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Background: CCR2 is a chemokine receptor up-regulated in breast cancer cells.
Results: Inhibiting the activity of CCR2 and downstream signaling proteins Smad3 and MAPK significantly reduces CCL2-
induced survival and motility.
Conclusion: CCR2 regulates CCL2-induced breast cancer cell survival and motility through MAPK- and Smad3-dependent
mechanisms.
Significance:Learning howCCR2 functions in breast cancer cells enhances our understanding of how cells survive andmigrate.

Increased cell motility and survival are important hall-
marks of metastatic tumor cells. However, the mechanisms
that regulate the interplay between these cellular processes
remain poorly understood. In these studies, we demonstrate
that CCL2, a chemokine well known for regulating immune
cell migration, plays an important role in signaling to breast
cancer cells. We report that in a panel of mouse and human
breast cancer cell lines CCL2 enhanced cell migration and
survival associated with increased phosphorylation of Smad3
and p42/44MAPK proteins. The G protein-coupled receptor
CCR2 was found to be elevated in breast cancers, correlating
with CCL2 expression. RNA interference of CCR2 expression
in breast cancer cells significantly inhibited CCL2-induced
migration, survival, and phosphorylation of Smad3 and p42/
44MAPK proteins. Disruption of Smad3 expression in mam-
mary carcinoma cells blocked CCL2-induced cell survival and
migration and partially reduced p42/44MAPK phosphoryla-
tion. Ablation of MAPK phosphorylation in Smad3-deficient
cells with the MEK inhibitor U0126 further reduced cell sur-
vival but not migration. These data indicate that Smad3 sig-
naling through MEK-p42/44MAPK regulates CCL2-induced
cell motility and survival, whereas CCL2 induction of MEK-
p42/44MAPK signaling independent of Smad3 functions as
an alternative mechanism for cell survival. Furthermore, we
show that CCL2-induced Smad3 signaling through MEK-
p42/44MAPK regulates expression and activity of Rho
GTPase to mediate CCL2-induced breast cancer cell motility
and survival. With these studies, we characterize an impor-
tant role for CCL2/CCR2 chemokine signaling in regulating

the intrinsic relationships between breast cancer cell motility
and survival with implications on the metastatic process.

Chemokines are a family of small soluble proteins that regu-
late cell migration through the formation of concentration gra-
dients. Chemokines exhibit a high degree of conservation
between mice and humans and have long been recognized as
critical mediators of immune cell trafficking during embryonic
development, wound healing, and infection (1–3). Currently
�47 chemokine ligands and 23 chemokine receptors have been
identified and are subdivided into several categories depending
on composition of the cysteine motif present on the ligand (4).
CCL22 belongs to the C-C class of chemokines and has been
shown to be a critical modulator of inflammation, regulating
macrophage recruitment duringwoundhealing, infections, and
autoimmune diseases. CCL2 exhibits a particular affinity for
the receptor CCR2 (5–7), and signaling through CCR2 leads to
activation of downstream signaling pathways including p42/
44MAPK, phospholipase C-�, and PKC through G protein-de-
pendent mechanisms to regulate cellular adhesion andmotility
in macrophages (8–10).
Alterations in protein and RNA expression levels of CCL2

have recently been implicated in cancer. ElevatedCCL2 expres-
sion correlates with tumor grade and poor patient prognosis as
demonstrated in flow cytometry studies of cell suspensions pre-
pared from tumor biopsies (11), immunohistochemistry stud-
ies of breast tumors (12, 13), and analysis of blood serum levels
from breast cancer patients (14–17). Further expression anal-
ysis studies have revealed significant correlations between
CCL2 expression and macrophage levels (13, 18). Functional
studies reveal that blockade of CCL2 activity in mammary
tumor-bearing mice decreases tumor growth and metastasis
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accompanied by decreased macrophage recruitment and
angiogenesis (18–23). These studies indicate that CCL2 regu-
lates tumor progression through a macrophage-dependent
mechanism that is sustained through a positive feedback loop.
Although the importance of CCL2 signaling in macrophages

has been established, recent studies in our laboratory indicate
that CCL2 regulates tumor progression through additional
mechanisms. In previous studies, we had shown that targeting
expression of CCL2 in fibroblasts significantly reduced mam-
mary tumormetastasis associatedwith decreased survivalwith-
out notably affecting tumor growth ormacrophage recruitment
(21, 24). Furthermore, neutralizing antibodies to CCL2 blocked
mammary carcinoma cell invasion induced by fibroblasts (21,
24). One study showed that CCL2 induced migrational
responses in breast cancer cell lines (25). These studies indicate
a role for CCL2 signaling in breast epithelial cells during the
metastatic process.
Studies have shown that metastatic tumor cells acquire

unique properties that enable them to escape the primary
tumor including enhanced motility and survival (26, 27). To
further understand the mechanisms that drive metastatic
tumor cell behavior, we examined the role of CCL2 signaling in
breast cancer cells, utilizing a panel ofmouse and human breast
cancer cell lines. We found that CCL2 increased cell survival
and migration associated with increased phosphorylation of
Smad3 and p42/44MAPK proteins. Delivery of CCR2 siRNAs
inhibited CCL2-induced survival, migration, and phosphoryla-
tion of Smad3 and p42/44MAPK proteins. Through studies
involving the use of shRNAs and pharmacologic inhibitors, we
found that CCL2/CCR2 signaling enhances Smad3 and MEK-
p42/44MAPK signaling, which activates Rho GTPase to regu-
late cell motility and survival. As an alternative mechanism for
cell survival, CCL2/CCR2 signaling regulates signaling through
p42/44MAPK independently of Smad3.
Previous studies have stressed the importance of CCL2 sig-

naling in macrophages. The present study demonstrates an
important role for CCL2/CCR2 signaling in regulating the
intrinsic relationship between survival and migration in breast
cancer cells.

EXPERIMENTAL PROCEDURES

Cell Culture—The following cell lines were obtained from
American Tissue Culture Collection: Raw 264.7, Phoenix,
293A, MCF10A, MCF-7, MDA-MB-231, NMuMG, and 4T1.
PyVmT cells were isolated from MMTV-PyVmT transgenic
mice (28) using approaches described previously (29). Mam-
mary fibroblasts from control Tgfbr2Flox/Flox and Tgfbr2FspKO
mice were spontaneously immortalized and characterized pre-
viously (30). All cell lines except MCF10A were cultured on
plastic in DMEM containing 10% FBS with 0.1% amphotericin,
1% penicillin-streptomycin (catalog number 30-004-CI, Cell-
gro). MCF10A cells were cultured in DMEM containing 50%
F-12 (catalog number 10-080,Cellgro), 5%horse serum (catalog
number 35-030-CV, Cellgro), 500 �g/ml hydrocortisone, 100
ng/ml cholera toxin (catalog number 8052, Sigma), 10 ng/ml
insulin (catalog number I6634, Sigma), and 20 ng/ml EGF (cat-
alog number E964, Sigma) with 0.1% amphotericin, 1% penicil-
lin-streptomycin (31).

