Research Article

Xanthine Oxidase–Dependent Regulation of Hypoxia-Inducible
Factor in Cancer Cells
1

1

2

2

Corinne E. Griguer, Claudia R. Oliva, Eric E. Kelley, Gregory I. Giles,
2
1
Jack R. Lancaster, Jr., and G. Yancey Gillespie

Departments of 1Surgery, 2Anesthesiology, Physiology and Biophysics, and Environmental Health Sciences, and Center for
Free Radical Biology, University of Alabama at Birmingham, Birmingham, Alabama

Abstract
During chemical hypoxia induced by cobalt chloride (CoCl2),
hypoxia-inducible factor 1A (HIF1-A) mediates the induction
of a variety of genes including erythropoietin and vascular
endothelial growth factor. We used glioma cells with oxidative
phosphorylation–dependent (D54-MG) and glycolytic-dependent (U251-MG) phenotypes to monitor HIF1-A regulation in
association with redox responsiveness to CoCl2 treatment. We
showed that CoCl2 increased xanthine oxidase (XO)–derived
reactive oxygen species (ROS), which causes accumulation of
HIF1-A protein in U251-MG cells. Under these conditions,
blockade of XO activity by pharmacologic (N-acetyl-L-cysteine
or allopurinol) or molecular (by small interfering RNA)
approaches significantly attenuated HIF1-A expression. Exogenous H2O2 stabilizes HIF1-A protein. XO was present in these
cells and was the primary source of free radicals. We also
showed higher XO activity in cells exposed to CoCl2 compared
with cells grown in normoxia. From the experiments shown
here, we concluded that ROS were indeed generated in D54MG cells exposed to CoCl2 but it was unlikely that ROS
participated in the hypoxic signal transduction pathways in
this cell type. Possibly, cell type–dependent and stimulusdependent factors may control ROS dependency or redox
sensitivity of HIF1-A and thus HIF1-A activation either
directly or by induction of specific signaling cascades. Our
findings reveal that XO-derived ROS is a novel and critical
component of HIF1-A regulation in U251-MG cells, pointing
toward a more general role of this transcription factor in
tumor progression. (Cancer Res 2006; 66(4): 2257-63)

Introduction
Hypoxia results in the coordinated up-regulation of numerous
genes involved in glucose transport, glycolysis, erythropoiesis, and
angiogenesis, which is mediated by the hypoxia-inducible factor
1a (HIF1-a; refs. 1, 2). Whereas HIF1-a protein is expressed at
low levels due its rapid degradation, it is accumulated following
hypoxic stress through inhibition of its proteosomal degradation
(3). Interestingly, exposure to cobalt chloride (CoCl2) triggers
transcriptional changes that mimic the hypoxic response, including
up-regulation of HIF1-a, erythropoietin, and glycolytic enzymes
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(4–6). Although it has been well documented that CoCl2 can cause
stabilization of HIF1-a, the biochemical mechanism by which
CoCl2 accomplishes this remains unknown. One model suggested
that the hydroxylation of HIF1-a is mediated by a group of HIFspecific hydroxylases and that CoCl2 can inactivate the enzymes by
occupying an iron-binding site on the proline hydroxylases (7, 8).
One common mechanism that may underlie hypoxia and CoCl2induced changes in gene expressions is the increased generation of
reactive oxygen species (ROS; ref. 9), providing a redox signal for
HIF1-a induction (5, 10, 11). Generation of ROS during hypoxia as
well as in the presence of CoCl2 has been described (5, 9, 12).
However, the role of ROS in the activation of HIF1-a is not clear
(1, 9, 13). It has been proposed (5, 14–17) that hypoxia activates
transcription via mitochondria-dependent signaling process
involving increased ROS whereas CoCl2 activates transcription by
stimulating ROS generation via a mitochondria-independent
mechanism. Minchenko et al. (18) have proposed that the integrity
of the mitochondrial respiratory chain is not necessary for hypoxia
response. Furthermore, they show that H2O2 is not an intermediary
molecule involved in oxygen sensing. Salnikow et al. (13) concluded
that ROS are produced during exposure of cells to metals that
mimic hypoxia but the formation of ROS was not involved in the
activation of HIF1-a–dependent genes. These results prompted us
to reevaluate the role of ROS in HIF-1 activation. Recently, we
have described specific bioenergetic markers associated with the
metabolic phenotype of several human and mouse glioma cell
lines. We hypothesized that glioma cells would express one of at
least two different metabolic phenotypes, possibly acquired
through progression. The D54-MG and GL261 glioma cell lines
displayed an oxidative phosphorylation–dependent phenotype
and, alternatively, U251-MG and U87-MG glioma cells exhibited a
glycolytic-dependent phenotype with functional oxidative phosphorylation (19). These observations raised the possibility that the
heterogeneity in glucose metabolism might identify an important
biological marker of glioma cells that is critical for their progression and adaptation to hypoxic conditions. The present study
used glioma cells with oxidative phosphorylation–dependent and
glycolytic-dependent phenotypes as prototype cells to test whether
HIF1-a levels in glioma cells are regulated by ROS.
We used a pharmacologic and molecular approach to show
xanthine oxidase (XO)–dependent or XO-independent pathway of
HIF1-a induction in U251-MG or D54-MG cells, respectively. These
results revealed a novel role of XO in cancer pathogenesis as well as
in oxygen-regulated cellular physiology. To our knowledge, this is the
first report showing that XO is involved in the regulation of HIF1-a.

