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Inhibition of Extracellular Signal Regulated Kinase
(ERK) Leads to Apoptosis Inducing Factor (AIF) Mediated
Apoptosis in Epithelial Breast Cancer Cells: The Lack of
Effect of ERK in p53 Mediated Copper Induced Apoptosis

Elena A. Ostrakhovitch* and M. George Cherian

Department of Pathology, University of Western Ontario, London, Ontario N6A 5C1, Canada

Abstract Recent studies have shown that MEK/ERK-mediated signals play a major role in regulation of activity of
p53 tumor suppressor protein. In this study,we investigatedwhether or not there is functional interactionbetweenp53 and
MEK/ERK pathways in epithelial breast cancer cells exposed to copper or zinc.We demonstrated that expression of wild-
type p53 induced by copper or zinc significantly reduced phosphorylation of extracellular signal regulated kinase (ERK) in
epithelial breast cancer MCF7 cells. Mutation or suppression of p53 in MDA-MB231 and MCF7-E6 cells, respectively,
resulted in a strong ERK phosphorylation in the presence of metals. Weak ERK phosphorylation inMCF7 cells induced by
copper or zinc was linked to mitochondrial disruption and apoptosis. Furthermore, inhibition of ERK through addition of
PD98059 stimulated p53 activation in MCF7 cells and also led to upregulation of p53 downstream targets, p21 and Bax,
which is a proapototic member of Bcl-2 family triggering mitochondrial pore opening. Moreover, blockage of the MEK/
ERK pathway caused a breakdown of the mitochondrial membrane potential accompanied by an elevation in the ROS
production. Disruption of p53 expression attenuated the depolarization of the mitochondrial membrane and ROS
generation. Furthermore, PD98059 initiated apoptosis inducing factor (AIF) translocation from mitochondria to the
nucleus in MCF7 cells; which are depleted in caspase 3. Interestingly, repression of MEK/ERK pathway did not intensify
the cell stress caused by metal toxicity. Therefore, these findings demonstrate that MEK/ERK pathway plays an important
role in downregulation of p53 and cell survival. Inhibition of ERK can lead to apoptosis via nuclear relocation of AIF.
However, metal-induced activation of p53 andmitochondrial depolarization appears to be independent of ERK.Our data
suggest that copper induces apoptosis through depolarization of mitochondrial membrane with release of AIF, and this
process is MEK/ERK independent. J. Cell. Biochem. 95: 1120–1134, 2005. � 2005 Wiley-Liss, Inc.
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Apoptosis is the most important intracellular
regulator that eliminates senescent, abnormal,
and potentially harmful cells. The deregulation
of apoptotic mechanism contributes to a variety
of diseases, especially cancer. One of the crucial
regulators of cell death is tumor suppressor
protein p53. Accumulation of p53 in response to
cellular stress can result in growth arrest and
apoptosis by upregulation of transcription of
a number of specific pro-apoptotic target genes
including p21CIP1/Waf1, Bax, Noxa, or PUMA

[Miyashita and Reed, 1995; Oda et al., 2000;
Nakano and Vousden, 2001; Stewart and Pie-
tenpol, 2001; Yu et al., 2001] or suppression of
anti-apoptotic genes such as Bcl-2 [Miyashita
et al., 1994a,b]. Antiapoptotic members of the
bcl-2 family prevent caspase activation and
depolarization of mitochondrial membrane,
whereas proapoptotic members of this family,
such as Bax promote permeability transition
pore opening. Under the apoptotic stimuli, Bax
translocates to mitochondria directed by p53,
where it targets a particular protein on the
mitochondrial surface [Marzo et al., 1998;
Narita et al., 1998; Shimizu et al., 1999; Schuler
et al., 2000; Chipuk et al., 2003, 2004]. As a
result, Bax causes permeabilization of the outer
mitochondrial membrane (OMM) and the
release of apoptogenic factors, including cyto-
chrome-c and apoptosis inducing factor (AIF)
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[Degli and Dive, 2003]. The AIF once released
from mitochondria translocates to the cytosol
and to the nucleus where it triggers chromatin
condensation and largeDNA fragmentation in a
caspase-independent manner, which makes
AIF particularly important in the cell death in
cells, such asMCF7with depleted caspase 3 or 8
[Susin et al., 1999, 2000; Daugas et al., 2000;
Arnoult et al., 2002; Cregan et al., 2002; Fonfria
et al., 2002].
The family of mitogen activated protein

