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Abstract

Soluble nickel compounds are likely human carcinogens. The mechanism by which soluble nickel may contribute to carcino-
genesis is unclear, though several hypotheses have been proposed. Here we verify the ability of nickel to enter the cell via
the divalent metal ion transporter 1 (DMT1) and disturb cellular iron homeostasis. Nickel may interfere with iron at both an
extracellular level, by preventing iron from being transported into the cell, and at an intracellular level, by competing for iron
sites on enzymes like the prolyl hydroxylases that modify hypoxia inducible factor-1ee (HIF-1er). Nickel was able to decrease
the binding of the Von Hippel-Lindau (VHL) protein to HIF-1«, indicating a decrease in prolyl hydroxylase activity. The ability
of nickel to affect various iron dependent processes may be an important step in nickel dependent carcinogenesis. In addition,
understanding the mechanisms by which nickel activates the HIF-1o pathway may lead to new molecular targets in fighting

cancer. (Mol Cell Biochem 279: 157-162, 2005)
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Introduction

Humans come in contact with metals on a daily basis via
both environmental and occupational exposures [1]. Though
not all metals are known to cause cancer, nickel com-
pounds have been shown to be carcinogenic by in vitro,
in vivo and epidemiological studies [2]. Nickel compounds
transform cells in culture, as well as produce tumors at
the site of injection in a variety of experimental animals.
The main route of human exposure to nickel compounds
is via inhalation and consequently, workers occupationally
exposed to nickel have higher rates of lung and nasal can-
cers [3, 4]. Several mechanisms, including epigenetic effects,
signaling and interference with iron dependent processes,
have been proposed to explain the carcinogenic effects of

nickel, though the extent that each may play remains to be
determined.

One of the key factors in assessing the carcinogenic-
ity of a given nickel compound is its solubility. Water in-
soluble nickel compounds like nickel subsulfide are ex-
tremely carcinogenic when compared to water soluble nickel
compounds like nickel chloride [5]. Nevertheless, recent
epidemiological evaluations have suggested that soluble
nickel compounds are likely carcinogenic to humans as well
[6-8].

If nickel must enter cells to be carcinogenic, then the up-
take of nickel compounds may be another important fac-
tor in determining potential toxicity and carcinogenicity.
While insoluble nickel compounds can be taken up by
phagocytosis, the mechanism of uptake for soluble nickel
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compounds is less defined. Hediger and colleagues showed
that a variety of metals, including nickel, elicited an in-
ward current when they used expression cloning of diva-
lent metal ion transporter 1 (DMT1) in oocytes of Xenopus
laevis. [9]. In addition to possibly being able to transport
nickel, DMTT1 is involved in iron uptake via both transfer-
rin receptor (TfR)-dependent and TfR-independent mecha-
nisms [9—12]. We have recently shown that nickel competes
with iron for uptake via DMT1 and probably other trans-
porters [13]. By competing for iron uptake into cells, nickel
decreases cellular iron levels, decreases aconitase activity
and increases iron regulatory protein-1 (IRP-1) binding ac-
tivity [13]. In addition, interference with iron metabolism
may have effects on other iron dependent processes in the
cell.

Various enzymes in the cell utilize iron, including the pro-
lyl hydroxylases (PHD1-3) and the aspargine hydroxylase
(FIH-1) that control the stability and transcriptional activ-
ity of HIF-1«, respectively [14—16]. Nickel stabilizes HIF-
1o, which is probably a result of interference with these en-
zymes [17]. PHD1-3 and FIH-1 are members of an iron and
2-oxoglutarate dependent dioxygenase family that also re-
quire oxygen and ascorbic acid for enzymatic activity. Un-
der normoxic conditions, PHD1-3 can hydroxylate HIF-1«
at Pro402 and Pro564 in the oxygen-dependent degradation
domain (ODD) of HIF-1e, while FIH-1 can hydroxylate
Asp803 in the COOH-terminal region (CAD) of HIF-la.
These posttranslational modifications lead to degradation of
HIF-1o mediated by Von Hippel-Lindau protein (VHL) and
prevent transactivation of HIF-1 target genes. Under condi-
tions where oxygen, iron, ascorbic acid, or 2-oxoglutarate
are low or inaccessible, PHD1-3 and FIH-1 lose enzymatic
activity. This loss leads to the stabilization of HIF-1o pro-
tein and recruitment of p300, which is involved in the trans-
activation of HIF-1 target genes. When stabilized, HIF-1«
forms a heterodimer with HIF-18/ARNT to form the tran-
scription factor HIF-1, which activates a variety of target
genes including genes involved in angiogenesis, glucose
metabolism, cell survival, and erythropoiesis [18]. Interest-
ingly, HIF-1o is overexpressed in many types of cancers
and provides an attractive link between nickel and cancer
[19, 20].

