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Eotaxin-1 promotes prostate cancer cell invasion via activation of
the CCR3-ERK pathway and upregulation of MMP-3 expression
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Abstract. Chemokines have been reported to play crucial
roles in tumor progression. Eotaxin-1 (CCL11), a member of
the CC chemokine family, is elevated in many types of human
cancer. Here, to reveal the molecular mechanisms of eotaxin-1
in prostate cancer cell invasion, the expression of eotaxin-1
receptors [CC chemokine receptor (CCR)2, CCR3 and CCR5]
were silenced by small interfering RNA (siRNA). The ERK
pathway was inhibited by the specific MEK inhibitor U0126.
The role of eotaxin-1 and the CCR3-ERK pathway in prostate
cancer cell invasion was assessed by invasion and migration
assays. MMP-3 expression was detected by real-time PCR and
ELISA assay. The results demonstrated thateotaxin-1 promoted
the invasion and migration of DU-145 cells, and increased
ERK1/2 activation and MMP-3 expression. Knockdown
of CCR3 inhibited the invasion and migration of prostate
cancer cells, and attenuated the eotaxin-1-induced ERK1/2
activation and MMP-3 expression. Furthermore, inactivation
of the ERK pathway suppressed the eotaxin-1-promoted inva-
sion and migration, and decreased MMP-3 expression in the
prostate cancer cells. Together, the present study suggests that
eotaxin-1 increases MMP-3 expression via the CCR3-ERK
pathway, thereby promoting prostate cancer cell invasion and
migration. Thus, therapies that block eotaxin-1 and CCR3 may
be effective interventions for prostate cancer.

Introduction

Prostate cancer is one of the most common malignant diseases
among men, with a high rate of mortality (1). Tumor inva-
sion and metastasis account for the poor survival of prostate
cancer patients. During tumor progression, multiple regula-
tory molecules are released into the tumor microenvironment
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and play crucial roles in the regulation of tumor invasion and
metastasis (2,3). Thus, investigation of these molecules may
provide useful clues for the underlying mechanisms of prostate
cancer invasion and metastasis.

As a member of the CC chemokine family, eotaxin-1
(CCL11) was initially regarded as an eosinophil chemoat-
tractant, and is involved in the recruitment of inflammatory
cells such as eosinophils and neutrophils (4). Overexpression
of eotaxin-1 has been found in various inflammatory diseases
such as allergic asthma and atopic dermatitis (5,6). Further
studies have shown that eotaxin-1 is elevated in many human
cancers, and correlates with tumor progression (7). Eotaxin-1
acts mostly via the CC chemokine receptor-3 (CCR3) (8).
CCLI11-CCR3 interactions have been proven to promote
cell survival and growth of anaplastic large cell lymphoma
cells (9). In addition to CCR3, a recent study found that
CCR2 and CCRS5 are also activated by eotaxin-1 (10). Serum
eotaxin-1 has been confirmed as a diagnostic marker for pros-
tate cancer (11). Yet, the role of eotaxin-1 in prostate cancer
remains elusive. In the present study, we found that eotaxin-1
promotes prostate cancer cell invasion and migration. We also
determined the involvement of CC chemokine receptor(s), the
ERK pathway and MMP-3 expression in eotaxin-1-mediated
prostate cancer cell invasion.

Materials and methods

Chemicals and antibodies. Eotaxin-1 was purchased from
R&D Systems (Minneapolis, MN, USA). U0126, a MEK
inhibitor, was purchased from Sigma (St. Louis, MO, USA).
The antibodies against total-ERK1/2 and [3-actin were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
The antibody against phosho-ERK1/2 was obtained from Cell
Signaling Technology, Inc. (Danvers, MA, USA).

Cell culture. The DU-145 human prostate carcinoma cell line
was purchased from the Cell Resource Center of the Chinese
Academy of Medical Sciences (Beijing, China). Cells were
cultured in RPMI-1640 medium containing 10% fetal bovine
serum (FBS) and incubated in a CO, incubator at 37°C.