Materials and Methods
Cell lines, cultures, and chemicals. Human glioma cell lines U251MG and D54-MG were originally obtained from Dr. D.D. Bigner (Duke
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University, Durham, NC). All cell lines were cultured using a 50:50 mixture
of DMEM and Ham’s nutrient mixture F12 (MediaTech, Herdon, VA)
supplemented with 7% heat-inactivated fetal bovine serum (HyClone,
Logan, UT) and 2.6 mmol/L L-glutamine. All chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO) unless otherwise stated.
Nuclear extracts and immunoblot analysis. Nuclear and cytosolic
fractions were isolated using NE-PER Nuclear and Cytoplasmic Extraction
Reagents according to the instructions of the manufacturer (Pierce,
Rockford, IL). Western blot analyses were done as previously described
(19). Anti-HIF1-a antibody was purchased from Transduction Laboratories
(Lexington, KY) and anti-XO antibody was from Rockland, Inc. (Gilbertsville,
PA). Western blots were quantified by densitometry using Scion Image
(version 4.02, Scion Corp., Frederick, MD).
Measurements of ROS and reduced glutathione/oxidized glutathione. Intracellular ROS generation was assessed by using 2V,7Vdichlorofluorescin diacetate (DCFH-DA; Molecular Probes). D54-MG and
U251-MG cells at 50% confluence were incubated with DCFH diacetate
(10 Amol/L) for 5 hours with or without CoCl2. The media were
removed, the cells were lysed and centrifuged to remove debris, and
the fluorescence was measured (excitation, 500 nm; emission, 530 nm).
Data were normalized to the control (without CoCl2) values. Reduced
glutathione (GSH) and oxidized glutathione (GSSG) were determined
using Bioxytech GSH/GSSG-412 kit according to the instructions of the
manufacturer (OxisResearch, Portland, OR).
Electron paramagnetic resonance spectrometry and spin trapping.
Electron paramagnetic resonance (EPR) measurements were done using a
Bruker Elexsys E-500 spectrometer equipped with an ER049X microwave
bridge and an AquaX cell. Studies were done using the following variables:
40 mW microwave power, 100 kHz modulation frequency, 1 G modulation
amplitude, 3510 G center field, 100 G sweep width, 164 ms time constant,
168 seconds sweep time, 60 dB receiver gain, and 1024 data points. The
constituents 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; 25 mmol/L), allopurinol (150 Amol/L), and xanthine (50 Amol/L) were added to a cell
suspension (10  106-12  106 cells/mL in PBS, pH 7.4) and the spectrum
recorded after 10 minutes. Adventitial metals were eliminated from all
buffers by treatment with Chelex resin.
Measurement of XO activity. For measurement of XO activity,
cell lysates were prepared according to Zweier et al. (20). Lysates were
spectrophotometrically assayed at 290 nm for uric acid production in the
presence of 60 Amol/L xanthine as previously described (21). Enzyme
activity is expressed in microunits per milligram of protein, where 1 unit
of activity equals 1 Amol of substrate converted to uric acid per minute.
Small interfering RNA. Adherent cells were transfected with small
interfering RNA (siRNA) as follows: cationic lipid complexes were formed
with 1 Amol/L siRNA oligonucleotides in combination with 3 AL of transIT
siQuest Transfection Reagent (Mirus, Madison, WI) in 0.25 mL of OPTIMEM (Invitrogen, Carlsbad, CA) and added to six-well plates containing
1.25 mL of complete medium per well. Cells were maintained in culture for
48 hours. siRNAs specific for XO (SMART pool XO, accession number
NM_000379) and control scrambled siRNAs were obtained from Dharmacon, Inc. (Lafayette, CO). Transfection efficiency was >80% as determined
by fluorescent-labeled control siRNA (Mirus) according to the instructions
of the manufacturer.