Generation of Conditioned Medium—500,000 cells were
plated in 10-cm dishes in DMEM, 10% FBS for 24 h. The com-
plete mediumwas aspirated, and cells were then incubated in 6
ml of serum-free medium for 24 h. The conditioned medium
was then removed, filtered through a 0.4-�mfiltration unit, and
used for the experiments indicated.
Transient siRNA Transfection—Negative control siRNAs

(catalog number AM4613) were obtained from Ambion.
siRNAs targeting CCR2 (catalog number sc-44766), CCR2A
(catalog number sc-270220), and Smad3 (catalog number
sc-38376) were obtained from Santa Cruz Biotechnology.
siRNAs were transfected into cells according to the manufac-
turer’s protocol. Briefly, carcinoma cells were seeded at a den-
sity of 400,000 cells in 6-cm dishes and cultured for 24 h. Cells
were then washed with PBS and incubated in Opti-MEM (cat-
alog number 11058-021, Invitrogen) with a complex of 240
pmol of Smad3, CCR2 siRNA, or control siRNA and 24 �l of
Lipofectamine 2000 transfection reagent (catalog number
11668027, Invitrogen) for 24 h. The medium containing
siRNA-transfection reagent complexes was then aspirated and
replaced with DMEM, 10% FBS for 24 h prior to stimulation
with CCL2.
Retroviral Transduction—Phoenix cells were transfected

with 10�g of empty pBabe retroviral construct, pBabe express-
ing dominant negative RhoA (kindly provided by Jin Chen,
M.D., Ph.D., Vanderbilt University, Nashville, TN), or pRetro-
super retroviral construct carrying a puromycin selection
marker and shRNAs targeting two different regions of Smad3
(Smad3-1 and Smad3-6) (32) or GFP as a specificity control
(33). The targeting sequences for each shRNA construct are as
follows (5�-3�): GFP, GCT GAC GGA GAA CAA CATC;
Smad3-1, GGCCATCACCACGCAGAAC; Smad3-6, CCT-
GAAGATCTTCAACAAT.Medium containing retrovirus was
collected after 48 h of transfection and used to transduce 4T1
carcinoma cells seeded at 60% subconfluence in 10-cmdishes in
the presence of 5 �g/ml Polybrene (catalog number AL-118,
Sigma). 48 h postinfection, cells were placed under puromycin
selection (2 �g/ml) (catalog number P9620, Sigma) in DMEM,
10% FBS containing antibiotics. Non-infected 4T1 cells were
treated with puromycin as a control.
Adenoviral Infection—Adenovirus was generated using the

pAdTrack/pAdEasy system as described (34). Briefly, wild type
Smad3 cDNA was subcloned into pAdTrack as described (35).
pAdTrack plasmid was cotransfected with pAdEasy into elec-
trocompetent Escherichia coli BJ5183 cells (catalog number
200154, Agilent) to generate recombinant plasmid. 10 �g of
recombinants were linearized with PacI restriction enzyme
(catalog number R05047, New England Biolabs) and trans-
fected into 293A packaging cells. Supernatant was harvested
and concentrated using an Ultracel 50,000 molecular weight
filtration unit (catalog number UFC T05008, Millipore). Cells
were harvested in PBS and lysed by three freeze-thaw cycles in
methanol/dry ice and at 37 °C. Virus from supernatant and cells
were combined and measured to determine the number of
plaque-forming units (pfu) according to Martin (36). 4T1 cells
were infected with vehicle adenovirus or Ad-Sm3 at 107 pfu/ml
for 24 h and analyzed as described.
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WesternBlot—Carcinoma cells were seeded in 6-cmdishes at
a density of 400,000 cells, cultured for 24 h, and starved in
serum-free medium for 24 h. Cells were then treated with 2 ml
of conditioned medium or serum-free medium at 37 °C in the
presence or absence of 20 ng/ml CCL2 (catalog number 479-
JE-010, R&D Systems), 5 ng/ml TGF-� (catalog number 101-
B1–001, R&D System), 10–100 �m Rho kinase inhibitor II
(catalog number 555551, Calbiochem), 10 �g/ml goat IgG
(Sigma), 10 �g/ml anti-CCL2 (catalog number AB-279-NA,
R&D Systems), 5–10 �M SB431542 (catalog number 616461,
Calbiochem), 100–300 �M pertussis toxin (catalog number
P7208, Sigma), or 1 �M U0126 (catalog number 9903, Cell Sig-
naling Technology). The cells were lysed in radioimmune pre-
cipitation assay buffer containing 10 mM Tris-HCl, pH 8.0, 0.1
mM EDTA, 0.1% sodium deoxycholate, 0.1% SDS, and 140 mM

NaCl supplemented with a protease inhibitor mixture contain-
ing aprotinin, leupeptin, bestatin, and pepstatin A (catalog
number P8340, Sigma) and 10 mM phosphatase inhibitor
sodiumorthovanadate (catalog number S6508, Sigma). 50�g of
proteinwere resolved by 8–12% SDS-PAGE. The proteinswere
transferred to nitrocellulose membranes (Fisher) and then
probed with antibodies (1:1000) to phospho-p42/44MAPK
(Thr-202/Tyr-204) (catalog number 4370, Cell Signaling Tech-
nology), p42/44MAPK (catalog number 4695, Cell Signaling
Technology), phospho-Smad3 (Ser-423/425) (catalog number
9520, Cell Signaling Technology), Smad3 (catalog number
9523, Cell Signaling Technology), phospho-AKT (Ser-473)
(catalog number 4060, Cell Signaling Technology), AKT (cata-
log number 4685, Cell Signaling Technology), phospho-Src
(Tyr-416) (catalog number 6943, Cell Signaling Technology),
Src (catalog number 2109, Cell Signaling Technology), phos-
pho-focal adhesion kinase (Tyr-397) (catalog number 3293,
Cell Signaling Technology), focal adhesion kinase (C-20, Santa
Cruz Biotechnology), RhoA (catalog number 2117, Cell Signal-
ing Technology), CCR2 (M-50, Santa Cruz Biotechnology),
CCR2A (H-61, Santa Cruz Biotechnology), or pan-actin (cata-
log number 8456, Cell Signaling Technology). Specific immu-
noreaction was detected with goat (sc-2020, Santa Cruz Bio-
technology), rabbit (166-2408EDU, Bio-Rad), or mouse
(catalog number 172-1011-EDU, Bio-Rad) secondary antibod-
ies conjugated to horseradish peroxidase and Pierce ECLWest-
ern blotting substrate (catalog number 32106, Fisher).
Cleaved Caspase-3 Assay—Cells were seeded at a density of

250,000 on glass coverslips in 6-cm dishes. Apoptosis was
induced by serum starvation, gentamicin (catalog number
G1264, Sigma), or 5-fluorouracil (5-FU; catalog number F6627,
Sigma) for 24 h in the presence or absence of 20 ng/ml CCL2, 1
�M U0126, or 10–100 �M Rho kinase inhibitor II. Cells were
fixed in 10% neutral formalin buffer and permeabilized with
ice-cold methanol for 10 min at �20 °C, blocked in PBS con-
taining 1% goat serum, immunostained for antibodies to
cleaved caspase-3 (Asp-175) (Cell Signaling Technology) at
1:200 dilution overnight at 4 °C in blocking buffer, and visual-
ized by secondary rabbit antibodies conjugated to Alexa Fluor
488 (catalog number A11008, Invitrogen) at a 1:500 dilution.
Samples were counterstained with DAPI (catalog number
D9542, Sigma) at 1:1000 and mounted onto glass slides with
ProLong antifade reagent (catalog number P36930, Invitrogen).

Images were captured at 20� magnification using a Motic AE
31 microscope with Infinity 2-1c color digital camera. Samples
were plated in duplicate, and three fields per sample were cap-
tured and quantitated by NIH ImageJ software.
TUNEL Assay—Cells were seeded at a density of 250,000 on

glass coverslips in 6-cm dishes. Apoptosis was induced by
serum starvation, gentamicin, or 5-FU for 24 h in the presence
or absence ofCCL2. Sampleswere fixed in 10%neutral formalin
buffer, stained for TUNEL-positive nuclei, counterstained with
propidium iodide according to the manufacturer’s instructions
(catalog number A23210, Invitrogen), and mounted onto glass
slides with ProLong antifade reagent. Images were captured at
20�magnification using aMotic AE 31microscope with Infin-
ity 2-1c color digital camera. Samples were plated in duplicate,
and three fields per sample were captured and quantitated by
NIH ImageJ software.
Wound Closure—Wound closure assays were conducted as

described previously (30). Briefly, carcinoma cell lines (50,000
cells/well) were seeded in 24-well plates, serum-deprived for
24 h, and then stimulated with CCL2 for 8 h. A vertical wound
was made to the cells with a sterile pipette tip, and phase-con-
trast images were taken of each sample at 0 and 24 h at 10�
magnification using a Motic AE 31 microscope with Infinity
2-1c color digital camera. Wound closure was assessed using
NIH ImageJ software.
Transwell Migration—8-�m-pore Transwell supports (cata-

