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Abstract

The iron-chelator desferrioxamine (DFO) and the transition metal cobalt induce hypoxia-inducible factor-la (HIF-1a) in
normoxia. DFO stabilizes HIF-1a from proteolysis by inhibiting the activity of iron-dependent prolyl hydroxylases, but the
mechanism of action of cobalt is not fully elucidated. The purpose of this study was to examine the regulation of HIF-1a
induction and HeLa cell proliferation by cobalt and the role of iron in these processes. Our results show that, unlike DFO,
induction of transcriptionally active HIF-1a by CoCl, cannot be abrogated by the addition of excess Fe>™, but involves the
production of reactive oxygen species (ROS) and the operation of the phosphatidylinositol-3 kinase (PI-3K) and MAPK
pathways. CoCl,, as well as DFO, decreased HeLa cell proliferation, but these effects were reversed by the addition of Fe?™.
We conclude that the effect of cobalt on cell proliferation is iron-dependent, while its effects on HIF-1a induction are ROS-

and signaling pathways-dependent, but iron-independent.
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Introduction

Cells subjected to hypoxia (reduced availability of
oxygen) respond by transcriptional changes that
promote increased anaerobic metabolism, erythropoi-
esis, angiogenesis and other adaptive responses [1—-3].
The key mediator of these changes is the transcription
factor hypoxia-inducible factor 1 (HIF-1), a hetero-
dimer of the protein subunits HIF-la, which is
induced by hypoxia and HIF-1{3 or aryl hydrocarbon
receptor nuclear translocator (ARNT), which is
constitutively expressed [4].

Hypoxia regulates the levels of HIF-la protein
mainly post-translationally by inhibiting its ubiquiti-
nation and proteolysis [5,6]. In normoxia (21%
oxygen), 2-oxoglutarate-, O,- and Fe®"-dependent
prolyl hydroxylases (PHDs: proline hydroxylase
domain proteins) catalyse hydroxylation of specific
proline residues in HIF-la. This modification

is required for the binding of the von-Hippel-Lindau
tumor suppressor protein (pVHL), a component of an
E3 ubiquitin ligase, which targets HIF-la for
proteosomal degradation [7-10]. Furthermore in
normoxia, hydroxylation of HIF-1a by an asparagine
hydroxylase, called factor-inhibiting HIF-1 (FIH-1),
leads to HIF-1a transcriptional inactivation [11]. In
hypoxic conditions, hydroxylation by the PHDs and
FIH is inhibited, leading to HIF-1a stabilization and
activation. Full transcriptional activation of HIF-1
requires phosphorylation and nuclear translocation of
HIF-1a, heterodimerisation with ARNT, binding to
the hypoxia-response-elements (HREs) of target
genes and interaction with the coactivator p300/CBP
and other proteins [2,3,12,13].

HIF-1« can also be induced in normoxic conditions
by certain chemicals, called “hypoxia mimetics”, such
as the iron-chelator desferrioxamine (DFQO) [14] and
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the carcinogenic transition metal cobalt [15]. It has
been suggested that both DFO and cobalt stabilize
HIF-1a from degradation by inhibiting the activity of
the PHDs, through Fe?' depletion or substitution,
respectively [16]. However, other studies have
proposed alternative ways for the action of cobalt.
It has been shown that cobalt can prevent the binding
of HIF-1a to pVHL [17], inhibit HIF-1a degradation
[18], or deplete ascorbate [19], which is essential for
maintaining the PHDs in the active (Fe>") state [20].
Finally, the cobalt-induced increase in HIF-1a levels
has been reported to depend on ROS formation in
Hep3B [21] and Mum2B cells [22] and our previous
results have implicated ROS formation, as well as
the operation of the phosphatidylinositol-3 kinase
(PI-3K) signaling pathway, in the effects of cobalt in
tracheal smooth muscle cells [23].

