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Abstract. Background: Sodium phenylacetate (NaPa)
inhibits breast cancer cell proliferation decreasing prenylation
of small G proteins including Ras. Materials and Methods:
Aponecrosis induced by NaPa in MCF-7 and MCF-7ras breast
cancer cells was evaluated by measuring Annexin V/PI
labelling by flow cytometry. Specific inhibitors of p42/44 (PD
98059), p38 (SB 600125) and JNK (SP 202190) in association
with NaPa were also tested. Mitogen-activated kinase (MAPK)
activation was measured by immunoprecipitation. Results:
NaPa induced cell death more efficiently (80%) in the MCF-
7ras cells compared to the MCF-7 cells (60%). NaPa activated
ERK 1/2 and its combination with PD 98059 decreased cell
death in the MCF-7ras cells in contrast to the MCF-7 cells.
Combination of NaPa with specific inhibitors of both JNK and
p38 kinases also partly decreased MCF-7ras cell death.
Conclusion: NaPa induced cell death differently when ras was
overexpressed in breast cancer cells, partly involving p42/44,
JNK and p38 pathways.

Sodium phenylacetate (NaPa), a physiological metabolite of
phenylalanine, is normally found in human plasma at
micromolar concentrations. At higher concentrations, NaPa
has been reported to induce the cytostasis and the reversion
of malignant phenotype of different cancer cells by
inhibiting prenylation of small G proteins such as Ras (1-5).
Furthermore, NaPa has been shown to increase, in a
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synergistic manner, the effect of other antiproliferative
agents (6-10). For example, NaPa potentiated the antitumor
activity of tamoxifen, increasing apoptosis by BCL-2 down-
regulation in MCF-7ras breast cancer cells (11). We have
observed that NaPa alone induced MCF-7ras cell death
associated with new morphological characteristics of both
apoptosis and necrosis chimerically termed aponecrosis
(12). NaPa has also been used in phase I and II clinical
trials in patients with malignant tumors showing that the
large drug doses required to reach a therapeutic plasma
concentration (mM range) are well-tolerated with dose-
limiting toxicity (13, 14). In addition, experiments with ras-
transformed tumor cells have demonstrated that sensitivity
to NaPa, associated with the inhibition of the prenylation of
p21™S is due to an inhibition of the mevalonate pathway by
this drug (1, 15).

The MCF-7 cell line transfected with the v-Ha-ras
oncogene represents an estrogen-independent cellular
model corresponding to some malignant breast tumors
(16) and it does not require estrogen supplementation to
induce a high incidence of tumors in nude mice in contrast
to non-transfected cells (17). Furthermore, we have
previously shown that MCF-7 cells transfected by ras
present a different Ras mitogen-activated kinase (MAPK)
pathway in response to fibroblast growth factor-2 (FGF-2),
inducing DNA synthesis inhibition in contrast to non-
transfected MCF-7 cells (18). These opposite effects are
due to sustained activation of p42/44 MAPK (ERK 1/2)
proteins in MCF-7ras cells whereas activation is transient
in MCF-7 cells. Different functional signalling networks
have been demonstrated when ras was overexpressed in
response to mitogenic stimulation (19). Recently,
integrated analysis of MCF-7 and MCF-7ras cells has
demonstrated a different up-regulated pathway in the Ha-
ras transformed cells (20).
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Small G proteins such as Ras are the up-stream elements
of MAPK pathways and considerable attention has been
focused on the role of these signal transduction pathways in
the regulation of cell survival. Among the three major
MAPK pathways (p42/44 MAPK, JNK and p38), even if
apoptosis is most often associated with JNK (c-Jun-N-
terminal kinase) and p38 kinase activations, recent studies
have demonstrated that p42/44 MAPK (ERK) activation
can also be induced by noxious stimuli (21-24). NaPa has
also been shown to decrease the activation of the P21
target p42 MAPK/ERK2 (downstream element of Raf-1 and
MEKT1/2) in prostate cancer cells (25). Investigations of the
functional roles of MAPK pathways in cell death, as well as
other biological processes, have been greatly facilitated by
the development of pharmacological inhibitors (26-28).
Furthermore, to our knowledge the mechanism by which
NaPa or prenylation inhibitors causes apoptosis, is still
under investigation. Herein, the cell death induced by NaPa
in MCF-7 and MCF-7ras cells has been compared and the
involvement of MAPK pathways has been investigated using
MAPK inhibitors.