In this paper we show that nickel can enter the cell via
DMT1. The transport of nickel via DMT]1 provides a mech-
anism by which nickel can interfere with iron homeostasis.
We then present evidence that nickel can prevent transfer-
rin bound iron and non-transferrin bound iron from entering
the cell. In addition, we demonstrate that the stabilization
of HIF-1a may be a result of nickel’s interference with the
prolyl hydroxylases that regulate HIF-1«. In general, nickel
alters iron metabolism in the cell, alterations which may pro-
vide a potential mechanism for nickel to transform a normal
cell.

Materials and methods
Chemicals

All reagents were obtained from Sigma (St. Louis, MO) un-
less otherwise specified. ©Ni (NiCl,) was purchased from
Perkin Elmer (Boston, MA).

Cell culture

Human lung A549 cells were grown in Ham’s F-12 K medium
(Gibco BRL, Grand Island, NY). HEK293 cells permanently
transfected with a tetracycline inducible empty vector or
vector containing a rat DMT1 construct (encoding the pro-
tein isoform that starts with exon 2 and terminates in exon
17, the exon that lacks an iron responsive element) were
grown in DMEM medium. DMEM and F-12K were both
supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin, though only DMEM received 600 pg/ml
G418 and 200 pg/ml hygromycin. To induce expression of
DMT1, 2.5ng/ml of doxycycline were added 24 h prior to
nickel treatment. Cells were maintained at 37 °C in a humid-
ified 5% CO, atmosphere. All treatments were performed
when cell density reached approximately 80% confluency.

63 Ni uptake

AS549 cells expressing endogenous transporters, HEK cells
permanently transfected with a tetracycline inducible expres-
sion vector for DMT1, or control HEK cells transfected with
an empty vector were grown in 6 well dishes. Twenty-four
hours prior to metal exposure, one set of HEK cells was ex-
posed to doxycycline to induce DMT1 expression. At the
start of the experiment, the cell medium was removed and
cells were washed twice with prewarmed HEPES buffered
saline solution (HBSS) (pH 7.4, 37 °C). 1.5 ml of prewarmed
HBSS (pH 6.0, 37 °C) containing ®*Ni was then added to each
well. Cells were then incubated for various times at 37 °C
in a water bath. After incubation, cells were removed from
the water bath and placed on ice. The media was immedi-
ately removed and ice cold “stop buffer” (HBSS with 20 mM
2-deoxyglucose and 10 mM sodium fluoride, pH 7.4) was
added. Stop buffer was then removed and cells were washed
three times with HBSS containing 1mM EDTA to remove
membrane bound nickel. Cells were then solubilized in 1%
SDS and radioactivity was then counted on a Wallac Liquid
Scintillation Counter Model 1409. All uptake experiments
were repeated three times.

Western blots

A549 cells were cultured in 60 cm dishes to approximately
80% confluency. Cells were then treated with NiCl,, FeSQOy,



holo-transferrin, or NiCl, plus one of the iron compounds for
24 h. Cells were then scraped in PBS with a rubber policeman
and collected in 15 ml tubes. Cells were spun down for 5 min
at 1200 rpm and the supernatant was removed. The cell pel-
let was then resuspended in lysis buffer (50 mM Tris—HCI,
5 mM EDTA, 150 mM NaCl,, 2% NP-40) supplemented with
complete protease inhibitor cocktail (EDTA free) (Roche).
The suspensions were then placed on ice for 20 min and then
spun down at 13,000 x g for 15 min. The remaining super-
natant was collected and used for Western blotting. Thirty
g of protein were electrophoresed on a 15% SDS-PAGE gel
and transferred to a PVDF membrane. Immunoblotting was
performed with diluted ferritin light chain antibody (1:300)
(Santa Cruz Biotechnology, Santa Cruz, CA). Detection was
accomplished by following an ECL™ Western blotting pro-
tocol (Amersham).