HIF-1a targets include both pro- and anti-apoptotic
genes [3] and depending on the cell type and severity
of hypoxic stress, both increased and decreased
survival, proliferation and apoptosis have been
reported [24—27]. However, the question of whether
the induction of HIF-1a by “hypoxia mimetics” has
identical effects on cell survival and proliferation to
that produced by the reduced availability of oxygen has
not been systematically addressed. This is of con-
siderable biological relevance, given the diverse
actions that many of these chemicals exert. More
specifically, the relative importance for cell survival
and proliferation of HIF-1 expression versus other
responses elicited by DFO and cobalt is unknown.

In order to address these issues, we studied the
regulation of HIF-la expression and Hela cell
proliferation and cycle progression by cobalt chloride
and examined the role of iron in these processes. For
comparison, we also examined the involvement of iron
in HIF-1a induction and cell proliferation in DFO- or
hypoxia-treated HelLa cells. Our results show differ-
ences between hypoxia and its chemical mimetics and
demonstrate that the biological effects of cobalt on
HIF-1a expression are ROS- and kinase signaling-
dependent, but iron-independent, whereas its effects
on cell proliferation are iron-dependent.

Materials and methods
Reagents

Ferric citrate, cycloheximide, DFO, cobalt chloride,
N-acetyl-L-cysteine (NAC) and other reagents were
purchased from Sigma Chemicals, unless otherwise
stated. Trolox was from FLUKA. The kinase
inhibitors, 1.Y294002 and PD98059, were from Cell
Signaling.

Cell cultures

The human cervical epithelial cell line HelLa was
maintained in Dulbecco’s modified Eagle medium

(DMEM, High Glucose) (Gibco BRL), supplemented
with 10% fetal bovine serum (Biochrom KG Seromed),
antibiotic—antimycotic solution (Gibco BRL) and
2mM L-glutamine (Biochrom KG Seromed). Cells
were incubated at 37°C in a humidified atmosphere
containing 5% CO,. Hypoxic conditions were created
by maintaining cells in a sealed chamber (Billups-
Rothenberg) flooded with 94% N, 5% CO,, 1-1.5%
O, and oxygen tension was monitored continuously
with a Clark-type oxygen electrode. DFO or cobalt
chloride was added at a final concentration of 150 uM.
Where present, ferric citrate was added 1 h before, NAC
2 h before and Trolox simultaneously with the induction
of hypoxic stress. All other reagents were added at the
times and concentrations stated in the legends to figures.
All experiments were performed before cells reached
confluence and were repeated at least three times.

Western blot analysis of cellular proteins

After incubating HeLa cells for various times with the
different effectors, cells were lysed in 20 mM Tris—Cl,
50 mM NaCl, 10% Glycerol, 1% Triton-X100, 0.5% -
mercaptoethanol, 6 mM MgCl, in the presence of a
cocktail of protease inhibitors (pefabloc 1 mM, leupep-
tin 1 wM and pepstatin 1 wM). Protein extracts (40 ug)
were resolved by 8% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS—PAGE) and
transferred to nitrocellulose membranes according to
standard protocols. Western blots were analysed with
anti-HIF-1a mouse monoclonal antibody (BD Trans-
duction Laboratories), or anti-ARNT mouse mono-
clonal antibody (BD Transduction Laboratories), or
anti-actin mouse monoclonal antibody (Serotec), or
anti-p42/44 MAPK rabbit polyclonal antibody (Cell
Signaling). Membranes were then incubated with
horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (BioRad) or goat anti-rabbit IgG (Cell
Signaling) and proteins were detected by enhanced
chemiluminescence (ECL, Amersham). Experiments
were repeated at least three times and representative
blots are shown. For quantitation, image scans of
Western blots from independent experiments were used
with a Photoshop program and the ratio of the intensity
ofthe HIF-1a band to the actin band was calculated and
expressed as a percent of the control samples.

DNA synthesis assays

DNA synthesis was assessed in triplicate wells by the
incorporation of [°H]-thymidine. Hela cells were
seeded in 22 mm wells at a density of 10 cells/well and
were incubated with the various effectors for the
indicated periods of time. Four hours before the end of
the incubation period, 0.25pnCi [’H]-thymidine
(44 Ci/mmol, Amersham) was added to each well.
Radioactivity incorporated into trichloracetic
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acid-insoluble material was measured in a  liquid
scintillation counter.