kinases (MAPK) can be activated in response
to variety of stimuli, including free radicals.
Oxidative stress induced by metals has been
shown to stimulate severalmembers of theMAP
kinase [Samet et al., 1998]. The best character-
ized among MAPKs is extracellular signal
regulated kinase (ERK). This kinase is acti-
vated by a cascade of phosphorylation that
involves initially Ras interaction with Raf-1.
Activation of Raf-1, which in turn phosphory-
lates MEK1 followed by phosphorylation of
p44 (ERK1 isoform) and p42 (ERK2 isoform)
on tyrosine and threonine residues. Mitogen-
activated ERK is known to act as an anti-
apoptotic factor by mediating cell proliferation
and survival [Xia et al., 1995; Cross et al., 2000].
For example, the inhibition of ERK activity
was observed during the apoptosis induced by
growth factor withdrawal in PC12 cells [Xia
et al., 1995]. Studies carried out in a large
number of tumor types have indicated the in-
volvement of MEK/ERK in driving tumor cells
proliferation and progression [Sebolt-Leopold
and Herrera, 2004]. However, MEK/ERK path-
way has been implicated in the cell cycle arrest
and the regulation of apoptosis in the absence of
survival factor [Sewing et al., 1997;Woods et al.,
1997; Makin and Dive, 2001; Pearson et al.,
2001]. Therefore, ERK may play a dual role in
the regulation of cell survival and death. The
way in which ERK mediates these opposing
cellular processes can be dependent on regula-
tion of p53 [Wu, 2004]. Activation of MEK/ERK
pathway may cause induction of MDM, a major
negative regulator of p53, and therefore results
in suppression of p53 [Ries et al., 2000;
Halaschek-Wiener et al., 2004]. Moreover, it
has been shown that MEK inhibitor UO126
downregulated Mdm2 and increased intracel-
lular p53 level [Ries et al., 2000].
A growing body of evidence has indicated that

trace elements, such as copper and zinc, play an
important role in carcinogenic process [Drake

and Sky-Peck, 1989]. It has been shown that the
content of copper and zinc in serum and tissue
of breast cancer patients was much higher than
in benign breast tissues [Cavallo et al., 1991;
Koksoy et al., 1997; Jin et al., 1999; Kuo et al.,
2002]. An increase in the levels of copper and
zinc results in increased oxidative stress in
breast cancer cells [Huang et al., 1999]. More-
over, an increase in copper content can result in
apoptotic cell death throughupregulation of p53
[Narayanan et al., 2001; Ostrakhovitch and
Cherian, 2004]. Recent evidence suggests that
zinc is involved in the apoptotic cell death as
well [Liang et al., 1999; Kondoh et al., 2002].
There are numerous reports concerning zinc-
induced mitochondrial apoptogenesis via upre-
gulation of Bax in human cancer cells [Feng
et al., 2000, 2002, 2003].

Previouswork from our laboratory has shown
that copper and zinc cause apoptosis through
activation of p53 and resulted expression of
downstream targets of p53, such as PIG3 and
Bax, responsible for increased generation of
the intracellular ROS, as well as disruption
of mitochondrial integrity [Ostrakhovitch and
Cherian, 2004, 2005]. Moreover, both these
metals have been reported to activate MAPK
in variety of tumor cells [Hansson, 1996; Samet
et al., 1998; Park et al., 2002]. This study was
undertaken to elucidate the potential role of
MEK/ERK pathway in apoptosis in response to
copper and zinc in MCF7 cells with no caspase
activity. Inaddition,wehave studieda crosstalk
between MEK/ERK and p53 pathways to gain
further insight into the mechanisms by which
MEK/ERK pathway can regulate apoptosis in
human cancer cells.

MATERIALS AND METHODS

Cell Lines

Human breast cancer epithelial cell lines
MCF7, estrogen receptor (ER)-positive (ERþ)
with wild-type p53 (p53þ) and MDA-MB-231,
ER-negative (ER�) with mutated p53 (p53�),
were obtained from ATCC. MCF7-E6 cells are
functionally p53-null and derived from epithe-
lial breast cancer MCF7 cells, constitutively
expressing the E6 protein from human papil-
loma virus. MCF7 and MCF7-E6 cells were
maintained in DMEM (Dulbecco’s modified
Eagle’s medium, Gibco BRL, Burlington, ON,
Canada) supplemented with 10% FBS (fetal
bovine serum, Gibco BRL) and antibiotics
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(100 units/ml penicillin and 100 mg/ml strepto-
mycin), whereas MDA-MB-231 were grown in
RPMI 1640 (Gibco BRL) with 10% FBS. The
cells were cultured as monolayers in a humidi-
fied incubator, 378C, 5%CO2 over amaximumof
30 passages.