VHL binding assay

The VHL binding assay was performed as previously de-
scribed [21]. Briefly glutathione-purified ODD was com-
bined with cell extract from control and nickel treated cells
in reaction buffer at 37 °C for 30 min. The reaction prod-
ucts were incubated with approximately 50,000 dpm of 33S-
labelled VHL protein for 2 h at 4 °C. Beads were then washed
four times in NTEN buffer and bound proteins were eluted
by boiling in SDS running buffer. 33S-labelled VHL protein
was visualized in a 15% gel with ENLIGHTNING solution
(Perkin Elmer).

Results
Soluble nickel can be taken up into cells by DMTI

The uptake of ®*Ni into A549 cells, expressing only endoge-
nous transporters was measured to learn if soluble nickel
entered cells (Fig. 1a). The data show that soluble nickel en-
ters cells. For approximately the first minute, nickel is rapidly
taken up into the cells but after one minute, the uptake slowed
down, and nickel uptake gradually began to plateau. In or-
der to reveal if transport by DMT1 was a possible mecha-
nism by which nickel could enter cells, we asked whether
a human embryonic kidney (HEK) cell line with a tetracy-
cline inducible expression vector containing DMT1 exhib-
ited increased incorporation when induced to express this
transporter compared to uninduced cells or those with an
empty vector. We then measured ®*Ni uptake in these cell
lines (Fig. 1b). When DMT1 was overexpressed, the uptake
of nickel was significantly increased over both the control and
non-induced cell line. The uptake of ®*Ni in the non-induced
cell line was slightly higher than the control, consistent with
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Fig. 1. Uptake of Nickel into A549 and HEK cells. (a) A549 cells expressing
endogenous transporters were incubated for various times with 3 NiCl,. (b)
HEK cells with the empty vector (v), the HEK cell line with the DMT]1
expression vector but non-induced (2-ND), and the HEK cell line with the
doxycycline induced DMT1 expression vector (2-D) were incubated for
various times with ©*NiCl,. Incorporation into cells is shown on the ordinate
as CPM.

a little expression from the strong CMV promoter even when
doxycycline was absent.

Soluble nickel blocks TfR-dependent and TfR-independent
iron uptake

Excessive iron is toxic to cells. Cells sequester extraneous
iron by storing it in ferritin molecules. In Figs. 2a and b
addition of both transferrin-bound iron and non-transferrin-
bound iron (NTBI) to A549 cells led to an increase in
ferritin accumulation, in order to store the iron. In both
cases, this induction could be blocked by addition of sol-
uble nickel, indicating the exogenous iron was not acces-
sible to the labile iron pool. These data suggest that soluble
nickel can block the uptake of both transferrin-bound iron and
NTBIL
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Fig. 2. Effects of nickel on ferritin induction by TfR bound iron and NTBI.
(a) A549 cells were treated with 1 mM NiCl,, 500 uM FeSO4, 500 uM
FeSO4 + 500 uM NiCly, 500 uM FeSO4 + 1 mM NiCl, for 24 h. (b) A549
cells were treated with 1 mM NiCly, 25 pg/ml Holo-transferrin, 25 pg/ml
Holo-transferrin 4+ 500 ©uM NiCl,, 25 pg/ml Holo-transferrin + 1 mM NiCl,
for 24 h. Cellular protein extracts were isolated as described in the section
on ‘Materials and methods.” Thirty micrograms of protein were subjected
to western blot analysis and primary antibodies were used to determine the
presence of ferritin light chain. Antibodies for «-tubulin were used to confirm
equal loading of proteins.

Nickel decreases binding of VHL to the ODD domain
of HIF-1u

PHD’s1-3 hydroxylate the ODD domain of HIF-la. VHL
can bind to the hydroxylated proline residues in the ODD
domain of HIF-1o and target it for degradation. When the
prolyl hydroxylases are not functional, no hydroxylation of
the proline residues in the ODD domain occurs and VHL will
not bind. In Fig. 3, treatment of A549 cells with increasing
concentrations of nickel strikingly decreased the ability of
VHL to bind to the ODD domain of HIF-1¢, indicating that
nickel decreases the enzymatic activity of PHD1-3.

