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Abstract. Monocyte chemoattractant protein-1 (MCP-1) is a
CC chemokine that plays an important role in immune cell
migration. It has been reported that chemokines, including
MCP-1, are involved in angiogenesis and metastasis. However,
the exact role of chemokines in cancer development is still
obscure. We investigated the involvement of MCP-1 in taxol-
induced breast cancer cell death. The anti-cancer drug taxol
induced MCF-7 breast cancer cell death. Treatment with taxol
increased the mRNA expression level of MCP-1 in a dose- and
time-dependent manner. Up-regulation of MCP-1 by taxol was
augmented in cells treated with rottlerin, a specific inhibitor
of protein kinase Cd (PKC5). In addition, taxol-induced MCP-1
expression was reduced by the ectopic expression of PKCd
in a dose-dependent manner, indicating that PKCS plays a
negative role in taxol-induced MCP-1 expression in MCF-7
cells. On the other hand, taxol-induced up-regulation of
MCP-1 was reduced in cells treated with U73122, an inhibitor
of phospholipase C (PLC), and ectopic expression of PLC-y1
increased the expression of MCP-1 in taxol-treated MCF-7 cells,
indicating that PLC-y1 functions as a positive regulator in taxol-
induced MCP-1 expression. These results indicate that MCP-1
is involved in taxol-induced breast cancer cell death and we
propose that taxol induces up-regulation of MCP-1 by affecting
both positive and negative regulatory signaling pathways.

Introduction

Chemokines are a family of cytokines that are involved in
migration and recruitment of leukocytes to sites of tissue
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injury and inflammatory lesions (1). Recent reports propose
that chemokines are also involved in carcinogenesis (1).
Chemokines are broadly classified into four distinct groups,
CXC(a), CC(B), C(y), and CX,C(d), based on the number and
location of N-terminal cysteine residues (2,3). A wide variety
of cells, including leukocytes, muscle cells, endothelial cells,
fibroblasts, and cancer cells produce chemokines in response
to various stimuli, such as tumor necrosis factor-o. (TNF-a),
lipopolysaccharide (LPS), interferon-y (IFN-y), and phorbol
12-myristate 13-acetate (PMA) (4-6).

Monocyte chemoattractant protein-1 (MCP-1, also known
as CCL2) is a member of the CC chemokine family and
binds to CC chemokine receptor (CCR) 2 (7). MCP-1 plays
an important role in migration of leukocytes to inflammatory
lesions, such as atherosclerotic plaques (8-10). Recent studies
suggest that MCP-1 is involved in the development of cancers,
including angiogenesis and metastasis (11,12). It was also
reported that MCP-1 confers a protective advantage in
prostate cancer (13-15). MCP-1 is induced and secreted from
a variety of cell types, including cancer cells, due to various
stimuli (16,17).

The protein kinase C (PKC) family is known to be
involved in various cellular processes, including breast cancer
development (18). It has been reported that breast cancer
biopsies exhibit higher levels of total PKC activity compared
to surrounding normal tissues (18,19). The PKC superfamily
is classified into three subfamilies, conventional PKCs (PKCa,
BI, BIT and v), novel PKCs (PKCS3, ¢, 6 and n), and atypical
PKCs (PKCt and PKCv)) (20). Each subfamily is involved in
different and diverse cellular processes (21).

Taxol (paclitaxel) is a natural anti-cancer drug that is used
for the treatment of ovary, non-small cell lung and breast
cancers (22). Taxol plays an important role in regulation of
the cell cycle by arresting the cycle in the G,/M phase via
stabilization of microtubule assembly and inhibition of cell
proliferation, leading to programmed cell death (22,23). In
this study, involvement of MCP-1 in taxol-induced breast
cancer cells was investigated using the MCF-7 human breast
cancer cell line. We report herein that MCP-1 is up-regulated
in taxol-induced breast cancer cell death and the up-regulation
is mediated by a combination of the effects of PKCd and
PLC-y1.
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Materials and methods

Materials. Dulbecco's modified Eagle's medium (DMEM) and
fetal bovine serum (FBS), penicillin and streptomycin were
purchased from Gibco-BRL Life Technologies Inc. (Grand
Island, NY). Taxol, trypan blue and 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) were obtained
from Sigma (St. Louis, MO). Lipofectamine 2000 reagent was
purchased from Invitrogen (Carlsbad, CA). PD98059, U73122,
LY294002, rottlerin, Ro-31-8425, SB202190, and SP600125
were obtained from Calbiochem (San Diego, CA).