Antibodies and Reagents

Anti-Bax was purchased from Oncogene
(San Diego, CA); anti-p21Cip/WAF1 and anti-p53
(clone FL-393)were purchased fromSantaCruz
Biotechnology, Inc. (Santa Cruz, CA), and
anti-AIF antibodies was from Chemicon Inter-
national (Temecula, CA). Anti-GAPDH anti-
bodies were obtained from HyTest Ltd. (Turku,
Finland). DCFDA, JC-1, and Acridine Orange
were purchased from (Molecular Probes, Euge-
ne,OR). All other reagentswere purchased from
Sigma Chemical Co (Oakville, ON, Canada).
Although in the subsequent discussion we will
follow the literature and use the terms ‘‘metals’’
along with ‘‘metal ions,’’ it should be always
understood that the biological activity of the
metals used, such as copper and zinc, is asso-
ciated with their respective ions.

MTT Assay

The cell viability was measured by MTT
assay. About 5� 103 cells/well (96-well plates)
were plated and allowed to grow overnight.
These cellswere incubatedwith eitherDMSOor
30 mMPD98059 for 1 h and treated with 10 and
25 mM of copper or zinc for 4 h. After the
test solutions were removed, 50 ml of 0.2 mg/ml
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) solution was added to
each well, and the cells were further incubated
at 378C for 4 h. The reaction was stopped by
addition of 50 ml 10% SDS/0.01 M HCl to each
well. Formazan release from the cells was
measured by a microplate reader (Bio-Rad
Laboratories Canada Ltd., Mississauga, ON,
Canada) at 570 nm. The negative control wells
had only culture medium with no cells. Each
assay was performed three times in duplicate.
The cell viability was calculated as a percent
ratio of the absorbance of the samples to
appropriate control.

Measurement of Intracellular ROS
Generation Using DCFDA

The intracellular ROS generation was mea-
sured using 20,70-dichlorodihydrofluorescein
diacetate (DCFH-DA). Cells were loaded with

20 mMDCFH-DA dissolved in DMSO for 30min
at 378C. After that cells were washed with
PBS, treated with 30 mM PD98059 for 1 h, and
then exposed to 10 and 25 mM of CuSO4 or 10
and 25 mM of ZnSO4 in serum-free DMEM for
4 h. Cells were then washed with PBS and
fluorescent intensity of 20,70-dichlorofluorescein
(DCF) was measured by Cary Eclipse fluores-
cence plate reader (Varian) with excitation at
485 nm and emission at 530 nm. DCFH-DA is
a nonfluorescent compound that can readily dif-
fuse across cell membranes and enzymatically
hydrolyzed by intracellular esterases to non-
fluorescent 20,70-dichlorofluorescin (DCFH).
This intermediate can be converted to its 2-
electron oxidation product, the highly fluores-
cent compound, DCF with intracellular ROS
(hydrogen peroxide, hydroxyl radicals, and
others low molecular weight peroxides). To
analyze the ability of PD98059 to oxidize DCFH
in a cell-free system, DCFH was prepared from
DCF-DAbymixing0.5ml of 1mMDCF-DAwith
2 ml of 10 mM NaOH at room temperature for
30 min. The mixture was then neutralized to
pH 7.4 with 10ml of 0.25mMNaH2PO4 [Myhre
et al., 2003].

Determination of the Mitochondrial
Membrane Potential (DCm)

5,50,6,60-tetrachloro-1,10, 3,30-tetraethylben-
zamidazolo-carbocyanin iodide (JC-1) is amem-
brane potential-sensitive dye that accumulates
in mitochondria and subsequently forms J-
aggregates frommonomers, which fluorescence
at 590 nm, and has been suggested to reflect the
membrane potential of the mitochondria. Cells
were incubatedwith 30 mMPD98059 for 1 h and
then treated with copper (10 and 25 mM) or zinc
(10 and 25 mM) for 4 h, and the mitochondrial
membrane potential was analyzed in the cells
by staining themwith 10 mMof JC-1 for 10 min.
The intensity of fluorescence was immediately
measured at 527 and 590 nm emission wave-
length (with excitation at 488 nm), correspond-
ing to the fluorescence peak of themonomer and
that of the aggregate, respectively. JC staining
shifts from red to green when themitochondrial
potential drops to more depolarized values.
Proportion of cells with depolarized mitochon-
dria was calculated as a ratio of the intensities
at 590 nm (red) and 527 nm (green). Relative
change in proportion of cells with depolarized
mitochondria was calculated as the ratio of red/
green fluorescence intensity formetal treated to

1122 Ostrakhovitch and Cherian



control (untreated) samples.Thedecrease in the
red/green fluorescence intensity ratio indicates
mitochondrial depolarization and loss of mito-
chondrial membrane potential (DCm).

