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Abstract
Copper is an essential metal that is able to produce reactive oxygen species and induce intracellular
oxidative stress. Several studies have examined the effects of excessive copper and oxidative stress
in various organisms and tissues, but few address the molecular mechanisms by which copper affects
transcription. Our results demonstrated that in COS-7 cells, copper treatment caused an increase in
the binding of nuclear proteins to AP-1 and antioxidant response elements. The level of copper-
inducible nuclear protein binding was modulated by increasing or decreasing the level of intracellular
oxidative stress. Copper exposure also led to an increase in the steady state levels of c-fos, c-jun, and
c-myc mRNAs. Exposure to copper resulted in an increase in the levels of phosphorylation and
activation of the c-Jun N-terminal kinase/stress-activated protein kinase and p38 pathways. The
activation of these pathways resulted in a concomitant increase in c-Jun phosphorylation. We
investigated the hypothesis that copper-induced oxidative stress leads to the formation of stable lipid
peroxidation by-products, which activate MAPK pathways; ultimately affecting transcription. While
exposure did result in the production of HNE, the timing of the increased levels of proto-oncogene
mRNA, phosphorylation of c-jun, and phosphorylation and activation of MAPKs, as well as the
inability of the lipophilic antioxidant vitamin E to abrogate MAPK phosphorylation suggests that
the formation of stable lipid peroxidation by-products may not be the primary mechanism by which
copper activates MAKKs. These results further elucidate the effects of copper on signal transduction
pathways to alter gene expression.
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INTRODUCTION
The transition metal copper is an essential trace element that functions as a catalytic co-factor
in a number of enzymes due to its redox properties. The same redox properties that contribute
to copper’s biological activity also make it cytotoxic; when present in excess of cellular
requirements. The intracellular, cytotoxic effects associated with copper exposure are
consistent with oxidative damage of lipids, proteins and nucleic acids. Copper, via Fenton-like
reactions, is able to catalyze the formation of reactive oxygen species (ROS) 1, which results
in intracellular oxidative stress. Oxidative stress induces the transcription of a variety of genes
involved in the detoxification of ROS, or in the repair of ROS induced damage 1; 2; 3; 4; 5.
The transcription of these genes is regulated in part by antioxidant response elements 6. The
ARE sequence is similar to the consensus sequence of the activating protein-1 (AP-1) binding
site 6. AP-1 is a group of related, heterodimers of basic-leucine zipper proteins consisting of
Jun, Fos and ATF family proteins 7. Genes regulated by AP-1, or via AREs, are in turn
controlled by mitogen-activated protein kinase (MAPK) signaling cascades. The three MAPK
pathways; ERK, JNK/SAPK and p38; transduce intra-and extra-cellular stimuli, which lead to
diverse cellular responses 8; 9; 10; 11; 12. The ERK pathway typically responds to growth
factor signals, which leads to cell differentiation or proliferation 13. In contrast, the JNK/SAPK
and p38 pathways respond to cytokines and cellular stress; resulting in the transcriptional
activation of genes involved in stress responses, growth arrest or apoptosis 12; 14; 15; 16.

Exposure to metals has been shown to activate components of MAPK signaling cascades 17.
Once activated, MAPKs can phosphorylate a number of proteins involved in regulating the
transcription of a multitude of genes. Increases in AP-1 binding, c-jun and c-fos mRNA
expression, and c-Jun phosphorylation have been observed in cells exposed to arsenic,
vanadium, and chromium 18; 19; 20; 21; 22; 23. The transcriptional activities of AP-1 or ARE
binding proteins are also affected by a other stressors 24; 25; 26. Exposure of cells to HNE, a
toxic by-product of lipid peroxidation, results in an increase in JNK/SAPK and p38
phosphorylation, AP-1 activity, and c-jun expression 27.

Copper has the potential to mediate several important biological processes through multiple
signal transduction pathways; however the cellular and molecular mechanisms underlying
copper-regulated gene expression are poorly understood. We have previously shown; using
metallothionein-1 and rat NAD(P)H:oxidoreductase 1-based reporter genes; that copper
activates transcription via both a metal and antioxidant responsive pathways 28. Modulation
of ROS levels, either by depleting glutathione or by exposing cells to oxygen scavengers
(aspirin, vitamin E) enhanced or attenuated the level of copper inducible transcription,
respectively. Studies using Protein Kinase C and mitogen-activated protein kinase inhibitors
and MTF-1 null cells clearly demonstrated independent roles for both metals and ROS in the
regulation of copper-inducible transcription. Here we report that copper is capable of activating
MAPK signal transduction pathways and increasing proto-oncogene expression.