Cell numbers were determined in triplicate 22 mm
wells. After incubation in various conditions, non-
confluent cells were recovered with trypsin-EDTA
(Biochrom KG) and counted in a Neubauer plate after
trypan blue coloration.

ROS measurements in cells

ROS levels were measured using 2,7-dichlorodihy-
drofluorescein diacetate (H2DCF-DA; Molecular
Probes, Invitrogen detection technologies). H2DCF-
DA is a nonfluorescent compound that is loaded into
cells as a cell-permeant ester. On cleavage by
intracellular esterases, it can be oxidized by ROS to
a fluorescent product. Hela cells, cultured for 4h
with various effectors, were loaded with 10pM
H2DCF-DA for 30min at 37°C. Cells were then
trypsinized, resuspended in PBS and submitted to
flow cytometric analysis. Fluorescence was measured
at 520 nm following excitation with 488 nm light from
an argon laser with a FAC scan. Detection was based
on the mean fluorescence intensity of 20,000 cells.

Flow cytometric analysis of cellular DNA content

Cells were exposed to hypoxia (1% O,), 150 .M DFO
or 150 wM CoCl, for 24 h and were then detached by
trypsinization and fixed overnight in 70% ice-cold
ethanol. After washing with PBS, cells were resus-
pended at a density of 10° cells/ml in staining solution
(10 pg/ml propidium iodide, 100 pg/ml RNase A) for
45 min in the dark and then immediately analyzed on
an EPICS flow cytometer (Beckman Coulter).

Immunofluorescence microscopy

Cells growing on glass slides were fixed with 3%
formaldehyde and permeabilized with 1% Triton X-
100. After blocking nonspecific binding with 3%
bovine serum albumin (BSA) in PBS-0.1% Tween 20
overnight, the cells were incubated with an anti-HIF-1
antibody (BD Transduction Laboratories, 1: 200
dilution). Primary antibody was detected by incu-
bation with a fluorescein isothiocyanate (FITC)-
conjugated rabbit anti-mouse antibody (BioRad, 1: 50
dilution). The cells were visualized and photographed
utilizing a fluorescence Optiphot-2 microscope and
UFX-DX camera system (Nikon).

Reporter gene assays

Hela cells were transiently co-transfected with
a hypoxia-responsive luciferase reporter gene and a
constitutive (3-gal expression vector, using the Trans-
Pass D2 DNA transfection reagent according to the
manufacturers instructions (New England Biolabs).

Cells were transfected with 1 g pGL3-5HRE-VEGF
plasmid (containing the luciferase reporter gene under
the control of five tandemly repeated HRE motifs from
the VEGF gene, driven by the SV40 promoter), kindly
provided by Dr A. Giaccia, or 1 pg pGL3-promoter
plasmid (same as the previous plasmid, but without the
HREs) and 1pg CMV-lacZ plasmid, both kindly
provided by Dr A. Kretsovali. The transfected cells
were cultured for 24h and were subsequently
incubated for 4 h under different conditions of hypoxic
stress, in the presence or absence of 0.5mM ferric
citrate. Luciferase activity was determined by a
chemiluminescence assay kit (Promega) with a
luminometer (TD20/20, Turner Designs) and was
normalized to B-galactosidase activity.

Statistical analysis

Graph Pad Instat Statistical package for Windows was
used. Data are expressed as mean = standard devi-
ation (SD). The one way analysis of variance
(ANOVA) with Bonferroni post-test was used for the
comparison of data and the statistical significance
limit was set to p < 0.05.