Materials and Methods

Cell culture. The MCF-7 cells were purchased from American
Tissue Culture Collection (ATCC, Rockville, MA, USA). The
human breast cancer MCF-7ras cells, derived from pleural effusion
MCEF-7 cells and transfected with v-Ha-ras, were kindly provided
by Dr C. Sommers (Georgetown University, Washington, DC,
USA). The cells were all routinely grown in DMEM supplemented
with L-glutamine 2 mM, penicillin 50 IU ml-1, streptomycin 50 pg
ml-1, and fetal calf serum (FCS) 10% (Life Technologies, Inc.,
Gaithersburg, MD, USA) at 37°C in a 5% CO, humidified
atmosphere.

Evaluation of cell death by flow cytometry. The MCF-7 or MCF-7ras
(1x105) cells in 2% FCS/DMEM were treated for 72 h with or
without 40 mM of NaPa, (conditions previously demonstrated to
induce a significant amount of cell death (9) added with or without
MAPK inhibitors PD98059 (10 uM,) (Sigma, Saint Louis, MO,
USA), SB600125 (15 puM) (Biomol Res Lab, PA, USA) or
SP202190 (15 uM) (Biomol Res Lab, PA, USA). After the
different treatments, the cells were harvested, centrifuged and
washed with annexin buffer (Boerhinger) as previously described
(29). Briefly, to reveal a phosphatidylserine translocation specific
to apoptosis stage, the cells were incubated with a FITC-labeled
Annexin V (Boerhinger) (0.5 ug/ml) and PI (2.5 pg/ml) for 10 min
in the dark. Then, the cells were analyzed by flow cytometry using
single laser emitting exitation.

The propidium iodide (PI) enters into the cells during the
ultimate stage of apoptosis or predominantly during the first stage
of necrosis when damage of the cell membrane has occurred.
Forward scatter (FSC) represents the size of the cells. The decline
of cell size or damage to the plasma membranes induced by cell
death can also be visualized by a reduction of the cell distribution
in the FSC versus an increase in the side scatter (SSC) representing
cell granulation.
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The Annexin-V-positive/PI negative (Ann*/PI-) population
corresponds to cells in early apoptotic phase and the Annexin-V-
positive/PI positive (Ann-V*/PI*) one to cells in late apoptosis
phase and/or necrosis. The latter population can also be revealed
by trypan blue staining as previously described (29).

