NEOPLASIA

www.neoplasia.com

Volume 12 Number 5 May 2010 pp. 425-433 425

Loss of Transforming Growth
Factor-B Signaling in Mammary
Fibroblasts Enhances CCL2

Secretion to Promote Mammary
Tumor Progression through
Macrophage-Dependent and
-Independent Mechanisms'

Abstract

Whereas the accumulation of fibroblasts and macrophages in breast cancer is a well-documented phenomenon and
correlates with metastatic disease, the functional contributions of these stromal cells on breast cancer progression
still remain largely unclear. Previous studies have uncovered a potentially important role for CCL2 inflammatory
chemokine signaling in regulating metastatic disease through a macrophage-dependent mechanism. In these studies,
we demonstrate a significant regulatory mechanism for CCL2 expression in fibroblasts in mediating mammary tumor
progression and characterize multiple functions for CCL2 in regulating stromal-epithelial interactions. Targeted abla-
tion of the transforming growth factor-B (TGF-B) type 2 receptor in fibroblasts (Tgfor2™PK°) results in a high level of
secretion of CCL2, and cografts of Tgfbr2™PX® fibroblasts with 4T1 mammary carcinoma cells enhanced tumor pro-
gression associated with recruitment of tumor-associated macrophages (TAMs). Antibody neutralization of CCL2
in tumor-bearing mice inhibits primary tumor growth and liver metastases as evidenced by reduced cell proliferation,
survival, and TAM recruitment. Both high and low stable expressions of small interfering RNA to CCL2 in Tgfbr2msPk©
fibroblasts significantly reduce liver metastases without significantly affecting primary tumor growth, cell proliferation,
or TAM recruitment. High but not low knockdown of CCL2 enhances tumor cell apoptosis. These data indicate that CCL2
enhances primary tumor growth, survival, and metastases in a dose-dependent manner, through TAM-dependent and
-independent mechanisms, with important implications on the potential effects of targeting CCL2 chemokine signaling
in the metastatic disease.
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Introduction
The induction of host inflammatory responses toward breast cancer

is characterized by the recruitment of stromal cells to the primary
tumor, including macrophages and fibroblasts [1,2]. Accumulation of
these stromal cells is associated with an increased expression of soluble
factors, which alters the tumor microenvironment including extracel-
lular matrix proteins, growth regulators, cytokines, and angiogenic fac-
tors, correlating with invasive breast cancer and poor patient prognosis
[3,4]. Whereas the accumulation of fibroblasts and macrophages in
breast cancer are a well-documented phenomenon, the signals that regu-
late the interplay between stromal and epithelial cancer cells remain
complex and largely unclear.

Abbreviations: siRNA, small interfering RNA; TAM, tumor-associated macrophage;
Tgfbr2, type 2 TGF-P receptor gene; Tgf r2Flox/Flox Tgfbr2 with loxP sites flanking exon 2;
Tgfbr2PXC, conditional knockout of 7gf6r2 by Fsp-1 Cre

Address all correspondence to: Nikki Cheng, PhD, Department of Pathology and Labo-
ratory Medicine, University of Kansas Medical Center, Lied 3001, 3901 Rainbow Blvd,
Kansas City, KS 66160. E-mail: ncheng@Kumc.edu

"These studies were supported by funds from the National Cancer Institute/National In-
stitutes of Health 1K99CA127357-01A2 (N.C.) and University of Kansas Endowment.
The authors declare that no competing interests exist.

Received 22 January 2010; Revised 25 February 2010; Accepted 1 March 2010

Copyright © 2010 Neoplasia Press, Inc. All rights reserved 1522-8002/10/$25.00
DOI 10.1593/ne0.10200



426  CCL2 Regulates Stromal: Epithelial Interactions

Hembruff et al.

Neoplasia Vol. 12, No. 5, 2010

A number of studies have indicated an important role for transform-
ing growth factor- (TGF-P) signaling in regulating fibroblast activa-
tion. TGF-P signaling activates mammary fibroblasts by inhibiting
cell proliferation and inducing production of growth factors, angiogenic
factors, extracellular matrix proteins, and proteases [5,6]. Whereas the
role of autocrine TGF-f signaling in regulating the mesenchymal pheno-
type has been well documented [6,7], recent reports have indicated a
significant role for TGF-P signaling in regulating interactions between
stromal and epithelial cells. In recent studies, the role of TGF-B sig-
naling in fibroblasts was analyzed by disrupting the expression of the
TGF-B type 2 receptor (7gfbr2) in a subset of fibroblasts by Cre-Lox
(Tgfbr2™PXC). Cotransplanting mammary Tgfbr2" P fibroblasts with
PyVmT or 4T1 mammary carcinoma cells significantly enhanced pri-
mary tumor growth and progression [8,9]. Whereas the protumorigenic
phenotypes observed were associated with increased receptor tyrosine
kinase signaling, including the hepatocyte growth factor/c-Met signal-
ing pathway, abrogation of receptor tyrosine kinase signaling pathways
did not completely inhibit tumor progression enhanced by the TGF-8
signaling-deficient fibroblasts [8,9], indicating that TGF-f signaling
regulates stromal-epithelial interactions through mechanisms indepen-
dent of receptor tyrosine kinases.