RESULTS
Effect of Copper on Proto-oncogene and MT mRNA Levels

Real time quantitative RT-PCR was used to measure changes in the steady state level of MT-1,
c-jun, c-fos, and c-myc mRNAs in response to copper exposure (Table 1). The levels of MT,
c-jun, c-fos, and c-myc mRNAs significantly increased after the 4 h exposure (p < 0.004, <

1The abbreviations used are: MAPK, mitogen-activated protein kinase; AP-1, activating protein-1; HNE, 4-hydroxynonenal; JNK/SAPK,
c-Jun N-terminal kinase/stress activated protein kinase; ARE, antioxidant response element; ROS, reactive oxygen species; ERK,
extracellularly regulated kinase; ATF-2, activating transcription factor 2; MDA, malondialdehyde; BSO, buthionine sulfoximine; PKC,
Protein Kinase C; MT, metallothionein.
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0.001, < 0.001, and < 0.001, respectively). In contrast, the levels of expression were not
significantly different from that of the non-treated, control cells for any of the genes after 24
h (p = 0.12, 0.74, 0.059, and 0.12, respectively).

Effect of Copper on AP-1 Binding Activity
Binding of nuclear proteins to the AP-1 consensus sequence in response to copper exposure
significantly increased after treatment with 400 µM copper for 4 h and 24 h (p < 0.002 and p
< 0.0001, respectively), compared to untreated control cells (Fig. 1A). AP-1 binding after 24
h was not significantly different than that seen after 4 h.

To increase the level of copper-inducible, intracellular oxidative stress, glutathione was
depleted by pre-treating cells with BSO 28. The level of protein binding to the AP-1 consensus
sequence, induced by a 24-h exposure to copper was significantly greater when cells were
treated with BSO (p < 0.02), compared to cells exposed to copper alone (Fig. 1B). Treatment
with BSO alone did not cause a significant change in binding, compared to controls (p = 0.89).

To protect cells from oxidative stress, aspirin was added to cells prior to copper exposure 29.
Aspirin treatment caused a significant decrease in the level of copper-inducible protein binding,
compared to cells exposed to only copper (Fig. 1C; p < 0.03). However, the level of protein
binding was still significantly greater that that observed in non-treated cells (p < 0.03).
Treatment with aspirin alone did not cause a significant change in AP-1 binding (p = 0.70).

Pretreatment with the PKC inhibitor H7 completely blocked copper-induced AP-1 binding
(Fig. 1D; p < 0.0001). Treatment with H7 alone, or H7 plus copper resulted in AP-1 binding
that was significantly lower than that observed in untreated cells (p < 0.0001). In all studies,
the addition of a 50-fold molar excess non-labeled AP-1 oligonucleotide to the reaction
mixtures blocked protein binding to the 32P-abeled, AP-1-containing oligonucleotide (Fig. 1E)

Effect of Copper on Antioxidant Response Element Binding Activity
Protein binding to the NAD(P)H:quinone oxidoreductase 1 ARE sequence by nuclear proteins
significantly increased after treatment with 400 µM copper for 4 h (p < 0.05) and 24 h (p <
0.005), compared to untreated cells (Fig. 2A). The level of binding between cells exposed to
copper for 4 h and 24 h was not significantly different. Following glutathione depletion, ARE
binding induced by a 24 h exposure to copper significantly increased, compared to that
observed with copper alone (Fig. 2B; p < 0.02). Treatment with BSO alone also caused a
significant increase in protein binding to the ARE (p < 0.02). However, the level of binding
was significantly lower than that observed following treatment with copper plus BSO (p <
0.001). Treatment with aspirin prior to copper exposure caused a significant decrease in the
level of copper-inducible protein binding to AREs, compared to treatment with copper alone
(Fig. 2C; p < 0.03). In contrast to what was observed using the AP-1 containing oligonucleotide,
aspirin reduced ARE binding to a level that was not significantly different from untreated cells
(p = 0.94). Treatment with aspirin did not cause a significant change in AP-1 binding, compared
to untreated cells (p = 0.70). In all studies, the addition of 50-fold molar excess non-labeled
ARE containing oligonucleotide to the reaction mixtures blocked protein binding to the 32P-
labeled probe (Fig. 2D).

