose transporter contributes

to HIF-1-dependent protection against glutathione depletion in

primary cortical neurons (Zaman et al., 1999). Carbamoylating

agents are irreversible inhibitors of the glutathione reductase,

which may lead to accumulation of the oxidized form of

glutathione. Thus, carbamoylating action constitutes a chemical-

induced oxidative stress that may, as shown in the present study,

be neutralized in a hypoxic microenvironment with resultant

HIF-1 activation. Despite numerous studies suggesting a pivotal

role of HIF-1 in antagonizing oxidative stress, fewer reports have

offered causative evidence to unambiguously pinpoint the crucial

roles of HIF-1. In this report, we provide direct experimental

evidence supporting an important role of HIF-1 in the observed

preconditioning effects. Whether overexpression of HIF-1 alone

is sufficient to mediate carbamoylating chemoresistance remains

to be explored.

Overall, HIF-1 activation may represent the first step of

hypoxia-induced expression of a panel of genes that together

exerts protection against carbamoylating potential of BCNU

chemotherapy. Downregulation of HIF-1 likely represents a

feasible strategy to develop more effective chemotherapeutic

regimens to reduce acquired chemoresistance against carba-

moylating cytotoxicity of BCNU, besides disruption of

angiogenic potential of HIF-1.
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