Measurement of MAPK activation. The cells (1x10°) were grown in
complete medium for 1 day and then starved for 24 h in serum-free
medium prior to the incubation with 2% FCS/DMEM with or without
NaPa 40 mM. Since the induction of MAPK signalling has been
demonstrated to be a quick event in cell proliferation (18), the cells
were treated with NaPa for 1 h. The PD 98059 (10 uM), SB600125 or
SP202190 (15 uM) was added 1 h before the incubation with 2%
FCS/DMEM with or without NaPa (40 mM). The cells were then
washed twice with cold PBS containing 1 mM of Na3;Vo, and lysed in
1 ml lysis buffer 1x containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate,
1 mM f-glycerolphosphate, 1 mM Na3Vo4 and 1 pug/ml Leupeptin
according to the p44/42 MAP Kinase assay kit manufacturer
recommendations (Cell Signalling Technology Inc, Beverly, MA,
USA). The lysates were clarified by centrifugation at 14,000 xg for 10
min at 4°C and 200 wl of the supernatant (total protein) were
incubated with immobilized phospho-p42/44 MAPK, JNK or P38
kinase monoclonal antibody (Cell Signaling Technology Inc, Beverly,
MA, USA) overnight at 4°C. The immobilized phosphorylated proteins
were then washed twice with kinase buffer (25 mM Tris pH 7.5, 5 mM
f-glycerolphosphate, 2 mM DTT, 0.1 mM Na3Vo4, 10 mM MgCl,).
The kinase assays were performed by incubating the phosphorylated
proteins in 50 pl kinase buffer containing 200 uM ATP and 2 ug Elk-1,
AFT-2 or C-Jun fusion protein for 30 min at 30°C. Ser 383 of Elk-1 is
a major phosphorylation site by p42/44 MAPK and is required for Elk-
1 dependent transcriptional activity (30). The p38 protein
phosphorylate the AFT-2 transcriptional factor at the Thr 69 and Thr
71 sites (31). JNK binds to the amino-terminal region of c-Jun and
phosphorylate c-jun at Ser 63/73 (32). The reaction was stopped by the
addition of the SDS sample buffer and boiled samples were analysed by
10% SDS/PAGE and nitrocellulose membrane electrotransfer. After
blocking the membranes with 5% bovine serum albumin (BSA) in 10
mM Tris pH 7.5, 150 mM NaCl and 0.1% Tween, they were incubated
for 1 h with phospho-Elk1, AFT-2 and C-Jun polyclonal antibody (Cell
Signaling Technology) diluted 1:1000, followed by incubation with
horseradish-conjugated anti-rabbit IgG antibody (1:3000) and the
bands were visualised using an enhanced chemiluminescence reagent
system (Amersham pharmacia biotech, Buckinghamshire, UK). Also,
the membranes were incubated with an anti-ERK1/2, anti-JNK or anti-
p38 monoclonal antibody (Santa Cruz Biotechnologies, Santa Cruz,
CA, USA) for 1 h diluted 1:1000, followed by incubation with
horseradish-peroxidase-conjugated anti-rabbit IgG antibody (1:10000)
and the bands were visualised as described above

Statistical analysis. Multiple statistical comparisons were performed
using ANOVA in a multivariable linear model. Some statistical
comparisons were conducted using the student ¢-test. P<0.05 was
considered statistically significant.

Results

Effects of the p42/44 MAPK inhibitor (PD 98059) in
combination with NaPa on MCF-7 or MCF-7ras cell death.
NaPa (40 mM) induced MCF-7 cell death after 72 h of
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Figure 1. Effect of NaPa alone or in combination with PD 98059 on
MCF-7 and MCF-7ras cell death. MCF7 (A) or MCF-7ras cells (B) were
incubated for 72 h in the presence or absence of NaPa (40 mM) alone or
in combination with PD 98059 (10 uM). After staining with FITC
Annexin-V (Ann-V) and propidium iodide (PI), the cells were analysed by
flow cytometry. Ann-V*/PI=: early apoptosis or Ann-V*/PI*: late
apoptosis and/or necrosis Mean (£8.D.) of three independent experiments.

treatment (Figure 1A). We observed almost 60% of the
cells were Annexin-V stained, approximatively 50% Ann-
V*/PI* (late apoptosis and/or necrosis) and 10 % Ann-
V*/PI™ (of cells in early phase apoptosis). The addition of
the p42/44 MAPK inhibitor, PD 98059 (10 uM) did not
significantly affect the viability of the untreated cells
(p=0.31) while with the NaPa treated cells it slightly
increased the percentage of cell death (70%). This slight
enhancement was correlated with an increase in the
proportion of cells in late apoptosis and/or necrosis (Ann-
VT/PIt) to 65% whereas the cell population in the early
stage of apoptosis (Ann-V*1/PI") remained unchanged
(about 10%).