Effect of Copper on the Levels of c-Jun Phosphorylation
Exposure of COS-7 cells to 400 µM copper for 4 h and 24 h resulted in significant increases
in the levels of c-Jun phosphorylation at Ser63 and Ser73 (Fig. 3). Phosphorylation at Ser63
increased 2.5 fold (p < 0.03) and 3.9 fold (p < 0.002) after exposure to copper for 4 h and 24
h, respectively. Phosphorylation at Ser73 increased by 2.0-fold (p < 0.04) and 2.6-fold (p <
0.005) after 4 h and 24 h exposures, respectively.
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Effect of Copper on the Levels of JNK/SAPK, p38, and ERK Phosphorylation
Phosphorylation of the p54 isoform of JNK/SAPK significantly increased: 2.6-fold (p < 0.001)
after 4 h exposure, and 1.5-fold after 24 h exposure to copper (p < 0.05) (Fig. 4A and 4B). The
level of phosphorylation of the JNK/SAPK p46 isoform did not significantly change in
response to copper. Phosphorylation of p38 significantly increased after 4 h and 24 h exposure
to 400 µM copper: 3.5-fold (p < 0.004) and 2.8-fold (p < 0.03), respectively (Fig. 4 A and 4B).
The levels of phosphorylation of the two isoforms of ERK, p42 and p44, did not significantly
change following copper treatment (Fig. 4A and 4B).

Effect of Copper on MAPK Activity
To assess the effect of copper on the activities of MAPKs, JNK/SAPK and p38 kinase, activity
assays were performed. JNK/SAPK activity, as determined by changes in the levels of
phosphorylation of c-Jun at Ser63, significantly increased following 4 h and 24 h exposures to
copper: 4.4-fold (p < 0.03) and 2.7-fold (p < 0.02), respectively (Fig. 5). p38 kinase activity,
as determined by changes in the levels of ATF-2 phosphorylation, significantly increased; 2.3-
fold (p < 0.001) after 4 h and by 1.8-fold (p < 0.02) after 24 h (Fig. 5). The decrease in JNK/
SAPK and p38 kinase activity between 4 h and 24 h exposures to copper are consistent with
observed differences in the levels of JNK/SAPK and p38 phosphorylation observed above (Fig.
4).

Effect of Copper on Lipid Peroxidation in Cells
Experiments were performed to evaluate the ability of copper to produce HNE as a result of
lipid peroxidation. In control experiments using phosphatidylcholine vesicles, a 24 h exposure
to copper resulted in significant increases in HNE (p < 0.001) (Fig. 6A). The amount of HNE
produced in cells exposed to copper for 24 h was greater than controls (Fig 6B). The increase
in HNE observed after 4 h exposure was not significantly different than the untreated controls.
In cells exposed to copper, the amount of MDA was not significantly different than the level
observed in untreated cells (data not shown)

Effect of Vitamin E on Copper-Induced Increases in c-Jun and MAPK Phosphorylation
Copper exposure increased the levels of HNE in COS-7 cells. This suggests that copper may
activate JNK/SAPK and p38 through the formation of HNE. We tested whether a 2 h pre-
treatment with the lipophillic antioxidant vitamin E followed by a 4 or 24 h co-exposure with
400 µM copper could abrogate phosphorylation of c-Jun, JNK/SAPK or p38. In all cases there
was a slight decrease in the level of phosphorylation associated with vitamin E-co-exposures
(Table 2). To test the level of significance for these differences, ANOVA on all of the data
points (n=100) were performed. The p-value for a difference in fold change in vitamin E treated
cells vs. non-treated samples was 0.07. Thus, vitamin E may not significantly affect the level
of phosphorylation of c-Jun or MAPKs at either 4 or 24 h.