Quantification of Apoptosis

Apoptotic cells were visualized by incubation
with Hoechst 33342. Human epithelial breast
cancerMCF7 cells were seeded into 6-well plate
containing glass cover slips, andallowed to grow
into confluentmonolayers.Cellswere incubated
for 1 h with either DMSO or 30 mM PD98059,
and then exposed to various concentrations of
copper and zinc for additional 4 h. After treat-
ment, cells were washed with PBS and 0.5 ml of
1 mg/ml Hoechst 33342 in PBS was added. The
cells were examined by fluorescencemicroscopy
(Zeiss Axiovert 100 TV fluorescence microscope
(Carl Zeiss, Germany). Then, apoptosis was ex-
pressed as a percent of fragmented Hoechst
positive nuclei versus total Hoechst-positive
nuclei. Apoptotic cells were identified by typical
apoptotic features such as chromatin condensa-
tion, nuclear fragmentation, and shrinking.

Protein Extraction and Western Blot Analysis

After the treatment, cells were washed once
with cold PBS, scraped off on ice using 100 ml of
lysate buffer per a 3 cm2 dish, and kept on ice.
The lysate buffer consisted of 20 mM Tris
(pH 7.5), 150 mM NaCl, 1% (w/v) Triton X-
100, phosphatase inhibitors (100 mM Na3VO4,
10 mM NaF), and protease inhibitors (1 mM
PMSF, 10 mg/ml aprotinin). The whole cell
lysates were vortexed and centrifuged at
12,000g for 20 min at 48C. The resulting super-
natants were transferred to fresh Eppendorf
tubes, and the protein concentration was deter-
mined using a detergent-compatible Bio-Rad
protein assay (Bio-Rad Laboratories Canada
Ltd.). All cell lysates were normalized for pro-
tein and were combined with SDS-Laemmli
sample buffer. Aliquotes of the supernatant
were frozen and stored at �708C.
Sixty micrograms of each cell lysate was

separated by 10% SDS–PAGE and transfer-
red to polyvinylidene dufluoride (PVDF) mem-
brane membranes (Bio-Rad Laboratories
Canada Ltd.), blocked with 5% non-fat milk,
and blotted with the indicated primary anti-
bodies, followed by HRP-conjugated secondary
antibodies. Loading of equal amount of protein
was confirmed by blotting with anti-GAPDH
antibody (HyTest Ltd., Turku, Finland). The

various bands were visualized by enhanced
chemiluminescence, using ECL reagent and
ECL Hyperfilm (Amersham, Quebec, Canada).
All experiments were conducted for at least
three times, and all blots were analyzed using
Scion Image software for Windows (Scion Cor-
poration, Frederick, MD).

Immunofluorescence

Cells were plated on glass cover slips and
were grown for 3 days, prior to treatment with
copper or zinc in the absence or presence of
30 mM PD98059. Cells were fixed in ice-cold
methanol for 10 min, washed twice with PBS,
and fixed with 4% paraformaldehyde for addi-
tional 20 min. Prior to staining, cells were
permeabilized with 0.2% Triton X-100 and
blocked with 5% normal goat serum (NGS) in
PBS. These cells were incubated overnight at
48C with anti-p21 (1:200 dilution), anti-p53
(1:200), or anti-AIF (1:500) in PBS contain-
ing 1% NGS. Positive cells were visualized
using goat anti-rabbit fluorescein isothocyanate
(FITC) conjugated secondary antibody. Cells
were visualized using a Zeiss Axiovert 100 TV
fluorescence microscope (Carl Zeiss, Germany).

Data Analysis

Data are presented as means�SE of three to
five independent experiments. Densitometric
quantitation of Western immunoblots was per-
formed using Scion Image program. Statistical
analysis was performed using two-group
comparisons by means of Student’s t-test; a
P-value below 0.05 was considered statistically
significant.

RESULTS

Metal-Induced Activation of ERK

In this study, we examined whether extra-
cellular copper and zinc can activate the ERK
in epithelial breast cancer cells with different
p53 status, and investigate the relationship
between changes in ERK phosphorylation and
metal induced apoptosis. The time course of
copper- and zinc-induced ERK phosphorylation
in MDA-MB231, MCF7, and MCF7-E6 cells is
illustrated in Figure 1. The levels of phosphory-
lated ERK, which represent ERK activities,
were increasedwithin2h inMDA-MB-231 cells,
with mutated p53, exposed to copper at and
zinc at all dosages studied. The strongest in-
crease in ERK phosphorylation was observed in

Inhibition of ERK Leads to AIF Mediated Apoptosis 1123



Fi
g.

1
.