Cell culture and transient transfection. Human breast cancer
cell line MCF-7 cells were obtained from ATCC. MCF-7 cells
were maintained in DMEM supplemented with 10% heat-
inactivated FBS, penicillin (100 U/ml) and streptomycin
(100 pg/ml). MCF-7 cells were seeded into 6-well plates at a
density of 5x10° cells/well. After incubation for 24 h, cells
were transfected with 0.5-4 ug of DNA using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer's
instructions.

MTT assay. MCF-7 cells were plated at a density of 5x10* cells/
well in 96-well plates, and cell survival was evaluated by MTT
reduction assay. The reduction status of cells was measured
by a colorimetric assay for cell survival. MTT was dissolved
in DMEM. After 12-24 h exposure to 40 nM taxol, MTT was
added to each well and incubated for 2 h at 37°C in the dark.
MTT was converted to a water-insoluble blue product
(formazan) when absorbed by living cells. The formazan
product was dissolved by adding 100 u1 DMSO to each well.
The absorption value at a wavelength of 570 nm was determined
using an ELISA plate reader (Bio-Rad Laboratories, Inc.). Data
were presented as the percentage of survival relative to vehicle-
treated control culture. All measurements were performed in
triplicate and each experiment was repeated at least three times.

Trypan blue exclusion assay. MCF-7 cells were seeded into
6-well plates at a density of 5x10° cells/well. After incubation
for 24 h, cells were treated with various concentrations of taxol.
Trypan blue solution (0.4%) (10 ul) was added to the cell
suspension and cells were counted on a hemocytometer under
a microscope. The percentage of viable cells was expressed as
the ratio of the number of trypan blue non-permeable cells to
the total cell count (trypan blue non-permeable cell number/
total cell number).

¢DNA preparation and PCR amplification. Total cellular RNA
was extracted from cells using Trizol reagent (Invitrogen)
according to the manufacturer's instructions. cDNA was
synthesized from 2 pg of total RNA using AccuPower RT
PreMix (BioNeer, Daejeon, Korea). The reaction was carried
out for 60 min at 42°C and for 5 min at 94°C. The resulting
cDNA samples were amplified by 30 cycles (denaturating at
96°C for 40 sec, annealing at 55°C for 40 sec, and elongating at
72°C for 40 sec) using MCP-1 primers. GAPDH was amplified
as an internal control. The PCR products were electrophoresed
on a 1.5% (w/v) agarose gel containing 0.5 pug/ml ethidium
bromide (EtBr), and sizes of the products were determined by
comparison with a 1-kb DNA ladder marker (Invitrogen).
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Table 1. Primer sequences used in this study.

Primer  Primer type Primer sequences
MCP-1 Forward CAGCCAGATGCAATCAATGC
Reverse  AAG TCT TCG GAG TTT GGG
Lkn-1 Forward ACTTTGCTGACTGCT
Reverse GTGGCTGGCCTCTTTTGT
TNF-a Forward CAGAGGGAAGAGTTCCCCAG
Reverse CCTTGGTCTGGTAGGAGACG
MIP-1a Forward CTGCCCTTGCTGTCCTCCTCTG
Reverse CTGCCGGCTTGCTTGGTTA
PKC? Forward TTTCTCACCCACCTCATCTG
Reverse CGAAGAGTTCATCCTCATCATC
PLCB1 Forward CAGAGTGTCTTAACAGAAGTGGAAG
Reverse GACCGGATCATCTCTGTCTTCTCC
PLCyl Forward GAAGAGAAGATTGGCACAGAACGTG
Reverse =~ GTCCACCACAAACTCTGTCTTCTGC
GAPDH Forward CACCACCATGGAGAAGGCTGG
Reverse TTGTCATGGATGACCTTGGCCAGG

The intensity of each band amplified by RT-PCR was analyzed
using a UV Image analyzer (Vilber Lourmat, Germany), and
normalized to that of GAPDH mRNA in corresponding
samples. Primer sequences used in this study are summarized
in Table I.

