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Castration-refractory prostate cancer (CRPC) is treated with taxane-based chemotherapy, but eventually
becomes drug resistant. It is thus essential to identify novel therapeutic targets for taxane resistance in
CRPC patients. We investigated the role of the chemokine (C–C motif) receptor 1 (CCR1) and its ligand,
chemokine (C–C motif) ligand 5 (CCL5), in taxane-resistant CRPC using paclitaxel-resistant prostate can-
cer cells (PC3PR) established from PC3 cells. We found that the expression levels of CCR1 mRNA and pro-
tein were up-regulated in PC3PR cells compared to PC3 cells. In order to investigate the role of increased
CCR1 in PC3PR cells, we stimulated cells with CCL5, one of the chemokine ligands of CCR1. In CCL5-stim-
ulated PC3PR cells, siRNA-mediated knockdown of CCR1 expression reduced phosphorylation of ERK1/2
and Rac1/cdc42. Furthermore, CCR1 knockdown and MEK1/2 inhibition decreased CCL5-stimulated
secretion of MMPs 2 and 9, which play important roles in cancer cell invasion and metastasis. In the
Matrigel invasion assay, knockdown of CCR1 and inhibition of the ERK and Rac signaling pathways sig-
nificantly decreased the number of invading cells. Finally, the serum CCL5 protein level as measured
by ELISA was not different among the three groups of patients: those with negative prostate biopsy, those
at initial diagnosis of prostate cancer, and those with taxane-resistant prostate cancer. These results dem-
onstrated for the first time that the interaction of CCR1 with CCL5 caused by increased expression of CCR1
promotes invasion of PC3PR cells by increasing secretion of MMPs 2 and 9 and by activating ERK and Rac
signaling. Our findings suggest that CCR1 could be a novel therapeutic target for taxane-resistant CRPC.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Chemokines are a family of small chemoattractant cytokines
comprising approximately 50 members which are divided into four
groups according to the spacing between the first two conserved
cysteines (1: CCL1-28; 2: CXCL1-16; 3: XCL1; and 4: CX3CL1).
The chemokine receptors belong to the rhodopsin-like 7 trans-
membrane G protein-coupled receptors and are divided into four
groups depending on their preferred endogenous ligand(s). A nota-
ble trait of the chemokine system is a high level of promiscuity that
allows a single chemokine to target several receptors and for a sin-
gle receptor to bind several different chemokines [1].
The matrix metalloprotease (MMP) family consists of more than
26 endopeptidases that share homologous protein sequences, with
conserved and specific domains that are related to substrate spec-
ificity and recognition of other proteins. MMPs play an important
role in tissue destruction such as cancer invasion and metastasis
[2]. In some types of cells, secretion of MMPs is up-regulated
through activation of the ERK signaling pathways [3,4].

Rac1 and cdc42 are members of the Rho family of small GTPas-
es, which function as molecular switches to control a wide array of
cellular functions. In response to diverse signals, they convert from
an inactive GDP-bound form to an active GTP-bound form. The Rac
signaling has been directly implicated in the regulation of cell
motility such as migration and invasion through its ability to reg-
ulate membrane protrusions and cell-matrix adhesion [5,6].

The chemokine receptor CCR1 is the first CC chemokine recep-
tor to be identified and the first shown to have a functional viral
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homolog, US28 of human cytomegalovirus [1]. CCR1 is involved in
the recruitment of inflammatory immune cells including neutro-
phils, monocytes and lymphocytes [1,7]. One of the chemokine
ligands of CCR1, CCL5 (RANTES, regulated on activation, normal
T-cell expressed and secreted), acts as a chemo-attractant for
T cells [8]. Schaller et al. demonstrated that RSV (respiratory syncy-
tial virus) infection up-regulated CCL5 expression in the lungs of
mice and CCR1 expression in lymph nodes. They also demonstrated
that T-cell recruitment by RSV infection was attenuated in CCR1
knockout mice [9]. In lupus mice, the CCR1 mRNA level in the kid-
ney was higher than in wild-type mice and the inhibition of the
CCR1 activity reduced the renal CCL5 mRNA level and alleviated
kidney damage [10]. Lebre et al. demonstrated that the CCR1
blockade also inhibited migration of monocytes obtained from
patients with rheumatoid arthritis, which was induced by CCL5
recombinant protein or synovial fluid of the patients [11].