Results
HIF1-A is rapidly activated in response to CoCl2 in U251-MG
and D54-MG Cells. CoCl2 has been used extensively to study the
hypoxic signaling pathway because of the hypoxia-mimicking
effect under normoxic conditions. Throughout the present study,
100 Amol/L CoCl2 was used as a hypoxia-mimetic reagent for
no more than 5 hours. Over 95% of the cells excluded trypan
blue, indicating that cell viability was not compromised during
CoCl2 treatment. We first examined the time course for CoCl2
induction of HIF1-a protein levels in our two models (Fig. 1).
Cells were treated with CoCl2 for the indicated times and HIF1-a
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Figure 1. Effects of CoCl2 treatments on nuclear abundance of HIF1-a.
A, time-dependent variations in HIF1-a nuclear abundance as assessed by
immunoblotting showing protein abundance with CoCl2 treatment. h-Actin is
shown as an internal reference for semiquantitative loading in each lane. B, the
percentage relative maximal abundance of HIF1-a against that obtained under
control conditions without CoCl2 treatment. Columns, mean of the relative
intensity of the bands from four independent experiments; bars, SD.

was measured by Western blot (Fig. 1A). HIF1-a protein
expression increased in both cell lines when exposed to CoCl2
for up to 24 hours with a maximum reaching 5 hours (Fig. 1).
However, the profile of HIF1-a induction showed some differences between cell lines. A 3-fold increase of HIF1-a expression
was detected as early as 1 hour of exposure to CoCl2 in U251MG, with a maximum of 4-fold induction detected at 5 hours
(Fig. 1B). On the other hand, HIF1-a induction in D54-MG
showed a 1.6-fold increase within the first hour follow by an
8-fold maximum increase induction within 5 to 7 hours. The
level of HIF1-a protein expression in U251-MG cells under
control conditions seems to be elevated in comparison with
D54-MG, suggesting different mechanisms of HIF1-a regulation
under normoxic conditions in both cell lines.
Requirement of ROS for induction of HIF1-A expression.
Intracellular ROS generation was examined in human D54-MG and
U251-MG glioma cells in response to CoCl2 using DCFH-DA (21).
Previous studies have indicated that DCFH oxidation can be
mediated by H2O2 but not by superoxide (22). 2V,7V-Dichlorofluorescein (DCF) fluorescence was assessed under normoxia (21% O2)
in the presence of CoCl2 for 5 hours. Both cell lines exhibited
increases in DCF fluorescence during CoCl2 treatment (Fig. 2A).
To assess whether CoCl2 acts as a negative buffer of the
glutathione pool, concentrations of GSH and GSSG were determined
in extracts from control cultures and from cultures treated
with CoCl2 for 5 hours. GSH/GSSG ratios were also determined
for each cell line as useful measure of oxidative stress. GSH
concentration in D54-MG was higher than in U251-MG (688 versus
291 Amol/L, respectively) under control conditions. Consequently,
the initial GSH/GSSH ratio is 2-fold higher in D54-MG cells
compared with U251-MG cells. When cells were treated with
CoCl2, GSH/GSSG ratio decreased 2-fold in D54-MG whereas it
remained unchanged in U251-MG. For U251-MG cells, this ratio
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was equivalent to the values determined for D54-MG after CoCl2
treatment. These results strongly suggest that these two cell lines
possess different redox environments and have different buffering
capabilities against ROS generation by CoCl2. However, we cannot
exclude other lines of antioxidant defense within U251-MG cells,
such as vitamin E, h-carotene, and coenzyme Q or enzymatic
antioxidant defenses, including catalases, peroxidases, superoxide
dismutases, and glutathione S-transferases (23, 24).
HIF1-A induction is reduced by N -acetyl-L-cysteine.
N-Acetyl-L-cysteine (NAC) has the capacity to decrease electrophiles and thus acts as a potent antioxidant with cytoprotective
potential. In addition to its direct antioxidant effects, NAC may also
serve as a precursor for cysteine and glutathione biosynthesis,
thereby increasing the cellular pool of nucleophilic species (25).
Thus, we tested whether NAC was able to abrogate HIF1-a
induction in both cell lines. Figure 2B illustrates the variation in
nuclear protein abundance of CoCl2 induction of HIF1-a after NAC
pretreatment (16 hours, 0-40 mmol/L). HIF1-a induction in D54MG was maintained for concentrations up to 20 mmol/L NAC
whereas for higher concentrations up to 40 mmol/L, a significant