log number 3422, Costar) were coated with PBS buffer contain-
ing 50 �g/ml fibronectin (catalog number F1141, Sigma) and
0.1% gelatin (catalog number G9136, Sigma). Carcinoma cells
were serum-starved for 24 h and then seeded (75,000) on top of
the Transwell in the presence or absence of 20 ng/ml CCL2 in
the presence or absence of inhibitors at 37 °C for 8 h. The cells
were fixed in 10%neutral formalin buffer (VWR) for 10min and
stained with 0.1% crystal violet (catalog number AC21212-
0250, Fisher) for 10min. Tumor cells on the top side of the filter
were removed by a cotton swab. Carcinoma cells that migrated
to the underside of the filter were micrographed with a Nikon
SMZ-800 stereo microscope with a chargecoupled device cam-
era; three fields per sample were captured at 10� magnifica-
tion. Quantitation of tumor cells was determined bymeasuring
the pixel density of crystal violet-stained cells usingNIH ImageJ
software (arbitrary units).
RhoAGTPase Assay—Cells were seeded in duplicate in 6-cm

dishes (250,000) in DMEM, 10% FBS with antibiotics. Cells
were serum-starved for 24 h, stimulated with 20 ng/ml CCL2 in
the presence or absence of inhibitors for 8 h, and assayed for
RhoA GTPase activity by RhoA G-LISA (catalog number
BK124, Cytoskeleton) according to the commercial protocol.
Briefly, cell lysates were prepared, and the protein concentra-
tion was measured. Protein samples were normalized to con-
centration prior to incubation in the 96-well plates provided,
and RhoA activity was assessed by absorbance reading of color-
imetric signals at A490 nm using a BioTek microplate reader.
Immunohistochemistry—CCL2 and CCR2 staining were per-

formed on array slides containing de-identified cores of normal
(n � 14) and invasive breast ductal carcinoma tissues (n � 20)
sectioned at 5-�m thickness (catalog number 8022, US Bio-
max). Additional studies were performed on de-identified nor-
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mal and breast cancer tissues (n � 5 per group) obtained from
the Biospecimen Shared Resource, an Institutional Review
Board-approved facility at the University of Kansas Medical
Center. These tissues were obtained under a human subject
exemption policy. For immunostaining, tissue sections (5 �m)
were dewaxed, rehydrated, and then subjected to antigen
retrieval in sodium citrate buffer, pH 6.0 for 10 min at 100 °C.
Samples were blocked in PBS containing 5% rabbit serum and
incubated with antibodies (1:100) to CCL2 (catalog number
sc-1784, SantaCruzBiotechnology) andCCR2 (catalog number
25788, Abcam) overnight at 4 °C. Samples were washed in PBS
and incubated with secondary goat biotinylated antibodies
(1:500) (catalog number BA-5000, Vector Laboratories), conju-
gated with streptavidin peroxidase (catalog number PK-4000,
Vector Laboratories), and incubated with 3,3�-diaminobenzi-
dine substrate (catalog number K346711, Dako). Sections were
counterstained with Mayer’s hematoxylin for 1 min, dehy-
drated, and mounted with Cytoseal. For analysis, four fields
were captured at 10� magnification using a Motic AE 31
microscope with Infinity 2-1c color digital camera. Total 3,3�-
diaminobenzidine stainingwas quantified by pixel density anal-
ysis using NIH ImageJ software.
FlowCytometry—Cells were cultured in completemedium in

10-cm dishes as described above. To detach cells from the plas-
tic, cells were washed with PBS twice and incubated with 3 mM

EDTA at 37 °C for 10–15min. Cells were washed with 10 ml of
complete medium twice, fixed in 10% neutral formalin buffer
for 10 min at room temperature, and washed with PBS twice to
remove traces of formalin. For CCR2 staining in mouse cells,
4T1 and PyVmT cells (300,000) were incubated with anti-
CCR2 conjugated to phycoerythrin (catalog number FB151P,
R&D Systems) according to the manufacturer’s instructions.
Cells were washed with PBS three times and filtered in PBS
prior to analysis; cells were compared with unstained control.
For CCR2 staining in human cells, MDA-MB-231 and MCF-7
cells (300,000) were incubated with goal polyclonal anti-CCR2
(catalog number 85711, Abcam) in PBS containing 2% BSA
overnight at 4 °C at a 1:50 dilution. Cells were washed with PBS
three times and incubated with goat secondary antibodies con-
jugated to Alexa Fluor 488 (Invitrogen) in PBS at a 1:500 dilu-
tion at 4 °C while covered in foil. Cells were washed with PBS
three times and filtered in PBS prior to analysis; cells were com-
pared with unstained control and secondary antibody-only
controls. CCR2 expression was analyzed on an LSRII flow
cytometer (BD Biosciences).
ELISA—Conditioned media generated from the indicated

cell lines were subjected to CCL2 ELISA specific to murine
(catalog number 900-K126, Peprotech) or human protein (cat-
alog number 900-K31 Peprotech) or to TGF-� ELISA compat-
ible with mouse and human protein (catalog number DY240,
R&D Systems). Samples were analyzed according to the manu-
facturer’s protocol. Reactions were catalyzed using tetrameth-
ylbenzidine substrate (catalog number DY999, R&D Systems)
according to the manufacturer’s instructions. The reaction was
stopped with 1 M HCl, and absorbances were read at A450 nm
using a BioTek microplate reader.
Immunocytochemistry—Cells were seeded at a density of

250,000 on glass coverslips in 6-cm dishes. For Smad3 nuclear

localization studies, cells were serum-deprived for 24 h and
then stimulated with CCL2 for 24 h. For CCR2 and TGF-�
receptor I receptor localization studies, cells were serum-
starved for 24 h and stimulated with CCL2 or TGF-� for 5 min.
Cells were fixed in 10% neutral formalin buffer for 30 min, per-
meabilized in methanol for 10 min at �20 °C. After blocking in
PBS containing 1% goat serum, samples were incubated with
primary antibodies to Smad3 at a 1:100 dilution (Cell Signaling
Technology), CCR2 at a 1:50 dilution (anti-CCR2-phycoeryth-
rin, R&D Systems), or TGF-� receptor I at a 1:200 dilution
(catalog number 06-1086, Millipore) overnight. Samples were
washed with PBS three times. Smad3 and TGF-� receptor I
were visualized by incubation with rabbit secondary antibodies
conjugated to Alexa Fluor 568 (catalog number A1101, Invitro-
gen) at a 1:500 dilution. Cells were washed in PBS three times,
counterstained with DAPI, andmounted on glass slides in Pro-
Long antifade reagent (Invitrogen).
Statistical Analysis—Experiments were performed in tripli-

cate at theminimum. Data are expressed as mean� S.E. Statis-
tical analysis was performedusing two-tailed t test or analysis of
variance with Bonferroni’s post-test of comparisons using
GraphPad software. Significance was determined by p � 0.05.