In addition to the roles of CCR1 and CCL5 in the immune system,
several recent reports demonstrated their roles in cancer. CCL5
promoted invasion and migration of human hepatoma cells
through CCR1 [12]. In ovarian cancer, cancer stem-like cells se-
creted CCL5, which interacted with CCR1 in an autocrine manner
[13]. CCR1 knockdown inhibited CCL5-stimulated lung cancer cell
invasion by down-regulating MMP9 [14]. In patients with meta-
static oral squamous cell carcinoma, CCR1 expression was higher
in metastatic lymph nodes than in non-metastatic lymph nodes
[15]. However, the roles of CCR1 and CCL5 in chemoresistance have
not been defined yet.

In the present study, we found that the expression of CCR1 was
up-regulated in paclitaxel-resistant PC3 prostate cancer cells
(PC3PR) compared with the parental PC3 cells. In an attempt to
understand the roles of CCR1 in taxane-resistant castration-refrac-
tory prostate cancer (CRPC), we investigated the effects of interac-
tion of CCR1 with CCL5 on invasion of PC3PR cells with a focus on
MMPs, and the ERK and Rac signaling pathways.
2. Materials and methods

2.1. Reagents and antibodies

Paclitaxel was purchased from Sigma–Aldrich (St. Louis, MO,
USA). CCL5 recombinant protein was purchased from Reprokine
(Valley Cottage, NY, USA). Anti-CCR1 antibody and Rac1/cdc42
GTPase inhibitor, ML141, were from Merck Millipore (Darmstadt,
Germany). MEK1/2 inhibitor, PD98059, and anti-MMP2, -MMP9, -
Rac1/cdc42, -phospho-Rac1/cdc42, -ERK1/2, -phospho-ERK1/2
and -GAPDH antibodies were from Cell Signaling Technology (Bev-
erly, MA, USA).

2.2. Cell culture

Human prostate cancer PC3 cells were obtained from American
Type Culture Collection (Manassas, VA, USA) and cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS) in
humidified atmosphere containing 5% CO2. Paclitaxel-resistant
PC3PR cells were generated from parental PC3 cells by a stepwise
increase of paclitaxel concentrations in the culture medium as de-
scribed previously [16]. In the present study, PC3PR cells viable in
the presence of 20 nM of paclitaxel were used.

2.3. Western blot analysis

To prepare whole cell lysates, cells were lysed in the ice-cold ly-
sis buffer (1% Nonidet P-40, 0.1% sodium deoxycholate, 0.1% SDS,
1 mM EDTA, 150 mM NaCl, 10 mM Tris–HCl [pH 7.4]) containing
the Complete protease inhibitor cocktail and the Phosphatase
inhibitor cocktail (Roche, Penzberg, Germany). To harvest secreted
proteins, the conditioned medium was clarified by centrifugation
and precipitated overnight with 4 volumes of cold acetone. The
precipitates were then collected by centrifugation. Ten lg of the
cell lysates or precipitates were subjected to electrophoresis on
4–20% SDS–polyacrylamide gels (Bio-Rad, Hercules, CA) and trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA). After blocking in 5% skim milk, membranes were incu-
bated with a primary antibody and then with a horseradish perox-
idase-linked secondary antibody. After washing, bound proteins
were detected using the ECL Western blotting detection system
(Amersham GE Healthcare, Piscataway, NJ, USA). Densitometric
analysis was performed using the MultiGauge software (Fuji Film,
Tokyo, Japan).
2.4. Total RNA extraction and quantitative reverse transcription-PCR