Figure 2. A, DCF fluorescence as a measure of ROS generation. Cells
were incubated with DCFH-DA (10 Amol/L) for 30 minutes in the presence
or absence of CoCl2 (100 Amol/L). Results are expressed relative to control
conditions without CoCl2. Columns, mean of the relative DCF fluorescence
from three independent experiments; bars, SD. B and C, effects of NAC
pretreatments on nuclear abundance of HIF1-a under CoCl2 treatment.
B, dose-dependent variations in HIF1-a nuclear abundance were assessed
by immunoblotting for protein abundance after treatment with different
concentrations of NAC. h-Actin is shown as an internal reference for
semiquantitative loading in each lane. C, relative abundance of HIF1-a
compared with that obtained under activating conditions (100 Amol/L CoCl2)
without NAC pretreatment. *, P < 0.05; **, P < 0.01; ***, P < 0.001, as
compared with control. Columns, mean of the relative intensity of the bands
from four independent experiments; bars, SD.
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increase was observed. By contrast, HIF1-a induction in U251-MG
was significantly abrogated in a dose-dependent manner. Figure 2C
represents the densitometric analysis of HIF1-a abundance in both
cell lines normalized to h-actin [*, P < 0.05; **, P < 0.01, as
compared with cultures without pretreatment (0 mmol/L NAC)].
NAC induced a significant, dose-dependent increase in HIF1-a
nuclear abundance in D54-MG, which was greater at higher doses
of NAC tested (30 or 40 mmol/L). These observations suggest that
NAC pretreatment effectively manipulated the cobalt/redoxdependent signaling sequence, which governs nuclear abundance
of HIF1-a. In contrast, the induction of HIF1-a was substantially
inhibited by NAC in U251-MG in a dose-dependent manner. The
maximum inhibition was evident with 30 mmol/L NAC whereas
even the lowest concentration tested (5 mmol/L) showed mild, but
significant, attenuation of HIF1-a (Fig. 2C).
XO inhibitors block cobalt-induced HIF1-A protein in
U251-MG cells but not in D54-MG. The mitochondrial electron
transport chain, the NADPH oxidase complex, and XO are
potentially involved in mechanisms of ROS generation, and by
extension, in mechanisms that stabilize HIF1-a protein in
response to CoCl2. To define the relative role of each system, we
used inhibitors of NAD(P)H oxidase, electron transport chain, or
XO to determine the effect on CoCl2-induced HIF1-a protein levels
in both glioma cell lines. Diphenylene iodonium inhibits electron
transport in flavin-containing systems including NAD(P)H oxidase
and mitochondrial complex I (26). Complex I inhibitors such as
rotenone have been shown to inhibit the stabilization of HIF1-a
protein, presumably by blocking the electron flow proximal
to mitochondrial complex III, thereby ablating ROS generation
(15, 27). Allopurinol and its major metabolite oxypurinol are
purine analogues that form a tight-binding complex with
molybdenum at the active site of XO, leading to the inhibition
of its activity (28). Here, we assessed the role of these different
ROS blockers in HIF1-a induction by CoCl2 in both cell lines.
Cells untreated or pretreated for 1 hour with diphenylene iodonium
(1 Amol/L), allopurinol (1 mmol/L), or rotenone (1 Amol/L) were
exposed to CoCl2. Figure 3A illustrates a representative immunoblot
with the different blockers. HIF1-a induction by CoCl2 in D54-MG
was insensitive to rotenone, allopurinol, or diphenylene iodonium,
suggesting a ROS-independent pathway of HIF1-a induction. By
contrast, in U251-MG cells, allopurinol, a specific XO competitive
inhibitor, abrogated 90% of HIF1-a induction by CoCl2 (Fig. 3B).
Intracellular ROS generation was examined in response to CoCl2.
U251-MG and D54-MG cells incubated with CoCl2 showed an
increase in DCF fluorescence. The increase in DCF fluorescence
induced by CoCl2 was abolished by pretreatment with allopurinol
in U251-MG cells. By contrast, rotenone and diphenylene iodonium
failed to attenuate the CoCl2-stimulated increase in DCF signal
(Fig. 3C). As expected, rotenone, allopurinol, or diphenylene
iodonium did not alter the CoCl2-stimulated increase in DCF
fluorescence in D54-MG cells. These results support the hypothesis
that ROS generated through XO is required for stabilization of
HIF1-a in U251-MG glioma cells in response to CoCl2 but not in
D54-MG cells.
Measurement of cellular XO activity in glioma cells. Both
ROS generation experiments and inhibition of HIF1-a induction by
allopurinol provided evidence that XO was an important source of
radical generation and may be relevant in the signaling pathway
involving the HIF1-a induction in U251-MG cells. Although XO
activity has been determined in a number of animal tumors and in
a few human tumors (29–37), little is known about the expression
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Figure 3. Effects of ROS inhibitors on nuclear abundance of HIF1-a under
CoCl2 treatment. Cells were incubated with the indicated blockers for 1 hour,
followed by addition of CoCl2 for 5 hours. A, HIF1-a nuclear abundance was
assessed with immunoblotting to show changes in protein abundance with
different ROS blockers. h-Actin is shown as an internal reference for
semiquantitative loading in each lane. B, relative abundance of HIF1-a protein
compared with that obtained with 100 Amol/L CoCl2 with or without inhibitor
pretreatment. *, P < 0.05; **, P < 0.01, as compared with control. Columns,
mean of the relative intensity of the bands from six independent experiments;
bars, SD. C, DCF fluorescence as a measure of ROS generation with different
ROS blockers. *, P < 0.05; **, P < 0.01, as compared with control. Columns,
mean of four independent experiments; bars, SD.