1124 Ostrakhovitch and Cherian



MDA-MB231 cells exposed to zinc at 10 and
25 mM. Activation of ERK was sustained for 4 h
after copper and zinc treatments. There was
only slight induction of ERK by either copper or
zinc after 2 and 4 h exposure inMCF7 cells with
wild p53. In contrast to effect of metals inMDA-
MB231 cells, the strongest increase in ERK
activity in MCF7 cells was observed after ex-
posure to copper. Disruption of p53 wild-type
function in MCF7 cells by transfection with
human papilomavirus type E6 gene resulted in
an increased phosphorylation of ERK in the
presence of copper and zinc similar to that
observed in MDA-MB-231 cells with mutated
p53. Only MCF7 cells with functional p53 had
shown a decrease in cell viability after treat-
ment with either copper or zinc (Fig. 1D).
Therefore, the strong and prolonged activation
of ERK induced by metals in highly metastatic
MDA-MB231 cells may relate to their resis-
tance to metal induced stress, whereas weak
ERK activation in response to metal treatment
makes non-metastaticMCF7 cells vulnerable to
themetal toxicity. Furthermore, the blockade of
ERK by MEK inhibition through addition of
PD98059 caused a decrease in cell viability in
MCF7 cells, however, combined treatment with
metals did not result in synergistic toxicity.
MDA-MB231 cells, with mutated p53, were re-
sistant to metals and PD98059. Increased cell
death by MEK inhibitor was observed only in
p53 positive MCF7 cells indicating that the
suppression of MEK/ERK signaling pathway
may stabilize p53 protein.

Effect of PD98059 on
Metal-Induced Cell Death

There are several methods to evaluate apop-
tosis. Determination of a change in the mito-
chondrial membrane potential (DCm), which
results in mitochondrial membrane permeabi-
lization, is one of the important characteristics
of early apoptosis [Zamzami et al., 1996].
In order to examine whether cell death is relat-
ed to ERK activation, we used MEK inhibitor

PD98059 that prevents ERK phosphorylation.
We used JC-1 staining to determine the change
in mitochondrial membrane potential in three
cell lines with different p53 status, pretreated
with orwithoutPD98059, and exposed to copper
and zinc. The loss of mitochondrial membrane
potential was found only inMCF7 cells after 4 h
exposure to copper and zinc at 10 and 25 mM,
whereas there was no such effect in MCF7-E6
(where p53 is inactivated) and MDA-MB-231
cells withmutated p53 (Fig. 2A). The treatment
of the p53-mutated MDA-MB231 cells with
MEK inhibitor revealed no difference in the
DCm, whereas PD98059 caused a strong decre-
ase in the DCm exclusively in MCF7 cells. The
incubation of MCF7 cells with PD98059 and
followedby treatmentwithmetals did not result
in synergistic toxicity. However, the combined
treatment resulted in the loss of mitochondrial
membrane potential up to the same level as
MEKinhibitor alone.Thesedatawere confirmed
byusingHoechst 33342 staining (Fig. 2D). After
4 h of treatment, copper at 25 mM caused an
increase in the number of apoptotic cells
in MCF7 cells compared to control cells de-
monstrated by Hoechst 33342 staining. Zinc at
25 mM also resulted in increase in the number
of apoptotic cells, although to lesser extent
than copper. Pretreatment of MCF7 cells with
PD98059 resulted in an increase in amount
of apoptotic cells (Fig. 2D). However, exposure
of MCF7 cells to either copper or zinc after
pretreatment with PD98059 did not signifi-
cantly change the number of apoptotic cells.
Figures 2A,B shows comparative alterations in
MCF7 cells after pretreatment with or without
PD98059, and exposure to copper and zinc.
Treatment of MCF7 cells with an inhibitor of
p53 pifithrin-a at 15 mM concentration partly
restored the decline in mitochondrial mem-
brane potential, stimulated by copper and zinc
(Fig. 2B). Moreover, blocking of p53 pre-
vented PD98059 induced breakdown of the
DCm, supporting the important role of p53.
Taken together, these findings demonstrate

Fig. 1. Phosphorylation of ERK1/2 in MCF7 (p53þ/ERþ) (A),
MCF7-E6 (p53�/ERþ) (B), and MDA-MB 231 (p53�/ER�) (C)
cells after exposure to copper and zinc and the effect of ERK
inhibition on cell viability in copper and zinc treated MCF7 (D)
andMDA-MB 231 (E) cells. These cells were treatedwith copper
at 10 and 25 mM or zinc at 10 and 25 mM in serum-free medium
for 2 and 4 h. The ERK phosphorylation, which represents ERK
activity, was determined using phosphor-specific antibodies. To
determine the effect of ERK inhibition on the cell viability, the

cells were pretreated with 30 mM of PD98059 for 1 h. Then the
cells were exposed to 25 mM of copper or 25 mM of zinc for
additional 4 h. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) was used to test the cell viability. Results
are presented as means� SE of four independent experiments
(P< 0.05). The asterisk sign (*) denotes values versus control
(with DMSO), whereas the pound sign (#) stands for samples
treated with PD98059 versus samples without inhibitor.
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that suppression of MEK/ERK signaling path-
way markedly induces apoptosis accompanied
with dissipation of the mitochondrial inner
membrane potential and this may be caused
by p53 activation.