The percentage of cell death in the MCF-7ras cells was
higher than in the MCF-7 cells (80% of Annexin-V positive
cells, Figure 1B) and the population in the early stage of
apoptosis was increased (44%). In contrast to MCF-7 cells,
the combination of 10 uM of PD 98059 with 40 mM NaPa
induced a reduction of MCF-7ras cell death in both early
and late apoptosis phases (p=0.0006).

NaPa modulation of p42/44 MAPK activation. After serum-
starvation the addition of 2% FCS/DMEM induced
activation of p42/44 MAPK in the MCF-7 cells (Figure 2A,
lane 1, top panel). As shown by the bottom panel, the
addition of NaPa or PD 98059 did not influence the level of
p42/44 protein expression. The addition of non-apoptotic
concentrations of NaPa (5 mM and 20 mM) (9) inhibited
the MAPK activation (lanes 2 and 3, respectively). However,
NaPa at 40 mM induced an increase of the MAPK
activation to the control level. The addition of the p42/44
MAPK inhibitor, PD 98059 at 10 uM effectively inhibited
the activation of the MAPK pathway (lanes 5 to 8).

In the case of the MCF-7ras cells, the NaPa effect on the
p42/44 pathway was different since the lower concentrations
of NaPa (5 and 20 mM) did not significantly inhibit p42/44
MAPK activation (Figure 2B, top panel, lane 2 and 3). The
higher NaPa concentration (40 mM, lane 4), increased
p42/44 MAPK activation above that in the MCF-7ras
control cells (lane 1). The addition of the PD 98059
inhibited the activation of MAPK (lanes 6 to 8). In all cases,
the treatments with PD 98059 and NaPa did not influence
the synthesis of the p42/44 MAPK protein (bottom panel).

Effect of the p38 MAPK inhibitor (SB 600125) in combination
with NaPa on MCF-7 cell and MCF-ras cell death. The addition
of SB 600125 to the NaPa increased MCF-7 cell death from
60% to 95% (Figure 3A). The p38 inhibitor increased the
amount of cells in the early as well as in the late stage of
apoptosis (10 to 20% and 50 to 75%, respectively). In the
MCF-T7ras cells (Figure 3B), the combination of SB 600125
with NaPa induced a decrease in the proportion of cells
undergoing apoptosis from 80 to 50%. A reduction about 10%
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Figure 2. Effect of NaPa on p42/44 MAPK activation in MCF-7 (A) and MCF-7ras (B) cells. Cells (1x10°) were treated with NaPa alone (5, 20, 40 mM,
lanes 2-4) or in combination with PD 98059 (10 uM, lanes 6-8) for 72 h. MAPK activity was measured by Elk-1 phosphorylation (top panel) and p42/44
protein expression (bottom panel). Bar graphs correspond to analysis of the most representative of at least two experiments performed separately.
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Figure 3. Effect of NaPa alone or in combination with SB 600125 on
MCF-7 and MCF-7ras cell death. MCF-7 cells (A) or MCF-7ras cells (B)
were incubated for 72 h in the presence of NaPa (40 mM) alone or in
combination with SB600125 (15 uM). After staining with FITC Annexin-
V' (Ann-V) and propidium iodide (PI), the cells were analysed by flow
cytometry. Ann-V*[PI-: early apoptosis Ann-V*/PI*: late apoptosis
and/or necrosis Mean (+S.D.) of three independent experiments.
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Figure 4. Effect of NaPa alone or in combination with SP 202190 on
MCEF-7 and MCF-7ras cell death. MCF-7 (A) or MCF-7ras cells (B) were
incubated for 72 h in the presence or absence of NaPa (40 mM) alone or
in combination with SP202190 (15 uM). Cells were stained with FITC
Annexin-V (Ann-V) and propidium iodide (PI) and analysed by
cytometry. Ann-V*/PI: early apoptosis Ann-V*/PI*: late apoptosis
and/or necrosis Mean (£S.D.) of three independent experiments.
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Figure 5. Effect of NaPa on p38 and JNK activation in MCF-7ras cells.
Cells (1x10°) were treated with NaPa alone at 40 mM (lane 2) or in
combination with inhibitor at 15 uM (lane 4). (A) Effect of NaPa on p38
activation, measured by AFT-2 phosphorylation measurement after
immunoprecipitation of p38 (top panel), and p38 protein expression
(bottom panel). (B) Effect of NaPa on JNK activation, measured by C-
Jun phosphorylation (top panel) and JNK protein expression (bottom
panel). Bar graphs correspond to the analysis of the most representative
of at least two experiments performed separately.