Total RNA was extracted using the RNeasy mini kit (Qiagen,
Valencia, CA, USA) and DNase (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. To determine the mRNA
levels of MMPs 2 and 9, quantitative RT-PCR was performed using
the Primescript RT reagent kit and SYBR premix EX Taq II (Takara,
Otsu, Japan). The Ct values for MMPs 2 and 9 were normalized to
those for TBP (TATA-binding protein), and the relative fold change
was calculated using the DDCt method as described previously
[17]. Primer sequences used in the present study were as follows:
CCR1 (sense, 50-CAACTCCGTGCCAGAAGGTGAA-30, antisense, 50-
GCCAGGGCCCAAATGATGAT-30); MMP2 (sense, 50-AGATGTGGCC
AACTACAACTTCTTC-30, antisense: 50-CAAAGGCATCATCCACTGTC
TC-30); MMP9 (sense, 50-AAGTGGCACCACCACAACATC-30, anti-
sense, 50-CAAAGGCGTCGTCAATCACC-30); TBP (sense, 50-GACCTAA
AGACCATTGCACTTCG-30, antisense, 50-TTCTTCACTCTTGGCTCC
TGTG-30).
2.5. Small interfering RNA transfection

Two small interfering RNAs (siRNA) for human CCR1 were pur-
chased from Thermo Scientific Dharmacon (Lafayette, CO, USA).
Target sequences of the siRNAs were as follows: CCR1 siRNA1
(sense, 50-AAAGCUGUCCGUUUGAUUU-30, antisense, 50-AAAU-
CAAACGGACAGCUUU-30); CCR1 siRNA2 (sense, 50-GGUGAUGCC-
AUGUGUAAGA-30, antisense, 50-UCUUACACAUGGCAUCACC-30).
Negative Control Medium GC Duplex #1, obtained from Invitrogen
(Carlsbad, CA, USA), was used as a negative control siRNA. Cells
seeded onto 6-well plates were transfected with a control siRNA,
CCR1 siRNA1 or CCR1 siRNA2 for 6 h at 20 nM using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
2.6. Cell invasion and migration assay

The ability of cells to invade and migrate across inserts were as-
sayed using the BioCoat Matrigel invasion chambers and the 8 lm
pore size PET track-etched membranes, respectively (Becton Dick-
inson, San Jose, CA, USA), according to the manufacturer’s instruc-
tions. Briefly, cells (1.0 � 105 cells) in serum-free RPMI 1640
medium (0.5 ml) were added to the upper chamber. RPMI 1640
medium containing 10% FBS (0.75 ml) was added to the lower
chamber as a chemo-attractant. After overnight incubation at
37 �C under 5% CO2, cells on the upper surface of the filter were re-
moved and cells that migrated to the lower surface of the filter
were fixed in 100% methanol and stained with 0.005% crystal vio-
let. For each filter, the number of migrated cells in the five high-
power fields was counted using bright field microscopy and the
cells were photographed (BZ-9000, Keyence, Woodcliff, NJ, USA).



T. Kato et al. / Cytokine 64 (2013) 251–257 253
2.7. Enzyme-linked immunosorbent assay (ELISA)

Sera were collected from three groups of patients: those with
negative prostate biopsy, those at initial diagnosis of prostate can-
cer, and those with taxane-resistant prostate cancer. The present
study was approved by the Bioethics Committee of Gifu University
and written informed consent was obtained from all patients. The
level of CCL5 was measured using the ELISA kit obtained from R&D
Systems (Minneapolis, MN, USA) according to the manufacturer’s
instructions.

2.8. Statistical analysis

The data analysis was performed by using the SPSS software
version 11 (Armonk, NY, USA). p < 0.05 was considered statistically
significant.

3. Results

3.1. Up-regulation of CCR1 expression in PC3PR cells

We previously performed DNA microarray analysis and found
that CCR1 expression was increased in PC3PR cells compared with
PC3 cells (unpublished data). For CCL5, there was no difference in
expression between PC3PR and PC3 cells. As shown in Fig. 1A,
quantitative RT-PCR revealed that CCR1 mRNA levels were 5 times
higher in PC3PR cells than in PC3 cells. CCL5 mRNA levels were
very low in PC3PR and PC3 cells and did not differ between the
two cell lines (data not shown), which was consistent with the
microarray data. Western blot analysis demonstrated that CCR1
protein levels in PC3PR cells were 13 times higher than in PC3 cells
(Fig. 1B). These results indicated that the expression of CCR1 is ele-
vated in PC3PR cells compared with PC3 cells.