Activation of p53, p21Waf17Cip1, and Bax by
Metals Did Not Depend on Activation of ERK

To determine how PD98059 may cause apop-
tosis inMCF7 cells, the level of p53 and p21CIP1/
Waf1 proteins were analyzed by Western immu-
noblotting. A typical Western blot is shown in
Figure 3A with densitometric scans of the blots
for p21CIP1/Waf1 from three separate experi-
ments. PD98059 at 30 mM caused a complete
inhibition of both the copper and zinc induced
phosphorylation of ERK1/2. Inhibition of ERK
in MCF7 cells through addition of PD98059
resulted in strong increase in expression of p53
accompanied by an increase in p21CIP1/Waf1.
However, p53 and p21 induction stimulated by
copper and zinc remained unchanged when
MCF7 cells were pretreated with PD98059.
Therefore, copper and zinc induced increase
of p53 and p21 was MEK/ERK independent.
However, suppression of ERK signaling path-
way by PD98059 triggers activation of p53
resulting in expression of pro-apoptotic p53
target gene products, such as p21 and Bax
(Fig. 3A,B).

Induction of ROS Production by PD98059

In attempt to further characterize the effect
of PD98059 in MCF7 cells, we measured gen-
eration of reactive oxygen species by using
fluorescent probe DHR. Both copper and zinc
exposures led to an increase in ROS generation
in MCF7 cells (Fig. 4A), whereas the level of
ROS production in MDA-MB-231 cells treated
with copper and zinc remained unchanged
(Fig. 4C). PD98059 alone stimulated generation
of ROS only in MCF7 cells with wild-type p53
(Fig. 4A). We have results to indicate that effect

of PD98059 was not due to fluorescence of the
compound itself (data not shown). There was no
enhancing effect of metals when pretreatment
with MEK inhibitor was combined with metals,
whereas the increase in ROS accumulation was
stronger than in the presence of either copper or
zinc alone. Suppression of MEK/ERK pathway
resulted in steady increase in ROS production
only in cells with wild-type p53, whereas dis-
ruption of p53 prevented effect of PD98059.
Therefore, we conclude that suppression of
MEK/ERK pathway in epithelial breast cancer
MCF7 cells results in increase in ROS genera-
tion through activation of p53. The increase in
ROS production in the presence of copper and
zinc as well as in the presence of MEK inhibitor
correlated with activation of p21Cip1/WAF1 regu-
lated by p53 in MCF7 cells (Fig. 4D).

Effect of PD98059 on Release of AIF

Immunostaining was used to examine the
effect of PD98059 on AIF localization in MCF7
cells with and without metals. AIF transloca-
tion from mitochondria to the nucleus was
initiated in response to PD98059 (Fig. 5). Ex-
posure of MCF7 cells to copper stimulated
release of AIF frommitochondria, but this effect
was not further increased by pretreatmentwith
PD98059. Zinc treatment did not stimulate the
AIF relocation, whereas in the presence ofMEK
inhibitor it caused the release of AIF from
mitochondria and was similar to that by the
inhibitor alone. Thus, the effect of PD98059
provides evidence that suppression of MAPK
kinase can result in apoptosis via disruption
of mitochondrial membrane with the release
of AIF.

DISCUSSION

MAPkinase is an important regulatory signal
in breast cancer. Inhibitors of MAP kinase have
been reported to block the growth ofMCF7 cells,
indicating a role for MEK/ERK pathway in cell

Fig. 2. Effect of PD98059 on DCm in MCF7 (A, B) and MDA-
MB231 (C) cells as well as on apoptosis in MCF7 cells (D). The
cells were incubated with 30 mM of PD98059 for 1 h with
subsequent treatmentwith 25mMof copper and25mMof zinc for
additional 4 h. The changes inDCmwere determined by staining
with 10 mM of JC-1 for 10 min. In case (B), MCF7 cells were
additionally incubated with 30 mM of pifithrin-a alone or
combined with 30 mM of PD98059 for 1 h. Then the cells were
exposed to 25 mM of copper or 25 mM of zinc for additional 4 h
and DCm was determined. Results are from four independent
experiments and are shown with error bars. D: The effects of