of cells in late apoptosis and about 20% of cells in early
apoptosis was observed. The addition of the p38 inhibitor
alone did not significantly affect the viability of either the
MCEF-7 (p=0.109) or the MCF-7ras cells (p=0.211).

1034

Effect of the INK MAPK inhibitor SP 202190 in combination
with NaPa on MCF-7 and MCF-7ras cell death. The addition
of the JNK inhibitor SP 202190 alone did not affect the
viability of the MCF-7 or the MCF-7ras cells (Figure 4). The
addition of SP 202190 to the NaPa increased the MCF-7 cell
death (Figure 4A) in the same manner observed with the use
of the p38 inhibitor. In contrast, inhibition of JNK activation
in the MCF-7ras cells treated with NaPa induced a reduction
of cells in both early and late stage of apoptosis (Figure 4B).
In addition, SP 202190 in combination with NaPa 40 mM
induced a decrease of 20% of cells in late apoptosis as
compared to the effect of NaPa alone. A similar reduction
was observed for the cells in early phase apoptosis.

Activation of JNK/p38 pathways induced by NaPa. As
observed in the case of p42/44 protein activation, the
addition of NaPa at 40 mM induced an increase in the ratio
of activated p38/ total p38 proteins (Figure SA). The NaPa
increased about 4-fold the p38 substrate (AFT-2). The use
of the inhibitor SB 600125 at 15 uM completely reversed the
activation induced by NaPa. In the same manner, the
addition of NaPa induced a 3-fold higher level of C-Jun
phosphorylated protein as compared to control (Figure 5B).
The addition of 15 uM of SP 600125 partially inhibited the
JNK activation induced by NaPa.

Discussion

In the present study NaPa induced breast cancer cell death
through the activation of the MAPK pathway when ras was
overexpressed. NaPa induced activation of p42/44 MAPK in
the MCF-7ras cells and the addition of PD 98059 in part
reduced the cell death. In contrast, in the non-transformed
cells (MCF-7), the use of inhibitors did not reverse
apoptosis but increased it, suggesting an additive effect of
p42/44 MAPK inhibition with others pathways. PD 98059
alone had no effect on the MCF-7 or the MCF-7ras cell
viability. This was in agreement with other studies which
showed that the disruption of this pathway by MAPK
inhibitors was not always sufficient to induce apoptosis. It
has also been demonstrated that the interruption of the
MAPK cascade by the pharmalogical agents or other means,
could potentate or reduce the apoptosis of cells exposed to
other environmental stresses (21, 23, 33-36). NaPa (40 mM)
induced MCF-7ras cell death (80%) with a majority of cells
in early apoptosis (44%) after 72 h whereas in the case of
the wild-type MCF-7 cells, the percentage of cell death was
lower (60%) and only 10% of these cells were in early
apoptosis stage. These results are in agreement with
previous findings which demonstrated that NaPa or other
prenylation inhibitors were more effective in inhibiting the
proliferation of ras-transformed cells (1, 15). In each cell
lines (MCF-7 or MCF-7ras), the different distribution of the
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cell death populations (apoptotic and necrotic) was due to
the time of treatment with NaPa since its effect was
demonstrated to be time-dependent (9, 37).