3.2. CCR1 knockdown by siRNAs attenuated CCL5-stimulated
phosphorylation of ERK1/2 and Rac1/cdc42

Interaction of CCR1 with its ligands activates the ERK and Rac
signaling pathways in leukemia, embryonic kidney, and fibro-
blast-like cells [18–20]. We thus examined the effect of CCL5 on
ERK and Rac activation in PC3PR cells. The results showed that
CCL5 activated both the ERK and Rac signaling pathways. Phos-
phorylation of ERK1/2 and Rac1/cdc42 was evident at 5 and
15 min after CCL5 treatment, respectively, which was still detect-
Fig. 1. Expression of CCR1 mRNA and protein in PC3 and PC3PR prostate cancer
cells. (A) Total RNA was isolated from PC3 and PC3PR cells and subjected to
quantitative RT-PCR for CCR1. Data are expressed as mean ± SE from three
independent experiments. �p < 0.001, compared with PC3 cells, as determined by
Student’s t-test. (B) Whole cell lysates were harvested from PC3 and PC3PR cells.
Samples were subjected to Western blot analysis using anti-CCR1 and -GAPDH
antibodies. A representative blot from two independent experiments is shown.
able after 24 h (Fig. 2). In order to disrupt the interaction between
CCL5 and CCR1 in the presence of CCL5, we transfected two differ-
ent CCR1 siRNAs into PC3PR cells and confirmed the reduction of
CCR1 expression (Suppl. Fig. 1). CCR1 knockdown by siRNA1 and
siRNA2 attenuated CCL5-stimulated phosphorylation of ERK1/2
and Rac1/cdc42. These results suggest that CCL5 activates the
ERK and Rac signaling pathways through interaction with CCR1.

3.3. CCR1 knockdown and inhibition of the ERK signaling pathways
attenuated CCL5-stimulated expression and secretion of MMPs 2 and 9

In colon cancer, the interaction of CCR1 with CCL9 induces
expression of MMPs 2 and 9 [21]. CCR1 knockdown attenuates
CCL5-stimulated lung cancer cell invasion by down-regulating
MMP9 [14]. In glioblastoma and mouse ES cells, the secretion of
MMPs 2 and 9 is up-regulated through activation of the ERK signal-
ing pathways [3,4]. Here we investigated whether CCR1 knock-
down and inhibition of the ERK signaling pathways reduces
CCL5-stimulated expression and secretion of MMPs 2 and 9 in
PC3PR cells. As shown in Fig. 3A, the secreted protein levels of
MMPs 2 and 9 in the medium were higher in CCL5-stimulated cells
than in untreated cells (by multiples of 2.0 and 2.8 respectively).
Knockdown of CCR1 expression resulted in a decrease in the levels
of secreted MMPs 2 and 9. The inhibitory effect of CCR1 knock-
down on MMP9 secretion was stronger than that on MMP2 secre-
tion. We also examined whether inhibition of ERK signaling
decreases the secretion of MMPs 2 and 9. When cells were treated
with CCL5 in the presence of MEK1/2 inhibitor, PD98059, the secre-
tion of MMPs 2 and 9 was strongly inhibited. In order to study the
effects on expression of MMPs 2 and 9, we performed quantitative
RT-PCR (Fig. 3B). The mRNA levels of MMPs 2 and 9 were increased
by 10.7 and 5.3-fold, respectively, in CCL5-stimulated cells com-
pared to untreated cells. Consistent with the effects on secretion,
CCR1 knockdown and MEK1/2 inhibititor attenuated the CCL5-
stimulated mRNA expression of MMPs 2 and 9. These results sug-
gest that the interaction of CCR1 with CCL5 induces the expression
and secretion of MMPs 2 and 9 through activation of the ERK sig-
naling pathways in PC3PR cells.