Discussion

Various mechanisms of nickel-induced carcinogenesis have
been proposed including epigenetic changes/chromatin
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Fig. 3. Nickel decreases the binding of VHL to the ODD domain of HIF-1c.
Glutathione purified GST-ODD was in vitro hydroxylated by cell extracts
treated with 0.5 mM and 1.0 mM NiCl,. 358-labelled VHL was allowed to
bind any hydroxylated-ODD. Bound VHL was pulled down and visualized
by Western blot using ENLIGHTNING solution. Experiments were repeated
three times and a representative gel was chosen for publication.

remodeling, signaling, oxidative stress, and interference with
iron homeostasis. While there is no one definitive mechanism,
all of the proposed mechanisms may play a role in initiating
cancer or in the selection of initiated cells towards a cancer-
ous phenotype. This paper focuses on the potential effects of
soluble nickel on iron metabolism.

We have shown previously that nickel can decrease aconi-
tase activity and increase IRP- 1 binding activity, both changes
associated with a decrease in cellular iron levels [13]. We have
also previously reported that lower cellular iron levels can re-
sult from nickel competing with iron for entry into cells [13].
The ferritin data presented here provide support showing that
nickel can prevent the accumulation of ferritin after exposure
to either TfR-bound iron or NTBI. Additionally, we show
that DMT1 can transport soluble nickel into cells. The sig-
nificance of this result is strengthened by the observation that
a G185R mutation in DMT1 attenuates nickel transport [22].
Once nickel enters the cell it may be able to compete with
iron at an intracellular level and inactivate enzymes such as
PHDI1-3. This competition is a reasonable postulate because
nickel and iron have similar atomic structures and ionic radii
[23]. Additionally, intracellular competition between nickel
and iron for iron binding sites on enzymes and proteins has
previously been reported [24-26]. Therefore, the data pre-
sented in this manuscript, our previous reports, and publica-
tions from other labs suggest that nickel competes with iron
not only for entry into cells at DMT1 but at an intracellular
level as well.

Since it is well known that HIF-1« is stabilized by nickel
and its stability is controlled by the iron dependent enzymes,
PHDs 1-3, we looked at the effect of nickel treatment on their
activity. We measured PHD activity indirectly by assessing
VHL binding to the ODD domain of HIF-1e. When cells
were treated with nickel chloride, VHL binding the ODD
domain substantially decreased compared to untreated cells.
This change indicated that nickel decreased the activity of
or inactivated the PHD enzymes. The exact mechanism by
which nickel affects the PHD enzymes may involve decreased
iron levels, intracellular competition at the iron-binding site



of the enzyme, a combination of the aforementioned and/or
other mechanisms. Another mechanism that has been pro-
posed involves the nickel-induced depletion of intracellular
ascorbate, required for function of the PHD enzymes [27].
Interestingly, ascorbate can affect iron homeostasis and can
increase the availability of iron to enzymes [28—-30]. A com-
plex interplay is likely among ascorbate, iron and nickel that
results in the inactivation of PHD’s. Current research in this
lab is investigating the exact mechanism by which Ni’* exerts
its inhibitory effect on PHD’s.

A decrease in PHD activity and an increase in HIF-
dependent activity may be important factors in nickel-
induced carcinogenesis. An initiated group of cells needs
neo-vascularization in order to grow past a certain diameter
[31]. Activation of HIF and its downstream angiogenic fac-
tors like vascular endothelial growth factor (VEGF) by nickel
may be important steps in providing the signals needed for
neo-vascularization. In other words, nickel may flip the “an-
giogenic switch” needed for tumor growth. The importance
of the PHD’s and VEGF in tumor growth was shown recently,
when mice injected with cells overexpressing PHD1 devel-
oped smaller tumors than mice injected with cells containing
an empty vector [32]. Regulation of HIF and its downstream
targets provides an appealing target for tumor therapy. Un-
derstanding the mechanisms by which nickel activates HIF-
dependent genes may lead to a greater appreciation of possi-
ble therapeutic targets.

In conclusion, nickel can affect iron homeostasis in various
ways. It can compete with iron for entry at an extracellular
level, but may also compete for iron containing sites at an
intracellular level. The ability of nickel to decrease or inacti-
vate the enzyme activity of the iron-containing PHD enzymes
may play an important role in nickel-induced tumor forma-
tion and carcinogenesis. The ability of nickel to affect other
iron dependent enzymes and processes in the cell will be the
subject of future investigation.
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