DISCUSSION
Copper is a persistent environmental toxicant, and concentrations of copper in excess of 1 mM
30 and as high as 90 mM have been found in surface waters 31. In aquatic and invertebrate
species copper is extremely toxic 32; 33; 34; 35; 36; 37; 38; 39. Exposing invertebrate larva
to elevated levels of copper has also been shown to affect development 40; 41; 42. Indian
childhood cirrhosis is hepatic disorder that has an undetermined genetic component, but is
believed to be caused by the consumption of milk boiled in copper kettles. There are reported
cases of hepatic copper concentrations in excess of 6 mg/g dry weight in children with this
disorder 43.
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Although a variety of pathophysiological changes are associated with copper exposure, the
mechanism(s) by which this metal induces these changes is not well understood. In this report
a model is proposed in which copper induces intracellular oxidative stress that subsequently
activates MAPK signaling pathways. The role of ROS in mediating the ability of copper to
activate MAPK signaling pathways was previously demonstrated using Protein Kinase C, p38,
ERK and JNK inhibitors 28. In addition, modulating ROS levels affects copper toxicity and
its ability to activate transcription 28; 29. The current observations that modulating the levels
of intracellular copper-induced oxidative stress alters the levels of protein binding to AP-1 and
ARE (Fig. 1 and Fig 2) further demonstrates a role for the ROS-mediated activation of MAPK
signaling pathways. Similar effects have been observed in cells exposed to other redox-active
metals, and agents that cause intracellular oxidative stress 20; 23. For example, hydrogen
peroxide can induce the expression of c-jun, c-fos, c-myc and MT-1, as well as AP-1 reporter
gene activity 4; 44.

Copper exposure causes an increase in the phosphorylation and activation of both p38 and
JNK/SAPK in COS-7 cells, but has no effect on ERK1/2 (Fig. 4). Activation of JNK and p38
was not surprising since these two pathways are known to be sensitive to oxidative stress. The
specific MAPK that is activated depends on the type of metal and cell. For example, chromium
activates p38 and JNK/SAPK in a non-small-cell lung carcinoma cell line, while arsenic affects
p38, JNK/SAPK and ERK 17; 23; 45.

The phosphorylation and activation of JNK and p38 by copper is correlated with a sustained
increase in c-Jun phosphorylation and AP-1 activity (Fig. 3 and 5). Similar increases in c-Jun
phosphorylation have been observed in BEAS cells treated with a variety of metals 17. The
increased c-Jun phosphorylation is likely to have contributed to the observed increase in protein
binding to AP-1 and ARE sequences associated with copper exposure (Fig. 1 and Fig 2).
Increased AP-1 binding and AP-1-regulated transcription have been observed in response to
several metals 18; 20; 23; 46; 47; 48.

AP-1 and ARE sequences control the expression of a number of genes, including proto-
oncogenes. Exposure to copper led to increases in c-jun, c-fos, and c-myc expression. The
steady state levels of the mRNAs for these proto-oncogenes were greater following a 4 h
exposure, compared to the levels observed after a 24 h exposure (Table 1). Similar increases
in c-fos, c-jun and c-myc have been observed in response to arsenic and cadmium 20; 49. The
temporal expression of these proto-oncogenes in response to copper is similar to the response
to cadmium, and is also consistent with the transient increases in JNK and p38 phosphorylation
and activation.

There are several mechanisms by which ROS can affect signal transduction pathways. Copper-
induced ROS can cause lipid peroxidation, which leads to an increase in the levels of HNE
(Fig 6). It has been proposed that HNE acts as a second messenger to activate JNK and p38
signaling transduction pathways. Correlated with HNE production is an increase in AP-1
activity and the expression of several genes including collagen type I, TGFβ1, γ -
glutamylcysteine synthetase and c-myc 50; 51; 52; 53; 54. In addition, HNE is capable of
increasing c-Jun expression, and activating PKC and JNK/SAPK 27; 55; 56; 57. Copper is able
to catalyze the formation of HNE in test tube and copper exposure is correlated with elevated
levels of HNE (Fig. 6). Vitamin E co-exposure, however, did not significantly affect the levels
of c-jun, p38, and JNK/SAPK phosphorylation. This suggests that HNE may not mediate
copper activation of MAPK signaling.