Results

Taxol induces breast cancer cell death and affects mRNA
expression of MCP-1. Taxol is known to have a cytotoxic effect
on a variety of cancer cells and is used as an anticancer drug
for cancer therapy (22,24). We first confirmed the anticancer
activity of taxol. As shown in Fig. 1, treatment with taxol
induced MCF-7 breast cancer cell death. Cell morphology
was determined microscopically in taxol-treated cells. Cells
treated with taxol exhibited morphological changes that
indicate cell damage or death (Fig. 1A). We also determined
taxol-induced cell death by counting the number of viable cells
after trypan blue staining and by performing an MTT assay.
Taxol decreased cell viability in a dose-dependent manner
(Fig. 1B and C). These results indicate that taxol effectively
induces breast cancer cell death.

We next investigated whether chemokines are involved in
taxol-induced breast cancer cell death. MCF-7 cells were
treated with taxol and the mRNA expression levels of chemo-
kines, including leukotactin-1 (Lkn-1), MCP-1, macrophage
inflammatory protein-1a (MIP-1a), and TNF-a were determined
using semi-quantitative RT-PCR. The mRNA levels of Lkn-1,
MIP-1a, and TNF-a were not affected by the treatment with
taxol (Fig. 1D). However, the mRNA expression of MCP-1
was increased ~1.8-fold in taxol-treated cells compared to
control cells. These results indicate that MCP-1 is involved
in breast cancer cell death induced by taxol treatment.

Taxol induces up-regulation of MCP-1 in a dose- and time-
dependent manner. Since taxol affects MCP-1 expression in
breast cancer cells, we examined whether taxol regulates
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Figure 1. Taxol induces breast cancer cell death and increases mRNA expression of MCP-1. (A) MCF-7 cells were treated with or without 40 nM taxol for 24 h and
morphological changes were examined microscopically. Cells were incubated with the indicated concentrations of taxol (0, 2, 5, 10, 20, and 40 nM) for 24 h and
cell viability was determined by the cell counting after (B) trypan blue staining and ( C) MTT assay. (D) MCF-7 cells were incubated with 40 nM taxol for 24 h and
total RNA was extracted. The mRNA expression levels of chemokines (Lkn-1, MCP-1, TNF-a, and MIP-1a) were examined using semi-quantitative RT-PCR.
GAPDH was used as an internal control. Densitometry analysis was performed using Quantity One software (Bio-Rad Laboratories, Hercules, CA). Data are
presented as the percentage of chemokine expression level (each chemokine expression level in the absence of taxol is set to 100%).

expression of MCP-1 in MCF-7 cells. Cells were treated with
various concentrations of taxol and the levels of MCP-1
mRNA were examined using semi-quantitative RT-PCR. As
shown in Fig. 2A, MCP-1 expression was increased in a dose-
dependent manner in taxol-treated cells. Taxol also induced
expression of MCP-1 time-dependently. MCP-1 expression
began to increase at 3 h after taxol treatment and the increased
level of MCP-1 was sustained for 2 days after stimulation
(Fig. 2B and C). These results indicate that induction of
MCP-1 is a relatively early response to taxol treatment and is
sustained for a long time in breast cancer cells.

PKC6 and PLC are involved in taxol-induced up-regulation of
MCP-1. Since taxol up-regulates expression of MCP-1 in breast
cancer cells, we next investigated which signal pathways are
associated with taxol-induced MCP-1 expression. MCF-7
cells were pre-incubated in the presence and absence of inhibitors
specific for various signaling molecules and then cells were
treated with taxol. As shown in Fig. 3, PD98059 (inhibitor
of MEK), Ro-31-8425 (inhibitor of pan-PKCs), LY294002
(inhibitor of PI3K), SP600125 (inhibitor of JNK), and SB202190
(inhibitor of p38 MAPK) showed only a small inhibitory effect
on taxol-induced up-regulation of MCP-1. However, the mRNA
level of MCP-1 in taxol-treated cells was increased ~1.9-fold
by pre-treatment with rottlerin, a specific inhibitor of PKCd

(Fig. 3). This result indicates that PKC$ acts as a negative
regulator in taxol-induced MCP-1 expression. However, pre-
treatment with U73122, a PLC inhibitor, completely abolished
induction of MCP-1 in response to taxol (Fig. 3). This result
indicates that PLC functions as a positive regulator of taxol-
stimulated MCP-1 induction. Taken together, these data suggest
that up-regulation of MCP-1 in taxol-treated breast cancer cells
is regulated via PKC$ and PLC-mediated signal pathways.

