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Soluble nickel compounds are carcinogenic to humans although the mechanism by which they cause cancer remains
unclear. One major consequence of exposure to nickel is the stabilization of hypoxia inducible factor-1a (HIF-1a), a
protein known to be overexpressed in a variety of cancers. In this study, we report a persistent stabilization of HIF-1a
by nickel chloride up to 72 h after the removal of nickel from the culture media. In addition, we show that the HIF-
prolyl hydroxylases (PHD’s) are inhibited when cells are exposed to nickel and that they remain repressed for up to 72 h
after nickel is removed. We then show that nickel can inhibit purified HIF-PHD’s 2 in vitro, through direct interference

with the enzyme. Through theoretical calculations, we also demonstrate that nickel may be able to replace the iron in
the active site of this enzyme, providing a plausible mechanism for the persistent inhibition of HIF-PHD’s by nickel. The
data presented suggest that nickel can interfere with HIF-PHD directly and does not inhibit the enzyme by simply

depleting cellular factors, such as iron or ascorbic acid. Understanding the mechanisms by which nickel can inhibit HIF-
PHD’s and stabilize HIF-1a may be important in the treatment of cancer and ischemic diseases. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

Hypoxia inducible factor-1 (HIF-1) is a heterodi-
meric transcription factor that plays an important
role in the cellular response to low oxygen condi-
tions. It is composed of a HIF-1a subunit and a HIF-1b
subunit, both of which are members of the basic
helix-loop-helix (bHLH)-containing Per-ARNT-SIM
(PAS) domain family of transcription factors [1]. The
HIF-b subunit is also known as the aryl hydrocarbon
receptor nuclear translocator (ARNT). Exposure
to hypoxia or hypoxia-mimicking conditions (iron
depletion, cobalt, nickel, 2-oxoglutarate analogs)
results in the stabilization of the HIF-1a subunit and
the subsequent dimerization of HIF-1a and HIF-1b/
ARNT. The HIF-1 dimer can act on a large number of
transcriptional targets by binding to hypoxia-
responsive elements (HRE) in the promoters of target
genes [2–5]. These target genes are important for
adaptation and survival under hypoxic conditions
and are involved in a wide variety of processes
including angiogenesis, erythropoiesis, iron trans-
port, glycolysis, cell survival/apoptosis, and metas-
tasis [6–8].

It is known that HIF-1a is activated and stabilized
in a number of cancers, including breast, brain, lung,
prostate, head, and neck [9]. During cancer develop-
ment, solid tumors often exhibit areas of low oxygen
availability, which results in the stabilization of
HIF-a [10]. This activation of HIF-1 leads to both
angiogenesis and a switch to anaerobic metabolism,

which promotes overall cell survival. The over-
expression of HIF-1 and its downstream target genes
has been associated with increased glycolysis, angio-
genesis, metastasis, and overall tumor malignancy
[6,7,11]. Although some studies have associated HIF-
1 with increased apoptosis and cell death, most
studies have linked it to negative outcomes, such as
increased tumor growth and metastasis [12]. Addi-
tionally, it has also been shown that disrupting HIF-
dependent transcription leads to an attenuation of
tumor growth in nude mice [13]. Overall, HIF-1 is an
important mediator of carcinogenesis progression.

In order to understand what causes the activation
of HIF-1, it is important to study its regulation. The
regulation of HIF-1 has become a major topic of
study in recent years. The HIF-a and HIF-1b subunits
are regulated in different manners. While HIF-1b
is constitutively expressed, HIF-a is regulated by a
variety of mechanisms, including cell signaling and
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numerous posttranslational modifications. In addi-
tion, there are three known related forms of HIF-a
(HIF-1a, HIF-2a, and HIF-3a) that have differences in
their regulation. The regulation of HIF-1a and HIF-2a
has been more extensively studied than that of HIF-
3a. The remainder of this report will only consider
HIF-1a. Under normoxic conditions, HIF-1a is
hydroxylated at Pro 402 or Pro 564 (in the oxygen-
dependent degradation domain (ODDD)) by the
HIF-prolyl hydroxylases (PHD’s1–3; also referred to
as HPH1-3 and EGLN1-3) [14,15]. Following these
specific proline hydroxylations, HIF-1 [14,15] is then
ubiquitinylated by a ubiquitin ligase complex con-
taining the von Hippel Lindau (VHL) tumor sup-
pressor protein, which binds tightly and specifically
to hydroxylated Pro 402 and 564 in HIF-1a. The
ubiquitinylated HIF-1a is then targeted for rapid
proteasome-dependent degradation. Under hypoxic
or conditions mimicking this state, the PHD
enzymes are inactive, and there is an absence of
hydroxylation of the ODDD domain resulting in a
loss of the degradation of HIF-1a. This leads to a
stabilization of HIF-1a protein. Although many
other processes (acetylation, phosphorylation, and
cell signaling) are involved in controlling HIF-a, the
PHD enzymes are primary regulators of HIF-1a
stability and may act as cellular oxygen sensors [9].