RESULTS

CCL2 Stimulates Survival and Motility of Mammary Carci-
noma Cells—In recent studies, we used the MMTV-PyVmT
transgenic mouse model and 4T1 transplant model of breast
ductal carcinoma formation to demonstrate that CCL2 derived
from fibroblasts regulated breast cancer metastasis indepen-
dently ofmacrophage recruitment (21, 24). To determine a role
for CCL2 signaling in mammary carcinoma cells, cultured 4T1
and PyVmT cells were treated with recombinant CCL2 and
then evaluated for changes in cell proliferation, survival, and
migration. CCL2 had no significant effect on breast cancer cell
proliferation as determined by BrdU incorporation studies
(data not shown). To induce cellular apoptosis, 4T1 and
PyVmT cells were deprived of serum and treated with genta-
micin or 5-fluoruracil. Gentamicin is an anti-inflammatory
compound that was shown to block inflammatory disease
includingmastitis and arthritis (37–39). Gentamicin effectively
induces apoptosis in epithelial and mesenchymal cell types
(40–42) through caspase-dependent mechanisms (42–45).
5-FU is a synthetic nucleotide analog commonly used to treat
non-invasive and invasive breast cancer (46, 47). 5-FU induces
cell cycle checkpoint arrest and apoptosis through caspase-de-
pendent mechanisms (48, 49). As CCL2 signaling is a key regu-
lator of inflammatory processes (50–53) and is overexpressed
in breast tumors (see Fig. 3), we determined the possibility that
CCL2 would block apoptosis induced by gentamicin and 5-FU.
CCL2 significantly reduced apoptosis of 4T1 and PyVmT cells
induced by serumdeprivation or gentamicin or 5-FU treatment
as determined by cleaved caspase-3 expression (Fig. 1A). CCL2
treatment of MDA-MB-231 cells, a human breast cancer cell
line, also significantly reduced apoptosis induced by serumdep-
rivation or gentamicin or 5-FU treatment, indicating similar
prosurvival effects of CCL2 on human breast cancer cells (Fig.
1A). Because breast tumors have been shown to acquire
somatic mutations in apoptosis pathways during cancer pro-
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gression (54), we determined the effect of CCL2 on MCF-7
breast cancer cells, which exhibit inactivating mutations in
caspase-3 (55). Serum deprivation and gentamicin treatment
after 24 h still resulted in detectable levels of apoptosis in
MCF-7 cells that were significantly reduced with CCL2 treat-
ment as determined by TUNEL analysis (Fig. 1B). These data
indicate thatCCL2 significantly blocks apoptosis in bothmouse
and human mammary carcinoma cells. We next determined
the effect of CCL2 on themotility of mammary carcinoma cells
by Transwell and wound closure assays. Treatment of 4T1 and
PyVmT mammary carcinomas with CCL2 resulted in signifi-
cant cell migration over 8 h as determined by Transwell assay.
MCF-7 and MDA-MB-231 cells also showed significant
increases in Transwell migration in response to CCL2 (Fig. 2A).
In wound closure assays, CCL2 treatment significantly
enhanced migration of all four cell lines over a period of 24 h,

consistent with the promigratory effects of CCL2 observed in
the Transwell assays (Fig. 2B). In summary, these data show
that CCL2 significantly enhances survival and motility of epi-
thelial cells in mouse and human cell lines.
CCR2 Expression in Breast Cancer Cells Is Essential for CCL2

Signaling—CCL2 has been shown to exhibit strong binding
affinity to the chemokine receptor CCR2 (kd � 0.77 nM) and
signal primarily through this receptor in macrophages to regu-
late migration (5). The relevance of CCR2 in breast cancer cells
remained unclear; therefore, we performed immunostaining
analysis of CCR2 in invasive breast carcinomas in comparison
with normal breast tissues. CCR2 expression was significantly
increased in breast tumors compared with normal tissues and
was primarily localized to cells of epithelial origin. CCR2
expression in breast tumors corresponded to increased CCL2
expression in breast tumors that was detected in the breast
tumor stroma and epithelium (Fig. 3A). The expression pat-
terns of CCR2 in breast epithelial cells were confirmed by flow
cytometry analysis of breast epithelial cell lines. Comparedwith
NMuMG cells, non-tumorigenic immortalized mouse mam-
mary epithelial cells (56), 4T1 and PyVmT mammary carci-
noma cells expressed significantly higher levels of CCR2, com-
parable with receptor levels in macrophages (Fig. 3B and
supplemental Fig. 1). Similarly, MCF-7 and MDA-MB-231
breast cancer cells expressed higher levels of CCR2 compared
with MCF10A cells (Fig. 3B), which are non-tumorigenic
immortalized human breast epithelial cells (57). By ELISA anal-
ysis, we observed that CCL2 secretion in breast cancer cells
varied among cell lines. In murine PyVmT carcinoma cells and
NMuMG non-tumorigenic cells, CCL2 was expressed at mar-
ginally higher levels than CCL2 expression found in macro-
phages. In contrast, 4T1 mammary carcinoma cells expressed
significantly lower levels of CCL2 compared with NMuMG
cells. In human MCF-7 breast carcinoma cells, significantly
higher levels of CCL2 were expressed compared with non-tu-
morigenic MCF10A cells. MDA-MB-231 cells expressed CCL2
at levels lower than those inMCF-7 cells andmarginally higher
than those in MCF10A cells (Fig. 3C). These data indicate that
CCR2, but not CCL2, corresponds to tumorigenicity of breast
carcinoma cell lines.
In previous studies, we had shown that TGF-� suppressed

CCL2 expression in breast stromal cells to regulate tumor pro-
gression (21). As TGF-� negatively regulates CCL2, we hypoth-
esized that CCL2 would suppress TGF-� signaling in breast
cancercells.CCL2hadnosignificanteffectonSmad2phosphor-
ylation (data not shown) but unexpectedly increased Smad3
phosphorylation over time. We screened for phosphorylation
of other candidate proteins showing a functional association
with migration and survival including MAPK, focal adhesion
kinase, Src, and AKT (58, 59). CCL2 significantly enhanced
phosphorylation of p42/44MAPK and Smad3 proteins in mul-
tiple breast cancer cell lines over an extended period of time.
Expression levels of these proteinswere slightly weaker or com-
parable with TGF-� treatment in their respective cancer cell
lines and with MCF10A breast epithelial cells (supplemental
Fig. 2A and Fig. 4C). CCL2 treatment also resulted in increased
nuclear Smad3 expression as determined by increased Smad3
immunofluorescence staining (supplemental Fig. 2B), consis-

FIGURE 1. CCL2 blocks serum-deprived and gentamicin-induced apopto-
sis of mouse and human mammary carcinoma cells. A, mammary carci-
noma cells were incubated in serum-free medium in the presence or absence
of 20 ng/ml CCL2, 250 �g/ml gentamicin, or 250 �g/ml 5-FU for 24 h and
analyzed for apoptosis by immunofluorescence staining for cleaved
caspase-3 expression. Representative images of cleaved caspase-3 staining
with DAPI overlay are shown for 4T1 cells. B, MCF-7 breast cancer cells were
incubated in serum-free medium (SF) in the presence or absence of 250
�g/ml gentamicin and 20 ng/ml CCL2 for 24 h and analyzed for apoptosis by
immunofluorescence staining for TUNEL-positive nuclei. Representative
images of TUNEL staining with propidium iodide overlay are shown. Statisti-
cal analysis was determined by two-tailed t test: *, p � 0.05; ***, p � 0.001.
Values are expressed as mean � S.E. Error bars represent S.E.
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tent with the role of Smad3 as a transcription factor (60). In
contrast to Smad3 and MAPK, focal adhesion kinase and Src
showed no significant changes in phosphorylation in CCL2-
treated cells. In CCL2-treated cells, AKT showed weak tran-
sient phosphorylation at 1 h, which then decreased over time
(supplemental Fig. 3). These data indicate that MAPK and
Smad3 pathwaysmay play important roles in CCL2 signaling in
breast cancer cells.
The functional significance of CCR2 was determined by

CCR2 knockdown in 4T1 and MCF-7 mammary carcinoma
cells. Compared with parental cells or cells expressing control
siRNAs, CCL2 did not significantly affect gentamicin-induced
apoptosis in CCR2-deficient cells as determined by cleaved
caspase-3 staining (Fig. 4A). CCR2 knockdown in 4T1
and MCF-7 cells also significantly blocked CCL2-induced
wound closure, indicating defects in CCL2-induced cell migra-
tion (Fig. 4B). CCR2 knockdown significantly reduced CCL2-
induced phosphorylation of p42/44MAPK and Smad3 in 4T1
andMCF-7 cells (Fig. 4C). In summary, these data indicate that
CCR2 is essential for CCL2 induction of breast cancer cell
motility and survival.
Smad3 and MEK Signaling through p42/44MAPK Regulate