Real-time PCR. Total mRNA of DU-145 cells was extracted
by TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then
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Table I. Real-time PCR primers.
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Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3") Length (bp)
MMP-3 CTGGACTCCGACACTCTGGA CAGGAAAGGTTCTGAAGTGACC 79
CCR2 CCACATCTCGTTCTCGGTTTATC CAGGGAGCACCGTAATCATAATC 88
CCR3 GTCATCATGGCGGTGTTTTTC CAGTGGGAGTAGGCGATCAC 155
CCRS5 GTTGGACCAAGCTATGCAGGT GCAGAAGCGTTTGGCAATGT 142
[-actin GGATGCAGAAGGAGATCACTG CGATCCACACGGAGTACTTG 90

cDNA was obtained using the Quantscript cDNA kit (Tiangen,
Beijing, China), following the manufacturer's instructions. The
cDNA was subjected to real-time PCR with the primers as
listed in Table I. The real-time PCR protocol was 10 min at
95°C, and 40 cycles of 15 sec at 95°C and 1 min at 60°C. All
expression levels of the examined genes were normalized to
the expression of B-actin and analyzed by the 2"24° method.

Enzyme-linked immunosorbent assay (ELISA). After treat-
ment with or without eotaxin-1 for 12 h, the cell supernatant
was collected and centrifuged at 12,000 rpm for 15 min. Then
the supernatant was subjected to an ELISA kit for human
MMP-3 (Boster, Wuhan, China), according to the manufac-
turer's instructions. Cells were lysed with RIPA buffer, and
total protein of the cells was determined by bicinchoninic acid
(BCA) assay. Then the concentration of MMP-3 was normal-
ized to the total protein of cells.

Invasion assay and migration assay. Transwell cell culture
chambers (Costar, San Diego, CA, USA) were used in the
invasion and migration assays. For the invasion assay, the top
chambers were coated with Matrigel (Sigma) before use. Next,
1x10° cells in 100 pl RPMI-1640 were added to the top cham-
bers, while 600 ul RPMI-1640 with 20% FBS was added to the
low chambers. After incubated at 37°C for 12 h, the invaded
cells were fixed with methanol and stained with crystal violet.
The number of cells in 7 random visual fields was observed and
counted under a microscope at x200 magnification. Data are
presented as a percentage compared to the control group for
which the number of invaded cells was defined as 100%. For
the migration assay, all procedures were the same as described
above except the top chambers were not coated with Matrigel.

Western blotting. Cells were lysed in RIPA buffer with protease
inhibitor and phosphatase inhibitor, and the concentration
of protein was determined by BCA assay. Equal amounts of
protein were separated on SDS-PAGE gel, and then transferred
onto PVDF membranes (Bio-Rad, Hercules, CA, USA). The
membranes were blocked with 5% BSA for 1 h, and then incu-
bated with primary antibodies at 4°C overnight. After being
washed with TBST for 3 times, the membranes were incubated
with secondary antibodies for 1 h at room temperature. Then
the bands were visualized and exposed to film by chemilumi-
nescence (Applygen Technologies Inc., Beijing, China).

Small interfering RNAs (siRNAs) and transfection. The CCR2
siRNA, CCR3 siRNA and CCRS5 siRNA were obtained from

Santa Cruz Biotechnology, Inc. A scramble siRNA that was
also obtained from Santa Cruz Biotechnology was used as
the control siRNA. Cells were transfected with siRNAs using
Lipofectamine 2000 (Invitrogen). After transfection with
siRNAs for 48 h, the knockdown efficiency was tested by
real-time PCR, and cells were used in the subsequence experi-
ments.

Statistical analysis. All experiments were repeated three
to four times. The means + SD was determined and used to
represent the results. Statistical significance was set at p<0.05
and assessed by Student's t-test (comparison of two means) or
non-parametric ANOVA (comparison of multiple means).

Results

Eotaxin-1 increases the expression of MMP-3 in DU-145
cells. Studies have found that eotaxin-1 can promote MMP-3
expression in inflammatory diseases such as arthritis (12).
To determine whether eotaxin-1 affects the expression of
MMP-3 in cancer cells, we first stimulated DU-145 cells
with eoxtaxin-1 for 12 h, and then detected the expression
of MMP-3 by real-time PCR and ELISA assay. The results
showed that eotaxin-1 treatment increased the expression of
MMP-3 in a dose-dependent manner, and a peak upregulation
was noted at 100 ng/ml (Fig. 1A and B). Thus, eotaxin-1 at
the concentration of 100 ng/ml was used in the subsequent
experiments.

Eotaxin-1 promotes the invasion and migration of prostate
cancer cells. MMP-3 acts as a pivotal player in the invasion
of prostate cancer (13). Therefore, we investigated the effect
of eotaxin-1 on the invasion and migration of prostate cancer
cells. Using invasion and migration assays, we found that cells
incubated with eotaxin-1 exhibited significantly higher inva-
sion and migration abilities when compared with the control
cells, indicating that eotaxin-1 enhances the invasion and
migration of prostate cancer cells (Fig. 2A and B).