The PHD’s are members of the 2-oxoglutarate-
dependent dioxygenase family of enzymes [16].
In addition to 2-oxoglutarate, these enzymes require
Fe(II), oxygen, and ascorbic acid for activity. Inter-
ference with any of the cofactors/components
of the enzyme can alter activity. Hypoxia (1% O2),
deferroxamine (DFO, an iron chelator), dimethylox-
alylglycine (DMOG, a competitive inhibitor of 2-
oxoglutarate), and several divalent metals all
have been shown to decrease the activity of PHD’s,
thereby stabilizing HIF-1a. The iron in the active
site of these enzymes is coordinated by a 2-His-1-
carboxylate facial triad motif [16]. It has been
suggested that divalent metals may be able to
compete with or replace iron in the PHD
enzymes [14].

This study focuses on the effects of soluble nickel
on HIF-1a and the PHD enzymes. Nickel compounds
have been shown to be carcinogenic in vitro, in
animal models, as well as, in epidemiological studies
[17–25]. Exposures of cells to minimally toxic
concentrations of NiCl2 (0.5–1.0 mM) were shown
to be comparable to occupational exposures and
high-environmental exposures of nickel compounds
[26,27]. A major response of cells to nickel exposure
is the stabilization of HIF-1a and the activation of
genes regulated by this transcription factor, many of
which are involved with cancer progression. Using
mouse fibroblasts, we have previously shown that
nickel could only transform cells in the presence of
HIF-1a, whereas in HIF-1a knockouts, no growth in
soft agar was observed [28]. The exact mechanism by

which nickel activates HIF is unclear, though several
possibilities exist. It has been reported that nickel can
activate various signaling pathways such as PI-3
kinase, which may be involved in nickels’ ability to
stabilize HIF-1a [29]. We have previously shown
that nickel can interfere with iron metabolism and
iron-dependent enzymes, such as aconitase, so it is
reasonable to assume that nickel may also interfere
with PHD enzymes [26]. In addition, another group
has reported that nickel can interfere with the
metabolism of ascorbate, an important molecule
needed for HIF-PHD’s to function properly [26,30].
Another hypothesis suggests that divalent metals
like nickel and cobalt may bind directly to the iron-
binding site in HIF-PHD, thus inactivating the
enzyme. Here we investigate the effect of nickel
on the activity of HIF-PHD. We show that nickel
decreases HIF-PHD activity in a dose- and time-
dependent manner, which correlates with the stabi-
lization of HIF-1a. In addition, we show that nickel
inhibits PHD2 in vitro, thus providing evidence that
nickel can directly inactivate PHD enzyme. Based on
these results, we hypothesize that nickel can directly
inhibit PHD by persistently binding to the iron-
binding site in the enzyme.

MATERIALS AND METHODS

Cell Culture

Human lung A549 carcinoma cells were grown in
F-12K medium (Gibco BRL, Grand Island, NY). Media
was supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. Exposures were done in
complete medium. In recovery experiments, cells
were treated with either nickel or DFO for 24 h, the
media was then removed, cells were washed three
times, and fresh culture medium was added to the
dishes. Cells were allowed to recover from their
exposure for a 6-, 24-, 48-, or 72-h time interval.

Western Blots

A549 cells were grown in 60 mm dishes to 80%
confluency. Following the experimental exposure
regime, the media was removed, cells were washed
twice with cold PBS, and 150 mL of lysis buffer (1%
SDS, 1.0 mM sodium ortho-vanadate, and 10 mM
Tris, pH 7.4) at boiling temperatures was added to the
dish. The lysate was then collected, transferred to an
Eppendorf tube, and boiled for 5 min. Samples were
then subjected to sonication with 10 pulses (1 s each,
Branson Sonifier 450) and then centrifuged at
14 000 g for 15 min. The supernatant was collected
and used for Western blotting after the protein
concentration was determined. Forty micrograms
of protein was electrophoresed in a 7.5% SDS–PAGE
gel and transferred to a PVDF membrane at 225 mA
for 2 h. Immunoblotting was performed with 1:500
diluted HIF-1a primary antibody (BD Biosciences,
San Jose, CA) and 1:2000 diluted secondary mouse
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antibody. Detection was accomplished by chemical
florescence with an ECL Western blotting protocol
(Amersham, Piscataway, NJ).