CCL2-induced Cell Survival and Motility—To determine the
functional role of Smad3 and p42/44MAPK signaling pathways
in CCL2-induced cell motility and survival, we used a combi-
nation of approaches involving RNA interference and pharma-
cologic inhibitors. 4T1 mammary carcinoma cell lines were
generated to stably express shRNAs to Smad3 that targeted two
different regions of Smad3 (referred to as Smad3-1 and Smad3-
6). Compared with 4T1 parental cells and cells expressing con-
trol shRNAs toGFP, Smad3 knockdown significantly decreased
Smad3 expression and phosphorylation. Smad3 knockdown

resulted in a partial loss of p42/44MAPK phosphorylation,
whereas U0126 treatment of control 4T1mammary carcinoma
cells inhibited Smad3 phosphorylation (Fig. 5A). Transient
Smad3 knockdown in other mammary carcinoma cell lines
including MCF-7 (Fig. 5A), MDA-MB-231, and PyVmT (sup-
plemental Fig. 4) resulted in similar reductions inMAPK phos-
phorylation. Re-expression of Smad3 in Smad3-deficientmam-
mary carcinoma cells enhanced the levels of phospho-p42/
44MAPK protein (supplemental Fig. 5A). These data indicate
that CCL2-induced p42/44MAPK activity is partially depen-
dent on Smad3 expression and that Smad3 phosphorylation is
also dependent on p42/44MAPK activity in breast cancer cells.
The presence of phosphorylated p42/44MAPK protein in
Smad3-deficient cells indicated an additional upstream regula-
tor of p42/44MAPK. Previous studies have shown that impor-
tant upstream regulators of p42/44MAPK phosphorylation are
MEK1/2 proteins, which often function in concert to directly
phosphorylate p42/44MAPK proteins at threonine and tyro-
sine residues (61). Therefore, we hypothesized that MEK sig-
naling through p42/44MAPK and Smad3 signaling through
p42/44MAPK would mediate CCL2 induction of breast cancer
cell motility and survival.
We first assessed the role of these signaling pathways in gen-

tamicin-induced apoptosis in 4T1 and MCF-7 carcinoma cell
lines. Control cells or Smad3-deficient cells were treated with
CCL2 in the presence or absence of U0126, an MEK kinase
inhibitor (61, 62), which blocked CCL2-induced p42/44MAPK
phosphorylation (Fig. 5A). We observed that Smad3 knock-
down inhibited CCL2-induced cell survival under gentamicin
treatment. Re-expression of wild type Smad3 protein by adeno-
viral infection of Smad3-deficient 4T1 cells restored the ability
of CCL2 to promote cell survival in gentamicin-treated cells to

FIGURE 2. CCL2 enhances migration of mammary carcinoma cells. Mouse and human mammary carcinoma cell lines were incubated in serum-free medium
(SF) in the presence or absence of 20 ng/ml CCL2 and analyzed for changes in migration by Transwell assay (A) and wound closure assay (B). Representative
images of 4T1 mammary carcinoma cells that migrated across a Transwell membrane after 8-h incubation with CCL2 are shown (A). Representative images of
wound closure of 4T1 cells after 24-h incubation with CCL2 are shown (B). Statistical analysis was determined by two-tailed t test: *, p � 0.001; **, p � 0.01;
***, p � 0.05. Values are expressed as mean � S.E. Error bars represent S.E.

CCL2 Chemokine Signaling in Cancer Cells

36598 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 43 • OCTOBER 19, 2012

http://www.jbc.org/cgi/content/full/M112.365999/DC1
http://www.jbc.org/cgi/content/full/M112.365999/DC1
http://www.jbc.org/cgi/content/full/M112.365999/DC1
http://www.jbc.org/cgi/content/full/M112.365999/DC1


levels similar to those observed in 4T1 parental cells (supple-
mental Fig. 5, A and B), further supporting a role for Smad3 in
CCL2-induced cell survival. U0126 treatment increased apo-
ptosis of CCL2-treated cells, indicating an important role for
MEK-MAPK signaling in CCL2-induced cell survival. We then
determined whether theMEK-MAPK pathway affected Smad3
signaling to regulate CCL2-induced breast cancer cell survival.
We hypothesized that if MEK-MAPK functioned indepen-
dently of Smad3 to mediate cell survival then Smad3 knock-
down combined with U0126 treatment would further inhibit
CCL2-induced cell survival compared with Smad3 knockdown
orMEK inhibition alone. Supporting this hypothesis, treatment
of Smad3-deficient cells combined with U0126 further
increased gentamicin-induced apoptosis (Fig. 5B) compared
with Smad3 deficiency alone or U0126 treatment alone. These
data indicate that MEK signaling through MAPK functions
independently of Smad3 to regulate CCL2-induced mammary
carcinoma cell survival.

We then assessed the role of these signaling pathways in
CCL2-induced cell migration in 4T1 and MCF-7 carcinoma
cells. Smad3-deficient cells (Smad3-1 and Smad3-6) showed
significant reductions in CCL2-induced wound closure (Fig.
5C). Re-expression of Smad3 in Smad3-deficient 4T1 cells res-
cued the ability of CCL2 to induce cell migration to levels sim-
ilar to those observed in 4T1 parental cells, validating an impor-
tant role for Smad3 in CCL2-induced cell migration
(supplemental Fig. 5C). U0126 treatment of 4T1 orMCF-7 con-
trol cells significantly decreased CCL2-induced wound closure,
indicating an important role for MEK-MAPK signaling in
CCL2-induced cell migration (Fig. 5C). To determine whether
MEK-MAPK depended on Smad3 signaling to mediate cell
migration, Smad3-deficient cells were also treated with U0126
and analyzed for changes in CCL2-induced wound closure.We
predicted that if MEK-MAPK functioned independently of
Smad3 then Smad3 knockdown combined with U0126 treat-
ment would further inhibit CCL2-induced migration com-

FIGURE 3. CCR2 expression is up-regulated in breast cancer tissues and corresponds to increased CCL2 expression. A, CCL2 and CCR2 staining was
performed on array slides containing de-identified cores of normal (n � 14) and invasive breast ductal carcinoma tissues (n � 20) sectioned at 5-�m thickness
(catalog number 8022, US Biomax). Additional studies were performed on de-identified normal and breast cancer tissues (n � 5 per group) obtained from the
Biospecimen Shared Resource at the University of Kansas Medical Center. Representative images of staining for CCL2 and CCR2 are from the tissue arrays.
Arrowheads point to staining in ductal epithelial cells. The magnified inset shows CCL2 staining in the stroma. Tumor scale bar, 50 �m. Levels of CCR2 and CCL2
expression were measured by pixel density using NIH ImageJ software. Arbitrary units are shown. Statistical analysis was performed by two-tailed t test: ***, p �
0.05 compared with normal tissue. B, expression of CCR2 was analyzed in mouse and human mammary carcinoma cells by flow cytometry analysis with the Raw
264.7 murine macrophage cell line as a positive control. C, expression of CCL2 was analyzed in mouse and human mammary carcinoma cells by ELISA of
conditioned medium. For B and C, statistical analysis was performed by analysis of variance test with Bonferroni’s post-test of comparisons: ***, p � 0.05;
****, p � 0.05. Values are expressed as mean � S.E. Error bars represent S.E.
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pared with Smad3 knockdown or MEK inhibition alone. How-
ever, Smad3 knockdown combined with U0126 treatment did
not further inhibit CCL2-induced wound closure (Fig. 5C),
indicating that MEK-MAPK signaling depended on Smad3 to
regulate CCL2-induced breast cancer cell migration.
Rho GTPase Functions Downstream of p42/44MAPK to Reg-

ulate CCL2-induced Motility and Survival—We further char-
acterized the molecular mechanisms through which Smad3
and MEK signaling through MAPK would regulate CCL2-in-
duced cell survival and motility. As a small GTPase, RhoA
expression has recently been shown to regulate CCL2-induced
migration of PC-3 prostate cancer cells (63). However, the
functional significance of RhoA in CCL2 signaling in breast
cancer cells had not been addressed. In these studies, 4T1 cells
were treated with CCL2 in the presence or absence of U0126
treatment or Smad3 shRNA expression and analyzed for RhoA
expression. Although Smad3-deficient cells showed higher
basal levels of RhoA expression compared with control cells,
there was no significant difference in Rho expression with
CCL2 treatment. U0126 treatment did not significantly affect
CCL2 induction of RhoA in control cells. Smad3-deficient cells
treated with U0126 did not show any significant differences in
RhoA expression compared with Smad3-deficient alone or
U0126 treatment alone (Fig. 6A). These data indicate that RhoA
expression in both 4T1 cells depends on normal levels of Smad3