PKC5 has a negative effect on MCP-1 expression in taxol-
treated breast cancer cells. Since MCP-1 expression is
increased by a specific PKCS inhibitor, we confirmed the
effect of rottlerin on taxol-induced expression of MCP-1.
Pre-treatment with rottlerin increased MCP-1 expression in a
dose-dependent manner in taxol-treated MCF-7 cells (Fig. 4A).
We next investigated whether ectopic expression of PKCd
affects MCP-1 expression induced by taxol in breast cancer
cells. MCF-7 cells were transfected with the PKCd expression
vector, and then transfected cells were treated with taxol.
Ectopic expression of PKC down-regulated MCP-1 expression
in control cells and PKC$ decreased the expression level of
MCP-1 in a dose-dependent manner in taxol-treated cells
(Fig. 4B). These results indicate that taxol has an inhibitory
effect on PKC$ that is involved in down-regulation of MCP-1
in breast cancer cells.
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Figure 2. Taxol induces up-regulation of MCP-1 in a dose- and time-dependent manner. (A) MCF-7 cells were treated with the indicated concentrations of
taxol (0, 2, 5, 10, 20, and 40 nM) for 24 h and total RNA was extracted. Semi-quantitative RT-PCR was performed using primers specific for MCP-1. The
PCR products were separated on a 1.5% agarose gel. MCE-7 cells were incubated with 40 nM taxol for (B) a long time (0, 12, 24, 36 and 48 h) and for (C) a
short time (0, 30, 60, 90, 120, and 180 min), and mRNA expression of MCP-1 was examined using semi-quantitative RT-PCR. GAPDH was used as an
internal control. Densitometry analysis was performed using Quantity One software. Data are expressed as the means +SD and presented as the percentage of
MCP-1 (the MCP-1 level in the absence of taxol is set to 100%). The data represent three independent experiments.
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Figure 3. PKC$ and PLC are involved in taxol-induced up-regulation of MCP-1.
MCE-7 cells were pre-incubated with various signaling molecule inhibitors
including PD98059 (PD, 50 pg/ml), Ro-31-8425 (Ro, 50 ng/ml), rottlerin (Rt,
50 pg/ml), LY294002 (LY, 10 pug/ml), SP600125 (SP, 10 pg/ml), SB202190
(SB, 20 pg/ml) and U73122 (U, 40 pug/ml) for 30 min and were treated with
40 nM taxol for 3 h. Total RNA was extracted and MCP-1 mRNA expression
was determined using semi-quantitative RT-PCR. GAPDH was used as an
internal control. Densitometry analysis was performed using Quantity One
software. Data are expressed as the means +SD and presented as the
percentage of MCP-1 (the MCP-1 level in the absence of taxol is set to
100%). The data represent three independent experiments.

PLC-yl is involved in up-regulation of MCP-1 in taxol-
treated breast cancer cells. Since the PLC inhibitor U73122
depresses the taxol-induced increase of MCP-1 expression in
MCEF-7 cells, we confirmed the effect of U73122 on MCP-1

expression in taxol-stimulated breast cancer cells. As shown in
Fig. 5A, MCP-1 mRNA expression was decreased in taxol-
treated cells by pre-treatment with U73122 in a dose-dependent
manner. We next determined whether the PLC isoforms
PLC- and PLC-y1 affect taxol-induced MCP-1 expression
in breast cancer cells. MCF-7 cells were transfected with
plasmids expressing PLC-3 and PLC-y1, and then cells were
incubated in the presence and absence of taxol. Similar
amounts of PLC- and PLC-yl were expressed in both the
taxol-free and taxol-treated MCF-7 cells (Fig. 5B, upper
panel). Ectopic expression of PLC-8 did not affect MCP-1
expression, however ectopic expression of PLC-y1 induced
up-regulation of MCP-1 in breast cancer cells (Fig. 5B, lower
panel). These results indicate that PLC-y1 functions as a
positive regulator of MCP-1 expression in breast cancer cells
and that treatment with taxol induces activation of PLC-yl,
leading to up-regulation of MCP-1 in breast cancer cells.