Results

Kinetics of induction of HIF-la by CoCl,, DFO
or hypoxia

In order to compare the characteristics of induction
of HIF-1a by CoCl, with that produced by hypoxia or
iron chelation, we performed the kinetic analysis
shown in Figure 1. The concentrations of cobalt
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Figure 1. Western blot analysis of the kinetics of HIF-la
expression in hypoxically stressed Hela cells. Lanes 2—7: Cells
were exposed to hypoxia (1.5% O,), DFO, or CoCl, for the
indicated times and cell lysates were prepared and analysed as
described in Materials and Methods. Lane 1: CTL, control
untreated cells, cultured at normoxic conditions. Equal protein
loading was confirmed by reprobing the membranes for ARNT or
actin expression, as indicated.
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or DFO employed (150 pM) were determined in
preliminary dose-response experiments (using 50—
200 uM of each chemical) to produce maximal
induction of HIF-1a at 4—24h, without being toxic
to cells (results not shown). In subconfluent cultures,
HeLa cells do not constitutively express HIF-1a, as
shown by Western blotting (Figure 1, lane 1). Under
hypoxic conditions, HIF-la accumulation was
detectable by 1h, was maximal at 4—8h, but
decreased to control, non-detectable levels by 48h,
although the cells continued to grow normally and
had not become confluent. Moreover, use of an anti-
ARNT antibody confirmed that the observed changes
were specific to HIF-1a. In contrast, in cells cultured
with DFO or cobalt chloride, HIF-1a protein levels
remained high up to 48 h. These results show that the
expression of HIF-la is differentially affected by

prolonged exposure to hypoxia or its chemical
mimetics.

Reactive oxygen species are involved in the induction
of HIF-1a by CoCl,, but not by hypoxia or DFO

There are conflicting reports in the literature
concerning the involvement of ROS in the induction
of HIF-1a [21-23,28-30]. To clarify the involvement
of ROS in HIF-la induction in HeLa cells, we
investigated how the anti-oxidant NAC, a precursor
of glutathione and free radical scavenger, affected the
expression of HIF-1a. We found that 5 mM NAC did
not influence the expression of HIF-la by hypoxia
or DFOQO, but led to a marked decrease of its induction
by CoCl, (Figure 2A, lane 2), a compound known to
generate ROS [31]. NAC had no effect on cell viability

Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/02/11

A B
NAC _ + NAC - 1 5 15 mM
Normoxia - - - HIF-1a
: CoCl, :
| — —— | —— | — actin
— e | HIF-10
Hypoxia
—  mmmew | 201N
C
TROLOX - +100pM +1mM
s W | HIF-1o . > :
DFO - — | HIF-10
. CoCl,
--‘ actin
4 e | actin
1 2 3
- s | HIF-100
— e actin D
CoCl,
— e ARNT 2 350 -
3 288 P
| — | — p42/44 \2 250 .
E 200 -
c
! 2 g 150 -
5 100 -
=]
r 50 -
& O O s+ &
A 000\‘» é?‘ x\;\* A 0\0 « o\o
o()\"b \Wx
(¢ 000
Figure 2. Involvement of ROS in HIF-1a expression in hypoxically stressed HeLa cells. A. Effect of NAC. Cells were cultured for 4 h, under

the conditions indicated, in the presence (lane 2) or absence (lane 1) of 5mM NAC and lysates were prepared and analysed for HIF-1a
expression. Besides actin, the CoCl, samples were tested for the expression of ARNT and p42/44. B, C. Concentration-dependent effect of
antioxidants. Cells were cultured for 4 h with CoCl, in the presence of the indicated concentrations of NAC (B) or Trolox (C) and cell lysates
were analyzed for HIF-1a expression. Data in A, B and C are representative of three independent experiments. D. Measurement of ROS. After
culturing for 4 h with CoCl,, 5mM NAC, 1 mM Trolox, or the combinations indicated, cells were incubated with 10 uM H2DCF-DA and
processed as described in Materials and Methods. CTL, control untreated cells. The relative change in mean fluorescence was calculated as
the ratio of mean fluorescence channels for the treated to untreated (control) cells. The results are the mean = SD of three independent
experiments. **, P < 0.01 versus control.
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after 4 h of culture under conditions of hypoxic stress
(results not shown). Furthermore, its effect was
specific for HIF-1a, as it did not influence the
expression of actin, ARNT, or p42/44 MAPK, a
short-lived signaling protein. Similar results were
obtained when these experiments were performed in
the presence of 10mM glutathione (results not
shown).