VHL Assay

The VHL assay and the preparation of GST-ODD,
and 35S-labeled VHL protein has been described
previously [31]. In brief, glutathione-purified GST-
ODD (nucleotides 1616–1837 of HIF-1a) was com-
bined with cell extracts isolated from treated or
untreated samples in a reaction buffer containing
40 mM Tris pH 7.5, 0.5 mM DTT, 50 mM ferrous
sulfate, 1 mM ascorbate, 2 mg/mL of bovine serum
albumin, 0.4 mg/mL of catalase, and 0.3 mM 2-
oxoglutarate at 378 for 30 min. The reaction products
were then incubated with 50 000 dpm of 35S-labeled
VHL protein (synthesized from pcDNA3.1/V5-His-
vHL and the TNT-coupled reticulocyte lysate system
(Promega, Madison, WI)) in binding buffer (50 mM
Tris pH 7.5, 120 mM NaCl, 0.5% NP40) for 2 h at 48C.
Beads were then washed three times in NTEN buffer
(20 mM Tris pH 7.5, 100 mM NaCl, 0.5% NP40, and
1 mM EDTA). After washing, the remaining proteins
were eluted from the beads by boiling in SDS running
buffer for 5 min. The eluent was run on a 15% gel and
35S-labeled VHL was visualized with ENLIGHTNING
solution (Perkin Elmer, Wellesley, MA).

IRP-1 Electrophoretic Mobility Shift Assay

The assay was performed as previously described
[32]. Briefly, cells were exposed to nickel for 24 h and
allowed to recover. At selected time intervals, cells
were collected and lysed for 20 min on ice with lysis
buffer (10 mM HEPES, pH 7.5, 3 mM MgCl2, 40 mM
KCl, 5% glycerol, 0.3% NP-40, one tablet Roche
complete protease inhibitor cocktail, EDTA free).
Lysate was centrifuged at 14 000g for 20 min at 48C.
The supernatant was then transferred to a clean tube
and quantified. Samples were diluted to 1 mg/mL with
lysis buffer. Two micrograms of protein extract was
incubated with 32P-labeled RNA transcript (iron
response element probe) for 20 min at room tem-
perature. One unit of RNAse (Roche, Indianapolis,
IN) was then added to the reaction for 10 min to
digest any unprotected RNA. Two microliters of
heparin (50 mg/mL) was added for an additional
10 min to eliminate nonspecific binding. The RNA–
protein complex was electrophoresed on a 5%
nondenaturing polyacrylamide gel. The gel was then
dried and radioactivity was detected with a Storm
860 Phosphorimaging scanner (Molecular Dyna-
mics, Sunnyvale, CA).

In Vitro HIF-Prolyl Hydroxylase Assay

The nonradioactive in vitro HIF-PHD assay was
performed as previously described [33]. Briefly, HIF
peptide (Biotinyl-DLDLEMLAPYIPMDDDFQL) was
immobilized on 96-well NeutrAvidin high-binding
capacity plates (Pierce, Rockford, IL). Purified prolyl

hydroxylase enzyme (HIF-PHD2) was added to the
peptide substrate in 20 mM Tris, pH 7.5, 5 mM KCL,
1.5 mM MgCl2, 100 mM 2-oxoglutarate, 5–50 mM
ferrous sulfate, and 2 mM ascorbate in a final volume
of 100 mL at room temperature for 30 min. Hydro-
xylated HIF-peptide was then detected by adding
2.2 mg 6 His-Trx-VBC (VHL protein–elongin B–
elongin C complex) in 80 mL of binding buffer
(50 mM Tris, pH 7.5, 120 mM NaCl) to each well.
Binding of VBC to hydroxylated HIF-1a peptide was
allowed to occur for 15 min at room temperature. An
anti-thioredoxin antibody (1:4000) was then added
to the binding mixture for 30 min (T 0803, Sigma, St.
Louis, MO). Following this, 10 mL of anti-mouse IgG
peroxidase conjugate (1:200) was added and the
mixture incubated for an additional 30 min (A 0168,
Sigma). The wells were then washed three times with
wash buffer and incubated with a TMB substrate
kit for 15 min at room temperature (Pierce). The
reaction was stopped by adding 100 mL of H2SO4 and
bound VBC was calculated by measuring the OD at
450 nm with a Tecan Spectra plate reader.

HIF-Prolyl Hydroxylase Modeling

In order to simplify the analysis of the Fe-binding
site of HIF-PHD’s and other dioxygenases, appro-
priate smaller molecules were substituted for the
large amino acid groups, viz. histidine was modeled
as imidazole (imid). The binding constants of various
metals to either one or two histidines were calculated
from National Institute of Standards and Technology
(NIST) data according to the following reaction [34],
where n¼1 or 2.

MðH2OÞ2þ
6 þ imidn $ MðH2OÞ6�nðimidÞ2þ

n þ nH2O

The strength of binding is quantified using the log of
the equilibrium constants.