The CCL2/CCR2 inflammatory chemokine signaling pathway has
been shown to be important in regulating macrophage recruitment
during inflammation and wound healing events [10,11]. Recent studies
have demonstrated a potentially important role for CCL2 in regulating
breast cancer progression in part through the recruitment of tumor-
associated macrophages (TAMs). A high level of CCL2 expression in
primary breast tumor has been shown to correlate with breast cancer
invasiveness and decreased patient survival [12,13]. In mouse studies,
a high level of expression of CCL2 in primary mammary tumors has
also been associated with high levels of TAMs, cells that lack immuno-
stimulatory function and secrete growth, survival, and angiogenic fac-
tors [14,15]. Tumor cells overexpressing recombinant CCL2 have
been shown to recruit TAMs that enhance tumor growth and meta-
static spread in mouse xenograft models of cancer [16,17], further
implicating CCL2 in a protumorigenic role in breast cancer through a
TAM-dependent mechanism.

This report shows that CCL2 and TGF-P signaling interacts to regu-
late stromal-epithelial interactions during mammary tumor progres-
sion. In these studies, Tgfbr2™PX® fibroblasts cografted with mammary
carcinoma cells enhanced primary tumor growth and liver metastases
statistically correlating with the accumulation of TAMs and increased ex-
pression of CCL2 in Tgfbr2"™P*? fibroblasts. Antibody neutralization of
CCL2 in tumor-bearing mice inhibited tumor growth and metastatic
spread to the liver associated with reduced numbers of TAMs. Knock-
down of CCL2 by stable small interfering RNA (siRNA) expression in
Tgtbr2"PXO fibroblasts did not significantly affect primary tumor growth
but did significantly reduce liver metastases and moderately reduce TAM
recruitment. These data indicate that, whereas CCL2 in the breast cancer
microenvironment functions to enhance primary tumor growth, sur-
vival, and metastases in part through TAM recruitment, CCL2 derived
from mammary fibroblasts specifically functions to stimulate mammary
carcinoma cells to promote cell survival and metastatic spread. In sum-
mary, these data are the first to demonstrate that TGF-f signaling in
fibroblasts regulates metastatic disease through the CCL2 chemokine
signaling pathway. Furthermore, these studies demonstrate a fibroblast-
specific contribution of CCL2 to mammary tumor progression and are
the first to demonstrate dose-dependent effects of CCL2 on primary
tumor progression and TAM recruitment, with important implications

on the potential effects of targeting CCL2 inflammatory chemokines sig-
naling in metastatic disease.

Materials and Methods

Culture of Cell Lines

Floxed TGF-f type 2 receptor (7gfbr2) control fibroblasts and
Tgfbr2"%C fibroblasts were immortalized and characterized in previous
studies [8]. Fibroblasts, including stably expressing CCL2 siRNA cell lines,
were cultured in Dulbecco’s modified Eagle medium (DMEM)/F12/10%
fetal bovine serum (FBS). 4T'1 mammary carcinoma cells (American Type
Culture Collection, Manassas, VA) were cultured in DMEM/10 % FBS.
Phoenix cells were kindly provided by Jin Chen, MD, PhD, (Vanderbilt
University, Nashville, TN) and were cultured in DMEM/10% FBS.

siRNA Silencing of CCL2 Expression in
Tg ferFSPKO Fibroblasts

The siRNA construct to target c-Met was obtained from Dr Martin
Schwartz (University of Virginia, Charlottesville, VA). The H1 promoter
and targeting sequences were digested from the previously mentioned
constructs with HindIIl and EcoRI and were cloned into the same sites
of an siRNA expression vector (pPSUPER) or an siRNA retroviral vector
(pPRETRO-SUPER). The pRETRO-SUPER vector was generously pro-
vided by Dr Reuven Agami (Division of Tumor Biology, The Nether-
lands Cancer Institute, Amsterdam, the Netherlands) and described in
Brummelkamp et al. [18]. The two targeting sequences used for siRNA-
mediated knockdown of CCL2 are 5'-CAGAACCTACAACTTTATT-3'
for 1CCL2- and 5’-TAAATCTGAAGCTAATGCA-3’ for 3CCL2-.
The targeting sequence to silence enhanced GFP (eGFP) as a negative
control is 5'-GCTGACCCTGAAGTTCATC-3'. 1CCL2-, 3CCL2-,
and eGFP targeting oligonucleotides were designed as previously described
[18]. The oligonucleotides were phosphorylated by kinase treatment;
complementary oligos were then annealed and subcloned into the Bg/II
and Hindlll sites of pRETRO-SUPER. Plasmids were transfected into
Phoenix cells by Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Forty-
eight hours after transfection, Tgfbr2™PX® fibroblasts were transduced
with virus-conditioned medium and selected with 1.5 pg/ml puromycin.

Mouse Strains and Maintenance

Female nude (nu/nu) mice (6-8 weeks of age) were obtained from
Harlan Laboratories (Denver, CO). The experimental research on ro-
dents reported here has been performed with the approval of the ap-
propriate ethics committees, including the Association for Assessment
and Accreditation of Laboratory Animal Care and University of Kansas
Institutional Animal Care and Use Committee.

Subrenal Capsule Grafting

Grafting of collagen-embedded cells was performed according to
the methods of Hayward et al. [19]. Briefly, 1 x 10° 4T1 cells were re-
suspended together with 2.5 x 10° Tgfbr2"PXC or Tgfbr2""°* fipro-
blasts in 50 Pl of collagen per graft. The collagen-embedded cells were
cultured in DMEM/F12 10% EBS for 24 hours and then implanted
under the renal capsule layer of the kidneys in female nude mice, 6 to
8 weeks of age. Neutralizing antibodies that recognize murine-specific
CCL2 (R&D Systems, Minneapolis, MN) or control immunoglobulin G
(IgG; Sigma, St Louis, MO) were solubilized in 0.9% saline and injected
into the intraperitoneum into mice 7 days after grafting at 5 mg/kg, every
2 days for 14 days. Tumor tissues were collected 21 days after implan-
tation and weighed. Liver metastases were counted by examination of
