The effect of NAC was concentration-dependent:
cobalt-induced HIF-1la protein levels were slightly
decreased with 1mM NAC, but were completely
abolished with 15mM NAC (Figure 2B). Because
NAC and possibly glutathione, may chelate cobalt
(II), we repeated the cobalt experiment in the presence
of Trolox, a water-soluble analogue of vitamin E,
which is not expected to bind metals and found that
1mM Trolox also reduced the cobalt-induced
expression of HIF-1a (Figure 2C, lane 3). Further-
more, we independently confirmed, by flow cyto-
metric analysis using the redox-sensitive dye H2D CF-
DA, that under our culturing conditions, CoCl,
caused a 2.5-fold increase in intracellular ROS levels
and that this effect was reversed by addition of the
ROS scavengers NAC or Trolox (Figure 2D). These
data (Figure 2A-D) provide strong evidence that
ROS are involved in the induction of HIF-1« by cobalt
in HeLa cells.

LY294002 - + -
PD98059 - - +
Hypoxia
—— — | ——
1 2 3

— ———
DFO
1 2 3
CoCl, - .

The PI-3K and ERKI/2 pathways are involved in
the induction of HIF-1a by CoCl,, but not by hypoxia
or DFO

The expression and activity of HIF-1a can be affected
by the MAPK or PI-3K signaling pathways, depend-
ing on the cell type and inducer employed [2,32].
We found that when the inhibitor of the PI-3K, LY
294002, or the inhibitor of the extracellular regulated
kinase ERK1/2, PD98059, were present in the cell
cultures, the induction of expression of HIF-1la by
hypoxia or DFO was not affected (Figure 3, left
panels—compare lanes 2 and 3 with 1). However,
HIF-1a expression was decreased in the presence of
either inhibitor in the cobalt-treated cells. Quanti-
tation and statistical analysis of the results of three
independent experiments revealed that, in the cobalt-
treated cells, this decrease in HIF-1a was significant
(Figure 3, right panels). These data indicate that the
action of cobalt chloride is mediated, at least partly, by
PI-3K and ERK1/2 signaling.

Ferric citrate abrogates HIF-1e induction by DFO, but
not by CoCl, or hypoxia

It has been shown that the induction of HIF-la
by DFO can be reversed by excess iron [14].
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Figure 3. The effect of PI-3K and ERK1/2 kinase inhibitors on the expression of HIF-1« in hypoxically stressed HeLa cells. A. Western blot
analysis. .Y294002 (lane 2) or PD98059 (lane 3) was added or not (lane 1) at a concentration of 50 .M, 15 min before culturing cells for 4 h
under hypoxic (1% O,) conditions, or with DFO or CoCl, and lysates were prepared and analyzed as previously described. B. Blot
quantitation and statistical analysis. These were performed as described in Material and Methods, using results from three independent

experiments. *** = p < 0.001.
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Figure 4. The effect of ferric citrate on HIF-la expression
in HeLa cells cultured under different conditions of hypoxic
stress. A. Western blot analysis of HIF-1a. Cells were cultured
for 4 or 24h as indicated, in the absence (lanes 1, 3) or
presence (lanes 2, 4) of 0.5mM ferric citrate (Fe’™).
B. Immunofluorescence analysis of HIF-la. Hela cells were
cultured as shown for 4h without (upper panel) or with (lower
panel) 0.5mM ferric citrate (Fe®"). Data in A and B are
representative of three independent experiments. C. Reporter
gene assays of the transcriptional activity of HIF-1. Transient
transfections with pGL3-5HRE-VEGF (filled bars) or pGL3-
promoter (open bars) were performed as described in Materials
and Methods. The luciferase chemiluminescence values are the
means of three separate experiments performed in triplicate for
each condition, normalized to the -galactosidase values and are
expressed as fold increase compared to the control non-
hypoxically stressed cells. Each value is the mean = SD of the
normalized data.