Eotaxin-1 induces the activation of ERKI/2 in prostate
cancer cells. The ERK pathway is essential to the invasion
and metastasis of prostate cancer (14). Here, we detected the
phosphorylation of ERK1/2 following eotaxin-1 treatment by
western blotting. As shown in Fig. 3, eotaxin-1 stimulated the
activation of ERK1/2 in a time-dependent manner, with peak
activation at 15 min, suggesting that eotaxin-1 induces the
activation of ERK1/2 in prostate cancer cells.
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Figure 1. Eotaxin-1 induces MMP-3 expression in DU-145 cells in a dose-dependent manner. DU-145 cells were incubated with eotaxin-1 (10-200 ng/ml) for
12 h, and the expression of MMP-3 was examined by (A) real-time PCR and (B) ELISA assay. Data are presented as means = SD. "p<0.05.
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Figure 2. Eotaxin-1 promotes the invasion and migration of DU-145 cells. (A) Effect of eotaxin-1 treatment (100 ng/ml) on the invasion of DU-145 cells.
(B) Effect of eotaxin-1 treatment (100 ng/ml) on the migration of DU-145 cells. Data are presented as means + SD. "p<0.05.
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Figure 3. Eotaxin-1 induces the activation of ERK1/2 in a time-dependent manner. Cells were treated with eotaxin-1 (100 ng/ml), and the phosphorylation of
ERK1/2 was detected throughout a 30-min period. Data are presented as means + SD. "p<0.05.

CCR3 is required for the eotaxin-1-promoted invasion and  ascertain whether these receptors are involved in the eotaxin-
migration. CCR2, CCR3 and CCRS5 are the receptors that  1-promoted invasion and migration by siRNA technology. The
respond to eotaxin-1 treatment (10). Thus, we attempted to  knockdown efficiency of CCR2, CCR3 and CCRS5 siRNAs
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Figure 4. Knockdown of CCR3 suppresses the eotaxin-1-promoted invasion and migration of DU-145 cells. DU-145 cells were transfected with CCR2 siRNA,
CCR3 siRNA, CCR5 siRNA and control siRNA, respectively. (A) The knockdown efficiency was tested by real-time PCR. Cells were treated with or without
eotaxin-1 and subjected to (B) invasion and (C) migration assays. Data are presented as means + SD. “p<0.05.

was examined by real-time PCR, and each siRNA achieved
a prominent knockdown effect when compared with the
control siRNA (Fig. 4A). Then invasion and migration assays
were carried out. The results demonstrated that knockdown
of CCR3 suppressed the eotaxin-1-mediated invasion and
migration of DU-145 cells. However, neither CCR2 nor CCR5
knockdown affected the eotaxin-1-mediated invasion and
migration of DU-145 cells (Fig. 4B and C). These data suggest
that eotaxin-1 promotes prostate cancer cell invasion and
migration via CCR3.

Involvement of CCR3 in eotaxin-1-regulated ERKI/2 activa-
tion and MMP-3 expression. To explore the involvement of
CCR3 in eotaxin-1-induced ERK1/2 activation, we silenced
the expression of CCR3 by siRNA and incubated DU-145 cells
with eotaxin-1 for 15 min. Then we detected the phosphoryla-
tion of ERK1/2 by western blotting. The results showed that
CCR3 knockdown inhibited the eotaxin-1-induced activation
of ERK1/2 (Fig. 5A). To determine the function of CCR3
in eotaxin-1-promoted MMP-3 expression, the expression
of CCR3 was knocked down and the cells were incubated
with eotaxin-1 for 12 h. Next, we examined the expression
of MMP-3 by real-time PCR and ELISA assay. We found
that the knockdown of CCR3 decreased the eotaxin-1-reg-
ulated MMP-3 expression at both the mRNA and protein
levels (Fig. 5B and C). These results indicate that CCR3 is
involved in the eotaxin-1-regulated ERK1/2 activation and
MMP-3 expression.

The ERK pathway is required for the eotaxin-I1-promoted
invasion and MMP-3 expression. To explore the role of the
ERK pathway in eotaxin-1-promoted invasion, we pretreated
DU-145 cells with the MEK inhibitor U0126 (10 xM) for
30 min to inhibit the activation of the ERK pathway. Then we
subjected the cells to invasion and migration assays with or
without eotaxin-1 treatment. The results showed that U0126
was able to inhibit the eotaxin-1-promoted prostate cancer cell
invasion and migration (Fig. 6A and B), confirming that the
ERK pathway participates in the eotaxin-1-promoted inva-
sion and migration of prostate cancer cells. Furthermore, we
pretreated DU-145 cells with U0126 (10 #M) or DMSO (control)
for 30 min, and then incubated the cells with eotaxin-1 for 12 h.
Using real-time PCR and ELISA assay, we found that U0126
suppressed the eotaxin-1-mediated expression of MMP-3,
suggesting that the eotaxin-1-mediated increase in MMP-3
expression involved the ERK pathway (Fig. 6C and D).