expression, and targeting of Smad3 deregulates CCL2 induc-
tion of RhoA expression.
We next determined whether CCL2/CCR2-induced RhoA

activity was regulated by Smad3 and MEK signaling through
p42/44MAPK in 4T1mammary carcinoma cells. These studies
involved commercially available ELISA-based assays in which
the levels of activated RhoA protein were measured by the
amount of RhoA bound to rhotekin substrate on 96-well plates.
Smad3-deficient cells showed a higher basal level of Rho
GTPase activity, which was not observed to be statistically sig-
nificant and was not significantly affected by CCL2 treatment
(Fig. 6B). U0126 treatment significantly inhibited CCL2-in-
duced Rho GTPase activity, indicating an important role for
MEK-MAPK in regulating RhoA activity. However, U0126
treatment of Smad3-deficient cells did not further affect CCL2-
induced RhoA activity. These data indicate that CCL2-induced
RhoA activity is regulated by both Smad3 and MEK-MAPK
signaling. Furthermore, we found that transient CCR2 knock-
down inhibited CCL2-induced RhoA activity in 4T1mammary
carcinoma (Fig. 6C), indicating a requirement forCCR2 expres-
sion in CCL2 induction of RhoA GTPase activity in mammary
carcinoma cells. In summary, these data indicate that CCL2/
CCR2 signaling mediates RhoA activity through Smad3 and
MAPK pathways in mammary carcinoma cells.

FIGURE 4. CCR2 is required for CCL2 signaling in mouse and human breast carcinoma cells. 4T1 or MCF-7 parental (Par) cells, control (Con)
siRNA-transfected cells, or cells transfected with CCR2 siRNAs were stimulated with 20 ng/ml CCL2 and analyzed for changes in gentamicin-induced apoptosis
by cleaved caspase-3 or TUNEL assay as indicated (A), changes in migration by wound closure assay (B), and expression of the indicated proteins by Western
blot after 8-h stimulation (C). TGF-� treatment of MCF10A cells is shown as a comparison of phospho-Smad3 expression between cell lines. The level of CCR2
knockdown was determined by densitometry analysis using NIH ImageJ software. CCR2 knockdown was compared with control siRNA samples. Values are
normalized to actin. Statistical analysis was determined by two-tailed t test: *, p � 0.001; **, p � 0.01; ***, p � 0.05. Values are expressed as mean � S.E. Error
bars represent S.E.
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The expression of RhoA, a small GTPase, has been shown to
regulate cell migration of epithelial cell types by regulating the
formation of actin stress fibers (64); however, its role in epithe-
lial cell survival has remained poorly understood. To determine
the functional role of RhoA in CCL2-induced cell survival and
motility, 4T1 cells were transduced with retrovirus expressing
dominant negative RhoA, which contained a Thr to Asn point
mutation in codon 19 that inactivated GTPase activity (65).
Compared with vehicle retrovirus control, expression of dom-
inant negative RhoA significantly reduced RhoAGTPase activ-
ity and significantly inhibited CCL2-induced survival and
migration (Fig. 7, A–D). To further confirm the role of RhoA
signaling in CCL2-induced survival and migration, 4T1 mam-
mary carcinoma cells were treated with CCL2 in the presence
or absence of Rho kinase inhibitor II, a selective inhibitor of
Rho-associated protein kinase, an effector immediately down-
stream of RhoA (66). Increasing doses of Rho kinase inhibitor II
significantly reduced CCL2-induced survival and migration of
4T1 cells similarly to expression of dominant negative RhoA
(Fig. 7, C and D). In summary, these data indicate that RhoA
functions downstream of Smad3 and MEK to regulate CCL2-
induced mammary carcinoma cell survival and motility.

CCL2 Signaling Occurs Independently of TGF-� Expression—
The signaling pathways regulated by CCL2/CCR2 are also reg-
ulated by a number of mechanisms in breast tumors including
TGF-� signaling. Given the importance of autocrine TGF-�
signaling in breast cancer cells (67, 68), we evaluated the possi-
bility thatCCL2 signalingwas dependent onTGF-� expression.
4T1 mammary carcinoma cells were treated with neutralizing
antibodies to TGF-� in the presence or absence of CCL2. Anti-
TGF-� reduced basal Smad3 phosphorylation in serum-free
controls and modestly reduced CCL2-induced Smad3 phos-
phorylation but did not inhibit the ability of CCL2 to stimulate
detectable levels of phospho-Smad3 (Fig. 8A). Anti-TGF-� did
not significantly affectCCL2-inducedRhoGTPase activity (Fig.
8B). As the cells were serum-starved for 24 h prior to stimula-
tion, these data indicate that mammary carcinoma cells still
express endogenous TGF-� expression thatmaintains low level
Smad3 phosphorylation but does not significantly affect CCL2/
CCR2 signaling. To determine whether CCL2/CCR2 signaling
pathways were mediated by induction of TGF-� expression,
CCR2was knocked down in 4T1mammary carcinoma cells and
analyzed for TGF-� expression by ELISA. There were no sig-
nificant changes in TGF-� expression in CCR2 knockdown

FIGURE 5. Effect of Smad3 and MAPK inhibition on CCL2-induced cell survival and migration of mammary carcinoma cells. Parental cells (Par), 4T1 cells
stably expressing shRNAs to GFP (GFP�) or Smad3 (Sm3-1 and Sm3-6), and MCF-7 cells transiently expressing control siRNAs (Con) or Smad3 siRNAs (Smad3�)
were treated with CCL2 (20 ng/ml) in the presence or absence of 1 �M U0126 and analyzed by Western blot for changes in phosphorylation of Smad3 and
p42/44MAPK (A). Densitometry analysis was performed on three independent experiments. Values are expressed as mean � S.E. B, gentamicin (Gent)-induced
apoptosis. C, migration by wound closure assay. Statistical analysis was determined by two-tailed t test: **, p � 0.01; ***, p � 0.05; ****, p � 0.05. Values are
expressed as mean � S.E. Error bars represent S.E. SF, serum-free medium.
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cells compared with controls (Fig. 8C). Smad3-deficient 4T1
cells also did not exhibit any changes in TGF-� expression (Fig.
8D). These data indicate that CCL2/CCR2 signaling occurs
independently of TGF-� expression.

DISCUSSION

Recent studies have shown that CCR2 is overexpressed in
prostate tumors (69, 70) and that CCL2 signaling promotes
human PC-3 prostate cancer cell proliferation and enhances
cancer cell survival by autophagic cell death (71).Here, we show
thatCCL2has no significant effect onmammary carcinoma cell
proliferation or autophagy (data not shown), indicating tissue-

specific functions for CCL2 signaling. Based on these current
studies, we propose a working model for the role of CCL2/
CCR2 signaling in epithelial cells during breast cancer progres-
sion. In breast cancer cells, CCL2 binds to CCR2 to stimulate
Smad3 and p42/44MAPK pathways. In one pathway, CCL2
induces MEK signaling through p42/44MAPK independently
of Smad3 to promote cell survival. In addition, CCL2 signaling
activates Smad3, which cooperates with the MEK-p42/
44MAPKpathway to regulate cell motility and survival through
RhoA-dependent mechanisms (Fig. 9). In combination, these
cellular processes function to promote invasion and metastasis
during breast cancer progression.
Although CCL2 and CCR2 proteins were detected in normal

breast ductal epithelial cells, the significance of CCL2 and
CCR2 expression in normal cells remains unclear as CCL2
treatment ofMCF10A cells does not significantly affect survival
or migration (supplemental Fig. 6). Studies of CCR2 knock-out
mice are underway to determine whether CCR2 expression in
ductal epithelial cells is necessary for mammary gland develop-
ment and homeostasis.
We observed that CCL2 expression did not correspond to