We confirmed that addition of 0.5 mM ferric citrate to
HelLa cells 1h before addition of 150 puM DFO and
culturing for 4 or 24 h, abrogated the expression of
HIF-1a (Figure 4A, compare lanes 2 and 4 with 1
and 3). A similar, but smaller, decrease in HIF-1«
expression was obtained when equimolar amounts of
iron and iron-chelator were added (results not shown).
However, addition of excess iron to cells before
culturing with cobalt chloride, did not decrease HIF-
la expression (Figure 4A). Similar results were
obtained with ferrous ammonium sulphate (Fe?"),
indicating that these effects did not depend on the
oxidation state of the iron salts added (results not
shown). Furthermore, iron had no affect on HIF-1a
induction in hypoxic cultures.

The effect of ferric citrate was also confirmed by
immunofluorescence experiments. In HelLa cells, no
HIF-1a could be detected in normoxia (Figure 4B).
In the cobalt-treated cells, there was a strong signal for
HIF-1a, which was localized mainly in the nucleus.
In the presence of ferric citrate, the intensity of
fluorescence was not affected (if anything, it was
slightly increased), in agreement with our western blot
findings. A similar effect of iron was observed in the
hypoxic cultures, whereas, as expected, addition of
ferric citrate decreased the overall expression of HIF-
la in the DFO-treated cells.

Next, we investigated whether the transcriptional
activity of HIF-1 induced by cobalt is influenced by
the addition of iron. Transfection experiments showed
that hypoxia, or addition of DFO or CoCl,, led to
approximately a 10-fold increase in HIF-1 transcrip-
tional activity, compared to the control untreated
cells, as measured by a luciferase reporter gene assay
(Figure 4C). Addition of Fe*" had no effect on the
control cells and did not influence the transcriptional
activity of HIF-1 in the hypoxic or cobalt-treated cells,
but significantly reduced it in the DFO-treated cells.

Thus, our results of Figure 4 demonstrate that an
excess of exogenously added ferric ions does not affect
the protein levels, subcellular localization or transcrip-
tional activity of HIF-1a induced by cobalt. Further-
more, iron does not decrease HIF-1a protein levels
induced by hypoxia, suggesting that HeL.a cell PHD
activity is not limited by iron availability at low-oxygen
tension.

CoCl, or DFO, but not hypoxia, inhibit Hela
cell proliferation and cell cycle progression by an
tron-dependent mechanism

In earlier experiments, we found that, in contrast to
hypoxia, addition of 150 uM of DFO or cobalt
chloride decreased Hel.a cell growth, compared to
control cultures. However, these agents caused no
irreversible cell damage, at least during the first 24 h
of incubation, since if cells were subsequently placed
in fresh medium without these hypoxia mimetics,
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cell growth, as assesed by measuring the number
of viable cells, was restored to control levels
(results not shown). Because DFO and cobalt,
besides inducing HIF-1a, are known (DFO) [33]
or suspected (cobalt) [19,34] to interfere with iron
availability and the growing evidence that oxygen and
iron homeostasis are closely linked [3,35], we
investigated whether the anti-proliferative effect of
these two chemicals was influenced by the presence of
excess iron.

At normoxic conditions, subconfluent Hel.a cells
grow with a doubling time of 18 h (results not shown)
and are active in DNA synthesis, as assessed by the
incorporation of [°H]-thymidine (Figure 5A). Flow
cytometric analysis showed that approximately 63% of
the cells were present at the G1 phase of the cycle,
15% at the S phase and 22% at the G2/M phase
(Figure 6). After 24h culture at 1% O,, the [°H]-
thymidine incorporation (Figure 5B), as well as the
cell cycle distribution (Figure 6), did not differ from
the control. Addition of ferric citrate to the control or
hypoxic cells resulted in a small increase in DNA
synthesis and percentage of cells present in the S
phase. After culturing for 24 h with DFO, the tritiated
thymidine incorporation was approximately 50% of
the control (Figure 5C), while the percentage of cells
present at the G1 phase was significantly higher than
the control (approximately 90% compared with 63%),
suggesting that DFO causes an arrest of the cell cycle
at this phase (Figure 6). Addition of ferric citrate to
the DFO-treated cells, restored cell numbers (results
not shown) as well as DNA synthesis to near control
levels and resulted in a significant increase in the
percentage of cells present in the S phase, leading to a
normalization of the cell cycle. In cells cultured with
cobalt, there was a pronounced inhibition of [*H]-
thymidine incorporation (Figure 5D) and a reduction
in the percentage of cells present in the G1 and S
phases, while the percentage of cells present in the
G2/M phase was significantly higher than the control
(approximately 40% compared with 22%), suggesting
that cobalt tends to delay the cell cycle by
accumulating cells at this phase transition (Figure 6).
When excess Fe>" was added to the cobalt-treated
cultures, cell numbers (results not shown) and [°H]-
thymidine incorporation (Figure 5D) were restored to
almost control levels and there was an increase in the
percentage of cells present in the S phase (Figure 6).