RESULTS

Nickel Stabilizes HIF-1a Protein in a Dose- and
Time-dependent Manner

Since various divalent metals have been shown to
affect the protein stability of HIF-1a, the effect of
nickel chloride on HIF-1a in A549 cells was assessed
by Western blot. Exposure to nickel chloride for 5 h
substantially increased the expression of HIF-1a in a
dose- and time-dependent manner (Figure 1A and B).
Exposure time intervals between 6 and 72 h led to
continued expression of HIF-1a, with no major
decrease of protein levels over time. The effect of
nickel chloride on HIF-1a expression in A549
cells appeared to be specific, because other metallic
compounds, such as potassium chromate and
sodium vanadate, at doses that have been shown to
result in similar toxicities as was caused by 1 mM
nickel chloride, were unable to induce HIF-1a after a
6-h exposure (Figure 1C).
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Nickel Chloride Decreases Binding of VHL to the ODD

Domain of HIF-1a, but Not Potassium Chromate,
Sodium Vanadate, nor Deferroxamine

We have previously shown that nickel chloride
can decrease the binding of VHL to the ODDD
domain of HIF-1a in a dose-dependent manner [35].
Here we show that exposure of cells to 1 mM nickel
chloride caused a loss of VHL binding activity over
time (Figure 2A). This decrease in binding with time
correlated with an increased expression of HIF-1a.

Figure 1. Hypoxia Inducible Factor-1a (HIF-1a) protein induction
following treatment with soluble nickel chloride. A549 cells were
treated with (A) increasing concentrations of NiCl2 for 6 h (0–1.0 mM
NiCl2), (B) 1 mM NiCl2 for the times indicated, (C) 1 mM NiCl2, 3 mM
K2CrO4, and 50 mM Na3VO4 for 6 h. Forty micrograms of protein was
subjected to Western blot analysis and primary antibodies were
used to detect the presence of HIF-1a. Primary antibodies against
a-tubulin were also used to confirm equal loading. Western blots
shown are representative of three independent experiments.

Figure 2. Nickel decreases the binding of von Hippel Lindau (VHL)
protein to the oxygen-dependent degradation domain (ODDD) of
HIF-1a. A549 cells were treated with (A) 1 mM NiCl2 for the times
indicated, (B) 1 mM NiCl2, 3 mM K2CrO4, and 50 mM Na3VO4 for 6 h,
(C) 1 mM NiCl2, 1 mM ascorbic acid, or 1 mM NiCl2, and 1 mM
ascorbic acid for 6 h, (D) 200 mM DFO, 1 mM, or 1 mM NiCl2 for 6 h.
Extracts from treated cells were used for in vitro hydroxylation of
glutathione purified GST-ODD. 35S-labeled VHL was allowed to bind
any hydroxylated ODDD. Bound VHL was eluted and run in a 15%
gel and visualized with ENLIGHTNING solution. Experiments were
repeated three times and representative gels were chosen for
publication.
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Additionally, we showed that the effect of nickel on
VHL binding activity was specific because 3 mM
potassium chromate and 50 mM sodium vanadate
did not affect VHL binding activity after a 6-h
exposure (Figure 2B). The cotreatment of cells with
nickel and ascorbic acid was only partially able to
reverse the decrease in binding activity caused by
nickel alone (Figure 2C). Surprisingly, we also
observed that a 6-h exposure to the iron chelator
DFO was unable to decrease VHL binding activity
(Figure 2D). This is most likely because of the
required exogenous addition of iron to measure
enzyme activity.

HIF-1a Remained Stabilized and PHD’s Remained
Inhibited Following Removal of Nickel Chloride From

the Culture Media

Since it has been suggested that nickel may
inactivate HIF-PHD’s by a direct binding mechan-
ism, we studied the expression of HIF-1a after nickel
was removed from the culture media. Cells were
exposed to either 1 mM NiCl2, 200 mM DFO, or 1 mM
DMOG for 24 h and allowed to recover for a specified
time interval. After the removal of nickel, HIF-1a
levels decreased but remained elevated well above
control levels (Figure 3A). In contrast, after removal

Figure 3. Persistent hypoxic signaling after soluble nickel treat-
ment. (A) Western blot of HIF-1a during the recovery of cells exposed
to 1 mM NiCl2, 200 mM DFO, or 1 mM DMOG for 24 h. Forty
micrograms of protein was subjected to Western blot analysis and
primary antibodies were used to detect the presence of HIF-1a.
Primary antibodies against a-tubulin were also used to confirm equal
loading. (B) Binding of VHL to the ODDD of HIF-1a during the

recovery (6–72 h) of cells exposed to 1 mM NiCl2 for 24 h. Extracts
from treated cells were used for in vitro hydroxylation of glutathione
purified GST-ODD. 35S-labeled VHL was allowed to bind any
hydroxylated ODDD. Bound VHL was eluted and run in a 15% gel
and visualized with ENLIGHTNING solution. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]
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of DFO or DMOG, HIF-1a levels dropped to basal
levels after only a few hours (Figure 3A). These
results show that nickel had a persistent effect on
thestabilizationofHIF-1a,whencomparedtoDFOor
DMOG. To further study the mechanism for
this effect, VHL binding activity during the recovery
of cells exposed to NiCl2 for 24 h was studied (Figure
3B). VHL binding recovered slightly, but after 72 h, it
still remained significantly lower than control levels.
The decreased VHL binding activity and increased
HIF-1a protein levels during the recovery of cells
exposed to NiCl2 for 24 h were expected and thus
mutually reinforced our proposed mechanism.