Although the results presented above support the ROS -MAPK-mediated mechanism for the
activation of copper-inducible transcription, additional processes may also contribute. For
example, additional signal transduction pathways may be activated by copper 58; the
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generation of reactive nitrogen species59; 60; or the metal may disrupt the cellular redox
potential 61; 62. In addition, copper can affect transcription independent of oxidative stress
28. In summary, a mechanistic model is proposed in which copper exposure causes an increase
in the intracellular level of ROS, which activates MAPK signaling pathways to cause an
increase in the levels of phosphorylation and cognate activities of JNK/SAPK and p38. The
activation of these kinases leads to increased phosphorylation of c-jun and a concomitant
increase in transcription factor binding to AP-1 and ARE sequences.

EXPERIMENTAL PROCEDURES
Cell Culture

COS-7 cells (ATCC CRL-1651) were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml
penicillin, 100 µg/ml streptomycin, and 100 µM nonessential amino acids. Where indicated,
copper was added as cupric sulfate. Cells were maintained in a humidified incubator at 37°C
in 5% CO2.

For buthionine sulfoximine (BSO) exposures, cells were pre-treated with 500 µM BSO for 12
h prior to the addition of copper. When cells were exposed to aspirin, cells were pretreated
with 20 µM aspirin for 6 h prior to the addition of copper. In cases where cells were treated
with the PKC inhibitor 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H7), 100 µM H7 was
added 30 min prior to the addition of copper.

Real Time Quantitative RT-PCR
Total RNA was isolated from cells exposed to 400 µM copper for 4 and 24 h, and non-treated,
control cells, using the SV Total RNA Isolation System according to the manufacturer’s
instructions (Promega, Madison, WI). Reverse transcriptase real time quantitative PCR was
performed using an ABI Prism 7000 thermal cycler (Applied Biosystems, Foster City, CA).
RT-PCR reaction mixtures contained 0.5 µg of total RNA, 200 nM each of the forward and
reverse primers. Primers were designed to amplify monkey β-actin (forward:
GGAAATCGTGCGTGACATTAAG, reverse: TCAGGCAGCTCGTAGCTCTTCT), MT-1
(forward: GCTCCCTTGTTCAGGTATCCA, reverse: TAATTCCCCTGAGGATGGTGG),
c-fos (forward: ATTCCGTGGCAGGATCGTTT, reverse:
TCATGGTCTTCACAACGCCAG), c-jun (forward: GAGCATTACCTCATCCCGTGA,
reverse: CACCCCTAAAAATAGCCCATG), and c-my (forward:
GGCAGGCTCCTGGCAAAAGGT, reverse: CTCCTTCCGTGTGGAGGGAGG). Reaction
mixtures also contained HotStart Taq DNA polymerase, DNA double-strand specific SYBR
Green I dye, Omniscript and Sensiscript reverse transcriptases, ROX passive dye, and
nucleotides (Quantitect SYBR Green RT-PCR kit; Qiagen, Valencia, CA). Amplification was
achieved following an initial incubation at 50° C for 30 min, followed by denaturation at 95°
C for 15 min, and then 40 cycles of 94° C for 15 s, 60° C for 30 s, and 72° C for 30 s. At the
end of the 40 cycles, samples were subjected to melting analyses to confirm specificity of the
PCR products. The fold induction of MT, c-fos, c-jun, and c-myc mRNAs was determined by
the ΔΔCt relative quantification method (Applied Biosystems). The amount of mRNA in each
sample was normalized to the level of β-actin mRNA in cognate samples.

Electrophoretic Mobility Shift Assays
COS-7 cells were exposed to copper for 4 or 24 h. After the treatments the medium was
removed, and the cells rinsed with ice-cold phosphate-buffered saline. Cells were collected,
nuclei isolated, and nuclear extracts prepared as described 63. The final nuclear protein extract
was dialyzed against 20 mM HEPES, pH 7.9 containing 20% glycerol, 100 mM KCl, 0.2 mM
EDTA, 0.2 mM phenyl methyl sulfonyl fluoride, 0.5 mM dithiothreitol for 1 h at 4°C. Protein
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concentrations of the nuclear extracts were determined by Bradford assays using bovine serum
albumin as a standard 64.