3.4. CCR1 knockdown and inhibition of the ERK and Rac signaling
pathways attenuated CCL5-stimulated invasion of PC3PR cells

We have demonstrated that CCL5 activates both ERK and Rac
signaling pathways through interaction with CCR1 and that
CCL5-stimulated activation of the ERK signaling pathways induces
expression and secretion of MMPs 2 and 9. The expression and
Fig. 2. Effects of siRNA-mediated knockdown of CCL1 expression on ERK and Rac
signaling pathways in PC3PR cells. PC3PR cells were transfected with a negative
control siRNA, CCR1 siRNA1 or CCR1 siRNA2. Forty-eight hours after transfection,
cells were treated with 50 ng/ml CCL5 in serum-free RPMI 1640 medium. At
indicated time points, cell lysates were harvested and subjected to Western blot
analysis using anti-ERK1/2, -phospho-ERK1/2, -Rac1/cdc42 and -phospho-Rac1/
cdc42 antibodies. A representative blot from two independent experiments is
shown. NC denotes negative control.



Fig. 3. Effects of knockdown of CCR1 expression and inhibition of the ERK signaling
pathways on CCL5-stimulated expression and secretion of MMPs 2 and 9 in PC3PR
cells. PC3PR cells were transfected with a negative control siRNA, CCR1 siRNA1 or
CCR1 siRNA2. Twenty-four hours after transfection, cells were treated with or
without CCL5 (50 ng/ml) in RPMI 1640 medium containing FBS. Then, cells were
treated with or without CCL5 (50 ng/ml) in serum-free RPMI 1640 medium for 24 h.
In one experiment, cells transfected with a control siRNA were treated with CCL5 in
the presence of MEK inhibitor, PD98059 (10 nM). (A) The conditioned medium was
clarified by centrifugation and subjected to acetone precipitation. The precipitates
were then collected by centrifugation and subjected to Western blot analysis using
anti-MMP2, -MMP9 and -GAPDH antibodies. A representative blot from two
independent experiments is shown. The fold change relative to the cells transfected
with a control siRNA and treated with CCL5 is shown. (B) Total RNA was isolated
from cells and subjected to quantitative RT-PCR for MMP2 and MMP9. Data are
expressed as mean ± SE from three independent experiments. �p < 0.001, compared
with all other treatment groups, as determined by Fisher’s LSD test following one-
way ANOVA. NC and PC denote negative control and positive control, respectively.
PC corresponds to cells treated with 50 ng/ml CCL5 after transfection with a
negative control siRNA.
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secretion of MMPs including MMPs 2 and 9 enhance the degrada-
tion of the extracellular matrix (ECM) during cancer cell invasion
[2]. It has also been shown that cancer cell invasion and migration
are enhanced by activation of the Rac signaling pathway [6,22–25].
We therefore examined the effects of knockdown of CCR1 and inhi-
bition of the ERK and Rac signaling pathways on CCL5-stimulated
invasion of PC3PR cells. We found that CCL5 stimulation resulted
in an 8-fold increase in cancer cell invasion, which was remarkably
suppressed by CCR1 knockdown and inhibition of MEK1/2 inhibi-
tor (Fig. 4). Treatment with Rac1/cdc42 GTPase inhibitor, ML141,
also suppressed CCL5-stimulated invasion. In addition, we investi-
gated the effect of CCR1 knockdown on CCL5-stimulated migration
of PC3PR cells. CCL5, however, did not significantly stimulate can-
cer cell migration and CCR1 knockdown did not exhibit any effect
on migration (Fig. 5). These results, combined with those shown in
Fig. 3, suggest that the interaction of CCR1 and CCL5 promotes
invasion of PC3PR cells by increasing secretion of MMPs 2 and 9
via activation of the ERK signaling pathways and by activation of
the Rac signaling pathway.
3.5. Serum CCL5 levels did not differ among prostate cancer patients
with or without taxane resistance