copper and zinc in the absence or presence of PD98059 on
apoptosis inMCF7 cells. The cells were incubatedwith 30 mMof
PD98059 for 1 h followed by treatment with copper at 25 mM or
zinc at 25 mM for additional 4 h. After staining with Hoechst
33342 apoptotic cells displayed condensed chromatin and
fragmented nuclei (inserted images). Results are presented as
means� SE of five independent experiments (P<0.05). The
asterisk sign (*) denotes values versus control, whereas the pound
sign (#) stands for samples treated with PD98059 versus samples
without inhibitor.
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proliferation [Jeng et al., 2000]. Metal-induced
activation of MAPK has been demonstrated in
human bronchial epithelial cells [Samet et al.,
1998]. In the present study, we have demon-
strated a marked metal-induced activation of
ERK in p53 mutated breast cancer MDA-MB-
231 cells that lacked ER and G protein coupled
receptor. Our data suggest that activation of
ERK by metals in these cells most likely in-
volves activation of Src as its kinase. Although
both copper and zinc can activate ERK in ER
positive non-metastatic MCF7 and MCF7-E6
cells, the disruption of p53 in MCF7-E6 cells
resulted in a much higher magnitude of altera-
tion inERKphosphorylation induced bymetals,
similar to that found in highlymetastaticMDA-
MB-231 cells. Our results provide further evi-
dence that regulation of ERK by metals in
epithelial breast cancer cells depends not only
on the ER status of cells but rather also on the
p53 status. Our data are consistent with recent
studies, which provided evidence for ERK
downregulation by activated p53 [Nair et al.,
2004]. Recently, it has been reported that MAP
kinases can mediate regulation of p53 [Wu,
2004]. p53 can be regulated by Raf/MEK/
ERK kinase pathway either via upregulation
of p19ARF or induction of MDM2, a major nega-
tive regulator of p53 [Palmero et al., 1998; Tao
and Levine, 1999; Ries et al., 2000; McMahon
and Woods, 2001]. However, upregulation of
p19ARF seemsmost unlikely sincemetal toxicity
causes p53 activation through DNA damage,
which does not depend on p19ARF [Kamijo et al.,
1997]. Therefore, the activation of MEK/ERK
kinase pathway can result in an increase in
MDM2 protein levels with an increase in de-
gradation of p53 [Ries et al., 2000]. Consistent
with MEK/ERK pathway contribution to p53
dissipation, we present here that PD98059,
MEK inhibitor, stimulated p53 accumulation
and p53 function, as demonstrated by an in-

creased level of p53-dependent p21CIP1/Waf1, as
well as Bax. Thus MAP kinases play a negative
role in p53 regulation perhaps through up-
regulation of MDM2, transcriptional target of
the Raf/MEK/ERK. Exposure of MCF7 cells to
either copper or zinc resulted in strong increase
in p53, and p21CIP1/Waf1 protein levels, whereas
inhibition of ERK activity did not affect the
metal-induced p53 activation. These findings
indicate that while MEK/ERK pathway is res-
ponsible for degradation of p53, this pathway is
not involved inmetal-induced activation of p53.

In consideration of the involvement of ROS as
upstream regulators of p53 (as inducers of DNA
damage) and downstream regulators of p53,
and also the control of several genes regulated
by p53 including PIGs on ROS generation, [Li
et al., 1997a,b, 1999; Polyak et al., 1997], we
studied the effect of ERK inhibition on ROS
production in the presence of copper and zinc.
Redox active copper is a well known and the
most potent inducer of ROS generation and
apoptosis [Pourahmad and O’Brien, 2000; Nar-
ayanan et al., 2001; Gyulkhandanyan et al.,
2003; Ostrakhovitch and Cherian, 2004], while
redox inactive zinc is considered as an inhibitor
of apoptosis in various cell types [Barbieri et al.,
1992]. However, recently there have been re-
ports suggesting that, at certain concentra-
tions, zinc can induce apoptosis through p53
overexpression and ROS generation that leads
to apoptosis in various types of cells [Sensi et al.,
1999; Gazaryan et al., 2002; Provinciali et al.,
2002; Ryu et al., 2002; Ostrakhovitch and
Cherian, 2004, 2005]. The present studydemon-
strates that zinc, similarly to copper, can induce
activation of p53 protein and ROS generation in
MCF7 cells, although such an increase in ROS
production was not observed in p53 mutated
MDA-MB-231 cells and p53 depleted MCF7-E6
cells when exposed to metals. Moreover, the
generation of ROS could also affect ERK acti-

Fig. 4. (Overleaf ) Effect of PD98059 on DCF fluorescence in
p53-positive and negative cell lines exposed to copper and zinc.
MCF7 (A), MCF7-E6 (B), and MDA-MB231 (C) cells pretreated
with 20 mMofDCFH-DA for 30min prior to addition of 30 mMof
PD98059. Copper and zincwere added in 1 h for additional for 4

h. D: Correlation between ROS production and expression of
p21Cip/WAF1. Expression of p21Cip/WAF1 was plotted versus
relative increase in DCF fluorescence. The values shown are
the means of four independent experiments (P< 0.05). The
asterisk sign (*) denotes values versus control (with DMSO).