In our experiments and according to Danesi et al. (25),
NaPa (5 and 20 mM) inhibited the activation of ERK1/2 in
MCEF-7 cells at concentrations less than 40 mM. Those
concentrations have been demonstrated to be implicated in
the cell cycle arrest of both MCF-7 and MCF-7ras cells but
did not affect their viability (7, 9). Samid et al., have
previously shown that these concentration-range of NaPa
combined with PD 98059 increased cell cycle arrest by
increasing p21€iP1/Watl expression and by decreasing PPAR
v activation , a potential target of NaPa (4). Additionaly in
contrast to the MCF-7 cells, NaPa at these concentrations
did not induce differences in ERK1/2 activity in the MCF-
Tras cells as compared with the control. This result could be
explained, in part, by the overexpression of the Ras protein
which led to increasing activation of the MAPK pathway in
the MCF-7ras cells.

At a higher NaPa concentration, activation of the
ERKI1/2 protein was induced without affecting its
synthesis in the MCF-7ras cells. In the MCF-7 cells, the
activity of ERK 1/2 induced by NaPa (40 mM) after 1h of
stimulation remained at the control level. Previous data
have indicated that sustained activity of the MAPK
activation (more than 1 h) in MCF-7 cells was associated
with cell proliferation inhibition as well as DNA synthesis
inhibition (18, 38). In our experiments, sustained
activation was also observed over 2h in MCF-7ras cells
(data not shown). The addition of p42/44 inhibitor
although inhibiting activation, did not reverse MCF-7
apoptosis and this effect has also been observed recently
(38). As mentioned above, inhibition of p42/44 MAPK
activity may act additively with other pathways to increase
MCEF-7 cell death. The incomplete reversion of MCF-7ras
cell death observed in the presence of MAPK cascade
inhibitors, indicated that ERK 1/2 activation was partly
involved in MCF7-ras cell death signalling. MCF-7ras Bcl-
2 down-regulation previously observed in our laboratory
after a long NaPa exposure (more than 4 days) (11) was
probably the result of another undetermined NaPa down-
stream mechanism involving protein expression inhibition
as previously described (2). Furthermore, the death of the
MCF-T7ras cells induced by NaPa was also partly reduced
by inhibition of both JNK and p38 activities. We have
previously shown that the JNK pathway played a critical
role in breast cancer cell proliferation (18). These results
suggest that a direct or indirect undetermined mechanism
implicates the three major MAPK protein activations
(p42/44, JNK, p38) to induce ras-transformed cell death
with the NaPa. Furthermore, a cross-talk pathway
between p42/44 and p38 has been previously described
although the mechanism is still not elucidated (27). In

contrast, our results showed that the activation of these
two pathways was not involved in the MCF-7 non-
transformed cells, since inhibitors did not reduce cell
apoptosis but increased as shown by the ERK1/2 inhibitor.
As mentioned above, in the MAPK ERK1/2 pathway, the
inhibition of p38/JNK activation could be associated with
other pathways to induce MCF-7 cell death. The higher
proportion of MCF-7 cell death increase with the p38 and
JNK inhibitions in contrast to ERK1/2 inhibition (35%
versus 10%, respectively) should be noted. These results
could indicate the importance of inhibiting p38/JNK as
compared to ERK1/2 activity to induce MCF-7 cell death
and are in agreement with previous results that have
shown the essential role of the MAP kinase pathway
signalling in mammary epithelial cell survival (33). In
addition, these results were supported by a recent report
showing different pathways of cell death in MCF-7 as
compared to MCF-7ras cells (20).

In conclusion, ERK, JNK and p38 are, in part, involved in
MAPK activation in ras-transformed cell death induced by
prenylation inhibitor, partly explaining the vulnerability of
ras-transformed cells to NaPa and indicating that the effect
of anchored Ras targeting drugs (such as NaPa) in
combination with MAPK inhibitors depends on the level of
ras expression.
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