Nuclear protein binding to 5’ 32P-end-labeled double-stranded oligonucleotide probes was
measured by EMSA. An oligonucleotide containing the AP-1 consensus sequence was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The oligonucleotide for the human
NAD(P)H:quinone oxidoreductase 1 ARE sequence was synthesized at the Duke University
Sequencing Facility. EMSAs were performed by incubating 10 µg of nuclear extract with 1
µg poly dI-dC for 15 min at 4°C in incubation buffer (10 mM Tris, 100 mM NaCl, 1 mM
dithiothreitol, 1 mM EDTA, 4% glycerol, 60 µg/µl bovine serum albumin); and where
applicable, a 50-fold excess of non-labeled oligonucleotide competitor. Subsequently, 32P-
labeled probe was added (100,000 cpm), and the mixture incubated for an additional 20 min
at room temperature. DNA-protein complexes were resolved on 6% polyacrylamide gels. Gels
were dried and DNA protein complexes visualized following PhosphorImager analysis.
Densitometry was performed using ImageQuant software (Molecular Dynamics, Valencia,
CA). The amount of protein bound to the oligonucleotide is expressed as fold-induction of
treated samples compared to untreated controls.

Western Immunoblot Analysis
Western immunoblot analysis was used to measure the effects of copper on the levels of c-Jun,
ERK, p38, and SAPK/JNK phosphorylation. COS-7 cells were treated with 400 µM copper
for 4 or 24 h. In cases where cells were treated with vitamin E, 100 µM was added 2 h prior to
copper exposure. After the incubation, phosphate-buffered saline washed cells were lysed by
adding Laemmli sample buffer 63, sonicated, and then heated for 5 min at 95°C. Proteins were
resolved by SDS-PAGE, and then transferred to polyvinylidene difluoride membranes.

Levels of protein phosphorylation were measured using commercial antibodies (Cell Signaling
Technology, Beverley, MA). The Phospho Plus® c-Jun (Ser63) and c-Jun (Ser73) Antibody
Kit includes antibodies that recognize c-Jun which is phosphorylated at Ser63 or Ser73, as well
as an antibody for the non-phosphorylated form of c-Jun. The Phospho-MAPK Antibody
Sampler Kit contains antibodies to Phospho-p44/42 MAPK, Phospho-SAPK/JNK and
Phospho-p38 MAPK, which recognize the phosphorylated forms of p44/42 MAPK, SAPK/
JNK and p38 MAPK, respectively. A MAPK Family Antibody Sampler Kit was used to
determine the levels of non-phosphorylated ERK, p38, and SAPK/JNK. The level of β-actin
was determined as a loading control, using anti-mouse or human actin antibodies (Abcam,
Cambridge, UK or Santa Cruz Biotechnology, Inc, Santa Cruz, CA)

To visualize the phosphorylated and non-phosphorylated kinases, membranes were incubated
with the appropriate antibody according to the manufacturer’s instructions. Locations of
antigen-antibody complexes were visualized by chemiluminescence using cognate, species
specific, horseradish peroxidase-conjugated secondary antibodies (ECL, Amersham,
Piscataway, NJ). Quantification of the proteins was performed using Scion Image software
(Scion Corporation, Frederick, MD) or using a STORM 860 Molecular Imager (Amersham
Biosciences, Piscataway, NJ) to visualize and ImageQuant software (Molecular Dynamics,
Valencia, CA) to quantify the protein levels. The data are expressed as fold-induction of actin-
normalized treated samples over that of the actin-normalized untreated controls.

Kinase Activity Assays
Kinase activity assays were performed to determine the effects of copper on p38, and SAPK/
JNK activity. COS-7 cells were treated with 400 µM copper for 4 or 24 h. After the incubation,
phosphate-buffered saline washed cells were lysed by adding 1.5 ml of cell lysis buffer
containing 1 mM phenyl methyl sulfonyl fluoride, and then sonicated four times for 5 s. The

Mattie et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2009 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lysate was centrifuged and supernatants collected. Kinase activity was measured then using
Cell Signaling Technology kinase assay kits according to the manufacturer’s instructions.