Fig. 3. Effect of ERK inhibition on p53, p21 expression (A), and
Bax staining (B) in p53 positive MCF7 cells exposed to copper
and zinc.MCF7 cellswere incubatedwith 30mMof PD98059 for
1 h and then treated with 25 mM of copper or 25 mM of zinc for
additional 4 h in serum-free medium. Expression of p53, p21
proteins was determined by Western immunoblotting analysis.
Bax expression was assessed by immunostaining with anti-Bax

antibodies. PD98059 inhibited ERK phoshorylationmediated by
copper and zinc thus confirming the specificity of the effects of
MEK inhibitor. It also dramatically increased the levels of p53,
p21, and Bax. The values shown are the means of three
independent experiments (P< 0.05). The asterisk sign (*) denotes
values versus control (with DMSO).
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vation in response to metals since it is known
that ROS activate ERK [Guyton et al., 1996].
However, the lowest level of ERK phosphoryla-
tion corresponded to accumulation of ROS in
MCF7 cells, exposed to metals, whereas the
strongest increase in phosphorylation of ERK in
response to copper and zinc exposure was ob-
served in MDA-MB-231 cells in which metals
were unable to increase the ROS production.
Thesefindings suggest thatmetal-inducedERK
activation does not depend on ROS accumula-
tion mediated by metals. However, there is a
strong correlation between metal-induced ROS
generation and expression of p21CIP1/Waf1, the
downstream target of p53. Pre-exposure to
PD98059 without metal treatment dramati-
cally increased the formation of ROS in MCF7
but did not affect the ROS levels in MCF7-
E6 and MDA-MB231 cells. Pretreatment with
PD98059 also increased metal induced ROS
production. Since PD98059 increased the ROS
production only in MCF7 cells with functional
p53, the activation of p53 might be the main
trigger in the stimulation of ROS generation.
Thus the actual mechanism may be the block-
age of MEK/ERK pathway resulting in activa-
tion of p53 that itself can cause generation of
ROS. Consistent with our findings, the ability
of PD98059 to trigger the ROS formation has
been reported in PC12 pheochromocytoma cells
expressing wild-type p53 [Cerioni et al., 2003].

The p53-mediated expression and direct
translocation of Bax protein to the mitochon-
dria, as well as ROS generation trigger opening
of permeability transition pores that result
in permeabilization of the outer mitochondria
membrane [Schuler et al., 2000; Skulachev,
2002; Chipuk et al., 2003, 2004]. We demon-
strate here that the complete blockage of ERK
activation by MEK inhibition can cause disrup-
tion of the mitochondrial membrane integrity
associated with apoptosis inMCF7 cells expres-
sing wild p53. Additional evidence for the
involvement of p53 in PD98059 induced mito-
chondrial breakdown is from the data showing
that inhibition of p53 by pifithrin-a partially
prevented the dissipation of mitochondrial
membrane potential. The attenuation of DC is
mediated by opening of permeability transition
pore thereby releasing proapoptotic proteins
such as cytochrome-c and AIF from the inter-
membrane space [Martinou et al., 2000]. Since
MCF7 cells are depleted in caspase 3, AIF seems
to be the more likely executor of apoptosis in

these cells [Janicke et al., 1998]. In our study,
only copper but not zinc caused AIF redistribu-
tion from mitochondria to the nucleus, while
both metals equally increased p53 and Bax
protein levels. The weak ERK activation in
MCF7 cells induced by copper was linked to cell
death via nuclear relocation of AIF. The most
notable aspect of our researchwas that suppres-
sion ofERKactivity by treatmentwithPD98059
induced nuclear localization of AIF in MCF7
cells. However, inactivation of ERK did not in-
crease sensitization ofMCF7 cells towardmetal
toxicity.

In summary, our results indicate that MEK/
ERKpathwaymediates anti apoptotic signaling
events in human breast cancer cells, but it may
not play a role inmetal-induced toxicity and cell
death. However, suppression of ERK leads to
activation of p53 and its downstream targets
resulting in ROS production, dissipation of
mitochondrial membrane integrity, and finally
the cell death via nuclear relocation of AIF.
Thus p53 may play a significant role in activa-
tion of ROS and apoptosis in cells deficient in
caspases, such as breast cancer MCF7 cells.
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