IRP-1 Binding Activity Returns to Control Levels after
Removal of NiCl2 From the Culture Media

To investigate the availability of iron in cells after
exposure to nickel, IRP-1 binding activity was
measured with an EMSA assay. A sizable increase in
IRP-1 binding activity following a 24-h exposure to
NiCl2 was found, suggesting a loss of bioavailable
iron from cells. During a recovery period, IRP-1
binding activity begins to decrease towards basal
levels within 8–24 h (Figure 4), demonstrating
indirectly that the cellular bioavailable iron pools
were easily replenished when exposure to nickel
ceased.

Nickel Inhibits Purified HIF-prolyl Hydroxylase
(PHD2) In Vitro

A nonradioactive assay to measure the activity of
purified HIF-PHD has been previously developed
[33]. To study whether NiCl2 may directly affect
the PHD2 enzyme, we analyzed the activity of the
purified enzyme with iron in the absence or presence
of varying levels of NiCl2. Here we show that the
enzyme activity of PHD2 was activated by exogenous
addition of FeSO4 with an effective concentration
50 (EC50) of 6.6 mM (Figure 5A). This result indicates
that the purified enzyme does not retain Fe2þ,
and that Fe2þ loss and replenishment can easily be accomplished in vitro, in contrast to many proteins

and enzymes that retain Fe2þ in a tightly bound
configuration. Using an iron concentration that
yielded maximal activity, we studied the ability of
NiCl2 to inhibit PHD2 in vitro. NiCl2 was able to
inhibit the enzyme in a dose-dependent manner
with an inhibiting concentration 50 (IC50) of 22 mM
(Figure 5B), illustrating that NiCl2 directly affects
PHD2.

Simplified Modeling of PHD Enzymes Indicates that
Nickel Is Able to Replace Iron

An analysis of the equilibrium binding constants
to imid reveal that Ni2þ, as well as Co2þ, Cd2þ, Zn2þ,
and Cu2þ all have significantly higher equilibrium
constants than Fe2þ for the binding to one or two
imid molecules (Figure 6). Since the Fe2þ in HIF-PHD
is bound to the imid functional groups of the two
histidine molecules, we used the imid ligand to

Figure 4. IRP binding activity after soluble nickel treatment. IRP
binding assay during the recovery (4–72 h) of cells exposed to 1 mM
NiCl2 for 24 h. Two micrograms of cytosolic extract was subjected to
EMSA as described in the Materials and Methods section. All
experiments were repeated in triplicate and representative experi-
ments were chosen for publication.

Figure 5. Iron activates and nickel inhibits purified HIF-Prolyl
Hydroxylase 2 (PHD2) enzyme in vitro. The activity of purified
PHD2 was determined for enzyme treated with (A) increasing
concentrations of FeSO4, (B) increasing concentrations of NiCl2 in the
presence of iron. The activity was measured in the presence of
ascorbate, 2-oxoglutarate, and oxygen by the binding of a purified
pVHL–elonginB–elonginC complex to a peptide resembling the
ODDD of HIF-1a as described in the Materials and Methods section.
MBP-PHD2 was expressed and isolated from bacteria. Experiments
were performed in triplicate and are shown as mean value�
standard deviations.
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model the binding and exchange of metal to HIF-
PHD. This analysis suggests these molecules should
be able to replace Fe2þ that is bound by the two
histidines of HIF-PHD. The binding strength of Ni2þ

coordination to two imid molecules is approxi-
mately three orders of magnitude greater than for
Fe2þ to bind the same two molecules. Cu2þ showed
the strongest binding ability (over 4.5 orders of
magnitude greater than Fe2þ). Mn2þ, Mg2þ, and Ca2þ

showed a weaker affinity for imid molecules than
iron.