tumorigenicity of breast cancer cell lines. Studies indicate that
the stromamay be an important source ofCCL2 expression and
that a paracrinemechanismmay be important for CCL2 signal-
ing in breast cancer cells. We observed positive CCL2 expres-
sion in the breast tumor stroma, consistent with previous stud-
ies that show that CCL2 expression in the breast tumor stroma,
but not in tumor epithelium, positively correlates with tumor
grade andpoor patient prognosis (18). CCL2 is highly expressed
inmacrophages (18), which have been shown to enhance breast
cancer cell invasion and metastasis in mouse models (26, 72,
73). Fibroblasts represent another potential source of CCL2
expression. In previous studies, we showed that CCL2 derived
from Tgfbr2-deficient fibroblasts (Tgfbr2FspKO) enhanced
mammary carcinoma invasion and metastasis, which were
blocked by CCL2-neutralizing antibodies (21, 24). In the cur-
rent studies, we show thatCCL2-neutralizing antibodies inhibit
phospho-p42/44MAPK and phospho-Smad3 induced by
Tgfbr2FspKO fibroblasts but do not affect phospho-p42/
44MAPK or phospho-Smad3 regulated by autocrine CCL2 sig-
naling in breast cancer cells (supplemental Fig. 8A). Compared
with mammary carcinoma cells, Tgfbr2FspKO fibroblasts
express significantly higher levels of CCL2 (supplemental Fig.
8B), further indicating that a paracrine mechanism may be
important for CCL2 signaling in breast cancer. We are cur-
rently conducting studies of CCL2 expression in carcinoma-
associated fibroblasts to further understand the relevance of
TGF-� signaling and stromal CCL2 expression in breast
tumors. If autocrine CCL2 signaling is important for regulating
breast cancer cell migration and survival, we anticipate that
CCR2 knockdown alone would inhibit cell survival or migra-
tion. We observed that CCR2 knockdown alone has no signifi-
cant effect on cell migration or survival of 4T1 and MCF-7
breast cancer cells (Fig. 4).We cannot completely rule out a role
for autocrine CCL2 signaling in breast cancer cells. The model
systems used in this report and previous studies suggest that in
the context of the tumor microenvironment CCL2 derived

FIGURE 6. CCL2/CCR2 signaling mediates RhoA activity through Smad3-
and MAPK-dependent mechanisms. Parental (Par) 4T1 cells and 4T1 cells
stably expressing control shRNAs (GFP�) or Smad3 shRNAs (Sm3-1 and
Sm3-6) were treated with 20 ng/ml CCL2 in the presence or absence of 1 �M

U0126. A, samples were analyzed for expression of RhoA by Western blot
analysis after 4 h of treatment. RhoA expression was determined by densi-
tometry analysis of three independent Western blot experiments using NIH
ImageJ software. Values are expressed as mean � S.E. B, RhoA GTPase activity
was analyzed by G-LISA after 8-h incubation. Statistical analysis was deter-
mined by analysis of variance with Bonferroni’s post-test of comparisons.
C, parental (Par) 4T1 or cells expressing control siRNA (Con) or CCR2 siRNAs
were analyzed for RhoA activity by G-LISA. Statistical analysis was determined
by two-tailed t test: ***, p � 0.05; ****, p � 0.05. Values are expressed as
mean � S.E. Error bars represent S.E. SF, serum-free medium.
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from stromal cells regulates signaling in breast cancer cells to
promote survival and metastasis.
For the first time, we also show that CCL2 regulates Smad3

phosphorylation in concert with MAPK signaling to regulate
survival and motility in breast epithelial cells. Previous studies
have shown that the TGF-� receptors are important regulators

of Smad protein function. TGF-� ligand binding to the type II
receptor leads to interactions with the TGF-� type I receptor,
which acts as a kinase to phosphorylate Smad3 and the related
protein Smad2 at the C terminus (74, 75). In TGF-�-treated
cells, phosphorylation of Smad3 and -2 proteins leads to
homodimeric or heterodimeric protein complexes that trans-

FIGURE 7. CCL2 mediation of RhoA function is important for mammary carcinoma cell survival and migration. 4T1 mammary carcinoma cells were
infected with control vehicle retrovirus (veh) or retrovirus overexpressing dominant negative RhoA (Rho.DN) or treated with Rho kinase inhibitor II (Rocki) and
analyzed for changes. A, expression of RhoA by immunoblot analysis. The protein band shown is at the predicted molecular mass for RhoA (25 kDa). B, RhoA
activity by G-LISA. C, gentamicin-induced apoptosis. D, migration by wound closure assay. Statistical analysis was determined by two-tailed t test: *, p � 0.001;
**, p � 0.01; ***, p � 0.05; ****, p � 0.05. Values are expressed as mean � S.E. Error bars represent S.E. Par, parental; SF, serum-free medium.

FIGURE 8. CCL2/CCR2 signaling is not significantly dependent on TGF-� expression. A, 4T1 cells were treated with CCL2 (20 ng/ml) or TGF-� as a positive
control (5 ng/ml) with or without 10 �g/ml neutralizing antibodies to TGF-� and analyzed for changes in Smad3 phosphorylation by immunoblot analysis.
B, 4T1 cells were treated with CCL2 with or without 10 �g/ml neutralizing antibodies to TGF-� and analyzed for changes in RhoA activity. C, CCR2 was transiently
knocked down (CCR2kd) in 4T1 cells, and cells were analyzed for expression of TGF-� by ELISA. D, Smad3-deficient 4T1 cells were treated with CCL2 and
analyzed for changes in TGF-� expression by ELISA. Statistical analysis was determined by two-tailed t test: ****, p � 0.05. Values are expressed as mean � S.E.
Error bars represent S.E. Con, control; Par, parental; SF, serum-free medium.
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locate to the nucleus to regulate expression of genes related to
proliferation, survival, and motility (76, 77). In contrast, CCL2
stimulated Smad3 phosphorylation in multiple mammary car-
cinoma cell lines without affecting Smad2 phosphorylation
(data not shown), indicating a specific function for Smad3 in
the CCL2/CCR2 signaling axis.
The role of CCL2-mediated phospho-Smad3 in cell survival

and motility is consistent with functional studies on Smad3
knock-out mice. Smad3-deficient mice exhibit fewer metasta-
ses (78), indicating an important role for Smad3 in regulating
late stage breast cancer progression. These functional studies
are consistent with prognostic studies of phospho-Smad3
expression. Although studies have reported the absence of
Smad3 mutations in breast cancers (79), phospho-Smad3
expression is associated with late stage invasive breast carcino-
mas (80), consistent with the increased CCL2 and CCR2
expression in invasive breast tumors observed in our studies.
We would also anticipate that TGF-� expression positively

correlates with phospho-Smad3 expression and breast tumor
grade. However, there are conflicting reports regarding the
prognostic significance of TGF-� expression in breast tumors
(81–83). TGF-� expression in breast tumorsmay be dependent
on several factors including the degree of stromal reactivity and
clinical subtype (84). Another possibility is that other factors
such as CCL2 may regulate Smad3 activity in breast tumors.
Future studies would need to be performed to analyze expres-
sion of CCL2, TGF-�, and phospho-Smad3 to understand their

prognostic significance in breast tumors while accounting for
these variables.
Studies indicate that CCL2/CCR2 signaling is not dependent

onTGF-� expression in 4T1mammary carcinoma cells (Fig. 8).
We also evaluated the possibility that CCL2 signaling in breast
cancer cells was dependent onTGF-� receptor signaling. CCL2
did not stimulate receptor clustering between CCR2 and
TGF-� receptor I or affect receptor localization as determined
in confocal imaging studies. Treatment with a TGF-� type I
receptor inhibitor (SB431542) did not affect localization or
clustering of CCR2 and TGF-� receptors (supplemental Fig.
7A) and did not significantly affect CCL2-induced phosphory-
lation of Smad3 and p42/44MAPK proteins (supplemental Fig.
7B). These data indicate that CCL2 signaling is not dependent
on TGF-� receptor I function. However, pertussis toxin did
inhibit CCL2-induced p42/44MAPK and Smad3 signaling,
indicating that these signaling pathways are dependent on G
protein mechanisms (supplemental Fig. 7C). It is possible that
CCL2 signaling operates independently of TGF-� signaling to
regulate breast cancer cell survival and motility.
Multiple factors elevated in breast tumors including insulin-

like growth factor and EGF have been shown to activate the
p42/44MAPK pathway (85–87). Our studies indicate that
CCL2/CCR2 signaling in breast cancer cells is also an impor-
tant regulator of p42/44MAPK.With elevated CCL2 andCCR2
expression in breast tumors, we would expect increased phos-
pho-42/44MAPK expression in breast tumors. Studies show
that increased expression of phospho-p42/44MAPK correlates
with tumor grade, poor patient survival, and reduced responses
to chemotherapy (85). Currently we are conducting studies to
determine how CCL2/CCR2 signaling coordinates breast can-
cer signaling with other cytokines and growth factors including
EGF. These studies will yield important insight into how breast
cancer cell signaling is regulated during tumor progression.
There are several possible mechanisms through which