These data demonstrate that in Hel.a cells, the
inhibition of proliferation produced by both DFO and
cobalt is due to interference with iron availability or
metabolism, since it can be reversed by excess iron,
but is mediated by different mechanisms, since it
results in different distribution of cells in the cell cycle.
Moreover, comparison of the data of Figures 1 and 4
with Figures 5 and 6 reveal that, in the case of the
control, hypoxic or cobalt-treated cells, there is no
correlation between HIF-1a protein levels and Hel.a
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Figure 5. Effect of hypoxic stress and ferric citrate on HeLa cell
proliferation. Cells were cultured as indicated, in the absence or
presence of 0.5 mM ferric citrate (Fe>"). For each condition, [*H]-
thymidine incorporation was assayed at 4, 24 and 48 h of culture, as
described in Materials and Methods. All results are the mean = SD
of three independent experiments.

cell proliferation and cycle progression, while a
negative correlation exists in the case of DFO.

Discussion

In this study, we demonstrate that the mechanism of
HIF-1a induction by cobalt in Hela cells involves
ROS and the operation of signaling pathways and is
not, as generally assumed, simply through iron
substitution. Furthermore, our results highlight the
differences in the cellular response to hypoxia or its
chemical mimetics, DFO and cobalt, with regards to
HIF-1a induction and cell proliferation and show that
both these chemicals interfere with iron metabolism,
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Figure 6. Flow cytometric analysis of the effect of iron on the cell
cycle in HeLa cells cultured under different conditions of hypoxic
stress. Cells were cultured for 24 h at normoxic or hypoxic (1% O5,)
conditions, or with DFO or CoCl,, in the absence or presence of
0.5mM ferric citrate (Fe>") and were processed and analyzed, as
described in Materials and Methods. The results are representative
of four independent experiments.

albeit through different mechanisms. Finally, our data
indicate that in the cervical adenocarcinoma cell line
Hel a, a rapidly growing cell line, cell proliferation and
cycle progression are not related to HIF-la
expression, but depend on iron.

Our studies show that only hypoxia, as opposed to
its chemical mimetics, led to HIF-1a down regulation
after prolonged induction. This probably represents a
homeostatic adaptation to the continuing reduced
availability of oxygen, which no longer depends on
HIF-1a expression. The decrease in HIF-1a protein
levels could be mediated by the increase in the levels of
the prolyl hydroxylases [36—38], which are products
of HIF-la target genes, or by the induction of
antisense HIF-1a [39] or other HIF-1« isoforms [40],
which can act in a dominant negative manner.
Apparently, this negative feedback loop is not
established when HIF-la expression is induced by
DFO or cobalt, agents that affect severely the
proliferative capacity of the cells (see below).