DISCUSSION

Based on the available data, the International
Agency for Research on Cancer (IARC) has classified
nickel compounds, other than metallic nickel and
certain alloys, as Group I human carcinogens [22].
Although insoluble nickel compounds are generally
described as more carcinogenic, recent epidemiolo-
gical studies have identified soluble nickel com-
pounds as being carcinogenic or acting as enhancers
for other carcinogenic compounds [20,21,36]. Var-
ious hypotheses on the mechanisms of nickel-
induced carcinogenesis exist, including interference
with iron homeostasis/iron-dependent enzymes,
epigenetic changes, cell signaling, oxidative stress,
and interference with repair enzymes [37–40]. It is
possible that only one mechanism is important but,
more likely, a combination of the proposed mechan-
isms may lead to cell transformation or the promo-

tion of tumorigenesis. Here we suggest a mechanism
by which soluble nickel compounds decrease the
activity of PHD enzymes, thereby persistently pre-
venting the degradation of HIF-1a protein. This
persistent hypoxic signaling results in the induction
of genes such as vascular endothelial growth factor
(VEGF), glycolytic enzymes, and glucose transpor-
ters, which will allow cancer cells to proliferate under
low-oxygen conditions.

HIF-1a, which is upregulated in many types of
cancers, is believed to be an important driving force
during carcinogenesis and angiogenesis. In fact,
when a tumor reaches a critical size, regions of it
become hypoxic, which leads to necrosis [10]. In
order to grow larger than a few millimeters, neovas-
cularization needs to occur and induction of HIF-1a
by hypoxia leads to the production of the necessary
angiogenic factors and their receptors [41]. Since the
induction of HIF-1a and its downstream genes have
been shown to be important in the carcinogenic
process, several studies have targeted the HIF-1a
pathway as a way to inhibit tumor growth. Indeed
several groups have shown that by disrupting
components of the HIF-1a pathway or lowering
HIF-a levels by overexpressing PHD enzymes, tumor
vascularization, and growth could be inhibited
[13,42]. In addition, several therapeutic drugs, such
as AvastinTM (Genentech), have been developed that
target components of the HIF-1a pathway.

We have previously reported that soluble nickel is
able to stabilize HIF-1a and induce HIF-1a-depen-
dent genes [43,44]. It should be noted that in our
studies nickel is used in the millimolar range (0.5–
1.0 mM) compared to micromolar doses used for
metals, like chromium and vanadate. This is because
chromium and vanadate are generally more toxic
than nickel in A549 cells. As a result, the effects of
nickel may be strictly dose related, though this is not
likely because chromium has been shown to induce
HIF-1a in DU145 cells in the micromolar range [45].
We have also previously demonstrated the impor-
tance of HIF-1a in nickel-induced transformation
[28]. Though our earlier studies showed an induction
of HIF-1a at earlier time points, here we demonstrate
the presence of HIF-1a protein maintained at high
levels in the presence of soluble nickel for at least 72 h
(the latest time point we studied). Additionally, we
show that HIF-1a remained elevated and PHD’s
remain inhibited for at least 72 h, even after soluble
nickel was removed from cells. It is worthy to note
that nickel could still inhibit PHD activity 72 h after
it was removed. Under normal conditions, it would
be expected that inhibited PHD enzyme should be
replaced by de novo protein synthesis. One potential
explanation for the observed persistent inhibition is
that nickel, even 72 h after removal, still remains in
the cell loosely bound to intracellular ligands and is
available to inhibit newly synthesized PHD enzyme.
It is also possible that the enzyme has a long half-life

Figure 6. Binding constants for divalent metals to either one or
two imidazole (imid) ligands. imid is commonly used to model
histidines, which are essential iron binding molecules in the PHD
enzymes. Binding constants are expressed as log values and were
calculated according to the following reaction. M, divalent metal ion;
L, Ligand. MðH2OÞ2þ6 þ imidn $ MðH2OÞ6�nðimidÞ2þn þ nH2O
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and the turnover rate is relatively slow. Interestingly,
it has been reported in vivo, that the collagen prolyl
hydroxylase, a structurally related enzyme, has a
relatively long half life of 46 h [46]. Since
the inhibition of PHD’s and the stabilization of
HIF-1a have been shown to be critical in the
carcinogenic process, it is reasonable to believe that
the prolonged induction of this protein by soluble
nickel may be an important factor in nickel-induced
carcinogenesis.

The mechanism by which nickel stabilizes HIF-1a
is unknown. It has been discovered that the stability
of the HIF-1a protein is controlled by the PHD
enzymes, which require iron, ascorbic acid, 2-
oxoglutarate, and oxygen to function properly
[14,15]. Several hypotheses have been presented on
how nickel may interfere with PHD’s. It has been
suggested that interference with iron homeostasis,
oxidation/depletion of ascorbic acid, and direct
binding of the enzyme may be important factors in
the ability of nickel to affect the PHD enzymes
[26,30].