CCL2/CCR2 signaling would regulate Smad3 phosphorylation
in mammary carcinoma cells. It is possible that CCR2 blocks
the activity of phosphatases, leading to Smad3 phosphoryla-
tion. G protein-coupled receptors including bradykinin recep-
tor BR2 and somatostatin receptor SST2 have been shown to
regulate SHP-1 and SHP-2 tyrosine phosphatases to mediate
cell proliferation (88, 89), and PPM1A/PP2Ca has been identi-
fied as a phosphatase for Smad proteins (90). Another possible
mechanism is that CCR2 regulates a protein kinase responsible
for Smad3 phosphorylation as cyclicGMP/protein kinaseGhas
been shown to regulate Smad3 phosphorylation in cardiac
fibroblasts during fibrogenesis (91).
Although recent studies have uncovered multiple roles for

p42/44MAPK signaling, it is best known for its role in regulat-
ing cell proliferation in part by regulating transcription activity
(92–94). Our studies indicate that CCL2 induction of p42/
44MAPK functions to promote survival and migration rather
than cell proliferation. The decreased RhoA expression and
activity in mammary carcinoma cells treated with U0126 indi-
cate that CCL2 induction of p42/44MAPK signaling functions
to regulate the expression of genes associated with survival and
migration. Studies are currently being performed tomore thor-

FIGURE 9. Proposed model for how CCL2 signaling through CCR2 signal-
ing regulates survival and motility of breast cancer cells. CCL2 binds to
CCR2 to stimulate Smad3 and p42/44MAPK pathways. In one pathway, CCL2
induces MEK signaling through p42/44MAPK independently of Smad3 to pro-
mote cell survival. In addition, CCL2 activates Smad3, which cooperates with
the MEK-p42/44MAPK pathway to regulate cell motility and survival through
RhoA-dependent mechanisms.
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oughly investigate the effects of CCL2-induced p42/44MAPK
signaling on gene expression in mammary carcinoma cells.
Although the role of MEK as an upstream regulator of p42/

44MAPK is well established (95–97), the mechanisms through
which Smad3 affects the MEK-MAPK signaling pathway are
less clear. TGF-� receptor kinase inhibitors did not signifi-
cantly affect CCL2 induction of Smad3 phosphorylation, indi-
cating a TGF-� receptor-independent mechanism. Smad3
knockdown cells exhibited decreased phosphorylation of p42/
44MAPK but did not affect expression of MAPK. Therefore, it
is unlikely that Smad3 regulates MAPK phosphorylation by
modulating p42/44MAPK transcription. Previous studies have
demonstrated that MAPK proteins function upstream of
Smad3 in human mesangial cells (98), human alveolar basal
epithelial cells, and smooth muscle cells (99). MEK inhibitors
had no effect on Smad3 phosphorylation in the non-tumori-
genic mammary epithelial cell line NMuMG (98). However, in
our studies, MEK inhibition of 4T1 mammary carcinoma cells
decreased Smad3 phosphorylation, whereas Smad3 knock-
down inhibited MAPK phosphorylation. These data indicate
that Smad3 functions cooperatively with MEK-p42/44MAPK
in mammary carcinoma cells. Based on published studies, it is
likely that the effects between Smad3 and MEK-p42/44MAPK
are cell type-dependent. There are possible mechanisms
throughwhich Smad3may regulate phosphorylation ofMAPK.
One possibility is that regulation of MEK-p42/44MAPK by
Smad3 may occur through Smad3-regulated transcription of
kinases including Src, Ras, Raf, MEK (100), protein kinase C,
and trafficking protein particle complex TrappC4 (101) that
directly or indirectly interact with p42/44MAPK to regulate
phosphorylation. Another possibility is that Smad3 suppresses
transcription of phosphatases such as PP2A, a phosphatase
demonstrated to dephosphorylate MEK and p42/44MAPK in
neuronal cells (102). These possibilities will be explored in
future studies to more fully understand the mechanisms
through which Smad3 cooperates with the MEK-MAPK
pathway.
Our studies indicate that CCL2 enhances expression and

activity of RhoA through Smad3 and MEK signaling through
p42/44MAPK signaling to regulate breast cancer cell motility
and survival. Interestingly, we observed that increased RhoA
protein levels do not always correspond to the same increases in
RhoA activity. CCL2 induction of RhoA expression corre-
sponds to increased RhoA activity and to increased migration
and survival. However, the increased RhoA expression in
Smad3 knockdown cells does not correspond to RhoA activity,
which was only slightly elevated, and does not correspond to
the decreased migration and survival observed in Smad3
knockdown cells. These data indicate that CCL2-mediated
migration and survival may be a function of RhoA activity
rather than RhoA expression levels. The functional conse-
quences of CCL2 induction of RhoA expression currently
remain unclear. Our data indicate that RhoA activity is depen-
dent on CCL2 induction of Smad3 and MAPK activity. How-
ever, RhoA activity is also regulated by GDP/GTP exchange. It
is possible that the amount of GTP/GTP or guanine nucleotide
exchange factor protein available limits the amount of RhoA

protein activation. Thus, the increased RhoA expression would
not necessarily result in increased RhoA activity.
RhoA expression has been found to be increased in many

types of cancers (103, 104) and has been shown to be an impor-
tant regulator of CCL2-induced cell migration ofmesenchymal
cell types (63). Currently, the molecular mechanisms through
which RhoA functions to simultaneously regulate cell migra-
tion and survival remain poorly understood. Our studies indi-
cate that RhoA participates in CCL2-induced cell migration
and cell survival by functioning downstream in signaling path-
ways regulated independently by Smad3 and MEK signaling. It
is possible that RhoAwould signal downstream to regulate gene
expression to regulate cell survival. Studies have shown that
RhoA signals to p53 transcription factors to regulate expression
of Bax, a protein involved in mediating Bcl-2 activity and sub-
sequent cytochrome c release from the mitochondria during
apoptosis (105). Further studies to understand the molecular
mechanisms through which RhoA functions to regulate cell
survival would provide further understanding of the intrinsic
relationships between cell survival and migration. In summary,
these studies demonstrate that one functional consequence of
CCL2 signaling is increased RhoA activity, which mediates
breast cancer cell survival and migration.
These studies have clarified important functional roles for

CCL2/CCR2 signaling in breast cancer cells in regulating cell
survival and motility, cellular processes that are important to
themetastatic spread (26, 106). Recent studies have shown that
therapeutic targeting of specific oncogenic proteins in preclin-
ical mouse models of cancer is more effective than actual treat-
ment of cancer patients at a clinical level (107), underscoring a
need to identify the signaling pathways that are relevant to can-
cer progression in humans. Our studies show similarities in
CCL2 induction of cell motility and survival between mouse
and human breast cancer cells, indicating that targeting the
CCL2 pathway would be potentially effective in treating meta-
static disease, the effects of whichmay bemore easily predicted
in preclinical models of cancer. As invasive breast cancer cells
are often drug-resistant (108) and CCL2 regulates both cell
motility and survival, targeting the CCL2 signaling pathway
may affect multiple mechanisms of breast cancer progression,
thus representing an attractive target in therapeutics. By fur-
ther understanding the molecular and cellular mechanisms
that regulate the behavior of invasive cancer cells, we may be
able to design new strategies to more effectively diagnose and
treat metastatic cancer.
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