of XO in cancer cells. Therefore, experiments were done to
determine whether or not D54-MG and U251-MG cells contained
measurable XO activity and whether or not XO activity is increased
in glioma cells treated with CoCl2. As shown in Fig. 4A and B, XO
activity was f139 F 13 and 166 F 7 microunits mg 1 for D54-MG
and U251-MG, respectively, at untreated baseline conditions.
Allopurinol decreased XO activity in a dose-dependent manner in
both cell lines. Thus, there is measurable XO activity in these
human glioma cells. In addition, CoCl2 induced a significant
increased in XO activity (1.4- and 1.6-fold of increase for D54-MG
and U251-MG, respectively), suggesting an enzymatic activation by
CoCl2 treatment. In the presence of allopurinol, a >90% reduction
in the enzymatic activity was observed compared with that in
the absence of the blocker (Fig. 4A and B). To further evaluate
the basis for the increased XO activity, we examined the effect of
CoCl2 on the amount of XO protein. As determined by Western
blot, the amount of XO protein relative to total cellular protein
remained constant after CoCl2 exposure for up to 5 hours (data
not shown).
Measurements of free radical generation. XO has been
hypothesized to be an important source of free radical generation
in cells and tissues; however, it is unknown if this enzyme is a
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significant source of radical generation in human tumor cells. To
address this question, U251-MG cells subjected to CoCl2 treatment
were harvested, washed, and resuspended in PBS with the addition
of xanthine and 2,2-dimethoxypropane (DMP). The cells were
immediately transferred to an EPR with liquid sample cell and
spectra were acquired. EPR signals consisting of a prominent 1:2:2:1
quartet signal indicative of DMPO-OH adduct were observed
(Fig. 4B). To further confirm that XO was the source of free radical
generation, similar experiments were done in the presence of
allopurinol. In the presence of allopurinol, a >95% reduction in the
magnitude of the DMPO-OH signals was observed compared with
that in the absence of the blocker. These studies suggest that XOderived radical generation occurs and is an important mechanism of
radical generation in these cells.
Exogenous peroxide increases HIF1-A protein. The observation that NAC and allopurinol abolished HIF1-a induction by CoCl2
suggests that H2O2 acts as a signaling element in this response.
Therefore, exogenous administration of H2O2 should stabilize
HIF1-a during normoxia. To produce a more sustained elevation in
H2O2 levels, U251-MG cells were treated with repeated doses of
H2O2 every 10 minutes for 2 hours. This approach was sufficient
to trigger the stabilization of HIF1-a protein levels for low H2O2
concentrations (50, 100, and 300 Amol/L). However, exogenous
administration of higher doses of H2O2 (0.5 and 1 mmol/L)
abolished stabilization of HIF1-a in a dose-dependent manner
(Fig. 4C).
XO-specific siRNA blocked CoCl2-induced stabilization of
HIF1-A. Because expression of HIF1-a was suppressed by
allopurinol during the CoCl2 induction, we investigated the effects
of XO-specific siRNAs on HIF1-a stabilization by CoCl2. As illustrated in Fig. 5A, transfection of XO siRNA suppressed by 64 F 11%
the expression of XO as compared with cells transfected with
scrambled siRNA. To determine the effects of CoCl2 on ROS generation in siRNA-transfected cells, DCF fluorescence was assessed
in the presence of 100 Amol/L CoCl2. Scramble-transfected cells
exhibited increases in DCF fluorescence during CoCl2 treatment
and allopurinol abolished the increase in DCF fluorescence. In
contrast, XO siRNA blocked ROS production in response to CoCl2
(Fig. 5B). Figure 5C and D shows the effects of silencing XO on
the expression of HIF1-a induction by CoCl2. When XO-siRNA–
transfected U251-MG cells were exposed to CoCl2, a significant
decrease (>75%) in HIF1-a induction was observed. On the other
hand, in U251-MG cells transfected with scrambled siRNA, CoCl2
significantly increased HIF1-a induction. These results indicate
that suppression of XO expression is associated with a decrease of
ROS production and HIF1-a induction.