To measure SAPK/JNK activity, the kinase was collected using an N-terminal c-Jun (1–89)
fusion protein bound to glutathione-Sepharose beads. After collecting JNK/SAPK, kinase
reactions were performed using Jun as a substrate. The level of c-Jun phosphorylation was
measured using an antibody that specifically binds to phospho-Ser63 c-Jun.

p38 kinase was collected using a monoclonal antibody that binds to phospho-Thr180/Tyr182
p38. To measure p38 kinase activity, the immunoprecipitate was incubated with ATF-2 fusion
protein. The level of ATF-2 phosphorylation was measured by Western immunoblotting using
a phospho-Thr71 ATF-2 antibody. Western immunoblot analysis was performed as described
above. As loading controls, the levels of the non-phosphorylated forms of p38 and SAPK/JNK
were determined. The data are expressed as fold-induction of treated samples over that of the
untreated controls.

Detection of 4-Hydroxynonenal and Malondialdehyde
The level of HNE and MDA in copper-treated cells was measured using a commercially
available lipid peroxidation assay kit (Calbiochem, San Diego, CA). As a positive control,
HNE and MDA were measured in a reaction mixture that contained 100 µM copper and 1 mM
ascorbate with 1 mg/ml of phosphatidylcholine vesicles. Following 24 h incubation, the
reaction was stopped following the addition of 110 µM EDTA, which chelated the copper. To
measure HNE and MDA in COS-7 cells, cells were treated with 400 µM copper for 4 and 24
h. Cells were washed with phosphate buffered saline and diluted to a final concentration of 3
× 107cells/ml. HNE and MDA levels were measured according to the manufacture’s
instructions.

Transient Transfection and Reporter Gene Assays
Cells were plated at a density of 8.0 × 104cells/well in 24 well culture plates, and allowed to
grow for 18–24 h before transfection. Cells were transfected with chloramphenicol
acetyltransferase-containing reporter genes containing regions of the mouse metallothionein-1
promoter (−42/+63-CAT, −153/+62-CAT, MREd5-CAT, and ARE4-CAT) as previously
described 4. Following transfection, the cells were allowed to recover overnight. Cells were
subsequently treated with 5 µM HNE for 24 h. The levels of reporter gene activity were
measured as previously described 28.

Statistical Analysis
Statistical analysis was performed using StatView software (JMP software, Cary, NC). The
results are presented as the mean ± standard mean error. The significance of mean differences
was determined by analysis of variance (ANOVA) followed by Fisher’s Protected Least
Squares Difference post hoc test for individual comparisons. The criterion for statistical
significance was set at p < 0.05.
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Figure 1. Effect of copper on protein binding to AP-1 elements
COS-7 cells were exposed to 400 µM copper 4 or 24 h (panel A). To increase intracellular
oxidative stress, cells were pretreated for 8 h with BSO prior to exposure to copper (panel B).
To decrease the levels of intracellular oxidative stress, cells were pre-treated for 6 h with aspirin
prior to copper treatment (panel C). In PKC inhibition experiments, cells were treated with H7
for 30 min prior to exposure to copper (panel D). Data are expressed as mean fold induction
+/− S.E.M in comparison to untreated controls. * indicates significantly different from
untreated controls by ANOVA, p < 0.05, n = 3 observations. Panel E, Representative EMSA
of the data presented in panel A, *indicates reactions that contained excess non-radiolabeled
AP-1 oligonucleotide.
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Figure 2. Effect of copper on binding to AREs
COS-7 cells were exposed to 400 µM copper 4 or 24 h, and EMSA performed as described
(panel A). In BSO experiments cells were pretreated with BSO prior to the addition of copper
(panel B). In aspirin experiments, cells were pre-treated with aspirin prior to copper exposure
(panel C). Data are expressed as mean fold induction +/− S.E.M. in comparison to untreated
controls. * indicates significantly different from untreated controls by ANOVA, p < 0.05, n =
3 observations. Panel D, Representative EMSA of the data presented in panel A, *indicates
reactions that contained excess non-radiolabeled ARE-containing oligonucleotide.
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Figure 3. Effect of copper on c-Jun phosphorylation
COS-7 cells were exposed to 400 µM copper 4 h or 24 h. Upper Panel; representative Western
immunoblots of phosphorylated and non-phosphorylated c-Jun. Lower Panel; the levels of c-
Jun phosphorylation at Ser63 (solid bars) and Ser73 (open bars) was measured using anti-
phospho-Ser63 and anti-phospho-Ser73 c-Jun antibodies, respectively. Data are expressed as
mean fold induction +/− S.E.M. in comparison to untreated controls. * indicates significantly
different from untreated controls by ANOVA, p < 0.05, n = 3 observations.
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Figure 4. Effect of copper on MAP kinase phosphorylation
COS-7 cells were exposed to 400 µM copper 4 h or 24 h. A. Representative Western
immunoblots of phosphorylated and non-phosphorylated JNK/SAPK (upper panel), p38
(middle panel), and ERK(lower panel). B. Changes in the phosphorylation of JNK/SAPK
(upper panel) p46 (solid bars) and p54 (open bars) isoforms, p38 (middle panel), and ERK
(lower panel); p42 (solid bars) and p44 (open bars) isoforms were measured by Western
immunoblot analysis. Data are expressed as mean fold induction +/− S.E.M. in comparison to
untreated controls. * indicates significantly different from untreated cells by ANOVA, p <
0.05, n = 3 observations.
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Figure 5. Effect of copper on MAP kinase activity
COS-7 cells were exposed to 400 µM copper for 4 h or 24 h. Changes in kinase activity were
measured by the time dependent changes in the level of phosphorylation for target substrates
c-Jun (Ser63) for JNK/SAPK (upper panel) and ATF-2 for p38 (lower panel). Data are
expressed as mean fold induction +/− S.E.M. in comparison to untreated controls. * indicates
significantly different from untreated cells by ANOVA, p < 0.05, n = 3 observations. Insets,
representative Western immunoblots of target substrates for SAPK/JNK and P38.
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Figure 6. Copper-induced 4-hydroxy-2-nonenal production
The amount of HNE produced in a reaction containing phosphatidylcholine vesicles (1 mg/ml)
that were incubated for 24 h with 100 µM copper and 1 mM ascorbate (upper panel). COS-7
cells were incubated for 4 or 24 h with 400 µM copper and the levels of HNE determined
(lower panel). Data are expressed as mean fold induction +/− S.E.M. in comparison to untreated
controls. * indicates significantly different from untreated cells by ANOVA, p < 0.05, n = 3
observations.
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TABLE 1
Effect of copper on the steady-state levels of MT and proto-oncogene mRNAs.