Our experiments revealed major differences in the
mechanism of HIF-1a induction by DFO and cobalt
chloride and the effect of iron on this process.
Although the details of iron transport are not fully
elucidated, it has been shown that extracellular iron is
rapidly taken up by cells, via transferrin-dependent
and -independent mechanisms, increasing initially the
labile iron pool, the metabolically active iron
compartment of the cell [41]. DFO is taken into
cells by fluid phase endocytosis more slowly, leading to
a decrease in the labile iron pool present in the
endosomal/lysosomal compartments and to overall
iron availability [42]. Cobalt, which enters cells via the
divalent metal ion transporter (DMT-1), is reported
both not to affect [19] and to affect [34] the levels of
intracellular iron, depending on cell type. Never-
theless, it has been previously suggested that cobalt
induces HIF-1a by substituting the Fe*" in the active
center of the prolyl hydroxylases, thereby inactivating
them [16]. Our finding that prior addition of excess
iron to HeLa cells cultured with cobalt chloride does
not, as in the case of the DFO-treated cells, decrease
the expression of HIF-1a, is contrary to this notion.
Our data are, however, in agreement with reports from
in vitro experiments [43], as well as from intact cells
[17-19,21-23], that suggest alternative and more
complex mechanisms of cobalt activity. More specifi-
cally, we show that, in contrast to hypoxia or DFO,
induction of HIF-la by cobalt involves ROS and
depends, at least partly, on the operation of the
ERK1/ERK2 and PI-3K signaling pathways. Cobalt--
generated ROS may contribute to HIF-1a induction
in two ways. They may oxidize Fe®" to Fe?" in the
active site of prolyl hydroxylases, rendering them
inactive [44]. Alternatively, they may activate the
ERKI1/ERK2 and PI-3K signaling pathways, which
are generally involved in cell proliferation and survival,
leading to transcriptional and translational upregula-
tion of HIF-la [32]. Indeed, cobalt has been
previously shown to activate the ERKI1/ERK2
(p42 and p44) MAP kinase pathway in Hela cells
[45] and to act via the PI-3K pathway in Hep3B cells
[21] and in airway smooth muscle cells [23].
We therefore propose that cobalt increases HIF-1a
expression in Hela cells predominantly by an
iron-independent, but ROS, MAPK and PI-3K-de-
pendent mechanism. This contrasts with the mode of
action of DFO, which by depleting iron, mimics
hypoxia and inhibits the activity of the PHDs. It is
possible that the contradictory reports in the literature
concerning the action of cobalt in different cell
systems, may be due to differences in the redox state,
iron load or activation status of signaling pathways of
the cells, which, as suggested by our work, appear to
be major factors in determining its mode of action.

In HeL a cells, induction of HIF-1«a by hypoxia, did
not affect cell survival, DNA synthesis or the cell
cycle, at least for the 48 h period we tested. On the
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other hand, the iron-chelator DFO, while producing
a similar induction of HIF-1a at 24 h, caused a 50%
inhibition of DNA synthesis and cell cycle arrest at
the G1 phase, which could be reversed by the
addition of Fe®', demonstrating that the anti-
proliferative effect of DFO is due to iron depletion
and is not related to HIF-1a induction. Indeed, it is
known that iron is essential for DNA synthesis, that
rapidly growing cancer cells are often iron deficient
[46] and that iron chelators can lead to arrest at the
G1/S phase [33] and cell cycle dysregulation [47].
The addition of cobalt resulted in a profound
inhibition of DNA synthesis, due to the accumulation
of cells at the G2/M phase, which could be largely
prevented by the addition of iron. However, the levels
of HIF-1a were the same under both conditions of
culture, demonstrating that the cobalt-induced
inhibition of DNA synthesis is not related to HIF-
la induction. Indeed, with the exception of DFO, we
did not observe any correlation between HIF-la
induction and HeLa cell proliferation under all
conditions examined.

Although metal-induced carcinogenesis is fre-
quently attributed to oxidative stress [48], there is
no consensus in the literature about the mechanism
of action of cobalt with regard to cell proliferation.
To our knowledge, we are the first to report that the
cobalt-induced inhibition of cell proliferation can be
reversed by iron. On the basis of our data on DNA
synthesis and cell cycle analysis, we conclude that
the inhibition of proliferation produced by cobalt in
Hel a cells, since it is different from DFO, cannot be
solely due to its capacity to deplete or substitute iron
and may involve, as in the case of HIF-1a induction,
distinct cellular signaling pathways. Indeed, it is
known that cobalt, besides activating the hypoxic
pathway, also activates the Nrf2-MafG transcription
factors/stress response element and the transcription
factor 1/metal-responsive element pathways [49].
The precise nature of the pathway involved in the
cobalt-induced inhibition of cell proliferation that
can be reversed by iron requires further study.
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