Discussion

As a member of the CC chemokine family, eotaxin-1 is able
to promote cell migration in vitro, and to induce angiogenesis
in vivo (15-17). Recently published studies have found that
eotaxin-1 is upregulated in many tumor types such as pros-
tate (11) and breast cancer (18), indicating the involvement of
eotaxin-1 in tumor progression. Here, our results demonstrated
that eotaxin-1 may promote prostate cancer cell invasion
via the CCR3-ERK pathway and MMP-3 expression. These
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Figure 5. Knockdown of CCR3 inhibits the eotaxin-1-induced ERK1/2 activation and MMP-3 expression in DU-145 cells. (A) After transfection with siRNAs
for 48 h, DU-145 cells were treated with eotaxin-1 for 15 min, and the phosphorylation of ERK1/2 was detected by western blotting. After knockdown of CCR3,
DU-145 cells were incubated with eotaxin-1 for 12 h. (B) Real-time PCR and (C) ELISA assay were performed to examine the expression of MMP-3. Data are
presented as means = SD. “p<0.05 vs. control siRNA, #p<0.05 vs. control siRNA+eotaxin-1.
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Figure 6. Inhibition of the ERK pathway suppresses the eotaxin-1-mediated invasion and MMP-3 expression of prostate cancer cells. DU-145 cells were
pretreated with DMSO or U0126 for 30 min, and incubated with or without eotaxin-1. (A) Effect of U0126 on the eotaxin-1-promoted invasion of DU-145 cells.
(B) Effect of U0126 on the eotaxin-1-promoted migration of DU-145 cells. (C) Real-time PCR and (D) ELISA assay were carried out to detect the expression
of MMP-3. Data are presented as means = SD. "p<0.05 vs. DMSO, “p<0.05 vs. DMSO+eotaxin-1.
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findings strongly support the notion that eotaxin-1 is a crucial
player in the regulation of prostate cancer cell invasion.

As the major receptor for eotaxin-1, CCR3 was found to
be upregulated in human renal cell carcinoma and glioblas-
toma (19,20). Activation of CCR3 by eotaxin-1 enhanced the
migration of choroidal endothelial cells and smooth muscle
cells (15,21). In the present study, we found that eotaxin-1
promoted the invasion and migration of prostate cancer cells
via CCR3. CCR3 has been proven to activate the ERK pathway
in smooth muscle cells and large cell lymphoma cells (9,22).
Consistent with that result, we found that CCR3 was involved
in the eotaxin-1-induced activation of ERK1/2 in DU-145 cells.
It is well established that the ERK pathway plays major roles in
a series of tumor progression processes such as proliferation,
invasion and metastasis (23). Here, our results demonstrated
that the ERK pathway is required for the eotaxin-1-promoted
invasion and migration of prostate cancer cells.

MMP-3 is a member of the matrix metalloproteinases
(MMPs), and is essential to the invasion and metastasis
of human cancers (24). Studies have found that eotaxin-1
treatment upregulates the expression of MMP-3 in chon-
drocytes (25). However, whether eotaxin-1 treatment affects
MMP-3 expression of cancer cells is still unclear. Here, we
found that eotaxin-1 increased the expression of MMP-3 in
DU-145 cells. Since degradation of the extracellular matrix by
MMPs is a prerequisite for tumor invasion and metastasis (26),
our finding indicates that MMP-3 may participate in the
eotaxin-1-promoted prostate cancer cell invasion. Studies have
shown that upregulation of MMP-3 by eotaxin-1 treatment in
human chondrocytes is dependent on ERK1/2 activation (12).
In the present study, our results showed that eotaxin-1 promoted
the expression of MMP-3 via the CCR3-ERK pathway.

In conclusion, the present study demonstrated that eotaxin-1
promotes the invasion and migration of prostate cancer cells.
Activation of the CCR3-ERK pathway and upregulation of
MMP-3 expression were involved in these processes. In vivo
studies are required to further determine the role of eotaxin-1
and CCR3 in prostate cancer.
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