Discussion
The present investigation revealed a novel signaling pathway
mediating the effect of CoCl2 on HIF1-a stabilization and nuclear
translocation. ROS have been proposed to participate in the signal
transduction process mediating the stabilization of HIF1-a during
chemical hypoxia by CoCl2. However, controversy exists about
whether ROS levels increase or decrease under chemical hypoxia.
The present study shows that HIF1-a stabilization by CoCl2
requires an increase in ROS in U251-MG cells. Inhibition of CoCl2induced expression of HIF1-a by NAC indicated that redoxsensitive mechanisms were involved in this signaling pathway.
Because CoCl2 induced ROS production in U251-MG cells and
NAC attenuated this response, it is tempting to speculate that ROS
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contributed to activation of HIF1 by CoCl2. Finally, H2O2 caused
HIF1-a stabilization under normoxic conditions in U251-MG cells.
Indeed, U251-MG cells responded to low H2O2 concentrations
(0.05-0.3 mmol/L) by accumulation of HIF1-a. However, higher
H2O2 doses (0.5-1 mmol/L) abolished HIF1-a induction. These
observations indicate that low levels of an oxidizing stimulus
are sufficient to stabilize HIF1-a. These results are consistent with
previous reports showing that H2O2 bolus treatment in Hep3B and
293 cells induced the accumulation of HIF1-a (15). Collectively,
these findings support the conclusion that ROS are both required
and sufficient to activate the signaling system resulting in the
stabilization of HIF1-a in U251-MG cells. Our findings are
consistent with previous reports showing that chemical hypoxia
induced increases in ROS generation in cancer cells (13).
The concept has been put forward that ROS events are master
regulators of HIF1-a; however, the precise signaling pathway
implicated awaits clarification. To identify the site of ROS
generation in U251-MG cells, mitochondrial electron transport
chain inhibitors were administered during CoCl2 treatment.
Mitochondrial complex III can generate ROS especially in the
presence of compounds that prolong the half-life of ubisemiquinone (38, 39). Therefore, mitochondrial electron transport chain
inhibitors that suppress the formation of ubisemiquinone at
complex III should abolish the induction of HIF1-a seen during
CoCl2 treatment. However, neither of the complex I inhibitors,
rotenone or diphenylene iodonium, abolished the HIF1-a induction. These results show that ROS generation at complex III is not
required for the induction of HIF1-a during CoCl2 treatment.
Because diphenylene iodonium also inhibits flavoprotein oxidases
(26), including NAD(P)H oxidase and cytochrome P450 reductase,
we concluded that cytochrome P450 or NAD(P)H oxidase does not
participate in the induction of HIF1-a during CoCl2 treatment in