We demonstrated that CCR1 expression is elevated in PC3PR
cells, which may contribute to the metastatic potential of taxane-
resistant prostate cancer cells. Here we determined the serum
CCL5 protein levels by ELISA in patients with negative prostate
biopsy, those at initial diagnosis of prostate cancer, and those with
taxane-resistant prostate cancer. The profile of patients studied is
shown in Table 1. The age, serum PSA level, Gleason score, nodal
metastasis, and distant metastasis were significantly higher in
the taxane-resistant group than in the other two groups (Table 1).
There was no statistical difference in the serum CCL5 concentration
among patients with negative biopsy (mean ± SD; 26.8 ± 21.8),
those initially diagnosed (27.1 ± 14.6), and those with taxane-resis-
tance (24.3 ± 12.3), as determined by Fisher’s LSD test following
one-way ANOVA (Fig. 6). We also measured CCL5 levels in the con-
ditioned medium of PC3 and PC3PR cells by ELISA. The results
showed that CCL5 was not detectable in the conditioned medium
of both types of cells (data not shown).
4. Discussion

Prostate cancer is one of the most common malignancies and
causes of cancer-related death in industrialized countries [26,27].
Androgen deprivation therapy (ADT) is very effective for patients
initially diagnosed with prostate cancer and also suppresses serum
PSA levels in 80–90% of patients with metastatic prostate cancer.
ADT in metastatic disease, however, is considered palliative, as dis-
ease progression occurs at a median of 2–3 years, with a subse-
quent expected survival of 16–18 months from the time of
progression [28]. Taxane-based chemotherapy (paclitaxel, doce-
taxel and cabazitaxel) is the standard therapeutic arm for CRPC.
Although the established treatment plan offers an overall survival
benefit in patients with metastatic CRPC, there is typically a finite
amount of time before the prostate cancer cells develop resistance
to the taxane-based chemotherapy [26]. Currently, abiraterone
acetate is used to treat with CRPC patients in the USA according
to the NCCN prostate cancer guideline [29]. Molecular pathways
being targeted in ongoing phase three trials include androgen sig-
naling (MDV3100 and TAK700) [30]. These drugs, however, may be
ineffective in patients with taxane-resistant CRPC. It is thus essen-
tial to identify novel therapeutic targets in order to improve taxane
resistance in CRPC patients.

We have previously found that CCR1 expression was increased
in PC3PR cells compared with PC3 cells based on our DNA micro-
array analysis (unpublished data). In the present study, we con-
firmed that CCR1 mRNA and protein levels were up-regulated in
PC3PR cells compared with parental PC3 cells (Fig. 1). Although
CCR1 and its ligand, CCL5, have been shown to play an important
role in recruiting immune cells to inflammatory sites [1,8], several
recent reports have also demonstrated their roles in various types
of cancer including hepatic, ovarian, and lung cancer [12–14]. In
the present study, we investigated the functional roles of CCR1
and CCL5 in taxane-resistant CRPC using PC3PR cells.

Interaction of CCR1 with its ligands, such as CCLs 3, 5, 7, and 15,
activates the ERK signaling pathways, while that with CCL3 acti-
vates the Rac signaling pathways [18–20]. In PC3PR cells, treat-
ment with CCL5 induced phosphorylation of ERK1/2 and Rac1/
cdc42, and siRNA-mediated CCR1 knockdown attenuated their
phosphorylation (Fig. 2), suggesting that CCL5 activates the ERK
and Rac signaling pathways through interaction with CCR1.

It has been previously reported that ERK activation up-regulates
the expression of MMPs 2 and 9 [3,4]. Interaction of CCR1 with
CCL9 increases MMPs 2 and 9 expression in colon cancer [21]. To
our knowledge, however, a direct link between the interaction of
CCR1 with its ligands, activation of the ERK signaling pathways,
and expression and secretion of MMPs has not been well estab-
lished. Our results show that CCL5-stimulated expression and
secretion of MMPs 2 and 9 was attenuated by CCR1 knockdown
and inhibition of the ERK signaling pathways (Fig. 3). These results
suggest that interaction of CCR1 with CCL5 induces the expression
and secretion of MMPs 2 and 9 through activation of the ERK sig-
naling pathways in PC3PR cells.