Discussion

MCP-1 is a CC chemokine and a ligand for CCR2. Chemokines
are known to play an important role in migration of leukocytes
to inflammatory lesions (1). Recent reports propose that a
variety of chemokines are involved in development of cancer
including angiogenesis and metastasis (11,12). However, the
exact roles of chemokines in cancer development are still
unknown. In this study, we determined that MCP-1 is involved
in taxol-induced breast cancer cell death. Results from this
study show that (i) MCP-1 is up-regulated in taxol-treated
breast cancer cells, (ii) taxol increases MCP-1 expression by
enhancing activation of PLC-y1l and (iii) by reducing the
activity of PKC3.
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Figure 4. PKC8 down-regulates taxol-induced MCP-1 expression. (A) MCF-7 cells were pre-incubated with the indicated concentrations of rottlerin (0, 10,
20, 40, and 80 nM) for 30 min and treated with 40 nM taxol for 3 h. Total RNA was obtained and the MCP-1 mRNA levels were examined using semi-
quantitative RT-PCR. (B) MCF-7 cells were transfected with the indicated amounts of the PKC$ expression vector (0, 0.5, 1, and 2 pg) for 24 h. The total
amount of DNA (2 pg) was kept constant using the mock vector. The transfected cells were treatead with 40 nM taxol for 3 h and total RNA was extracted.
The mRNA level of MCP-1 was determined using semi-quantitative RT-PCR. GAPDH was used as an internal control. Densitometry analysis was performed
using Quantity One software. Data are expressed as the means +£SD and presented as the percentage of MCP-1 (the MCP-1 level in control is set to 100%).
The data represent three independent experiments.
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Figure 5. PLC-y1 up-regulates taxol-induced expression of MCP-1. (A) MCF-7 cells were pre-incubated with the indicated concentrations of U73122 (0, 0.5,
1, 2, and 5 ng/ml) for 30 min and treated with 40 nM taxol. Total RNA was extracted and MCP-1 expression was determined using semi-quantitative RT-PCR. (B)
MCEF-7 cells were transfected with the plasmids expressing PLC-f and PLC-y1 (4 ug). After 24 h, cells were treated with 40 nM taxol for 3 h and total RNA
was extracted. The expression level of MCP-1 was determined using semi-quantitative RT-PCR. GAPDH was used as an internal control. Densitometry
analysis was performed using Quantity One software. Data are expressed as the means +SD and presented as the percentage of MCP-1 (the MCP-1 level in
the absence of taxol is set to 100%). The data represent three independent experiments.

Various stimuli are known to induce expression and secretion  phase by stabilizing microtubule assembly, resulting in apoptosis

of MCP-1 in inflammatory diseases and cancer development
(12,16,17,25,26). Herein, we determined that MCP-1 is up-
regulated in taxol-induced breast cancer cell death. Taxol, a
potent anti-cancer drug, causes cell cycle arrest in the G,/M

(22,23). During programmed cell death, surrounding immune
cells, especially macrophages, remove apoptotic cells by phago-
cytosis. In taxol-induced cell death, the affected breast cancer
cells probably secrete the chemokine MCP-1 for recruitment
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of immune cells that destroy damaged cancer cells. Recent
reports indicate that chemokines are involved in proliferation
of a variety of cells and MCP-1 confers a protective advantage
in prostate cancer (13-15). Therefore, it is also possible that
cancer cells release MCP-1 for proliferation and survival as a
protective mechanism against taxol-induced cell death.

We also investigated the signal pathways involved in
taxol-induced MCP-1 expression. Taxol-induced expression
of MCP-1 was blocked due to inhibition of PLC activity, and
overexpression of PLC increased MCP-1 expression. PLC-y1
expression also induced MCP-1 expression in untreated cells,
indicating that PLC-y1 is a positive regulator of MCP-1
expression in breast cancer cells. Taxol apparently up-regulates
MCP-1 expression by activation of this positive regulator.
The treatment with rottlerin enhanced the taxol-induced
expression of MCP-1, and overexpression of PKCd reduced
taxol-stimulated MCP-1 expression, indicating that PKCb plays
a negative role in MCP-1 expression in breast cancer cells.
Taxol apparently induces MCP-1 expression by inhibition of
this negative regulator.

In conclusion, we have demonstrated that taxol induces
up-regulation of MCP-1 in MCF-7 breast cancer cells. This
process is mediated both by positive and negative regulatory
signaling pathways. Although further investigation is necessary
to understand the exact role of MCP-1 in this event, for the first
time we propose that MCP-1 is involved in taxol-induced
breast cancer cell death.
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