U251-MG cells. Although increased ROS production in response
to CoCl2 has been previously attributed to a nonmitochondrial
mechanism (5), the site(s) of other sources of ROS has not been
determined. Our data suggest that XO is important in this process
because inhibiting this enzyme with allopurinol completely
abolished CoCl2 induction of HIF1-a in U251-MG cells. XO has
been hypothesized to be an important source of free radicals in
postischemic cells and tissue (40); however, cultured human cells
generally do not express XO when cultured in normoxia.
Nevertheless, SV40 immortalized human mammary epithelial cell
line (HB4a; ref. 41) and isolated human aortic endothelial cells (20)
showed measurable XO activity and this enzyme was a significant
source of radical generation. We observed that the addition of
xanthine to U251-MG cells previously exposed to CoCl2 led to a
greater production of ROS than in cells not exposed to CoCl2.
This xanthine-dependent production of free radicals was completely blocked with allopurinol, confirming that the free radical
source was the XO system. The concentrations of allopurinol that
we used in this study are comparable to other studies and indicated
that allopurinol did not act as a nonspecific scavenger of either
superoxide or hydroxyl radicals (20). Thus, XO seemed to be a novel
and essential component of HIF1-a regulatory machinery in U251MG. Further experiments were done to determine whether this
XO-mediated radical generation was triggered by increased enzyme
activity. We observed in human glioma cells U251-MG and D54-MG
that there is a significant XO activity that can be measured by the
spectrophotometric assay of urate formation and that XO activity
is increased during CoCl2 treatment without changes in XO protein
levels. A recent report suggests a hypoxic activation of xanthine
oxidoreductase in BEAS-2B cells; however, the authors were not
able to show XO activation by CoCl2. The authors suggest that the
signaling pathway involving the HIF1-a transcription factor may

Figure 4. A and B, effect of CoCl2 and allopurinol on
XO activity. Lysates of untreated cultures of glioma
cells or those exposed to CoCl2 100 Amol/L for 5 hours
(A, U251-MG; B, D54-MG) were used to measure XO
activity in the presence or absence of different
concentrations of allopurinol. Columns, mean of
specific XO activity from four independent
experiments; bars, SD. C, XO-dependent cellular
radical production. U251-MG human glioma cell
suspensions (10  106-12  106 cells/mL in PBS,
pH 7.4) were incubated with DMPO (25 mmol/L)
and indicated quantities of XO substrate/inhibitor
and radical production were assessed by EPR
spectroscopy as described in Materials and Methods.
A, spectrum of control cells plus DMPO in the
absence of xanthine. B, control cells plus DMPO and
xanthine (50 Amol/L). C, control cells plus DMPO,
xanthine (50 Amol/L), and allopurinol (150 Amol/L).
D, cobalt-treated cells plus DMPO and xanthine
(50 Amol/L). E, cobalt-treated cells plus DMPO,
xanthine (50 Amol/L), and allopurinol (150 Amol/L).
D, effect of H2O2 on HIF1-a induction. U251-MG cells
were exposed to repeated dosed of H2O2 (0.05-1
mmol/L) every 10 minutes for 2 hours. Top, HIF1-a
nuclear abundance was assessed by immunoblotting,
showing protein abundance with different H2O2
concentrations. h-Actin is shown as an internal
reference for semiquantitative loading in each lane.
Bottom, densitometric analysis of HIF1-a induction.
Columns, mean of the relative intensity of the bands
from three independent experiments; bars, SD.
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Figure 5. Down-regulation of XO expression
by siRNA transfection. A, Western blot
analysis showing the effects of XO-siRNA or
control-siRNA transfections on expression of
XO. B, effect of CoCl2 and allopurinol on ROS
generation in XO-siRNA– or control-siRNA–
transfected cells. C, effect of CoCl2 and
allopurinol on HIF1-a induction in XO-siRNA– or
control-siRNA–transfected cells. D, densitometric
analysis of HIF1-a induction presented in (B ).
Columns, mean of the relative intensity of the
bands from three independent experiments;
bars, SD.