Fig. 4. Effects of knockdown of CCR1 expression and inhibition of the ERK and Rac signaling pathways on CCL5-stimulated invasion of PC3PR cells. PC3PR cells were
transfected with a negative control siRNA, CCR1 siRNA1, or CCR1 siRNA2. Twenty-four hours after transfection, cells were treated with or without 50 ng/ml CCL5 in RPMI
1640 medium containing FBS for 24 h. Then, cells (1.0 � 105 cells) which had been harvested and resuspended in serum-free RPMI 1640 medium with or without 50 ng/ml
CCL5 (0.5 ml) were added to the upper chamber of Matrigel invasion chambers. In specified experiments, cells transfected with a control siRNA were treated with CCL5 in the
presence of MEK1/2 inhibitor, PD98059 (10 nM), or Rac1/cdc42 GTPase Rac1 inhibitor, ML141 (10 nM). RPMI 1640 medium containing 10% FBS with or without 50 ng/ml
CCL5 (0.75 ml) was added to the lower chamber. After overnight incubation, cells on the upper surface of the filter were removed and cells that migrated to the lower surface
of the filter were fixed and stained. For each filter, the number of migrated cells in the 5 high-power fields was counted using bright field microscopy and the cell images were
photographed. Data are expressed as mean ± SE from three independent experiments. �p < 0.001, compared with all other treatment groups, as determined by Fisher’s LSD
test following one-way ANOVA. NC and PC denote negative control and positive control, respectively. PC corresponds to cells treated with 50 ng/ml CCL5 after transfection
with a negative control siRNA.

Fig. 5. Effects of knockdown of CCR1 expression on CCL5-stimulated migration of PC3PR cells. PC3PR cells were transfected with a negative control siRNA, CCR1 siRNA1, or
CCR1 siRNA2. Twenty-four hours after transfection, cells were treated with or without 50 ng/ml CCL5 in RPMI 1640 medium containing FBS for 24 h. Then, cells (1.0 � 105

cells) which had been harvested and resuspended in serum-free RPMI 1640 medium with or without 50 ng/ml CCL5 (0.5 ml) were added to the upper chamber. RPMI 1640
medium containing 10% FBS with or without 50 ng/ml CCL5 (0.75 ml) was added to the lower chamber. After overnight incubation, cells on the upper surface of the 8 lm pore
size PET track-etched membrane were removed and cells that migrated to the lower surface of the filter were fixed and stained. For each membrane, the number of migrated
cells in the five high-power fields was counted using bright field microscopy and the cell images were photographed. Data are expressed as mean ± SE from three independent
experiments. There was no statistical difference among all treatment groups, as determined by Fisher’s LSD test following one-way ANOVA. NC and PC denote negative
control and positive control, respectively. PC corresponds to cells treated with 50 ng/ml CCL5 after transfection with a negative control siRNA.
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MMPs play a key role in cancer cell invasion. MMPs 2 and 9 in-
duce tumor cell invasion and metastasis by degrading collagens,
gelatin, elastin, proteoglycan core proteins, myelin basic protein,
fibronectin and fibrillin-1 of extra cellular matrices [2]. On the
other hand, activation of the Rac signaling pathway plays a critical
role in cell motility including invasion and migration [6,22–25].
Rac induces the assembly of a meshwork of actin filaments at the
cell periphery, producing lamellipodia and membrane ruffling.
Cdc42 induces actin-rich surface protrusions or filopedia [24].
We demonstrated that CCR1 knockdown and inhibition of the
ERK and Rac signaling pathways attenuated CCL5-stimulated inva-
sion of PC3PR cells (Fig. 4). Taken together, our results suggest that
the interaction of CCR1 and CCL5 promotes invasion of PC3PR cells
by increasing secretion of MMPs 2 and 9 via ERK activation and by
Rac activation. Although several reports demonstrated that Rac1/
cdc42 activation promotes cancer cell migration [6,22,25], CCL5
did not stimulate migration of PC3PR cells (Fig. 5). There may be
mechanisms other than the Rac signaling pathway regulating cell
migration in PC3PR cells.