Exposure Time (h)

Gene 0 4 24

MT-1 1.00 +/− 0.62 3.51 +/− 0.53* 1.73 +/− 0.60

c-fos 1.00 +/− 0.96 28.84 +/− 7.06* 2.08 +/− 0.91

c-jun 1.00 +/− 0.46 30.48 +/− 5.73* 8.82 +/− 2.09

c-myc 1.00 +/− 0.66 16.22 +/− 2.02* 2.06 +/− 0.53

COS-7 cells were exposed to 400 ìM copper for 0, 4 or 24 h. Differences in mRNA expression were detected by Real Time RT-PCR.

*
indicates significantly different from untreated cells by ANOVA, p<0.05, n=3 observations.
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TABLE 2
Effect of vitamin E on copper-induced changes in c-Jun and MAPK phosphorylation

Exposure Time (h) Vitamin E Fold Change Average a

c-jun-63

4
− 7.28 ± 3.10 b

+ 4.77 ±1.66

24
− 3.66 ±1.91

+ 2.94 ±1.50

c-jun-73

4
− 2.04 ±0.25

+ 1.77 ±0.21

24
− 1.62 ±0.20

+ 1.72 ±0.77

ERK-42

4
− 1.31 ±0.17

+ 1.37 ±0.31

24
− 1.27 ±0.28

+ 1.36 ±0.38

ERK-44

4
− 1.80 ±0.34

+ 1.92 ±0.53

24
− 1.28 ±0.28

+ 1.30 ±0.43

JNK-46

4 − 6.27 ±2.76

+ 6.04 ±2.71

24
− 2.07 ±0.38

+ 1.65 ±0.60

JNK-54

4
− 4.09 ±0.62

+ 3.46 ±0.67

24
− 1.90 ±0.35

+ 1.82 ±0.63

p38

4
− 3.03 ±0.82

+ 2.39 ±0.35

24
− 1.54 ±0.34

+ 1.28 ±0.53
a
Relative to treatment-matched controls

b
Mean ± standard mean error
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