not be relevant (42). The discrepancy with our results may be due
to cell type–specific responses or variations in experimental conditions. It is important to note that in the results reported by
Linder et al. (42), the cells were incubated with CoCl2 for 24 hours.
Our results showed that CoCl2 stimulation transiently elevated
HIF1-a protein levels, peaking at 3 to 4 hours, consistent with
the idea that a rapid increase in ROS such as with CoCl2 may
transiently activate a signaling cascade, leading to induction of
HIF1-a. The mechanisms by which CoCl2 leads to increased
enzyme activity need further investigation and are beyond the
scope of this report. The role of XO in HIF1-a induction in U251MG cells exposed to CoCl2 was further studied by using siRNA
targeted against human XO. siRNA transfection reduced expression
of XO in U251-MG and abrogated almost completely CoCl2-induced
up-regulation of HIF1-a.
Our observations unequivocally identify a new pathway by which
CoCl2-dependent HIF1-a induction in U251-MG cells is mediated
by ROS generated by XO. First, CoCl2 allowed the stabilization and
nuclear translocation of HIF1-a under normoxic conditions;
second, CoCl2 augmented intracellular accumulation of ROS; third,
selective antioxidants attenuated CoCl2-mediated activation of
HIF1-a; fourth, CoCl2 significantly increased XO activity; fifth,
treatment of cells with the XO inhibitor allopurinol blocked ROS
generation; sixth, blockade of XO activity abrogated CoCl2dependent HIF1-a activation; and finally, siRNA targeted against
XO reduced expression of XO and significantly reduced HIF1-a
accumulation after CoCl2 treatment. Based on our previous
definition of bioenergetic phenotypes (19), this pathway mediated
by XO is specific to glioma cells that exhibited a glycolyticdependent phenotype and should confer a major role in controlling
HIF1-a regulation in these cells.
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To further elucidate the pathways leading to activation of
HIF1-a, glutathione concentration was enzymatically assessed in
cultures exposed to 5 hours of CoCl2 treatment. We noted that
CoCl2 treatment in D54-MG cells resulted in a reduction of [GSH]
with a modest increased in [GSSG].
The present investigation has further illuminated the mechanism
of action by which CoCl2 mediates its inductive effect on HIF1-a
through XO. Taken together, the present study favors a model in
which XO-induced generation of ROS leads to the activation of
HIF1-a. The finding that HIF1-a is activated via an ROS-sensitive,
XO-dependent mechanism points toward a more general role of
this transcription factor in tumor progression.
From the experiments shown here, we conclude that ROS were
indeed generated in D54-MG cells exposed to CoCl2 but it was
unlikely that ROS participated in the hypoxic signal transduction
pathways in this cell type. These results are consistent with the result
from Salnikow et al. (13). They concluded that ROS production was
increased during exposure of A549 cells to nickel or cobalt; however,
ROS were not involved in HIF1-a activation. A similar observation
was made by Hohler et al. (43) who found that ROS production was
increased in PC12 cells during hypoxia but was not the cause of
the hypoxia-driven tyrosine hydroxylase mRNA formation. The
complexity of HIF1-a regulation by ROS-dependent or other redoxsensitive pathways in different cell types is also underlined by studies
in fetal alveolar epithelial cells where NAC increased HIF1-a
expression under nonhypoxic conditions (44), as well as by a report
showing that redox mechanisms can target discrete regions of
the HIF1-a protein (45). It is likely that cell type–dependent and
stimulus-dependent factors control ROS dependency or redox
sensitivity of HIF1-a. The XO signaling involved in the regulation
of HIF1-a expression may involve location-specific redox reactions,
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which may require a more oxidizing environment in the cytosol,
such as exists in U251-MG cells. Additional work is required to
fully clarify these issues. However, one might speculate that the
capacity of glioma cells to mount adaptive redox responses to a
hypoxia-like environment is determined by the interplay between
reduction-oxidation states, cellular compartments, and the glutathione buffering capacity of the cells.
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