In gastric cancer, CCR1 is strongly positive on the surface of can-
cer cells and higher serum CCL5 levels are associated with more
advanced stages [31]. Silva et al. demonstrated that the expression
of CCR1 and one of its ligands, CCL3, is higher in metastatic lymph
nodes of oral squamous cell cancer than in non-metastatic lymph
nodes [15]. These reports suggest that the interaction of CCR1 with
its ligands may affect cancer progression and aggressiveness. In



Table 1
Patient characteristics.

Biopsy
negative

Cancer at
diagnosis

Taxane-
resistant

p Value Method

Total
number

5 23 8

Age 61.6 ± 6.1 69.4 ± 6.9 76.4 ± 6.5 <0.0001 One-way
AVOVA

PSA 8.9 ± 4.4 30.6 ± 84.6 5331.7 ± 8350.2 0.021 One-way
AVOVA

Gleason
score
(%)

0.006 Mann–
Whitney’s U
test

66 – 7 (30.4) 0 (0.0)
3 + 4 – 5 (21.7) 0 (0.0)
4 + 3 – 5 (21.7) 0 (0.0)
86 – 6 (26.1) 6 (75.0)
Unknown 0 (0.0) 2 (25.0)
T stage (%) 0.158 Chi-squared
62 – 19 (82.6) 3 (37.5)
3 – 2 (8.7) 3 (37.5)
4 – 2 (8.7) 1 (12.5)
Unknown 0 (0.0) 1 (12.5)
Nodal

states
(%)

0.026 Chi-squared

N0 – 21 (91.3) 4 (50.0)
N1 – 2 (8.7) 4 (50.0)
Metastasis

(%)
0.001 Chi-squared

M0 – 21 (91.3) 2 (25.0)
M1 – 2 (8.7) 6 (75.0)
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prostate cancer, Agarwal et al. reported that serum CCL5 levels
were similar between control and cancer groups [32]. In support
of their findings, our results also showed that there were no differ-
ences in the serum CCL5 concentrations among patients with neg-
ative prostate biopsy, those initially diagnosed as prostate cancer,
and those with taxane-resistant prostate cancer (Fig. 6). In addi-
tion, serum CCL5 levels were not correlated with the serum PSA le-
vel and Gleason score (data not shown). In PC3PR and PC3 cells,
CCL5 mRNA levels were very low and did not differ between the
two cell lines. CCL5 was not detectable by ELISA in the conditioned
medium of PC3 and PC3PR cells. Taken together, these data suggest
that the increased expression of CCR1, but not CCL5, may contrib-
ute to invasive and metastatic features of taxane-resistant CRPC.
Fig. 6. Measurements of the serum CCL5 level in prostate cancer patients. Sera were
collected from patients with a negative prostate biopsy (n = 5), those at initial
diagnosis of prostate cancer (n = 23), and those with taxane-resistant prostate
cancer (n = 8). The levels of CCL5 were measured by ELISA. There was no statistical
difference among all patient groups, as determined by Fisher’s LSD test following
one-way ANOVA.
In CCR1 knockout mice, which were healthy and fertile, and in
mice treated with a CCR1 antagonist, BL5923, colon cancer liver
metastasis was suppressed [21]. Some clinical trials of CCR1 antag-
onists (CP-481715, MLN4897 and AZD4818) were conducted in pa-
tients with allergy, rheumatoid arthritis, and COPD [33–35].
Treatment-related adverse events were 36–73%, similar to those
observed in the placebo group, and most of these adverse events
were mild-moderate. It is tempting to speculate that CCR1 antago-
nists may be effective for patients with taxane-resistant CRPC.

In conclusion, we demonstrated that the interaction between
CCR1 and CCL5 promotes the invasion of taxane-resistant PC3
prostate cancer cells by increasing secretion of MMPs 2 and 9 via
ERK activation and by Rac activation. To our knowledge this is
the first report to describe the functional roles of CCR1 and CCL5
in chemoresistant cancer cells. Our results suggest that CCR1 could
be a novel therapeutic target for taxane-resistant CRPC.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cyto.2013.06.313.
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