Here, we used the VHL assay to indirectly measure
PHD activity from cell extracts that were isolated
from nickel treated cells. The in vitro hydroxylation
performed during the VHL assay requires the addi-
tion of iron to the reaction mixture for activity. If
nickel was decreasing PHD activity by solely deplet-
ing iron, then its addition during the hydroxylation
reaction should counteract the cellular effect of
nickel. When the VHL assay was performed on cell
extracts from nickel treated cells, the binding of VHL
to the ODDD was greatly diminished even though
exogenous iron was added. When cells were treated
with DFO and their extracts were used for the VHL
assay, we observed no decrease in VHL binding
activity. Since sufficient iron was added exogenously
to the reaction mixture, it reversed the depletion of
cellular iron caused by DFO. These data suggest
that the inhibition of PHD’s by exposure of cells
to soluble nickel cannot be attributed to cellular
depletion of iron.

Since nickel has been shown to compete with iron
for entry into the cell at the divalent metal ion
transporter (DMT1), we investigated the possibility
that nickel may irreversibly block iron uptake into
cells [26], by measuring IRP levels during a recovery
period following exposure to nickel. IRP binding
activity increased after 24 h of exposure of cells to
soluble nickel, indicating a decrease in the labile iron
pool. When the nickel was removed from the media,
IRP binding activity remained unchanged for the
first 4 h but by 8 h it decreased significantly,
suggesting that iron was able to reenter the cell or
that intracellular iron pools were being replenished
by some other mechanism. By 72 h after nickel re-
moval, IRP binding approached basal levels (Figure 4),
while HIF-PHD activity and HIF protein remained
significantly depressed and stabilized, respectively,

under similar conditions (Figure 3A and B). Since,
we have previously shown that iron uptake is
inhibited by NiCl2 at the level of DMT-1, we assume
that this is the major operative mechanism for
depletion and restoration of cellular iron levels,
and activation and restoration of IRP activity
[26]. These results suggest that a permanent block
of iron uptake was probably not responsible for the
effect of nickel on the PHD enzymes and HIF-1a
stabilization.

It has been reported that ascorbic acid can reverse
the stabilization of HIF-1a by nickel, leading to the
hypothesis that the nickel induced depletion of
cellular ascorbic acid caused the inhibition of PHD’s
[30]. The evidence presented here supports the
notion that the observed decrease in PHD activity
by nickel was not solely due to depletion of ascorbic
acid. In addition to iron, the in vitro hydroxylation
reaction performed during the VHL assay calls for the
addition of ascorbic acid. If the observed decrease in
PHD activity by nickel was brought about by
depletion of ascorbic acid, then adding it back during
the VHL assay should have reversed the effects of
nickel. In fact, when cells were treated with nickel
and their extracts used for the VHL assay, PHD
activity remained inhibited. This demonstrates that
in vitro, nickel inhibits PHD activity, even after the
addition of exogenous ascorbic acid. Although
ascorbic acid was not able to reverse the inhibition
of PHD’s by nickel in vitro and only partially able to
reverse the binding of VHL to ODD when cells were
cotreated with the two compounds, it has been
shown to reverse the induction of HIF-1a by nickel
when added to cells [30]. In addition to nickel,
ascorbic acid can also reverse the induction of HIF-1a
in cells by DFO, insulin-like growth factor (IGF), and
insulin, chemicals that do not likely deplete ascorbic
acid, thus indicating another mechanism of action
for ascorbic acid [47]. Ascorbic acid was also shown to
reduce high basal levels of the HIF-1a protein [47].
Since treating cells with ascorbic acid has been
shown to increase the available iron, the ability of
ascorbic acid to reverse the induction of HIF-1a by
nickel and DFO may be related to its ability to
increase the overall availability of iron to the enzyme
[48]. It may also increase the availability of iron at
the active site of the enzyme by keeping iron in
the Fe2þ form (uncoupled cycles lead to the forma-
tion of Fe3þ). Furthermore, there is a very poor
chemical reaction between Ni2þ and ascorbic acid in
contrast to the reaction between chromate and
ascorbic acid, which is the major reducer of Cr6þ to
Cr3þ in the cell. Although chromate can stabilize
HIF-1a, it does so poorly and requires toxic concen-
trations. Finally, oxidation of ascorbic acid with
ascorbate oxidase did not affect HIF-1a protein levels
at 25 or 24 h (data not shown). Overall, ascorbic acid
is an important mediator of PHD activity, although
depletion of ascorbic acid by nickel alone does not
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appear to be sufficient for nickel to inhibit PHD
activity.

These data argue that the pronounced effect of
Ni2þ on HIF-1a stabilization resides on its persistent
inhibition of HIF-PHD, via its ability to displace iron
from the enzyme. This hypothesis is not unreason-
able because several divalent metal ions have
been shown to inhibit the collagen-prolyl-4-hydro-
xylase competitively with respect to iron [49–52].
The collagen-prolyl-4-hydroxylase is in the same 2-
oxoglutarate-dependent dioxygenase family of
enzymes as the PHD’s and its iron is also held in
place by a 2-His-1-carboxylate facial triad motif.
Other iron-dependent enzymes, like pthalate dioxy-
genase, have also been shown to be inhibited by
divalent metals that occupy the mononuclear iron
site [53,54]. Furthermore, spectroscopic and struc-
tural studies on the active site of Isopenicillin-N-
Synthase (IPNS) and factor inhibiting HIF (FIH1),
other 2-oxo-glutarate-dependent dioxygenases,
have also shown that several divalent metals can
substitute for Fe2þ [55–57]. One reason that nickel
may be able to mimic iron is that they are very similar
in terms of atomic structure and ionic radii [58]. Here
we show that nickel can directly inhibit PHD2
in vitro, suggesting that nickel may directly bind
the enzyme. Since nickel affects the isolated enzyme,
without depletion of intracellular iron or ascorbic
acid from a cell, the hypothesis that nickel may
replace iron in the active site of the enzyme is highly
plausible. In the cell however, the depletion of iron
and ascorbic acid by nickel likely play a role in the
ability of nickel to directly affect PHD enzymes. Our
data do not rule out the possibility that nickel may
bind to another site on the enzyme causing its
inactivation, though this seems unlikely given the
poor binding of iron to PHD and the fact that
the isolated enzyme has no iron in it, but can easily
be reactivated by exogenous addition of iron in the
reaction. It has also been reported that cobalt could
directly bind to HIF-1a and prevent the binding of
VHL, thereby stabilizing HIF-1a [59]. To exclude this
possibility, we treated HIF-1a peptide with nickel
and used it for the VHL binding assay. We observed
no changes in VHL binding compared to the control
sample (data not shown). To further support the
hypothesis that nickel could replace iron in the
active site of PHD’s, we examined the ability of
several divalent metals to replace Fe2þ bound to two
imids (commonly used to model histidines). We
found that copper, nickel, cadmium, zinc, and cobalt
all had greater binding affinities to two imids than
Fe2þ. We are in the process of conducting a more
complex molecular modeling of the PHD active
site. In support of these calculations, most of these
metals have been shown to inhibit PHD’s in vitro and
in cells [33,60]. It is also of interest to note that
addition of excess iron did not reverse the in vitro
inhibition of PHD’s by nickel or copper [60]. This

may be because nickel and copper bind to the two
histidines with approximately three or more orders
of magnitude greater affinity than Fe2þ or because
the effect of these metals on PHD’s is due to a
mechanism other than direct competition for the
iron site. While some divalent metals may inhibit
PHD’s in vitro, other metals may not inhibit PHD’s in
cells due to differential availability and storage.
Although Figure 5 shows that Cu2þ and Cd2þ can
also bind tightly to imids and they also inhibit PHD
in vitro, these metals do not lead to a significant HIF-
1 alpha stabilization comparable to Ni2þ in A549
cells [60] (data not shown). However, copper has
been shown to stabilize HIF-1a in a human hepatoma
cell line [60]. It is likely that the cellular metabolism
with these metals differs from those operative with
Ni2þ where as for example metallothionein will bind
Cd2þ and Cu2þbut not Ni2þ [61,62]. Exposure of cells
to soluble nickel may yield more metal ion that is
available to react with enzymes such as the PHD’s,
when compared to other metals. Further support for
our model is derived from the fact that Mg2þ, Mn2þ,
and Ca2þ, which all have lower binding affinities to
two imids when compared to iron, were either
unable to efficiently inhibit PHD’s in vitro or
substantially induce HIF-1a in A549 cells [63] (data
not shown). It is prudent to use caution when
studying metals in determining the available metal
ion concentration in the reaction. Many investiga-
tors carry out in vitro prolyl hydroxylase assays with
high concentration of reagents such as bovine serum
albumin and DTT, which will actively sequester
metal ions and render them unavailable to react with
HIF-PHD. Therefore, the concentrations of metals
that are needed to inactivate PHD’s may be lower
than actually added.

In summary, we provide evidence that exposure of
A549 cells to nickel can lead to a prolonged
activation and stabilization of HIF-1a resulting from
the inhibition of PHD enzymes. We also show that
the inhibition of PHD’s by nickel is at least partially
due to a direct effect of nickel on the enzyme because
nickel inhibits PHD2 in vitro and can bind two imid
ligands (the functional group of histidine to which
Fe2þ is bound) much tighter than Fe2þ. The depletion
of iron and oxidation of ascorbic acid may also be
factors in the inhibition of PHD’s in cells, though
whether these events are necessary for nickel to
directly affect the PHD enzymes is still unclear.
Studying the mechanisms by which nickel stabilizes
HIF-1a may lead to a greater understanding of its
regulation and therefore improve the treatment of
both cancer and ischemic diseases. The effect of
nickel on other iron-dependent enzymes should be
the subject of future investigation.
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